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Disclaimer
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encouraged to report suspected errors to CEH.

Your use of the Flood Estimation Handbook is at your own risk. Please read any warnings given about
the limitations of the information.

CEH gives no warranty as to the quality or accuracy of the information or its suitability for any use. All
implied conditions relating to the quality or suitability of the information, and all liabilities arising from
the supply of the information (including any liability arising in negligence) are excluded to the fullest
extent permitted by law.

The appearance of the names of organisations sponsoring the research and its implementation does
not signify official endorsement of any aspect of the Flood Estimation Handbook. Neither the named
authors nor the Centre for Ecology& Hydrology nor its parent body have approved any instruction that
use of Flood Estimation Handbook procedures be made mandatory for particular applications.

Cross-referencing

Cross-references to other parts of the Handbook are usually abbreviated. They are
indicated by the relevant volume number preceding the chapter, section or sub-section
number, with the volume number in bold (e.g. 4 2.2 refers to Sect ion 2.2 of Volume 4).
Cross-references convent ionally pref ixed by Chapter, Sect ion or § are to the current
volume.

The Flood Estimation Handbook should be cited as:
Inst itute of Hydrology (1999) Flood Est imat ion Handbook (five volumes).
Centre for Ecology & Hydrology.

This volume should be cited as:
Houghton-Carr, H. A. (1999) Restatement and application of the Flood Studies Report
rainfall-runoff method. Volume 4 of the Flood Estimation Handbook.
Centre for Ecology  &  Hydrology.
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Notation

Notation
The following are the main symbols and abbreviations used throughout this volume
of the FEH. Other symbols have just a local meaning and are defined where they
occur. All units are metric except where otherwise stated.

ANSF
API5
AREA
ARF
O0.

BF
BFI
BNCOLD
CIRIA
CWI
CWI'
D

D an
DANI
DPLBAR
DPR
DPR.
DPR,
DPSBAR
EM-Dh
EM-2h
EM-24h
EM-25d
EMa
EMP
FEH
fse
FSR
FSSR
h
HOST
HOST,
ICE
IH
IHD TM
lUH
LAG

MAFF
Met. Office
MLURI
MORECS
MRLAG
MSL

Average non-separated flow or baseflow (m3 s·1)

5-day antecedent precipitation index (mm)
Catchment area (km2)

Areal reduction factor
Attenuation ratio
Baseflow or average non-separated flow (m?s )
Baseflow index
British National Committee on Large Dams
Construction Industry Research and Information Association
Catchment wetness index (mm)
Catchment wetness index with snowmelt contribution (mm)
Duration (hours)
Critical duration (hours)
Department of Agriculture, Northern Ireland

Dynamic percentage runoff (%)
DPR component attributable to CWI (%)
DPR component attributable to catchment rainfall (%)
Mean drainage path slope (m km 1)

Estimated maximum D-hour rainfall (mm)
Estimated maximum 2-hour rainfall (mm)
Estimated maximum 24-hour rainfall (mm)
Estimated maximum 25-day rainfall (mm)
Estimated maximum antecedent precipitation (mm)
Estimated maximum precipitation (mm)
Flood Estimation Handbook
Factorial standard error
Flood Studies Report
Flood Studies Supplementary Report
Water level or water depth (m)
Hydrology Of Soil Types (soil classification)
Fraction of catchment in HOST class x
Institution of Civil Engineers
Institute of Hydrology
Institute of Hydrology Digital Terrain Model
Instantaneous unit hydrograph
Time from the centroid of rainfall profile to the runoff peak or
centroid of peaks (hours)
Ministry of Agriculture , Fisheries and Food
Meteorological Office
Macaulay Land Use Research Institute
Met. Office Rainfall and Evaporation Calculation System
Mean reservoir lag (hours)
Main stream length (km)
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MT/M5
MT-Dh
M5-Dh
M5-2d
M5-60min
NERC
OS
p
p
p

PMF
PMP
PRPR,
PROPWET

q
Q
Q,
r
RC
RLAG
RSMD

r?

8
SAAR
SAAR-
see
SMa
SMp
SMD
SMDBAR,,
SOIL
son.,
SPR
SPRHOST
$PR,
SSLRC
S1085
T

T,
T,
T,
TB
Tp
Tp (O)
Tp(A T)

AT
U or u
UH

Growth factor
T-year retu m period rainfall of duration D hours (mm)
5-year return period rainfall of duration D hour s (mm)
2-day rainf all of 5-year return period (mm)
60-minute rainfall  of  5-year return period (mm)
Natural Environment Research Council
Ordnance Survey
Rainfall depth in time interval AT hours (mm)
Total rainfall depth (mm)
Total rainfall depth w ith snowmelt contribution (mm)
Probable maximum flood (m?s' )
Probable maximum precip itation (mm)
Percentage runoff (%)
Rural percentage runoff (%)
Proportion of time when SMD was below 6 mm during the
period 1961-90
Rapid response runoff (m 3 s·1)

Flow (m3 s·1)

T-year re turn period flood peak (m?s')
Jenkinson's r (M5-60min) I (M5-2d)
Routing coefficient
Reservoir lag (hours)
1-day rainfa ll of 5-year retu rn period less effective mean soil
moisture deficit (mm)
Correlation coefficient
100-year snow depth water equivalent (mm)
Standard average annual rain fall (1961-90) (mm)
Standard average annual rainfall (1941-70) (mm)

Standa rd error of estimate
Snow melt contribution to antecedent rainfall (mm)
Snowmelt contribution to event rainfall (mm)
Soil moisture deficit (mm)
Effective mean soil mo isture deficit (mm)
Soil index , being a weighted sum of SOIL1, ..., SOIL5
Fraction of catchment in WRAP class x
Standard percentage runoff (%)
SPR derived from HOST soil classification %)
SPR of HOST class x (%)
Soil Survey and Land Research Centre
10-85% main channel slope (m km·1)

Return period (years)
Return period of flood peak (years)
Return period of design rainfall depth (years)
Return period of snow melt event (years)
Unit hydrograph time base (hours)
Unit hydrograph time-to-peak (hours)
Instantaneous unit hydrograph time-to-peak (hours
Time to peak of AT-hour unit hydrograph (hours)
Time interval or data interval (hours)
Unit hydrograph resp onse (m?s ' / 10 mm)
Unit hydrograph

X
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Notation

Up
URBAN,
URBAN

URBEXT
WRAP
y

Unit hydrograph peak (m?s ' / 10 mm)
Fraction of catchment in urban development
Fraction of catchment in urban development on 1.50000
OS map
Extent of urban and suburban land cover
Winter Rainfall Acceptance Potential (soil classification)
Gumbel reduced variate
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Chapter 1 Introduction
1. 1 Overview

Volume 4 of the Flood Estimation Handbook aims to enhance practical interpretation
of the Flood Studies Report (FSR) rainfall-runof f method, one of the principal
methods used in the UK for estimating the magnitude of the flood of given frequency
of occurrence. All information about the FSR rainfall-runoff method has been
b rought together, in cluding re levant aspects of the basic methodo logy ,
supplementary research and recommendations, and specialist guidance on aspects
of use to provide a comprehensive technical restatement of the method. The
recommended methodology is presented as a succinct set of rules and worked
examples in convenient form; background information is provided as necessary.
The volume aims to provide greater clarity and ease of use, and thereby do away
with the need for users to refer to numerous documents.

1.1.1 Int roduction to the FSR rainfall-runoff method

In the FSR rainfall-runoff method, a rainfall input is converted to a flow output
using a deterministic model of catchment response. The model used is the unit
hydrograph and losses model, which has three parameters. The parameters relate
to the catchment response to rainfall (unit hydrograph time-to-peak), the proportion
of rainfall which directly contributes to flow in the river p ercentage runoff), and
the quantity of flow in the river prior to the event (baseflow). Where possible , the
model parameters are derived from observed rainfall and runoff records . However,
if no records exist, the model parameters may be estimated from physical and
climatic descriptors of the catchment.

Once the model parameters have been derived for a catchment, the method
may be used to estimate the total flow from any rainfall event. The rainfall will be
in the form of a hyetograph, defined by a duration, depth and profile. The rainfall
may be a statistically-derived design event to produce a flood of a specific return
period (the T-year flood) , or may be a probable maximum precipitation (PMP) to
produce a probable maximum flood (PMF). Alternatively, the rainfall may be an
observed event, the aim being to simulate a notable flood.

In the T-year design case, the duration of the design storm is related to the
speed of catchment response, and the point rainfall depth is estimated for a return
period which depends on the return period of the design flood. An areal reduction
factor is applied to give the catchment rainfall depth. This is subsequently
transformed into a hyetograph by a standard time profile. Estimation of the PMF
follows a similar procedure, with conservative assumptions regarding catchment
response and the rainfall, and possibly snowmelt, inputs. For reconstruction of an
event, direct estimation of catchment rainfall from observed data is possible.

In each case , the proportion of rainfall which directly contributes to flow in
the river (the effective or net rainfall) is adjusted according to the runoff potential
of the catchment, the rainfall total and the antecedent catchment wetness. Again,
conservative assumptions about runoff potential and antecedent catchment wetness
are made for estimation of the PMF, and direct estimation of antecedent condition
from observed data is made for simulation of an event. The effective rainfall is
combined with the catchment unit hydrograph (a process known as convolution)
to form the rapid response runoff hydrograph. Finally, the flow in the river prior
to the event is added, to complete the design flood.

FLOOD ESTIMATION HANDBOOK
VOLUME 4

H.A. Houghton-Carr I



Restatement andapplication oftheFSR rinf alkunoffmethod

1.1.2 Develop ment of the FSA rainfall-runoff method

Since NERC published the FSR in 1975, there have been many developments in
flood hydrology. Several of these have had direct relevance to the FSR rainfall-
runoff method, although the basic philosophy has remained unchanged .

Between 1977 and 1988, IH pub lished a series of 18 Flood Studies
Supplementary Reports (FSSRs). The recommendations in some of the FSSRs
superseded those given in the original report. In terms of the FSR rainfall-runoff
method, the most important of the FSSRs was FSSR16 (IH, 1985) which presented
revised model parameter estimation equations, though FSSR5 (IH, 1979a) which
considered flood estimation on catchments subject to urbanisation, and FSSR13
(IH, 1983c) which rationalised suggestions for the use of local data in flood
estimation, were also of consequence.

Since 1988, specifi c recommendations for national application arising from
current research within IH have appeared in the IH Report series, and in relevant
journals and conference proceedings. In particular, IH Report 124 (Marshall and
Bayliss, 1994) and IH Report 126 (Boorman et al., 1995) presented further revisions
of the model parameter estimation equations.

At the request of the Flood Estimation Handbook Advisory Group, some of
the model parameter estimation equations have been further updated by IH to
use catchment information available in digital form. Therefore, all users should
note that this volume includes specific new equations for key parts of the method,
which supersede all previously published equations (see $$2.2.3, 2.2.4 and 2.3.1).

Research has also been conducted by other organisations, in particular: the
Met. Office in conjunction with Salford University, who investigated new estimation
methods for probable maximum precipitation and flood (Austin  et al., 1995), the
ICE, who recently published a third edition of their engineering guide to floods
and reservoir safety (ICE, 1996), and CIRIA, who updated their guide for the
design of flood storage reservoirs (Hall et al., 1993).

1.1.3 Guide to Volume 4

The contents of each chapter and appendix making up Volume 4 are described in
more detail below, and the linkages between chapters are indicated in Figure 1.1
which provides a diagrammatic overview of the volume. New users of the FSR
rainfall-runoff method are recommended to read Chapters 1, 2 and 3, and work
through the example in $6.2, before attempting to apply the methods. The notation
list and index will help to identify and locate unfamiliar abbreviations and
hydrological terms. Experienced users will be familiar with much of the material
contained in the early parts of the volume. However, they should benefit from the
fresh presentation of the method , and the discussion of topics not covered
comprehensively in the FSR or subsequent reports.

Chapter 2: Unit hydrograph and losses model

The unit hydrograph and losses model lies at the heart of flood estimation by the
FSR rainfall-runoff method. This chapter presents the model, assumptions and
limitations, and discusses and compares the various methods for model parameter
estimation. The chapter is illustrated throughout with worked examples.

Chapter 3: T-year flood estimation

The rainfall input to the unit hydrograph and losses model may be in the form of

2 FLOOD ESTIMATION HANDBOOK
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an event of a specific return period to produce a T-year flood. This chapter
describes the simulation exercise behind the design rainfall input package and
presents the method for deriving the T-year flood, together with worked examples.

Chapter 4: Probable maximum flood estimation

An alternative rainfall input to the unit hydrograph and losses model is a PMP to
produce a PMF. This chapter describes the current recommendations for PMP
derivation and PMF estimation, together with worked examples. A method for
linking a flood frequency curve to the PMF is also included.

Chapter 5: Simulation of a notable event for return period assessment

The FSR rainfall-runoff method is frequently applied to simulate an observed
event, and assess its return period. Recommendations for information gathering
are presented. The simulation procedure, and return period assessment, are
illustrated with worked examples.

Chapter 6: Worked examples

The methodologies from Chapters 2, 3, 4 and 5 are brought together to illustrate
flood estimation and event simulation by the FSR rainfall-runoff method.

Chapter 7: Performance of the FSR rainfall-runoff method

The performance of the FSR rainfall-runoff method is briefly reviewed. The preferred
choice of method for tackling particular problems and the issue of reconciling
flood estimates from different methods are discussed.

Chapter 8: Reservoir flood estimation

The presence of a reservoir or balancing pond can cause complications in flood
estimation e .g. an iterative approach may be required to determine design storm
duration, or a single catchment approach may not be suitable. Worked examples
are provided to illustrate the recommended p rocedures.

Chapter 9: Disparate subcatchments and land-use effects

Other wider, and highly topical, applications of the FSR rainfall-runoff method are
covered, including flood estimation on urbanised catchments and at river conflu-
ences, and the effects of afforestation and agricultural drainage on river flows.

References

The reference list aims to encompass all relevant documentation, ranging from
the background to the FSR, through literature associated specifically with the FSR
rainfall-runoff method and applications of the method, to the results of more
recent associated research .

Appendix A: Flood event analysis

Analysis of observed flood events is described, including event selection, data
requirements and sources, and guidelines on evaluation of catchment average
rainfall and p re-event catchment wetness. Unit hydrograph derivation software is
provided.

4 FLOOD ESTIMATION HANDBOOK
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Appendix B: Background to the FSA rainfall-runoff method

The main body of the text presents the most up-to-date equations and statistics for
use with the FSR rainfall-runoff method. For reference, this appendix includes all
the previous equations and statistics.

Appendix C: Catchment characteristics and descriptors

A major part of this appendix is concerned with introducing the HOST classification
of soils. For reference, the appendix also includes a summary of manually-derived
catchment characteristics and digitally-derived catchment descriptors.

Appendix D: Reservoir routing

Chapter 8 considers flood estimation in reservoirs and balancing ponds . Here , the
formulation of the reservoir routing solution schemes is presented. Reservoir routing
software is provided.

1.2 Summary of the FSR rainfall-runoff method

Application of the FSR rainfall-runoff method can be extremely complex, with
several options available at some steps in the procedure . This section summarises
the method, in its most basic form, as an introduction to new users. Equation
numbers identify the appropriate chapter, to which the user should tum for guidance
about the techniques and their limitations. This section is not intended to replace
the recommendations and examples given in the individual chapters. For reference,
Figure 1.2 summarises flood estimation using the FSR rainfall-runoff method.

1.2.1 FSR unit hydrograph and losses model

Conventionally, a flow hydrograph is split into quick and slow resp onse
components, known as rapid response runoff and baseflow, respectively. The
rapid response runoff caused by a unit depth of effective rainfall falling in unit
time is known as the unit hydrograph. Effective rainfall is the proportion of total
rainfall which becomes rapid response runoff i.e . rainfall minus evapotranspiration,
changes in storage and baseflow contributions. When the duration of the unit
dep th of effective rainfall tends to zero time, the rapid response runoff is known
as the instantaneous unit hydrograph IUH. A three-component unit hydrograph
and losses model based on these concepts forms the co re of the FSR rainfall-
runoff method. The model components are :

• The unit hydrograph, which characterises the catchment response to the
effective rainfall input; the FSR unit hydrograph has a simple triangular
form, w here the unit hydrograph peak and time base are both functions of
the time-to-peak;

• The percentage runoff, which is the ratio of effective to total rainfall i.e . the
proportion of the total rainfall input which becomes rapid response runoff
in the river;

• The baseflow , which represents the flow in the river prior to the event and
the start of the slow response component of the event itself.

Where possible, the model components should be derived from rainfall and runoff
records. However, the unit hydrograph time-to-peak, percentage runoff and
baseflow can be estimated, via multiple regression equations, from physical and
climatic descriptors of the catchment. This enables flood estimates to be made at
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Specifica tion of model inputs

1. Storm duration
2. Stormdepth
3. Storm profile
4. An tecedent ca tch ment wetness

Model spe cification

1. Loss model
constant percentage runoff

total rainfall hyetograph

time

net rainfall hyetograph

time

2. Unit hydrograph model

t  \

'
A

A6

rapid response runoff
hydrograph

time time

triangular representation

3. Baseflow
constant baseflow

total runoff hydrograph

time

Figure 1.2 Flood estimation using the FSR rainfall-runoff method

ungauged sites. The multiple regression equations were developed using a database
of model parameter values, derived from observed runoff and rainfall data, and
physical and climatic descriptors. However, such estimates may be refined using
observed data local to the site of interest.

Unit hydrograph time-to-peak

Where records exist, unit hydrograph time-to-peak should be estimated by deriving
a unit hydrograph from records of rainfall and runoff ($2.2.2) . Alternatively, time-
to-peak of the IUH Tp0 ), can be estimated from observed values of the catchment
lag (the time from the centroid of rainfall to the runoff peak, or centroid of runoff
peaks; see $2.2.3) by:

Tp0 ) = 0.879 LAG 9 2.9 )

6 FLOOD ESTIMATION HANDBOOK
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Whe re the re are no reco rds, time-to-peak of the instantaneou s u nit
hydrograph may be estimated from catchment descriptors ($2.2.4) by:

Tp0 ) = 4.270 DPSBAR - 3° PR OP WET O8 DPLBAR OS (A+  URBEXT)- 77 (2.10)

The effective rainfall input to the unit hydrograph and losses model w ill be
in block form, w ith each b lock having a data interval  A T.  There fore , how ever
estimated , Tp (0) must be adjusted to provide the unit hydrograph time-to-peak
for the appropriate data interval AT by:

Tp (A T) = T20 + A T / 2 2. 4)

In general, Tp4 T) is subsequently referred to simp ly as Tp . The unit hydrograph
peak  Up  and the time base  TB  are derived from  Tp, and a triangular unit hydrograph
can be d rawn up from these three parameters ($2.2.1) . Ordinate s o f the unit
hydro graph U,can be read off the plot at AT-hourly intervals, or calculated in
terms of  Tp , Up ,  and  TB.

Percentage runoff

The percentage runoff mode l synthesises percentage runoff from the natural part
of the catchment PRRuRAL in two parts: a standard part SPR representing the normal
capacity of the catchment to generate runoff, and a dynamic part DPR representing
the variation in the runoff depending on the state of the catchment p rior to the
storm and the sto rm magnitude itself. The re lationship is given by:

PR S PR + DPR,  ' DPR 2. 13)

The standard component is fixed for a particular catchment, and it is the standard
component which is the true model parameter. Where rainfall and runoff records
exist, SPR should be derived at the same time as unit hydrograph time-to-peak
($2.3.2), or from the catchment baseflow index BF/( §2.3.3) by:

SPR = 72.0 - 66.5 BFI 2 .16

Where there are no records , SPR may be estimated from catchment descrip tors
($2.3.4) by:

29

SPR  - SPR, = 2, SPR, H OST,

-  SPR, H OS T, + SPR, H OS T, + . .. + SPR,, H OST,,

(2.17)

The dynamic components vary between storms, depending on catchment wetness
ind ex CWI and catchment rainfall P :

DPR, = 0.25 ( CWI--125) 2. 14)

{ oDPR, °
0.45 ( P - 40)%7

[for P <40 mm]

[for  P >  40 mm)
2 .15)

The total percentage runoff is estimated by adjusting PRRURALfor the effects of
catchment urbanisation by:
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PR =PR,a ,  1 .0 - 0.615  URBEXT) + 70 (0.615  URBEXT)

The urban adjustment assumes that 61.5%  of  the urbanised area is impervious and
gives 70% runo ff,  whilst the othe r 38.5% o f the urbanised area acts as natural (i.e .
rural) catchment.

Baseflow

Where rainfall and runoff reco rds exist, baseflow  BF  should be estimated during
unit hydrograph and losses derivation ($2.4.2). Where there are no records , baseflow
may be estimated from catchment descriptors (§2.4.3) by:

BF =  {33  (CWI - 125) + 3.0  SAAR + 5.5} 10 ° AREA 2 .19)

Flood est imation using the FSA rainfall-runoff method

Once a unit hydrograph , a percentage runoff and a baseflow have been derived
for a catchment, an estimate of the total runoff hydrograph from any rainfall input
may be obtained . Chapter 3 describes how a rainfall of a particular return period
is used to p roduce a flood peak of the required return period , or T-year flood (in
general, the rainfall and flood return periods are not the same e .g. the 81-year
return period rainfall is used to produce the 50-year return period flood peak) ;
similarly, in Chapter 4, a PMP is used to p roduce a PMF. The rainfall may also be
an observed event to simu late a notable flood , as explained in Chapter 5.

1.2.2 T-year flood estima tion

For estimation of the flood of a required return period, the FSR package of design
inputs ($3.1.1) pro vides a set of rules for choosing the -rainfall duration, dep th and
profile, and the antecedent catchment wetness, for use w ith the unit hydrograph
and losses model.

Design storm duration

The duration  D  of the design storm depends on unit hydrograph time-to-peak and
the standard average annual rainfall  SAAR  $3.2.1) by:

D = 7 1 4 844R3
1000

3 .1

In reservoir flood estimation , the characteristic catchment response time Tp is
extended by the lag time imposed by the reservoir storage ($8.2.1), and in other
cases it may be app ropriate to try a number of storm durations ($9.2.2).

Design storm depth

The return period o f the design storm  TR is deduced from the retu rn period of the
design flood T,($3.2.2). This relationship betw een design storm and flood retu rn
periods is the result of a statistical sampling exercis e ($3.1.1). It is not suggested
that storms with, for instance, an 81-year return period will necessarily (or even
typically) p roduce the 50-year return period flood peak. However, it is simply that
the particular comp lete package of inputs specified here i.e . the storm duration,
depth, profile and antecedent conditions, will give the best estimate . The mean
point rainfall of du ration D and return period T is abstracted from the rainfall
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duration-depth-frequency statistics in Volume 2. This point rainfall is reduced to
the catchment rainfall P using an areal reduction factor ARF (§3.2.2) .

Design storm profile

The catchment rainfall P of duration D is distributed in time by the standard
profile ($3.2.3) .

Antecedent catchment wetness

Finally, the appropriate catchment wetness index CWT is estimated from the standard
average annual rainfall SAAR (§3.2.4).

Synthesis of the flood frequency curve

Given the values of catchment rainfall P and catchment wetness index CWI, the
percentage runoff and baseflow calculations in $1.2.1 may be comp leted $ 3.3.1.
The percentage runoff is applied to the design storm to give the effective rainfall
hyetograph $ 3.3.2). The effective rainfall is then combined with the unit hydrograph
$ 3.3.3), and the baseflow allowance added ($3.3.4), to give the T year flood
hydrograph. T-year flood peaks can be plotted against their corresponding return
period to produce a flood frequency curve for the catchment.

1.2.3 Prob able maximum flood estimation

For PMFs, a worst possible scenario is assumed, with extreme conditions combined
to give a maximum flood. Conservative assumptions are made regarding catchment
response, runoff potential and antecedent catchment wetness, and the storm inputs.

Changes to the unit hydrograph and losses model

Time-to-peak TJi_O) is reduced by one-third to represent the more rapid and
intensive response that may occur in exceptional conditions (§4.2.1) . Optional
changes to the percentage runoff calculation allow for higher than normal runoffs
from frozen ground ($4.2.2) .

Storm duration, depth and profile and antecedent catchment wetness

Storm duration ($4.3.1) is calculated in essentially the same way as for the T-year
flood. However, there are differences to the derivation of storm depth and profile
($4.3.2), and an allowance for snowmelt may be added ($4.3.4). Catchment wetness
CW/ is also determined in a different way to that for the T-year flood ($4.3.3) .

1.2.4 Simulation of a notable event

For the reconstruction of a notable observed flood event, the rainfall duration,
depth and profile, and the antecedent catchment wetness will ideally be observed
values, which w ill be input to the unit hydrograp h and losses model.

Storm duration, depth and prof ile

The duration, depth and profile of the design storm will be given by the best
estimate of the catchment average event rainfall ($5.2.1. This might be based on
one recording raingauge, or derived from several daily and recording raingauges
(Section 4.1 of Appendix A).
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Antecedent catchment wetness

The catchment wetness index CWT is estimated from the observed antecedent
precipitation index API 5 and pre-event soil moisture deficit SMD (§5.2.2) by:

CWI = 125 + API 5  -  SMD (A. 1

AP/ 5 is derived from daily rainfalls on the five days prior to the event, whilst SMD
is based on daily values from soil moisture monitoring sites or from the Met.
Office Rainfall and Evaporation Calculation System (MORECS) squares (Thompson
et al., 1981; Hough et al., 1997; Hough and Jones, 1997). More detail is given in
Section 4.2 of Appendix A.
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Chapter 2 Unit hydrograph and losses model
2. 1 Introduction

2.1.1 Rainfall-runoff models

Rainfall-runoff modelling for design flood estimation has conventionally been
based on the modelling of individual events. At the most rudimentary level, all
that is required to reproduce the catchment-scale relationship be tween storm
rainfall and stream response to climatic inputs is a volumetric loss, to account for
hydrological processes such as evaporation, soil moisture storage and groundwater
recharge , and a time distribution function, to represent the various dynamic modes
of catchment response . However, the quality and definition of the rainfall-runoff
relationship is very much related to scale , both spatial and temporal. For instance,
the relationship between annual rainfall and runoff for a small, homogeneous
catchment may be very simple, whilst the relationship between hourly rainfall
and runoff on a large heterogeneous catchment may be extremely complex. This
ability to lump together various hydrological processes rather than explicitly include
them, and to identify and isolate the event response, together with the simplicity
of model application, accounts for the widespread use of event-based modelling.

Event-based rainfall-runoff modelling was reviewed by Wheater  etal.(1993)
within the broader topic of rainfall-runoff modelling generally. More general
discussions are provided by standard texts, such as Shaw 's  Hy drology in Practice
and Wilson's  Engineering Hy drology.  Within event-based rainfall-runoff modelling,
several techniques for determining either the peak flow alone or the total flow
hydrograph resulting from a given rainfall event exist, including the rational formula
(variously attributed to Mulvaney, 1850; Kuichling, 1889; Lloyd-Davies, 1906), the
unit hydrograph model (Sherman, 1932) and the TRRL method (Watkins, 1962). It
is the unit hydrograph model, or more strictly the unit hydrograph and losses
model, which is used in the FSR rainfall-runoff method to convert a storm rainfall
input into a stream response output. The FSR unit hydrograph and losses model
has three parameters, which are concerned with aspects such as the catchment
response to rainfall (unit hydrograph time-to-peak), the proportion of rainfall
which directly contributes to flow in the river (percenta ge runoff), and the quantity
of flow in the river prior to the event (baseflow).

An alternative approach to event-based modelling is continuous simulation,
whereby a rainfall-runoff model which is capable of simulating the catchment
water balance continuously is applied (Reed, 1994a). With such a model, the total
flow hydrograph is calculated, so baseflow separation is not an issue, and soil
moisture accounting continues between events, thus avoiding the problems of
antecedent conditions. Flood frequency analysis can then be performed on the
simulated hydrograph . However, whilst having the advantages stated, continuous
simulation also poses major challenges, such as the representation of the continuous
inputs, the specification of the model parameters, and the ability to regionalise .
Methods based on continuous simulation modelling are under development (Spijkers
et al.,  1995; Calver and Lamb, 1996; Lamb, 1999; Calver  et al., in pre ss).

2.1.2 FSR unit hydrograph and losses model

The FSR unit hydrograph and losses model, in which a rainfall input is converted
to a flow output, is the main tool for the FSR catchment response and rainfall-
runoff modelling studies. The model is based on the analysis of individually-
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Fig ure 2.1 Unit hydrograph and losses model in analysis (November 1967 event on River Almond at Craigiehall)

recorded flood events, such as that in Figure 2.1 which shows a typical event for
the River Almond at Craigiehall (19001). Hourly flow data are plotted against time
for the event hydrograph, and hourly rainfalls are plotted as a catchment average
hyetograph from four recording raingauges.

For each event, the total flow hydrograph is separated into runoff which is
a direct response to the storm rainfall and runoff which is not. This latter runoff is
the baseflow which represents the flow in the river before the event started, and
to a lesser extent the start of the slow flow from the event itself; this is one of the
model parameters. The difference between the rainfall volume and the direct
response runoff volume is the loss. A percentage runoff term indicates the proportion
of the total rainfall which is effective and becomes rapid response runoff; this is
another model parameter. The effective rainfall and the rapid response runoff are
jointly analysed to yield the unit hydrograph. The unit hydrograph is defined by a
characteristic catchment response time called time-to-peak; this is the final model
parameter.

Table 2.1 shows results from the analysis of five events on the Almond
catchment, which are the minimum that should be successfully analysed for
confidence in the results. The bold columns indicate the three model parameters.
The first column shows the date of the event. Next are three columns of figures
based on observed data: the catchment average rainfall depth P (see Section 4.1
of Appendix A), the storm duration D and the peak flow Q, Then there are two
columns of derived values: the catchment lag LAG (see 2. 2.3) and the baseflow
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Table 2. 1 Flood event analysis results: River Almond at Craigiehall

Date p D 0 , LAG BF SMD API5 CWI R/0 PR SPR T (0)
mm h m?s ' h m? s ' mm mm mm mm % % h

13 Aug 1966 41.6 20 149.40 9.4 6.34 1.5 4.9 128.4 23.5 56.5 54.7 7.3
1 Nov 1967 39.6 32 106.29 6.5 7.79 0.0 0.0 125.0 17.9 45.3 44.8 5.5

22 Dec 1967 18.3 21 113.86 6.6 8.33 0.0 4.4 129.4 10.0 54.8 53.5 6.6
4 May 1968 55.2 34 130.35 6.3 11.61 3.6 6.7 128.1 28.5 51.7 47.5 5.1

21 Nov 1989 57.5 29 169.77 14.8 4.22 16.0 2.9 111.9 33.8 58.7 58.6 8.4

BF (see §2.4.2) . Next are three more columns of figures based on observed data:
catchment wetness index CW7(see Section 4.2 of Appendix A), which is derived
from soil moisture deficit (SMD) and antecedent precipitation index (AP/ 5). There
are then three more columns of derived values: the storm runoff in mm (R/ O), as
a percentage (PR) , and converted to a standard percentage runoff SPR (discussed
further in $2.3.2) . The final column is the time-to-peak Tp0 ) s ee $2.2.2) . The
analysis procedure is described in detail in Section 5 of Appendix A.

The FSR unit hydrograph and losses model has become widely used in
design practice for three principal reasons: firstly, it is relatively well understood;
secondly, it can be easily and generally derived for use at any site ; and finally, its
simple structure permits the incorporation of local data in a relatively straightforward
manner. The unit hydrograph itself is a unique descriptor of catchment response,
and the loss model component is very flexible, percentage runoff being one of
several possible loss models that could have been adopted. All the model parameters
can be regressed on physical and climatic descriptors of the catchment for use at
ungauged sites. Although p rimarily intended for use in design flood estimation
(Chapters 3 and 4) , the FSR unit hydrograph and losses model can also be used in
simulation mode to reconstruct notable observed flood events from rainfall data
(Chapter 5) .

2.1.3 Estimation of FSA unit hydrograph and losses model parameters

The shape of the rapid response runoff hydrograph is influenced by the unit
hydrograph, but percentage runoff is the most influential parameter because it has
a direct scaling influence on the magnitude of the rapid response runoff flood
peak. In contrast, baseflow is gene rally a relatively unimportant parameter. However,
accurate estimation of the three parameters of the unit hydrograp h and losses
model is clearly essential. There are various methods available for estimating the
model parameters:

• Direct estimation of the model parameters at the subject site from the analysis
of observed flood event data;

• Indirect estimation of the model parameters at the subject site from the
analysis of observed hydrometeorological data;

• Estimation of model parameters at the subject site from catchment descriptors;

• Estimation of the model parameters at the subject site by transfer of informa-
tion from nearby gauged donor catchments.

Which approach to parameter estimation to adopt depends on the data available ,
as summarised in Figure 2.2.
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Figure 2.2  Estimation of unit hydrograph and loss es model parameters

Estimation from observed flood event data

Direct estimation from flood event data at the subject site , as described in $2.1.2
and Appendices A.5 and A.6, is the best method. Estimation of unit hydrograph
time-to-peak, percentage runoff and baseflow for a catchment from the analysis
of flood events is described in $$2.2.2, 2.3.2 and 2.4.2, respe ctively.
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Estima tion from observed hydromet eorological data

If the subject site is gauged, but flood event analysis is not possible or p ractical
be ca use o f da ta and/ o r logistic const ra in ts, in d irect estimation fro m
hydrometeorological data at the subject site is the best alternative to flood event
analysis. For instance , Tp (O) is closely related to catchment lag, which can be
derived from inspection of rainfall and corresponding flow or level data ($2.2.3).
Similarly , SPR is related to a low flow measure called baseflow index BF/, which
can be obtained from a relatively short flow record ($2.3.3).

Estimation from catchment descriptors

Where there are no records at the site of interest, the model parameters can be
estimated using physical and climatic descriptors of the catchment in multiple
regression equations. Catchment-descriptor estimates of the model parameters are
accompanied by relatively large errors due to imperfection of the regression
equations, and should only be used when there is no alternative ; they should
never be the preferred option . It is recommended that a level recorder, and possibly
one or more recording raingauges, are installed locally as soon as the need for a
flood estimate at a site is foreseen; there is usually sufficient time between the
project conception and final design for the collection of some useful data e .g.
Jeffries et a l. (1986). The equations for determining unit hydrograph time-to-peak,
percentage runoff and baseflow from catchment descriptors are described in $$2.2.4,
2.3.4 and 2.4.3, respectively.

Estimation by transfer from donor catchments

Estimates of the model parameters made from catchment descriptors should only
be used when there is no alternative and, where possible, should be refined using
information from suitable gauged catchments nearby. In the Handbook, such
catchments are referred to as donor catchments, and the information they p rovide
is referred to as local data. These local data might be results from the analysis of
flood event data or reliable estimates of catchment Jag or BFI. It is strongly
recommended that time is spent investigating what data are available for sites
upstream or downstream of the site of interest, or in a neighbouring basin.

The refinement technique is based on the assumption that the performance
of the catchment-descripto r method at the gauged donor site is indicative of the
likely performance of the method at the subject site:

X
x - x  _'say s cads y

g, cds

2. 1

where X is the model parameter, the subscripts s and g refer to the subject site and
gauged site respectively, and the subscripts eds, obs and adj refer to the catchment-
descriptor estimates at the gauged and subject sites, the observed value at the
gauged site and the adjust ed value at the subject site, respectively.

A more complicated adjustment may be appropriate where data are available
from more than one donor site . For instance , a weighted adjustment may be
called for, in which the weight w, reflects the relative degree to which the Ith
gauged site is perceived to be similar to the subject site:

w X / XX =kY u 4obs c «s
on a « 2 vu, (2.2)
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Application of this technique to refine catchment-descriptor estimates of
unit hydrograph time-to-peak, percentage runoff and baseflow for a site is described
in $$2.2.5, 2.3.5 and 2.4.4, respectiv ely.

Choice of donor catchments

It is important that the gauged donor catchment is similar to the subject catchment,
and there are several criteria for selecting suitable catchments; the criteria are
necessarily subjective, and provide general guidance rather than definitive rules:

• The catchment descriptors should be  comp arable,  in particular catchment
areas should differ by less than a factor of 5. The reason for this is reasonably
obvious: it is necessary to compare like with like;

• The catchment centroids should normally be separated by a distance of
less than50 km. The requirement for the catchments to be physically close
arises because estimation errors in the generalised methods are not entirely
random but tend to be spatially clustered i.e. they have a tendency to
overestimate or underestimate flood potential in particular localities.
Catchments that are physically close are also likely to have a similar climatic
setting;

• The catchments should be substantially rural. This is a stringent criterion,
with the purpose of discouraging transfer of information between principally
rural and substantially urban catchments. In the event that both the subject
site and gauged site are moderately or heavily urbanised, it is important to
verify that the location and concentration of the urban area, and the
underlying soil types, are broadly comparable. These subcriteria reflect the
dominant influence of urbanisation on flood potential, and the fact that
urban effects are complex and not fully indexed by the urban extent;

• Transfer of information between catchments within the same river basin is
preferred, the ideal case being when the gauged site is upstream or
downstream of the subject site . However, transfer from an otherwise suitable
catchment in a neighbouring or nearby river basin is also useful.

An alternative method for refining hydrological parameters at ungauged sites, or
sites at which only a limited flow record is available, entails classifying gauged
catchments into groups according to their flow regime, assigning an ungauged
catchment to a group based on the physical descriptors of that catchment, and
using similarity measurements to transfer parameters from gauged to ungauged
catch ments (Burn and Boorman, 1992; 1993).

2.2 The FSR unit hydrograph and the time-to-peak parameter

2.2.1 Introduction

The unit hydrograph was introduced as a concept that might be useful in
investigating drainage, flood control, water power and water supply (Sherman,
1932). The unit hydrograph is a flow hydrograph which accommodates a volume
of water which corresponds to a unit depth of effective rainfall over a catchment.
Each unit hydrograph relates to a specified time period AT, during which the
generating rain falls uniformly, so that the AT-hour unit hydrograph defines the
rapid response of a catchment to unit depth of effective rainfall in time .1T hours,
as depicted in Figure 2.3a. Thus, the 1-hour unit hydrograph represents the rap id
response of the catchment to unit depth of effective rainfall in 1 hour. The unit
hydrograph has various assumptions associated with it:
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• There is a direct pro portional re lati onship betw een the effective rainfall
input and the catchment rapid response, known as linearity. Figure 2.3b
shows how increasing, or decreasing, the effective rainfall causes the rapid
response to increase , or decrease , by the same proportion;

• The rainfall-runoff relationship does not change with time so that the duration
and quantity of the catchment rapid response are constant for a given
duration and quantity of effective rainfall, known as time-invariance . Figu re
2.3c shows how two identical blocks of effective rainfall, falling at different
times, give identical rap id responses;

• Successive inputs of effective rainfall p roduce independent rapid responses
which can then be summed to give the total catchment rapid response,
known as superpositio n. Figure 2.3d shows how the individual resp onses
to three different blocks of effective rainfall are added to give the total
ca tchment response;

• The effective rainfall input is in block form, with each block of the same
duration, and the rainfall input has a constant intensity within each du ration
b lock and falls uniformly over the entire catchment area .

If the unit hydrograph for a catchment can be found or estimated, the total catchment
rapid response hydrograph due to any effective rainfall input may be obtained
using the principles o f line arity, superposition and time-invariance F igure 2.4),
which may be expre ssed as the convolution equation:

for j =l , 2, 3, ... 2. 3)

where q,denotes the j th ordinate of the rapid response runoff hydro graph, p,the
i  th effective rainfall, and u, the  k  th ord inate of the AT-hour unit hydro graph. The
value chosen for the data interval AT depends on the size of the catchment and its
response time . To avo id this dependence on the subsequent choice of time period ,
the concept of the instantaneous unit hydrograph or IUH was developed . The
IUH represents the response of the catchment to unit depth of effective rainfall
falling instantaneously, rather than over a finite period .

The unit hydrograph approach was introduced to the UK in the late 1950s,
and was developed in various investigations to ascertain its usefulness in application
to ung auged basins. In UK practice , it became customary to use a unit depth of
10 mm (1 cm) . In the Handbook (as in the FSR), the unit hydrograph is defined to
represent the typical catchment response to 10 mm (or 1 cm) ofeffectiv e rainfall.
A general unit hydrograph study showed that the unit hydrograph could be derived
directly fro m the records of rapid response runoff and effective rainfall, after
separating baseflow and rainfall losses (Nash, 1960) . Furthermore, in the absence
of any flow and rainfall data , a conceptual unit hydrograph, derived from physical
and climatic descrip tors of the catchment and synthesised as a simp le triangle ,
could be used (Nash, 1960; Gray, 1961; USDA, 1972) . Since then, unit hydro graph
techniques have matured fu rther, and the concept has been widely applied . The
theory has been well-covered and practical aspects have been detailed in many
standard texts, such as Hydrology in Practice (Shaw , 1994) and Engineering
Hydrology (Wils on, 1990).

The FSA unit hydrograph and estimation of Tp(0)

In the FSR rainfall-runoff method , the unit hydrograph is synthesised as a simple
triangle of fixed shape, controlled by a single parameter: the time-to-peak Tp.
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Figure 2.3  Unit hydrograph theory
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River Almond at Craigiehall)

There is a strong interdependence between the unit hydrograph parameter values;
the unit hydrograph peak Up and the time base TB are calculated as functions of
time-to-peak, as illustrated in Figure 2.5.

Although the r eduction of the FSR unit hydrograph to a triangle is a
simplifying measure, it is important that the time-to-peak is estimated as accurately
as possible , because the shape of the unit hydrograph determines how quickly
the catchment responds to a rainfall input. If the time-to-peak estimate is inaccurate,
the resulting flood hydrograph will have the correct volume, but will be too
intense or too diffuse . For instance, an overestimate of time-to-peak will lead to a
lower peak value and a longer time base value , and the derived rap id response
runoff hydrograph will be overly long and subdued. Similarly, an underestimate
of time-to-peak will lead to a higher peak value and a shorter time base , and the
derived hydrograph will be overly short and peaky. The importance of a good
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Figure 2.5 FSR triangular unit hydrograph

estimate of time-to-peak is amplified by the role that time-to-peak plays in
determining the design storm duration in the T-year case , as described in $3.2. 1.
The unit hydrograph time-to-peak is initially estimated for the equivalent IUH,
and is referred to as the time-to-peak of the instantaneous unit hydrograph or
Tp (0) . The various methods of estimating Tp (0) are covered in §§2.2.2 to 2.2.5.

Construction of the FSR unit hydrograph from Tp 0)

In the FSR rainfall-runoff method, the effective rainfall input to the unit hydrograph
and losses model will be in block form, with each block having a duration AT.
Therefore , the time-to-peak of the IUH Tp(0) must be adjusted to provide the unit
hydrograph time-to-peak for this data interval AT, so that Tp(0) becomes TpA T )
i.e . Tp 1) for the 1-hour unit hydrograph, Tp0. 5) for the h -hour unit hydrograph,
etc. The data interval should be fine enough that the design flood hydrograph is
well-defined , but not so fine that excessive and unnecessary subdivision results.
Using a fine-interval unit hydrograph gives a much smoother and more rounded
response than using a coarse-interval one . In practice, a data interval of 10-20% of
the value of Tp(0) is usually suitable . It is customary to adopt convenient values
such as 0.25, 0.5, 1 or 2 hours. The adjustment is done using the equation:

AT
Tp (A T ) = Tp0 ) +

2
(2 .4)

After this adjustment, Tp (AT) is generally referred to simply as Tp.It is possible
to rearrange this equation in order to use it to change the data interval associated
with TpA T):

4T...- 4T
T A T. = T A T.) ' , 2. 5)
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Alternatively, the S-curve method may be used to change the data interval of the
AT-hour unit hydrograph (Section 6.2 of Appendix A).

The unit hydrograph peak Upand the time base  TB  are both derived from
Tp, as a regression result and a continuity constraint, respectively:

2.2
Up =A REA

Tp

TB =  2.52  Tp

(2.6)

2. 7 )

A triangular unit hydrograph can be drawn up from these three parameters.
Ordinates of the unit hydrograph u,can be read off the plot at AT-hourly intervals,
or calculated in terms of  Tp, Up,and TB:

{ t;u,= Up
( TB - t )

Tb- Tp

[for t <$Tp)

[for Tp $ t < TB
(2.8)

2.2.2 Tp(0)  from observed flood event data

When the site is gauged, the preferred method of deriving estimates of IUH time-
to-peak TpO ) is by the analysis of observed flood events, by the procedure
described in Sections 5 and 6 of Appendix A. Table 2.1 presented results from the
analysis of five flood events from the River Almond at Craigiehall (19001). Tp0 )
values for each event are given in column 13. It is usually sufficient to take the
catchment average Tp0 ),appl y a data interval AT using Equation 2.4,and construct
a triangular AT-hour unit hydrograph from this value using Equations 2.6 and 2.7,
as illustrated in Example 2. l a. Use of a geometric mean (i.e . the antilogarithm of
the arithmetic mean of the logarithms of the values) is more app ropriate than an
arithmetic mean because p roportional changes rather than absolute changes are
important. However, where considerable flood event data are available close to
the subject site , a full flood event analysis can be carried out and a catchment
average unit hydrograph derived S ection 5.3 of Appendix A).

2.2.3 Tp(O) from catchment lag

Tp0 ) is closely related to catchment lag LAG ). Various definitions of catchment
lag exist. The FSR defines lag as the time from the centroid of total rainfall to the
runoff peak or centroid of runoff peaks (Snyder, 1938), as illustrated in Figure 2.6.
Lag values can be abstracted during flood event analysis (Table 2.1, but may also
be derived manually from inspection of rainfall and corresponding flow or level
data. Hence, this technique is particularly appropriate where one or more years of
water level data have been gathered to this specific end, without the expense of
constructing a formal (i.e . rated) flow gauging station. It is possible to derive
useful estimates of lag from as little as six months data on urbanised catchments,
though on rural catchments a longer period of record (say 18 months) is usually
necessary.

Table 2.1 pre sents results from the analysis of five flood events from the
River Almond at Craigiehal l (19001). Catchment lag values are given in column 5.
A catchment average lag is estimated as the geometric mean of these values, and
then substituted into the following equation to calculate Tp0 ) (see Example 2.2a) :
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Tp0 ) = 0.879 LAG O9 9 2. 9)

Derivation of Equation 2.9 is summarised in Section B.2. Derived values of
Tp 0) are not as reliable as those obtained from a full flood event analysis.
However, they are based o n data from the subject site , so they are preferred to
estimates from catchme nt descriptors. Once Tp( O) has been derived , an adjustment
for the appropriate data interval can be made using Equation 2.4, and a triangular
AT-hour unit hydrograph can be derived using Equations 2.6 and 2.7.

Example 2.1a
Estimation ofTp(0)and unit hydrograph from observed flood event data

Catchment: Almond at Craigiehall (19001) (Figure1of Appendix C)

Relevant catchment descriptors: AREA=386.19 km?

The IUH time-to-peak  Tp(0)  is derived from the flood event analysis results presented in
Table 3 of Appendix A and, for this catchment, reproduced in Table2.1.

The  Tp(0)  values range from5.1 to8.4hours, with a geometric mean of 6.47hours:
Tp0) = 6.47 hours

20%of 6.47 hours is 1.3 hours, so a 1-hour data interval is appropriate.
Tp(O) is adjusted for the data interval  AT using Equation2.4: AT= 1.0 hour

Tp4 7)= Tp(0)+AT72 Tp(1) = 6.47 +1.0/2
= 6.97 hours

Tp(A 7) is hereafter referred to simply as  Tp.  The unit hydrograph peak  Up  and the time
base TBare derived from Tp  using Equations 2.6 and2.7:

Up=(2.2/ Tp) AREA

TB=2.52 Tp

The triangular unit hydrograph may be drawn,
and ordinates u,can be read off at AT-hourly
intervals or calculated using Equation2.8.

Up = (2.2 / 6.97) 386.19 = 121.90 m3 s·1

TB=2.52 x 6.97 = 17.25 hours

Tp
Tp  •  6 .97 hours
Up • 121.90 m•s-•

100

£
U»

"
0

O  time (hours)  20

2.2.4 Tp(0) from catchment descriptors

Where there are no records at the site of inte rest, Tp 0) is estimated from catchment
descrip tors using a ge neralised model derived by regression analysis. Such para-
meter estimates are not as reliable as parameter estimates based on analysis of
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Figure 2.6  Definition of catchment lag

Example 2.2a
Estimation of Tp(O) from catchment lag

Catchment: Bourne at Hadlow (40006) (Figure 2 of Appendix C)

The IUH time-to-peak  Tp(0)  is derived from the catchment lag results presented in Table 3
of Appendix A.

The lag values range from 6.1 hours to 14.3 hours,
with a geometric mean of 8.53 hours: LAG = 8.53 hours

Tp(0)  is derived from  LAG using Equation 2.9:

Tp(0)  = 0.879  LAG 0·951 Tp(0)  = 0.879 (8.53) 0·951 = 6.75 hours

20% of 6. 75 hours is 1.3 hours, so a 1-hour data interval is appropriate.
Tp(0)  is adjusted for the data interval AT using Equation  2.4: AT= 1.0 hours

Tp(4 7) =  T( 0)  + A T/2 T( 1)  = 6.75 + 1.0 / 2 =7.25 hours

Tp(8 nis hereafter referred to simply as  Tp.  The unit hydrograph peak  Up  and the time
base  TB are derived from  Tp  using Equations 2.6 and 2.7,  and the triangular unit
hydrograph may be drawn, and ordinates u,read offatT-h ourly intervals or calculated
using Equation 2.8, as in Example 2.1a.

rainfall and runoff reco rds at or near the site , and should only be used when there
are no observed data from which to derive more accurate values. However, whilst

FLOOD ESTIMATION HANDBOOK
VOLUME 4

23



Restatement and application of the FSR rainfall-runoff method

there may be no data at the site of interest, there may be data for a different point
on the same river or in a nearby catchment, which can be used to improve a
catchment-descriptor estimate of Tp (O) at the subject site , as described in 2. 2.5.

The equation currently used for estimating Tp (O) from catchment descriptors
is (see Example 2.3a):

Tp0 ) = 4.270 DPSBAR O P ROPWET- 8 DPLBAR ( 1+URBEXT) 7 (2.10)

Derivation of Equation 2.10 is summarised in Section 2 of Appendix B. The equation
reflects the view that the steeper, naturally wetter and more urbanised the catchment,
the faster the characteristic response, whilst the larger or longer the catchment,
the slower the response. URBEXTvalues for a given year can be updated using
the urban growth model in $6.5.4 of Volume 5. Catchments where URBEXYT> 0.5
are more appropriately treated by sewer design methods. Once Tp 0) has been
derived, an adjustment for the appropriate data interval can be made using Equation
2.4, and a triangular AT-hour unit hydrograph can be derived using Equations 2.6
and 2.7.

Example 2.3a
Estimationof Tp0)from catchment descriptors

Catchment: Rhymney at Gilfach Bargoed (IHDTM grid ref. 315050 200250; Figure 3 of
Appendix C)

Relevant catchment descriptors:
DPSBAR=101.40 m km·1, PROPWET=0.54, DPLBAR=8.50 km, URBEXT =0.026

The IUH time-to-peak Tp(0) is derived from catchment descriptors using Equation 2.10:

Tp(0)  =4.270 DPSBAR-  ""  PROPWET-9 DPLBAR " (1+ URBEXT)"7
Tp(0)  = 1.684 (101.40)%" (0.54)1 ( 8.50)° (1.026)3

= 3.80 hours

20%of 3.80 hours is 0.8 hours, so a 0.5-hourdata interval is appropriate.
Tp(0) is adjusted for the data interval AT using Equation 2.4: AT = 0.5 hours

T AT)= TO)+ AT72 Tp(0.5)=3.80 + 0.5/2 =4.05 hours

Tp(/1T) is hereafter referred to simply as Tp.The unit hydrograph peak Upand the time
base TBare derived from Tp using Equations 2.6 and 2.7, and the triangular unit
hydrograph may be drawn, and ordinat esu,readoffat AT-hourly intervals or calculated
using Equation 2.8, as in Exampl e 2.1a.

2.2.5 T( 0) by transfer from a donor catchment

Whilst there may be no rainfall and runoff records at the site of interest, there may
be records at a different point on the same river or in a nearby similar catchment.
Analysis of these records can provide observed values of Tp (O) or LAG which can
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be used to improve a catchment-descriptor estimate of Tp (0) at the subject site .
The procedure for adjusting a Tp (0) estimate is:

i Apply the catchment-descriptor method to estimate Tp0 ) at the (ungauged)
subje ct site (this is Tp0 ),) ;

ii Apply the catchment-descriptor method to estima te Tp0 ) at the (gauged)
donor site (this is Tp(0)  );

g.cds'

iii Analyse the observed flow data at the (gauged) donor site by an appropriate
method to yield an observed value of Tp0 hi s is TpO),a2

iv Adjust Tp0 ), ,  at the (ungauged) subject site accordingl y; the equation for
the transfer is:

Tp (0)
T O0) = T (0) s op s car p c as

· '  Tp0 )g, cds

(2.11)

where the subscripts s and g refer to the subject site and the gauged site
respectively, and the subscripts eds, obs and  adj  refer to the catchment-
descriptor estimates at the gauged and subject sites, the observed value at
the gauged site and the adjusted value at the subject site, respectively.

Example 2.4a (overleaf) illu strates the procedure . Once Tp (0) has been derived,
an adjustment for the appropriate data interval can be made using Equation 2.4,
and a triangular T-hour unit hydrograph can be derived using Equations 2.6 and
2.7. Alternatively, where considerable flood event data are available close to the
subject site , a full flood event analysis can be carried out and a catchment average
unit hydrograph derived (Section 5.3 of Appendix A). This can be transformed to
the subject site using the extended S-curve method (Section 6.2 of Appendix A) .

2.3 Percentage runoff and the standard percentage runoff
parameter

2.3.1 Introduction

The proportion of the total rainfall input which becomes direct response runoff in
the river is referred to as percentage runoff. Estimation of percentage runoff is
probably the most important part of flood estimation using the FSR rainfall-runoff
method . The percentage runoff parameter has a direct scaling influence on the
magnitude of the resulting rapid response runoff flood peak, and so the ability to
predict percentage runoff/losses properly is crucial (e.g. Gurnell and Midgley,
1987). Unfortunately, estimation of percentage runoff is also the most uncertain
part of flood estimation, as it is difficult to collect data covering the full range of
catchment type, catchment state and storm variability for calibration o f the
percentage runoff model. The usefulness of observed data in refining catchment
percentage runoff estimates has long been recognised, and cannot be emphasised
too strongly (e .g . Beran, 1973).

The FSR unit hydrograph and losses model assumes that percentage runoff
is constant through an event, and is app lied to each block of the total rainfall
hyetograph i.e . a constant proportional loss model. However, in reality, percentage
runoff will not be constant, but will increase as deficits are made up and soils
become saturated .
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Example2.4a
Estimation of Tp(O) by transfer from a donor catchment

Subject catchment: West Lyn at Lynmouth (IHDTM grid ref. 272400 149450; Figure 4 of
Appendix C). Donor catchment: Homer Water at West Luccombe (51002)

Relevant subject catchment descriptors:
DPSBAR= 112.14 mkm' , PROPWET0.54,DPLBAR= 5.88 km, URBEXT =0.004

Relevant donor catchment descriptors:
DPSBAR= 216.60 mkm' , PROPWET 0.54, DPLBAR= 6.31 km, URBEXT=0.000

For the subject catchment, the IUH time-to-peak Tp(0) is derived from catchment
descriptors using Equation 2.10:

Tp(0), =3.41 hours

For the donor catchment, the IUH time-to-peak Tp(0) is derived from catchment
descriptors using Equation 2.10: Tp(0)g,cds= 2.88 hours

For the donor catchment, the IUH time-to-peak Tp0) is also derived from the flood
event analysis results in Table 3 of Appendix A: the Tp(0) values range from 2.5 hours to
5.5 hours, with a geometri c mean of 3.91 hours: Tp0), = 3.91 hours

For the subject catchment, the IUH time-to-peak from catchment descriptors Tp(0ls.ats is
refined by reference to the performance of the catchment descriptor method on the
donor catchment using Equation 2.11:

T O).. -  TR0), ( T O). /  7 0),) Tp0),,, = 3.41 (3.91 / 2.88)
= 4.63 hours

20% of 4.63 hours is 0.9 hours, so a 0.5-hour data interval is appropriate.
Tp(O) is adjusted for the data intervalAT using Equation  2.4: AT= 0.5 hours

Tp(An)= Tp(O)+AT/2 Tp(0.5) = 4.63+ 0.5/2
= 4.88 hours

Tp(4 7)is hereafter referred to simply as Tp.The unit hydrograph peakUpand the time
base TB are derived from Tp using Equations 2.6 and 2.7, and the triangular unit
hydrograph may be drawn, and ordinates u,read offatAT-hourly intervals or calculated
using Equation 2.8, as in Exampl e 2.1a.

The percentage runoff model

The percentage runoff model used in the FSR rainfall-runoff method is as presented
in FSSR16 (IH, 1985). Percentage runoff is made up of a standard term SPR,
representing the normal capacity of the catchment to generate runoff, and dynamic
terms representing the variation in runoff depending on the state of the catchment
prior to the storm and the storm magnitude itself: DPR, depend ent on catchment
wetness index CWI and DPR, d ependent on storm depth P . The standard and
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dynamic terms are calculate d for a completely rural catchment to give a PR,
and an urban adjustment is applied to this PR,aGi

PR - PR 1 .0 - 0.615 URBEXD + 70 (0.615 URBEXD

where PRa , S PR + DPR.  '  DPR.

and SPR is a standard term,

DPR. = 0.25 ( CWT- 125)

and DPRRA,N = { O
0.45 (P - 40) 07

[for P < 40 mm]

[for P  > 40 mm]

(2.12)

(2.13)

(2.14)

(2.15)

The urban adjustment assumes that 61.5%0f the urbanised area is impervious and
gives 70% runoff, whilst the other 38.5% of the urbanised area acts as natu ral i .e.
rural) catchment (Kidd and Packman, 1980; Packman, 1980). Equation 2.12 derives
from conversion of the FSSR16 PR model to use VRBEXT in place of URBAN,,
(see Section 1 of Appendix B). The adjustment reflects the mixed natural and
impervious areas that occur within urbanised areas, and makes the effect of the
urbanisation dependent on the underlying soils.

SPR is fixed for all storms on a particular catchment, but varies between
catchments, such that a chalk catchment will give a much lower runoff than a clay
catchment. Th e DPR terms vary between storms on a particular catchment, causing
an increase in percentage runoff with increasing catchment wetness and larger
rainfall events i.e . a larger percentage response is produced by a large storm on a
wet catchment than by a small storm on a dry catchment. The DPR_ component
reflects the importance of antecedent conditions as an indicator of the greater
variation in response between events on natural catchments than those on urban
catchments. Determination of CWI is covered in $3.2.4 for the T-year case, $4.3.3
for the PMF case , and in $5.2.2 for the simulation of an observed flood event. The
DPRc ompone nt is only applicable to substantial rainfall events (more than 40
mm of rain). Calculation of P is described in $3.2.2 for the T-year case, 4. 3.2 for
the PMF case, and in $5.2.1 for the simulation of an observed flood event. Because
the dynamic components of percentage runoff vary from storm to storm, effort
tends to concentrate on ob taining the best estimate of the SPR component, which
is covered in the rest of this section. A better estimate of SPR is the most significant
single improvement that can be made for flood estimation (FSR I.6.2.2) .

2.3.2 SPR from observed flood event data

When the site is gauged, the preferred method of deriving estimates of standard
percentage runoff SPR is by the analysis of observed flood events, by the procedure
described in Sections 5 and 6 of Appendix A. Table 2.1 presents results from the
analysis of five flood events from the River Almond at Craigiehall (19001) . SPR
values are given in column 12. The variability of SPRshould be examined. Usually
the catchment average SPR is taken as a simple arithmetic mean of the derived
values, as illustrated in Example 2.1 b . The catchment average SPR can then be
substituted back into the percentage runoff model, together with the appropriate
storm depth, catchment wetness index and urban fraction, to calculate percentage
runoff for a particular event using Equations 2.12-2.15.
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Exampl e2.1b
Estimation of SPRfrom observed flood event data

Catchment: Almond at Craigiehall(19001) (Figure 1 of Appendix C)

The standard percentage runoff  SPR  is derived from the flood event analysis results
presented in Table 3 of Appendix A and, for this catchment, reproduced in Table 2.1.

The SPRvalues range from 44.8% to 58.6%, with an arithmetic mean of51.8%:
$PR 5 1.8%

2.3.3  SPR  from baseflow index

SPR is closely related to baseflow index BFI. BF! measures the proportion of the
river's long-term runoff that derives from stored sources, and typically ranges
from 0.1 for relatively impermeable clay catchments to 0.99 for highly permeable
chalk catchments. Figure 2.7 compares the hydrographs and BFJ values for two
catchments of contrasting geology. Although strictly a low flow index (IH, 1980;
Gustard  et al., 1992), BFI is also a valuable index for flood estimation because the
parameter (1 - BFI ) is a measure of the rapid response runoff and therefore
relates directly to SPR In fact BFI and SPR are well correlated ( r ? = 0.75).

Determination of  BFI for a catchment requires as little as o ne year of gauged
daily mean flow data, and is not unduly sensitive to there being a high quality
rating for flood flows. Furthermore, there is no requirement for rainfall data. The
calculation entails separating the flow hydrograph into its rapid response runoff
and baseflow components by the procedure described in IH Report 1O8 (Gustard
et al.,  1992) . However, the common practice is to make use of published values of
BFI, which exist for gauged sites in the UK. Catchment BFI is substituted into the
following equation from FSSR16 to calculate SPR (see Example 2.2b):

SPR = 72.0 - 66.5 BF 2. 16)

Derived values of SPR are not as reliable as those obtained from a full flood event
analysis. However, they are based on data from the subject site , so are preferr ed
to estimates from catchment descriptors. The SPR value can then be used in the
percentage runoff model, together with the appropriate storm depth, catchment
wetness index and urban fraction, to calculate percentage runoff for a particular
event using Equations 2.12-2.15. Sources of BF! values include the Hydrometric
Register and Statistics for 1991-95 (IH/ BGS, 1998) and the Representative Basin
Catalogue for Great Britain (IH, 1991b), and IH Report 108 (Gustard et al.,  1992) .
For Scotland, a BF! map (Gustard et al.,  1986) is also available .

2.3.4  SPR  from catchment descriptors

Where there are no records at the site of interest, SPR is estimated from catchment
descriptors using a generalised model derived by regression analysis. Such
parameter estimates are not as reliable as parameter estimates based on analysis
of rainfall and runoff records at or near the site , and should only be used when
there are no observed data from which to derive more accurate values. However,
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Figure 2.7  Illustrative baseflow separation for (a) an impermeable catchment and
(b) a permeable catchment
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Example 2.2b
Estimation of SPRfromBF/

Catchment: Bourne at Hadlow (40006) (Figure 2 of Appendix C)

The standard percentage runoff  SPR is derived from the published baseflow index  BF/
for thecatchment(IH/BGS, 1998).

BF1l= 0.62

SPR is derived from  BF/  using Equation 2.16:

SPR=72.0 - 66.5 BFI SPR= 72.0- 66.5 (0.62)
=30.8%

whilst there may be no data at the site of interest, there may be data for a different
point on the same river or in a nearby catchment, which can be used to improve
a catchment-descriptor estimate of SPR at the subject site , as described in $2.3.5.

The equation currently used for estimating SPR from catchment descriptors
is from 1H Report 126 (Boorman  et al., 1995). SPR is estimated from HOST soil
class fractions, using Equation 2.17 and the SPR values in Table 2.2 (see Example
2.3b):

SPR  -  SPRHOST -=Y, SPR, HOST, 2. 17
-  SPR, H OST, + SPR, HOST, + ... + SPR, HOST,,

Table 2.2 Recommended SPR values for HOST class es

HOST SPA HOST SPA HOST SPA
class % class % class %

1 2.0 11 2.0 21 47.2
2 2.0 12 60.0 22 60.0
3 14.5 13 2.0 23 60.0
4 2.0 14 25.3 24 39.7
5 14.5 15 48.4 25 49.6
6 33.8 16 29.2 26 58.7
7 44.3 17 29.2 27 60.0
8 44.3 18 47.2 28 60.0
9 25.3 19 60.0 29 60.0

10 25.3 20 60.0

The equation allows SPR to vary between 2% and 60%, and better reflects
the variation in runoff from different soil types than previous SPR models did. As
well as providing a step forward towards more accurate estimation of SPR, the
HOST classification p resents a better way of selecting donor catchments for the
transfer of local data. The catchment SPR should be used in the FSSR16 percentage
runoff model, together with the appropriate storm depth, catchment wetness index
and urban fraction, to calculate percentage runoff for a particular event using
Equations 2.12-2.15.
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Example 2.3b
Estimation of SPRfrom catchment descriptors

Catchment: Rhymney at Gilfach Bargoed (IHDTM grid ref.315050 200250)(Figure3 of Appendix C)

Relevant catchment descriptors:
HOST, =19.17%, HOST, =1.38%, HOST,,=4.71%, HOST,,=9.13%, HOST,,=10.69%,
HOST,,=5.40%, HOST,,=11.37%, HOST, =38.16%

The standard percentage runoff SPA is derived from catchment descriptors using Equation 2.17:

SPR  -  SPRHOST-2,"SPR, HOST, SPR = 0.1917 (2.0) + 0.0138 (33.8)
+ 0.0471 (25.3) +0.0913 (48.4)
+0.1069 (29.2) +0.0540 (47.2)

0.1137 (39.7)+0.3816 (58.7)

=39.0%

2.3.5  SPR  by transfer from a donor catchment

Whilst there may be no rainfall and runoff records at the site of interest, there may
be records at a different point on the same river or in a nearby similar catchment.
Analysis of these records can p rovide observed values of SPR or BF/ which can be
used to improve a catchment-descriptor estimate of SPR at the subject site . For
SPR, the size and location restrictions for donor catchments are less relevant, as it
is most essential that the catchments are similar in terms of soils and underlying
geology, topography and land use. The procedure for adjusting an SPR estimate
is:

Apply the catchment-descriptor method to estimate SPR at the (ungauged)
subject site (this is SPR,p;

ii Apply the catchment-descriptor method to estimate SPR at the (gauged)
donor site (this is SPR  );g.c

iii Analyse the observed flow data at the (gauged) donor site by an appropriate
method to yield an observed value of SPR (this is SPR  );g obs'

iv Adjust SPR, a the (ungauged) subject site accordingly; the equation for
the transfer is:

SPR
SPR .=SPR s o

s.«] ss P R
g. cds

2 .18)

where the subscripts s and g refer to the subject site and gauged site
respectively, and the subscripts  eds, obs  and adj refer to the catchment-
descriptor estimates at the gauged and subject sites, the observed value at
the gauged site and the adjusted value at the subject site , respectively.

Exampl e 2.4b illust r ates the procedure . The adjusted value of SPR can then be
used in the FSSR16 percenta ge runoff model, together with the appropriate storm
depth, catchment wetness index and urban fraction, to calculate percentage runoff
for a particular event using Equation s 2.12-2.15.
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Example 2.4b
Estimation of  SPR by transfer from a donor catchment

Subject catchment: West Lyn at Lynmouth (IHDTM grid ref. 272400 149450; Figure 4 of
Appendix C). Donor catchment: Homer Water at West Luccombe (51002)

Relevant subject catchment descriptors:
HOST, = 24.68%, HOST,, = 45.55%, HOST,, = 10.41%, HOST,, = 4.99%,
HOST, = 1.47%, HOST 

26 
= 7.81%, HOST 

29 
= 5.09%

Relevant donor catchment descriptors:
HOST, = 0.01%, HOST, = 0.05%, HOST, = 41.64%, HOST, = 0.74%, HOST, = 0.03%,
HOST, = 0.29%, HOST,, = 0.02%, HOST,, = 40.11%, HOST,, = 0.30%,
HOST,, = 6.59%, HOST 

26 
= 7. 75%, HOST 

29 
= 2.47%

For the subject catchment, the standard percentage runoffSPRis derived from catchment
descriptors using Equation 2 17: SPR,=36.5%

For the donor catchment, the standard percentage runoffSPR is derived from catchment
descript ors using Equation 2.17: SPR, =29.7%

For the donor catchment, the standard percentage runoff SPR is also derived from the
flood event analysis results presented in Table 3 of Appendix A; the SPRvalues range
from 12.0% to 36.7%, with an arithmetic mean of 20.2%:

$PR  =20.2%
9

For the subject catchment, the standard percentage runoff SPR from catchment
descript orsSPR,i s refined by reference to the performance of the catchment descriptor
method on the donor catchment using Equation 2.18:

sPR,= SP.. (SPF, J 5PR, ) SPR sdi = 36.5 (20.2 / 29.7) = 24.8%s,

2.4 The basef/ow parameter

2.4.1 Introduction

The final step in the formulation of the total flood hydrograph is the addition of a
flow quantity to represent the flow in the river before the event started, and to a
lesser extent the start of the slow response runoff from the event itself. This flow
quantity is referred to as the baseflow BF Strictly, it should be termed average
non-separated flow ANSF, as a reminder that the flow hydrograph is separated as
an expedient for analysis and does not necessarily represent a separation generated
by different runoff processes. Baseflow is a relatively unimportant parameter
compared to unit hydrograph time-to-peak and percentage runoff, as it is usually
small compared with the magnitude of the rapid response runoff hydrograph .

In FSR design and simulation, baseflow is taken as constant through an
event, and is added to each ordinate of the rapid response runoff hydrograph .
However, in reality, baseflow will not be constant, but will vary as deficits are
made up and soils become saturated.
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2.4.2  BF  from observed flood event data

When the site is gauged , the preferred method of deriving estimates of baseflow
BF is by the analysis of observed flood events, by the p rocedure described in
Sections 5 and 6 of Appendix A. Table 2.1 pre sents resu lts from the analysis of
five flood events from the River Almond at Craigiehall 1 9001). BF values for each
event are given in column 6. Usually the catchment average BF can be taken as a
geometric mean of these values, as shown in Example 2. lc . Once the BF value
has been determined , it is added to all ordinates of the rapid response runoff
hydrograph to produce the total flood hydrograph .

Example 2.1c
Estimation of  BF  from observed flood event data

Catchment: Almond at Craigiehall(19001) (Figure 1 of Appendix C)

The baseflow is derived from the flood event analysis results presented in Table 3 of
Appendix A and, for this catchment, reproduced in Table 2.1.

TheBFvalues range from 4.22 m?s' to 11.61 m' s', with a geometri c mean 7.26m?s':
BF=7.26 mi?s '

2.4.3  BF  from catchment descriptors

Where there are no records at the site of interest, BF is estimated from catchment
descrip tors using a generalised model derived by regression analysis . Such
parameter estimates are not as reliable as parameter estimates based on analysis
of flood event data at or near the site . However, since BF is usually very small
re lative to the magnitude of the flood peak, it is not as important model parameter
as T2 0) and SPR,and efforts should be focused at refining these parameter estimates
rather than BF estimates. However, whilst there may be no data at the site of
interest, there may be data for a different point on the same river or in a nearby
catchment, which can be used to improve a catchment-descriptor estimate of BF
at the subject site , as described in $2.4.4.

The equation currently used for estimating BF from catchment descrip tors
is from FSSR16 (see Example 2.3c):

BF = {33 (CW7- 125) + 3.0 SAAR + 5.5 ) 10 -° AREA (2.19)

On some catchments, it is possible to obtain a slightly negative BF wi th Equation
2.19, in which case the BF should be set to zero. Determination of the BF is the
final step in formulation of the total flood hydrograph , and the BF value is added
to all ord inates of the rapid response runoff hydrograph.

2.4.4  BF by transfer from a donor catchment

Whilst there may be no rainfall and runoff reco rds at the site of interest, there may
be reco rds at a different point on the same river or in a nearby similar catchment.
Analysis of these records can provide observed values of BF which can be used to
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Example 2.3c
Estimationof BF from catchme nt descriptors

Catchment: Rhymney at Gilfach Bargoed (IHDTM grid ref. 315050 200250, Figure 3 of
AppendixC)

Relevant catchment descriptors:
CW/ * = 124.5 mm, SAAR= 1507 mm, AREA=58.31 km2

The baseflow  BF  is derived from catchment descriptors using Equation 2.19:

BF=  {33 ( CWI- 125)+3.0 SAAR+5.5)10  AREA

BF=  (33 (124.5- 125)+3.0x 1507+5.5)10"x 58.31
=  2.63m"s'

' design event value of CW/ used: see §3.2.4 forT-yearcase (design event), §4.3.3 for
PMFcase and §5.2.2 for event simulation.

improve a catchment-descriptor estimate of BF at the subject site . The procedure
for adjusting a BF estimate is:

Apply the catchment-descriptor method to estimate BF at the (ungauged)
subje ct site (thi s is BF,_ );

ii Apply the catchment-descriptor method to estimate BF at the (gauged)
donor site (this is BF , );

g. cc

iii Analyse the observed flow data at the (gauged) donor site by an appropriate
method to yield an observed value of BF (this is BF  bs);

g.o

iv Adjust BF,a t the (ungauged) subject site accordingly; the equation for
the transfer is:

BF
BF  - BF L

s, ulf s, cds BF
g, cds

2. 20)

where the subscripts s and g refer to the subject site and gauged site
respectively, and the subscripts eds, obs and  adj  refer to the catchment-
descriptor estimates at the gauged and subject sites, the observed value at
the gauged site and the adjusted value at the subject site , respectively.

Example 2.4c illustrates the procedure . Determination of the BF is the final step in
formulation of the total flood hydrograph, and the BF value is added to all ordinates
of the rapid response runoff hydrograph.
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Example 2.4c
Estimation of BFby transfer from a donor catchment

Subject catchment: West Lyn at Lynmouth (IHDTM grid ref. 272400 149450, Figure 4 of
AppendixC).Donor catchment: Horner Water at West Luccombe (51002)

Relevant subject catchment descriptors:
CWI' 124.6mm,SAAR= 1543 mm,AREA=24.08 km2

Relevant donor catchment descriptors:
CW/ * = 124.5 mm,SAAR= 1484 mm,AREA=20.49 km2

For the subject catchment, the baseflow  BFis derived from catchment descriptors using
Equation 2.19: BF,= 1.11ms '

For the donor catchment, the baseflow  BF  is derived from catchment descriptors using
Equation 2.19: BF _ =0.91 m's'

9u

For the donor catchment, the baseflow  BF  is also derived from the flood event analysis
results presented in Table 3 of Appendix A; the  BF  values range from 0.38 m3s·1 to
1.70 m3s·1, with a geometric mean of 0.87 m's' : BF , =0.87 m?s'g,o s

For the subject catchment, the basetflow BF from catchment descript ors BF, is refine d
by reference to the performance of the catchment descriptor method on the donor
catchment using Equation 2.20:

8, , -8f,8 5...18. .) BF,,, =  1.11 (0.87/ 0.91)
= 1.06 m3s·1

• design event value of CW/used: see §3.2.4 for T-year case (design event), §4.3.3 for
PMF case and $5.2.2 for event simulation.
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Chapter 3 F-year flood estimation
3.1 Introduction

The FSR rainfall-runoff method is used to estimate a flood peak of the required
return period, known as the T-year flood, by applying an appropriate return
period rainfall to the unit hydrograph and losses model. The rainfall is specified
as part of the FSR design event method which provides a set of rules for choosing
the rainfall duration, depth and temporal profile, and also the antecedent catchment
wetness, to give the flood of the required return period. A different set of rules is
provided for heavily urbanised catchments. A catchment flood frequency curve is
obtained by plotting T-year flood peaks against their corresponding return periods.

This section outlines the simulation exercise which provides the basis of
the FSR design event method, and considers the assumptions, limitations and
weaknesses of the method. In Section 3.2, thedesign event method and the rules
for choosing the storm characteristics and initial catchment state are considered in
detail. Application of the design storm to the unit hydro graph and losses model to
estimate the Tyear flood is described in Section 3.3, and a short-cut method for
estimating the design flood is presented in Section 3.4.

3.1.1 Found ation of the FSR design event method

The FSR rainfall-runoff method provides a way of synthesising a design flood
hydrograph with peak of a given return period, from a single hypothetical rainfall
event. It is of course possible , and indeed likely, that different combinations of
storm characteristics and catchment state will p roduce flood peaks of similar
magnitude. Furthermore , it is to be expected that the magnitudes of the derived
flood peaks will be more sensitive to some of these input variables than to others
e .g. rainfall depth is likely to affect flood peaks much more than its temporal
profile. FSR I.6.7 describes a computer simulation exercise and various sensitivity
analyses that were performed to examine the way in which the return period of
the peak flow was affected by the input variables. The simulation exercise had
two objectives. Firstly, it had to be proven that the technique of using a set of
design inputs and an event-based model could successfully reproduce observed
flood frequency curves. Once this was established , the second objective was to
formulate a way of selecting a single set of inputs that would give the flood peak
of the required retu rn period. The following sections review these two phases of
the simulation exercise, and discuss the resulting prescribed package of design
inputs.

Reproduction of flood frequency curves

The four design variables that are required for T-year flood estimation using the
FSR rainfall-runoff method are :

• Rainfall duration;

• Rainfall depth (or return period);

• Rain fall profile;
• Antecedent catchment wetness.

Each of these variables has a corresponding probability distribution which
can be combined to yield an overall probability distribution of peak flow (statistically
they are marginal d istributions of a joint probability surface) . The correspond ing
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flow peak can be derived using the unit hydrograph and losses model. The
probability of obtaining a flood magnitude in a given interval can then be found
by summing all the joint probabilities for derived peaks in that interval. The flood
frequency curve can be built up by performing this summation over successive
intervals, and thereby covering the required range of flood peaks. The simulation
exercise considered all combinations of the four variables, but was greatly simplified
by defining just six to twelve sub-divisions to represent the entire range of each of
the four variables. Figure 3.1 illu strates the procedure as a tree diagram with a
particular set of choices indicated.

The simulations were carried out on 98 catchments for which unit hydrograph
and losses model parameters, and a suitable length of annual maximum flows
from wh ich to derive a flood frequency curve, were available. Sevente en catchments
were later rejected because their response was too flashy for successful simulation
based on hourly rainfall. General comparisons were made between the flood
frequency curve derived from annual maxima and the one resulting from the
simulation process, though subsequent analysis was restricted to comparing
observed and simulated values of the mean annual flood and the 10-year flood.
Satisfactory comparisons led to the conclusion that "the probability distributions
of floods from real catchments can be adequately predicted by the simulation
technique" (FSR 1.6.7.4).

Choice of a single set of design inputs

The second stage of the analysis involved selecting a single choice of variables for
each flood return period. This was achieved by choosing suitable fixed values of
the three less important variables, and then optimising the remaining variable
such that the model reproduced the required flood magnitude.

Storm profile was found to be the least important variable influencing flood
magnitude, and it was fixed to be the 75% Wi n ter profile on rural catchments and
the 50% Summer profile on urbanised catchments (see $3.2.3). These were the
profiles which were on average more peaky than 75% of UK Winter storms and
50% of UK Summer storms, respectively.

Flood magnitude was less sensitive to storm duration than to either of the
remaining variables (i.e. antecedent wetness and storm dep th), and so the storm
duration D was fixed to be the duration typically giving the largest flood magnitude,
calculated from catchment response time (indexed by unit hydrograph time-to-
peak) and SAAR (see $3.2.1.

Antecedent catchment wetness (represented by the catchment wetness index
C WJ) and storm depth were both found to be important in influencing flood
peaks. When CWJ was fixed, the relationship between flood return period and
rainfall return period (and associated storm depth) was similar between catchments.
The alternative strategy of fixing the rainfall depth by return period (i.e. so that
the T-year storm produces the T-year flood) led to inconsistent values of C WJ
between catchments. Therefore, CWJ was fixed, to be a median value estimated
from SAAR (see §3.2.4) , and the rainfall return period was chosen by optimisation.
For each catchment, the return periods of rainfalls required to produce floods of
various return periods were evaluated and plotted as a curve. An average curve
F igure 3.2) was recommended for selecting the appropriate storm return period
to give the peak discharge of required return period when combined w ith the
other variables. The design storm depth was determined from rainfall depth-
duration-frequency relationships once the du ration and return period of the storm
were know n (see $3.2.2) .
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Return  period
T years

Duration Duration Duration Duration Duration

Total depth

Summer profile set Winter profile set

Prof ile Profile Prof ile Profile Profile

Total rainfall
hyetograph

Loss Loss Loss Loss Loss

Net rainfall
hyetograph

Un it hydrograph

Response runoff
hydrograph

Baseflow

Total runoff
hydrograph

Figure  3. 1 Simulation procedure

38 FLOOD ESTIMATION HANDBOOK
VOLUME 4



T-year flood estimation

1000 50
x¢ For flood return pe riod .>:: For flood return periodnl
Cl) in excess of 30 years 3 of 30 years and lessa. Cl)

a.
-0 -0 40
0g 0

0

5 100 ;;::::

5 30-0
0 - O -E- ? g e
Cl) nl Cl) nla. Cl) a g> £ - 20
2 10 2
-0 -0 10
5 5CT
Cl) CT
a: 1

Cl)
0a:

1 10 100 1000 0 10 20 30 40 50

Recommended return period of storm depth (years)

Figure 3.2 Recommended storm return period to yield flood peak of required return period by
design event method

Several points in particular may be made about the second stage of the
analysis. Firstly, in se lecting the single choice of variables, a match was sought
with the simulated flood frequency curves, rather than with those derived from
annual maximum data. Thus, any regional deviations present in the simulations
were built into the single choice of variables. Secondly, it is not clear how many
catchments were used , and how much variab ility was present, when defining the
relative return periods of design rainfall and peak flow. Results show considerable
scatter in the relationship for seven catchments where the rainfall return period
varies from 5 to 10 years for the 5-year flood, 12 to 27 years for the IO-year flood,
and 60 to 128 years for the 50-year flood (FSR Figure 1.6.54) . The corresponding
standard choices are 8, 17 and 81 years, respectively F igure 3.2).

A recent review of flood-producing rainfalls confirmed rainfall rarity to be
the most influential input variable , and antecedent catchment wetness and storm
duration to be generally more influential than spatial and temporal features of the
rainfall field . The review concluded that there was "nothing to suggest that there
is anything inappropriate about the choices made in the FSR [rainfall-runoff] method"
(Faulkn er, 1997).

Discussion

The prescribed package of design inputs to the unit hydrograph and losses model
provides an easy-to-use method for estimating the flood peak of a particular
return period. However, it is possible to use the design event method without
appreciating the critical assumptions on which it is based. Issues raised by use of
the method are complex (Webster, 1998). The method has some fundamental
weaknesses; for instance , several of the existing four design inputs are set in a
manner that is not entirely satisfactory.

The unimodal, symmetrical design rainfall profiles are widely regarded as
unrealistic (e.g. Kelway, 1977; Collie r, 1992). Rainfall events which cause severe
floods can have a wide variety of temporal and spatial profiles, and these (together
with antecedent catchment wetness) can differ greatly from the design assumptions.
However, in order to make the design event approach to flood frequency estimation
work, it is necessary to have relatively simple rules, and it is not expected that any
individual event will necessarily exhibit such a profile. The FSR design storm
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profiles attempt to characterise the typical variability of rainfall intensity during an
event, which is very difficult to do because the p recipitation p rocess is highly
variable . It is accepted that such profiles are unsuitable for long-duration events
which typically comprise a series of storms. There has been some gu idance about
this, and new long-duration profiles relevant to spillway flood design on large,
reservoired catchments have been developed for north-west Scotland (Stewart
and Reynard, 1991). The approach uses the average variability method which
successfully preserves the typically multi-peaked character of 3-day and longer
accumulations (Pilgrim et al., 1969, Pilgrim and Cord ery, 1975; Cordery et al.,
1984). However, similar analyses in other parts of the country have shown significant
d ifferences, making generalisation of the method difficult (Reynard and Stewart,
1993). Furthermore, there is no formal mechanism by which to incorporate such
profiles into the design event method. The commonly-proposed solution of a
library of typical p rofiles from which to choose may indeed produce more realistic-
looking storms and hydrographs, as can stochastic generation of storm profiles
(Koutsoyiannis, 1994; Onof et al., 1996), but use of a non-standa rd profile w ill not
necessarily give a flood of the required return period.

Similarly, the design value of CWT is sp ecified according to mapped SAAR
values, and takes no explicit account of the differing drainage characteristics of
the particular soils, slopes or land-uses. For example , antecedent groundwater
level is highly re levant for runoff from chalk catchments but is almost insignificant
for impermeab le catchments, so CWI ought to be much more influential in the
former case . Furthermore, no allowance is made for seasonal variation in catchment
state . The very strong influence exerted by seasonal soil moisture deficits in many
relatively permeab le lowland catchments in the UK can cause the seasonal
distribution of maximum floods to be diametrically opposed to that of maximum
1-day rainfalls (Reed, 1994b). Although it is a view that is not yet universally
shared , this weakness may eventually lead to the use of the design event method
being restricted to particular catchment types e .g . heavily urbanised catchments
where soil moisture effects are less influential.

Perhaps the most general weakness of the method is the underlying
assumption that a unique combination of four specific inputs w ill yie ld the flood
peak of the required re turn period on all catchments. The rules for combining the
inputs are only valid in some average sense , and there is no reason to expect that
the combination of inputs deemed suitable will be equally appropriate on every
catchment. Indeed , the rationale of pooling flood peak data from hydrologically
similar catc hments (3 C6), argues against a method which imposes a unique
combination of design inputs on all catchments. A good example of this latter
point is snowmelt, which can be an important contributor to floods in parts of the
UK, yet is not treated explicitly in the design event method . The recommended
choice of design inputs makes implicit allowance for snowmelt events because
the method is b ased on recorded floods, but its explicit inclusion would make the
overall design package too complicated.

In the longer term, flood frequency estimation based on continuous
simulation modelling of catchments appears a promising alternative to design
event methods. Realistic accounting for soil moisture is seen as one of the key
strengths of the continuous simulation modelling approach . Howeve r, some new
problems remain to be resolved , particularly w ith respect to regionalisation. In
the meantime, the FSR design event method continues to provide an easy-to-use
p rescribed package of design inputs for estimating the flood peak of a particular
return period .
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3.1.2 FEH rainfall statistics

The assessment of rainfall frequency is fundamental to design flood estimation
using the FSR rainfall-runoff method. FSR II provided estimates of the rainfall
depth corresponding to a given duration and return period, both at a point and
over an area, together with a profile or time distribution of this rainfall. These
statistics were incorporated in a computer-based model for determining rainfall
depth-duration-frequency for any location in the UK (Keers and Wescott, 1977).

However, the FSR rainfall statistics were, like any other data analysis, subject
to revision with regard to both the numerical values presented and the methodology
adopted. Revisions to the rainfall statistics started on a regional level, prompted
by the recognition that the FSR rainfall frequency methods were over generalised,
and failed to adequately represent regional variation in rainfall growth rates
(Boa tman and Willis , 1981; Dales and Reed, 1989). For example , Reed and Stewart
(1989) designed revised procedures for rainfall growth estimation, illustrated by
derivation of 1-day rainfall growth curves in south-west England.

Volume 2 of the Handbook presents a new generalisation of rainfall depth-
duration-frequency estimation. The techniques were developed and implemented
following reworking of the county-wide rainfall data set, by arrangement with the
Met. Office . Now that one of the four elements of the design input package has
been updated, there is sco pe for future research to review the combination of
design inputs. For completeness, the FSR rainfall statistics, which will only be of
use if attempting to reproduce a previous flood estimate, are included in Section
3 of Appendix B.

3.2 FSR design input package

A rainfall of a given return period can produce a wide range of estimated design
floods, depending on the storm duration, antecedent catchment wetness and, Jess
critically in most cases, the temporal profile of the storm. The FSR design input
package provides a way of selecting a single set of inputs to synthesise the flood
peak of the required return period. Different recommendations for rural and
urbanised catchments' are sustained in the Handbook's restatement of the FSR
rainfall-runoff model. However, it is important to note that the Handbook's use of
a different definition of urban fraction leads to the breakpoint between rura l and
urban catchment s being URBEXT = 0.125, rather than URBAN,, = 0.25. Where
URBEXT is close to the 0.125 breakpoint, it is recommended that both rural and
urban input packages are considered separately to see which gives the largest
flood . Cases where URBEXT > 0.5 are more appropriately treated by sewer design
methods. Figure 3.3 shows the influence of the design inputs with respect to the
steps in the calculation of the T-year flood.

3.2.1 Design storm duration

The design storm duration D is based on a formula which approximates the
duration giving the largest flood magnitu de, D_ . The design storm duration D is
calculated from unit hydrograph time-to-peak Tp and standard average annual
rainfall SAAR (see Example 3.1a):

D - T ( 1 4 544 R 5
1000

3 .1

Unit hydrograph time-to-peak is an index of catchment response time , i.e. the
faster responding the catchment, the shorter the critical storm duration . SAAR
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Figure 3.3  Influence of design inputs and the steps in the  calculation of the T-year flood

represents important climatic effects; flood events are typically more prolonged
on high SAAR catchments than catchment response times would alone indicate .
One interpretation of this is the greater influence of s e e d e r -fe e de r mechanisms in
sustaining heavy rainfall in high S AAR areas (Hill e t a l., 1981), and the more
frequent role of short-duration convective storms in flood production in low S AAR

areas.
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Curves of flood magnitude against storm duration are generally flat, so the
choice of storm duration is not usually critical for flood peak delineation (Reed
and Field, 1992). However, in reservoired applications, the design storm duration
is extended by adding the reservoir response time to the catchment response time
(see $8.2.1) , and in other situations, it may be appropriate to consider a range of
design storm durations (see §9.2.2).

In the FSR design event method, it is necessary to have an odd number of
rainfall blocks, for a reason explained in $3.2.3. Therefore, the computed value of
storm duration is rounded, up or down, to the nearest odd integer multiple of the
data interval A T (see Example 3.l a) . For instance, with a 1-hour data inte rval, a
calculated duration of 12.3 hours, would be rounded to 13 hours as 12 is an even
integer multiple of the data interval (i.e . 12 x 1) and 13 is an odd integer multiple
of the data interval (i.e . 13 x 1). Similarly, with a 2-hour data interval, a calculated
duration of 12.3 hours, would be rounded to 14 hours as 12 is again an even
integer multiple of the data interval (i.e . 6 x 2) and 14 is an odd integer mu ltiple
of the data interval i .e. 7 x 2) .

Example 3.1a
Calculation of design storm duration  D

Catchment: Almond at Craigiehall (19001) (Figure 1 of Appendix C)

Relevant catchment descriptors and other information:
SAAR=892 mm,AT=1.0  hours ($2.2.2), Tp(1)=6.97 hours ($2.2.2)

The design storm duration D is calculated from Tp and SAAR using Equation 3.1:

D= Tp (1 +SAAR/ 1000) D=6.97 (1+ 892 / 1000)=13.2 hours

In this instance,T = 1.0 hours so D is rounded down to 13 hours, the nearest odd
integer multiple of AT: D= 13.0 hours

3.2.2 Design storm depth

The design storm depth P is the Tyear D-hour catchment rainfall. The storm
depth P is determined from rainfall depth-duration-frequency relationships, once
the duration and return period of the design storm are known, by the following
procedure:

i Dete rmine the appropriate rainf all retu rn period, T,;
ii Abstract the T year D-hour point rainfall, M T-Db;

iii Scale the point M T-Db to the catchment M T-Db or P.

The steps in the procedure are discussed below, together with relevant comment
on related topics, and illustrated by Example 3.1b.

Determi nat ion of appr opr i ate rainfall return period T,,

Determination of the app ropriate rainfall return period depends on the degree of
urbanisation of the catchment and the required return period of the flood . On
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rural or only moderately urbanised catchments ( URBEXT < 0.125), the design
rainfa ll retu m period T, is determined from the design flood retu rn period T,
using the graphs in Figure 3.2. Table 3.1 gives some common return period
combinations abstracted from the graphs. Over the 10-year to 100-year design
flood return periods , the design rainfall return period is typically about l. 7 times
longer. However, it must be stressed that it is not suggested that all storms with,
for instance, an 81-year return period will necessarily p roduce a 50-year flood
peak, but rather that the complete package of design storm duration, depth, profile
and antecedent conditions specified here will typically give the best estimate of
the 50-year flood peak.

Table 3. 1 Recommended stomm retum period to yield f ood peak of required retum period by
design event method

Flood peak return period (years)

Rainfall return period (years)

2.33

2

10

17

30

50

50

81

100

140

1000

1000

On urban catchments (0.125 < URBEXT <0.5) , the design rainfall retu rn period T,
is set equal to the design flood retu rn period T,, e.g. the 50-year flood is pro duced
by the 50-year rainfall. The reasoning behind this is that for rural catchments,
because of other factors (e.g. antecedent condition) , not all extreme rainfalls
generate equally extreme floods; however, urbanised catchments are generally
less variable in the ir response, making a simpler choice of design conditions
possible. For urban catchments, the use of equal return periods leads to a flatter
flood frequency, which is borne out by observed data. Further discussion is provided
in FSSR5 (IH, 1979a), and IH Repons 61 (Kidd and Packman, 1980) and 63
(Packman, 1980).

Abstraction of T-year D-hourpoint rainfall MT-Oh

The point M T-Db rainfall is abstracted from the rainfall depth-duration-frequency
data presented on the CD-ROM (2 2).

Calculation of design storm depth P

The catchment M T-Db rainfall or design storm depth P is calculated by scaling the
point M T-Db rainfall by an areal reduction factor ARF. The ARF used in the FSR
rainfall-runoff method is defined as the ratio of the rainfall depth over an area to
the rainfall depth of the same duration and return period at a representative point
within that area. The ARF is read from Figure 3.4 which shows ARFs as percentages
related to catchment area and storm duration. Thus:

P = M T-Dh (catchm ent) = ARF, MT-Dh (point) 3. 2)

The ARF simply relates the statistics of point rainfall (the scale at which gauge
data are collected) to those of areal rainfall (the scale at which design takes
place) . However, the FSR concept and the use of ARF have caused considerable
debate . This is partly because of confusion between the FSR definition and the
alternative definition of a storm-centred ARF, which describes the way in which
rainfall intensity decreases with distance from the centre of the storm in individual
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Figure 3.4 Areal reduction factor (ARF) %, related to area AREA and duration D

events. However, an investigation of ARF in rainfall frequency estimation confirmed
that the FSR values of ARFs are appropriate for use in current design; if anything,
they are slightly conservative (IH Rep ort 35 (Bell, 1976); FSSR1 (IH, 1977a)).
Furthermore , subsequent research found no evidence for geographical variation
in ARF s (Bell, 1976; St e wart, 1989) . The tendency for ARF values to decrease
slightly with increasing return period can be neglected for practical purposes,
because such variations are small compared to the effects of the other simplifying
assumptions in the design event method.

3.2.3 Design storm profile

The design storm depth P is distributed within the design storm duration D using
the appropriate design storm profile according to whether the catchment is rural
to moderately urbanised, or heavily urbanised. On predominantly rural catchments
( URBEXT  < 0.125), floods normally occur in winter so the appropriate design
storm profile is the 75% w inte r profile, defined as the profile which is, on average,
more p eaky than 75%of UK winter storms. On urban catchments (0.125 < URBEXT
<$ 0.5), floods no rmally occur in Summer so the appropriate profile is the 50%
summer profile, defined as the profile which is, on average, more p eaky than 50%
of UK summer storms (FSSR5).

The p rofiles are symmetrical and bell-shaped, as shown in Figure 3.5a.
Figure 3.5b shows the profiles as cumulative percentages of depth and duration
related to storm peak. The 50% s ummer profile is seen to be peakier than the 75%
winter p rofile, which is consistent with the typically more intense nature of
convective storms w hich are more prevalent in summer. Use of the 50% summ er
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Example 3.1b
Calculation of design storm depth  P

Catchment: Almond at Craigiehall(19001) (Figure 1ofAppendix C)

Relevant catchment descriptors and other information:
URBEXT  = 0.034,  D = 13.0 hours ($3.2.1), AREA= 386.19 km2

Determining  appropriate rainfall return  periodT,:

Decide upon flood return period T,; T,=50 years

URBEXT< 0.125 so the appr opri ate rainf all retum period T,is obtained
from Figure 3.2/Table 3.1: T,=81 years

Abstracting T-year D-hour point rainf allMT-Dh:

MT-Dh(point) is abstracted from the CD-ROM:

Calculating design storm depth P:

M81-13h(point ) = 70.8 mm

The design storm depth Pis the T-year Dhour catchment rainfall, calculated by
scaling MT-Dh( point ) by an areal reduction factor  ARF.  The ARF appropriate to the
catchment area and storm duration is obtained from Figure 3.4:

ARF,, =  0.896

Pis calculated using Equation 3.2:

P=MT-Dh(catchment) = ARF,MT-Dh( p oint ) P=0.896 (70.8) =63.4 mm

profile, therefore, results in a somewhat higher peak discharge , other factors
being equal. This p rofile was recommended in part for consistency with sewer
design methods: further details may be found in IH Reports 6 1 (Kidd and Packman,
1980) and 63 (Packman, 1980).

The design rainfall hyetograph is derived , somewhat cryptically, from the
appropriate design storm profile, and it will now become clear why it was necessary
to select the storm duration to be an odd integer multiple of the data interval.

For a D-hour storm, each AT-hour rainfall block has a duration equivalent
to the fraction A T/ D of the total storm duration. Furthermore, because the storm
duration D is an odd integer multiple of the data interval AT, the storm is centred
on the AT-hour rainfall block occurring between {D/ 2 - AT/2}  and  {D/ 2 + AT 2)
hours after storm commencement. For example, each 1-hour rainfall block of a 5-
hour storm will have a duration equivalent to 1/ 5 or 20% of the storm duration,
and the storm will be centred on the 1-hour b lock occurring between 2 and 3
hours after the storm began.

Figure 3.6 sho ws just the 75% wi nte r profile from Figure 3.5b . From Figure
3.6, the proportion of the total storm depth contained in the 20% of the duration
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Figure 3.5 Recommended design stormprofiles, 75% winter and 50% summer: (a) in profile, (b) as cumulative
percentages related to storm peak

making up the I -hour peak period in the centre of the storm is 45%. Similarly, the
central 3 hours of the storm represent 60% of the storm duration; again from
Figure 3.6, this will contain 85%, of the total storm depth . Of this, 45% of the storm
depth occurs in the central I -hour block, so the remaining 40%of the depth (i.e .
85% - 45%) is d ivided equally between the two outer I -hour periods, placing 20%
of the storm depth in each . The complete 5 hours of the storm represent 100% of
the storm duration; again from Figure 3.6, this will contain 100% of the total storm
depth. Of this, 85% of the storm depth occurs in the cent ral 3-hour block, so the
remaining 15% of the depth (i.e . 100%- 85%) is divided equally between the two
outer I -hour periods, placing 7.5% of the storm depth in each.

To determine the design rainfall hyetograph, the percentage profile is
converted into mm units by multiplying by the design storm depth P, as illustrated
in Example 3.1c, which presents a slightly more complex case .

3.2.4 Design antecedent catchment wetness

The state of the catchment p rior to the storm is referred to as the antecedent
catchment wetness, and is indexed by the catchment wetness index CWI. CWI is
an important factor influencing percentage runoff, and so has a .considerable
potential effect on flood magnitudes (Cordery, 1970). However, in the design
event method , there is a need to make simplifying assumptions. The design CWI
is estimated using Figure 3.7 which relates CWI to standard average annual rainfall
SAAR (see Example 3.1d) . CWI typically varies only between 120 mm and 130
mm, except on low SAAR catchments where it can fall to around 60 mm.

3.3 Derivation of T-year flood

The T-year flood is estimated from the input design storm and antecedent conditions
by the following steps:

i Calculate the percentage runoff and baseflow, to completely specify the
unit hydrograph and losses model;

ii Apply the percentage runoff to the total rainfall hyetograph to derive the
net rainfall hyetograp h;
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Example 3.1c
Derivation of design storm profile

Catchment: Almond at  Craigiehall (19001) (Figure 1 of Appendix  C)

Relevant catchment descriptors and other information:
AT=1.0 hours ($2.2.2),D=13.0 hours ($3.2.1),P= 63.4 mm ($3.2.2),URBE XT= 0.034

The design storm depth Pis distri buted withi n the design storm duration Dusing the appropriate design
storm profile.  URBEXT<0.125 so the appropriate profile is the 75% Winter profile from Figure 3.5b:

D = 13.0 hours and AT  1 hour, so
each rainfall block of interval 1-hourwill
have a duration equivalent to a fraction
1/13 or 7.7% ofD.

%D 7.7 23.1 38.5 53.9 69.2 84.6 100.0
%P 20.0 49.5 69.0 82.0 90.5 96.2 100.0
Dit (%) 20.0 29.5 19.5 13.0 8.5 5.7 3.8
Diff(mm) 12.7 18.7 12.4 8.2 5.4 3.6 2.4

15

2

t

0
1 2 3 4 5 6 7 8 9 10 11 12 13

Time interval

Interval 1 2 3 4 5 6 7 8 9 10 11 12 13
Tot rain (mm) 1.2 1.8 2.7 4.1 6.2 9.3 12.7 9.3 6.2 4.1 2.7 1.8 1.2

The storm is centred on the 1-hour
period occurring between 6 and 7 hours
after storm commencement. This peak
period represents 1 /13 or 7. 7% ofDand
the 75% winter profile specifies that this
contains 20% of P.

The central 3 hours of the storm
represent 3/13 or 23.1% of the storm
duration. This contains 49.5% of  P.  Of
this, 20% occurs in the centra l 1 hour,
so the remaini ng 29.5% of the depth
(i.e. 49.5% - 20%) is divided between
the two outer 1-hour periods, with
14.7% of Pin each.

The rest of the profile is constructed in
a similar fashion, as illustrated.

iii Convolve the unit hydrograph with the net rainfall hyetograph to derive
the rapid response runoff hydrograph;

iv Add the baseflow to the rapid response runoff hydrograph to derive the
total runoff hydrograph.

T-year flood peaks can be plotted against their corresponding return period to
produce a flood frequency curve for the catchment.

3.3.1 Calculation of percentage runoff and baseflow

The values of, catchment wetness index CW/ and storm depth P , dete rmined in
$3.2.4 and $3.2.2 respectiv ely, can be substituted in Equations 2.14, 2.15 and 2.19
to calculate the percentage runoff and baseflow (if baseflow is being estimated
from catchment descriptors) , as shown in Examp le 3.1e.
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Example 3.1d
Calculation of design antecedent catchment wetness CW/

Catchment: Almond at Craigiehall(19001) (Figure 1 of Appendix C)

Relevant catchment descriptors: SAAR= 892 mm

The design antecedent catchment wetness CWI is obtained for the appropriate value of
SAARfromFigure 3.7: CWI=121.8 mm

140

E
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100'C
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(/)
(/)
a,
.6
a, 80
3::
E
a,
E
.s:: 60
%
O

40
0

!

J
i

1000
I

2000

SAAR (mm)

3000 4000

Figure  3.7 Recommended design values for ca tchment wetness index CW/

Percentage runoff

The percentage runoff from the natural part of the catchment PRRURAL is estimated
in two parts: a standard component SPR representing the normal capacity of the
catchment to generate runoff, and a dynamic component DPR representing the
variation in the response depending on the state of the catchment prior to the
storm and the storm magnitude itself. DPR is, thus, made up of two components:
DPR,_ dependent on CWI and DPR,, dependent on P :

PR = SPR + DPR,  ' DPR. 2. 13)

The various methods of estimating SPR are described in Section 2.3. The DPR
equations are :

DPR, =0.25 (CWI--125) (2.14)

and
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{ oDPR °
0.45 (P - 40)0·7

[for P < 40 mm)

[for P  > 40 mm)
2. 15)

The total percentage runoff is estimated by adjusting PRRuRAL for the effects of
catchment urbanisation :

PR =PR 1. 0 - 0.615 URBEXT) + 70 (0.615 URBEXT) (2.12)

Baseflow

The various methods for estimating baseflow are discussed in Section 2.4. If baseflow
is to be estimated from catchment descriptors, it is dependent on catchment area
AREA, standard average annual rainfall SAAR and CWI.

BF = {33 (CWI- 125) + 3.0 SAAR + 5.5} 10° AREA 2. 19)

In the design case, CWI is determined directly from SAAR using Figure  3.7.
Therefore , baseflow is solely dependent on SAAR,  and the value obtained from
Equation 2.19 can be checked against the graphed relationship in Figure 3.8
which shows baseflow per unit area against SAAR. Note that this is only appropriate
for the T-year flood; in the PMF case, CWI is a function of areal storm depth rather
than SAAR.

Example 3.1e
Calculation of percentage runoff and baseflow

Catchment: Almond at Craigiehall (19001) (Figure 1ofAppendix C)

Relevant catchment descriptors and other information:
SPR= 51.8% (§2.3.2), P= 63.4 mm (§3.2.2), CW/= 121.8 mm (§3.2.4),
URBEXT = 0.034

Percentage runoff
The percentage runoff PRappropriate to the design event is calculated using Equations
2.12 to 2.15:

DPR,=0.25 (CWI- 125)

DPR, =0.45 (P- 40)"[ as P>40mm]

PR,a  =  SPR +DPR. +DP,
DPR,, =0.25 (121.8 - 125) =- 0.8%

DPRRAIN= 0.45 (63.4 - 40)°-7 = 4.1 %

PR=51.8- 0.8+4.1 = 55.1%

PRPR ( 1.0- 0.615 URBEXT) + 70 (0.615 URBEXT)
PR=55.1 (1.0- 0.615 x 0.034)+70 (0.615 x 0.034)= 55.4%

Baseflow
The baseflow BFwas calculated in $2.4.3: BF=7.26 m s'
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Figure 3.8  Graphical representation of baseflow-SAAR relationship for design use

3.3.2 Derivation of net rainfall hyetograph

Percentage runoff is applied as a constant proportional loss to each rainfall block
through the storm event. The net (or effective) rainfall hyetograph is derived by
multiplying each block of the total rainfall hyetograph (from §3.2.3) by the
percentage runoff (from $3.3.1), as shown in Examp le 3.1f.

3.3.3 Derivation of rapid response runoff hydrograph

The rapid response runoff hydrograph is the product of convolving the unit
hydrograph (from Section 2.2) with the net rainfall hyetograph fr om $3.3.2) . The
theory behind the convolution procedure is described in  $2.2.1.A typical convolution
table is laid out in Example 3.1g. The AT-hourly ordinates of the AT-hour unit
hydrograph are set out in the header row across the top of the table . The net
rainfall values in cm per time step are set out in the column down the left-hand

Example 3.1f
Derivation of net rainfall hyetograph

Catchment: Almond at Craigiehall(19001) (Figure 1 of Appendix C)

Relevant information:
PR= 55.4%($3.3.1)

The net rainfall hyetograph is derived by applying the percentage runoff  PR  to each
block of the total rainfall hyetograph from$3.2.3:

Interval 1 2 3 4 5 6 7 8 9 10 11 12 13
Tot rain (mm) 1.2 1.8 2.7 4.1 6.2 9.3 12.7 9.3 6.2 4.1 2.7 1.8 1.2
Net rain (mm) 0.7 1.0 1.5 2.3 3.4 5.2 7.0 5.2 3.4 2.3 1.5 1.0 0.7

52 FLOOD ESTIMATION HANDBOOK
VOLUME 4



6 c:
,

o V
, !

s g
s e 3 o3 c:

, g

Ex
am

pl
e 

3.
1 g

De
riv

at
io

n
 o

f r
ap

id
 re

sp
on

se
 ru

no
ff

 h
yd

ro
gr

ap
h

 an
d

 to
ta

l r
un

of
f h

yd
ro

gr
ap

h

C
at

ch
m

en
t: 

Al
m

on
d 

at
 C

ra
ig

ie
ha

ll (
19

00
1)

 (F
ig

ur
e 

1 
of

 A
pp

en
di

x
 C

)

Ra
pi

d
 re

sp
o

ns
e 

ru
no

ff
 h

yd
ro

gr
ap

h
Th

e 
co

nv
ol

ut
io

n 
of

 th
e 

1-
ho

ur
 u

ni
t h

yd
ro

gr
ap

h 
fr

om
 §2

.2
.2

 a
nd

 th
e 

ne
t r

ai
nf

al
l h

ye
to

gr
ap

h 
fr

om
 §3

.3
.2

m
ay

 b
e 

se
t o

ut
 a

s 
a 

ta
bl

e.
 T

he
 1

-h
ou

r o
rd

in
at

es
 o

f t
he

 u
ni

t h
yd

ro
gr

ap
h 

ar
e 

se
t o

ut
 in

 th
e 

he
ad

er
 ro

w
ac

ro
ss

 th
e 

to
p 

of
 th

e 
ta

bl
e.

 T
he

 ne
t r

ai
nf

al
l v

al
ue

s 
in

 cm
 ar

e 
se

t o
ut

 in
 th

e 
co

lu
m

n 
do

w
n 

th
e 

le
ft-

ha
nd

 si
de

of
 th

e 
ta

bl
e.

 T
he

 fir
st

 n
et

 ra
in

fa
ll v

al
ue

 is
 a

pp
lie

d
to

 ea
ch

 un
it h

yd
ro

gr
ap

h 
or

di
na

te
 in

 tu
m

, a
nd

 th
e p

ro
du

ct
 is

 w
rit

te
n 

di
re

ct
ly

 be
ne

at
h,

 fo
rm

ing
 th

e 
fir

st
 ro

w
of

 th
e 

ta
bl

e.
 T

he
 se

co
nd

 ra
in

fa
ll v

al
ue

 is
 a

pp
lie

d 
to

 ea
ch

 un
it 

hy
dr

og
ra

ph
 or

di
na

te
 in

 tu
m

, b
ut

 th
e p

ro
du

ct
en

te
re

d 
is

 d
isp

la
ce

d 
on

e 
co

lu
m

n 
to

 th
e 

rig
ht

. T
he

 re
st

 o
f t

he
 ta

bl
e 

is
 co

ns
tru

cte
d 

in
 a

 si
m

ila
r f

as
hi

on
, a

s
ill

us
tra

te
d.

 T
he

 co
lu

m
n 

su
m

s 
gi

ve
 th

e 
ra

pi
d 

re
sp

on
se

 ru
no

ff 
hy

dr
og

ra
ph

.

To
ta

l r
un

of
f h

yd
ro

gr
ap

h
Th

e 
to

ta
l r

un
of

f h
yd

ro
gr

ap
h 

is
 o

bt
ai

ne
d 

by
 a

dd
in

g 
th

e 
ba

se
flo

w
 BF

 fr
om

§
3.

3.
1 

to
 ea

ch
 or

di
na

te
 of

 th
e

ra
pi

d 
re

sp
on

se
 ru

no
ff 

hy
dr

og
ra

ph
. T

he
 50

-y
ea

r d
es

ig
n 

flo
od

 fo
r t

he
 Al

m
on

d 
at

 C
ra

ig
ie

ha
ll i

s 
es

tim
at

ed
 as

33
7.

48
 m

s'
an

d t
he

 co
m

pl
et

e 
hy

dr
og

ra
ph

 is
 a

lso
 o

bt
ai

ne
d.

35
0

30
0

25
0

- 7 u
20

0

€
15

0
0 E

10
0

R
ap

id
re

s
po

ns
e

ru
n

of
f

50
B

a
se

flo
w

,
0

0
10

 
15

T
im

e 
(h

o
u

rs
)

20
25

N
e

l
ra

in
U

nh
 ty

d
 ro

gr
a

p
h 

re
s

po
ns

e

(c
m

)
(..

...
...

)

17
.4

9 
34

.9
9 

5
2

4
0 

6
0

.9
4 

8
7

.4
3 

10
4

.9
3 

12
1.

$3
 

1
10

.0
8

...
.. 87 .0

S
75

.&
4

4
.0

3
5

2
.6

2
4

1
.0

1
...

..18,0
0

6
,4

9

0
.0

7
1

.2
2

2
.4

!5
3

.8
7

...
. e .12

7
.3

4
8

.5
1

7
.7

0
....

0
.0

0
...

. 4 ,4
8

3
.0

0
2

.8
7

2
.0

7
1

20
0

.4
5

a.
to

1.
75

3
.6

0
...

....
.8

,7
4

10
 • .

fD
12

.1
5

1
1.

0
1
..,,. 8

.1
0

7
.9

5
0.

4
0

5
.2

5
4

. 1
0

2.
11

5
1.

80
O

Jl
5

0
.1

5
2.

8
2
...

.7Jl 7
10

.4
9

13
.1

2
15

.7
4

18
.2

3
16

.5
1

14
.7

8
13

.0
0

11
.3

3
...

.. 7
.8

8
1

.1
5

4
.4

3
2

.7
0

0
.1

7

0
.2

3
4

.0
2

8
.0

0
12

,0
7

18
.0

0
20

.1
1

2
4

.1
3

2
7

.8
5

2s
.3

1
22

.8
7

20
.0

0
17

.3
7

14
,7

3
12

.0
8

9.
43

1
.7

11
4

,1
4

1
,4

9

0
.3

4
...

.11.9
0

17
.8

4
23

.7
8

20
.7

3
35

.0
8

4
1.

32
3

7 
.4

2
33

.3
1

29
.0

0
...

.. 21.7
7

17
.8

8
13

,9
4

10
.0

3
0

.1
2

2
.2

1
0

.0
2

I
. I

D
18

.1
9

2
7

.2
0

36
.3

7
4

!5
.4

7
...

.. 83 .2
0

0
7

.2
3

!5
1.

25
....

...
... 3

3
.3

0
27

.3
1

2
1

33
16

.3
4

...
.3.37

0
.7

0
,..

.. 24
,4

0
38

.7
4

4
8

.9
0

.,..
. 73.

4
5

85
.0

7
n

.0
4
....

..
....

5
2.

88
...

..38 .7
7

28
.7

1
20

.1
5 

12
.0

0
4

.5
4

0
.5

2
11

1.10
18

,1
11

1
2

7
.2

0
36

.3
7

4
5.

4
7
...

.. 83 .2
0

5
7

.2
3

6
1.

25
45

.2
8

...
.. 33 .3

0
27

.3
1

2
1

.3
3 

15
.3

4
...

. 3.37
0.

3
4

5.
03

1
1

.0
0

17
.8

4
2:

1.
7

8
29

.7
3

35
.8

8
4

1
.3

2 
37

,4
2

33
.5

1
...

....
...

.. 21.
77

17
,9

8 
13

.0
4 

10
.0

3
e

.1
2

2
.2

1
0

.2
3

....
8

.0
0

12
.0

7
10

.0
0

:z
o.1

1
2

4
.1

3
27

.8
5

25
.3

1
22

Jl
7

20
.0

2
17

.3
7

14
.7

3 
12

.0
8

9
.4

3
. 7

4
.1

4
1

.4
11

1
0

.1
5

2.
02

5
.2

0
7

.8
7

10
.4

11
1

13
.1

2
15

,7
4

18
.2

3
16

.3
1

14
.7

8
13

.0
8

11
.3

3
....

7
.8

8
.

15
4

.4
3

2
.7

0
0

.9
7

0
.1

0
1

.7
5

3
.6

0
....

8
.9

11
8,

7
4

10
.4

11
1

12
.1

&
11

.0
1

9.
98

1.
70

7
.5

5
6

.4
0

...
. 4.10

2
.9

5
1

.8
0

0
.0

5
0

.0
7

1
.2

2
2

.4
5

3J
l7

....
1

.1
2

7
.3

4
8.

5
1

7
.7

0
....

....
5

.2
0

...
. 3.88

2.
87

2
.0

7
1

28
0

.4
5

R
a

p
id

 r
n

po
na

•
(C

U
llt

O
O

S)
1.

22
...

. 111
.8

0 
19

.4
2 

3
4

.9
8
....

.96,4
9 

14
0

.3
7 

18
7.

2
4 

2
33

.7
2 

2
7

6.
08

 
3

10
. 1

4
32

0.
22

33
0.

16
 

3
15

.1
8 

29
0.

43
 

28
9.

07
 

22
3

.7
6 

18
6

.6
3 

14
8

.7
4 

1
13

.0
8 

80
.5

0 
5

2
93

 
32

.1
6 

10
.5

5 
10

.0
1

...
. 1.8 1

0.
4

5
B

au
fl

O
W

(C
U

JI
IO

G
S)

7
.2

0
7

.2
0

7
.2

0
7

.2
0

7
.2

0
7

.2
0

7
.2

0
7

.2
0

7
.2

0
7

.2
0

7
.2

0
7

.2
0

7
.2

0
7

.2
0

7
.2

0
7

.2
0

7
.2

0
7

.2
0

7
.2

0
7

.2
0

7
.2

0
7

.2
0

7
.2

0
7.

20
7

.2
0

7
.2

0
7

.2
0

7
.2

0
7

.2
0

To
ta

l
no

w
(C

U
ll'

le
C

I)
8

.4
8 

11
.4

8 
17

.0
8 

28
.8

8 
4

2
.2

4
8

.9
0 

10
3.

7
6 

14
7

.8
3 

$9
4

.5
0 

2
4

0
.9

 
23

3
2 

3
m7

4
0

92A
33

7
.4

2 
32

2.
4

4 
27

5
9 

28
0.

33
 

23
1.

02
 

19
3

.7
0 

16
6.

00
 

1
20

.3
2 

9
7

.9
5 

60
.1

9 
39

.4
2 

2s
.9

1
17

.2
7 

12
.1

0
8

.1
7

7
.7

1

V
I w

--
;-

t
; C

D
r2 -o, 0 o -CD V

, :::
I"

.
3 2 :::

I"
.

o :::
:::

,



Restatementandapplicationofthe FSR. rainfolkunoff method

side of the table. They have been converted from millimetres to centimetres because
the synthesised unit hydrograph refers to 10 mm or 1 cm input of net rainfall.

The convolution p rocedure starts by applying the first net rainfall value to
each unit hydrograph ordinate in turn, the product being written directly beneath,
thus forming the first row of the table . The process is repeated for the second net
rainfall value forming the second row of the table , but the products entered are
displaced one column to the right because the second rainfall value occurs one
data interval after the first. The remaining net rainfalls are applied in the same
way, and the columns are summed to give the rapid response runoff hydrograph,
as illustrated.

3.3.4 Derivation of total runoff hydrograph

The total runoff hydrograph is obtained by simply adding the constant baseflow
to each ordinate of the rapid response runoff hydrograph, as illustrated in Example
3.1g.

3.4 Short-cut method to unit hydrograph convolution

This section describes the FSSR9 (IH, 1979b) short-cut method to unit hydrograph
convolution, which substantially reduces the amount of computation involved in
estimation of the T-year flood peak and hydrograph.

3.4.1 Short-cut method

Computation of the design rapid response runoff hydrograph hinges on convolution
of a triangular unit hydrograph with a design net rainfall hyetograph. The triangular
unit hydro graph and the design net rainfall hyetograph are of fixed form and
differ only in their time base or duration. Therefore , their convolution product
will also be of fixed form, and the short-cut method produces a unique family of

1.0

0.8

0.6

0.4

0.2

··.\ \ \ · :::·\ .

. .

+ %

\ \

KEY
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..
•.
1

0

0 1.0 2.0 3.0 4.0 5.0

t /Tp

Figure  3.9 Standard'hy drogra ph shap es for s ta ted values of D/Tp
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hydrograph shapes. These are shown in Figure 3.9 for the 75% winter and 50%
summer profiles, appropriate for predominantly rural ( URBEXT< 0.125) and urban
(0.125 < URBEXT < 0.5) catchments, respectively. The shape of the rapid response
runoff hydrograph is actually determined by the ratio DlTp.Figure 3.9 shows the
range of hydrograph shapes obtained for D/Tp ratios between 1.4 and 5.0. When
D is relatively short compared to Tp, thehydrograph shape is more skewed
resembling the unit hydrograph; when D is longer, the hydrograph shape tends
more towards the rainfall p rofile.

The T-year rap id response runoff peak qr is given by the equation:

PR P
a,-=< 4 A R EA

where RC is a routing coefficient whose value depends on the ratio D/ Tp , and PR,
P, D and AREA have their customary meaning. Figure 3.10 shows the relationship
between RC and DTp for the 75% winter and 50% summer profiles.

The T-year rapid response runoff hydrograph is obtained from Figure 3.9
by sketching in a hydrograph for the approp riate DTp ratio, interpolating at
intervals of /Tp,and multiplying all the abstracted time abscissae by Tp and flow
ordi nates by q,.

A baseflow must be added to the rapid response runoff peak and hydrograph,
to give theT year tota l runoff hydrograph. For the peak flow Q,:

3. 3)

3 .4)

The procedure is illustrated in Exampl e 3.2. Note that this is only appropriate
for the T-year flood: the PMP hyetograph, although symmetrical, is not of a fixed
structure (see $4.3.2), so the short-cut to unit hydrograph convolution cannot be
used.

6.0 -5.5
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4 .5

o
CC 4 .0
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Figure 3. 10  Graphs of routing coefficient RC
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Example 3.2
Short-cut method

Catchment: Almond at Craigiehall (19001) (Figure 1 of Appendix C)

Relevant catchment descriptors and other information:
URBEXT  = 0.034, D = 13.0 hours (§3.2.1 ),  AT=  1.0 hours, Tp1) = 6.97 hours (§2.2.2),  PR=
55.4% ($3.3.1), P=63.4 mm ($3.2.2),AREA =  386.19km,BF= 7.26 ms' ($3.3.1)

With a recommended design storm profile, the rapid response runoff per unit area per unit net
rainfall depends on the ratio  DTp  only. A routing coefficient  RC  appropriate to the ratio  DTp
(1.87)isobtained from Figure 3.10 (75% winter profile as URBEXT z 0.125):
RC=0.32

The rapid response runoff flood peakq,i s calculated using Equation 3.3:

q,= RC(PRI 100) (P/ D) AREA 0,  =0.32 (55.4 /  100)(63.4 / 13.0) 386.19
= 333.89 m?s'

The total flood peakO,is calculated using Equation 3.4:

O,, = 333.89+7.26 =341.15 m?s'

The complete rapid response
runoff hydrographis obtained 350

by sketching in a curve
appropriate to the ratio D/Tp 300

(1.87) on Figure 3.9, » 250

interpolating at intervals t/Tp 1and multiplying the abstracted 200

time abscissae byTp and the 150
Rapid

I response
flow ordinates by qT.The total runoff

runoff hydrograph is obtained 100

by adding the baseflow  BF  to 50
Baseflow

each ordinate of the rapid 4
response runoff hydrograph: 0

0 7 14 21 28

Time {hours)

t/Tp (hours) 0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
t (hours) 0.0 3.49 6.97 10.50 13.94 17.43 20.91 24.40 27.88
glq, (ma' s') 0.00 0.07 0.32 0.80 0.96 0.72 0.30 0.06 0.00
q (m's') 0.00 23.37 106.84 267.11 320.53 240.40 100.17 20.03 0.00
BF (m' s') 7.26 7.26 7.26 7.26 7.26 7.26 7.26 7.26 7.26
0 (ms') 7.26 30.63 114.10 274.37 327.79 247.66 107.43 27.29 7.26

3.4.2 Comparison of the short-cut method with the rational method

The rational method (variously attributed to Mulvaney, 1850; Kuichling, 1889;
Lloyd-Davies, 1906) is sometimes still used for flood estimation on small catchments.
In the metric version of the rational method , the flow peak Q in m?s' is given by:
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Q = 0.28 C i A 3. 5)

where  C  is a runoff coefficient typically varying between 0.1 and 0.5, i is a rainfall
intensity (mm h' ) and A is the catchment area in km°. In practice , C repre sents
not simply a runoff proportion , but also the effects of assumptions concerning
rainfall frequency and storm profile.

The rational method is sometimes criticised for not being based on a formal
app roach of flood generation . However, $3.4.1 sho ws how, if certain fairly
reasonable assumptions are made, the formal approach based on a rainfall-runoff
model can be reduced to a rational-style formula . The short-cut method works
purely because of the constant percentage runoff and the fixed shapes of the
triangular unit hydrograph and the design rainfall hyetograph. The rational method
can, therefore, be regarded as the outcome of applying a rectangular unit hydrograph
to a uniform rainfall.

A second more serious criticism of the rational method is that it is
uncalibrated: there remains no formal way to evaluate the C and i terms. The
Bransby-Williams formula is often used to calculate a design rainfall duration for
estimation of intensity (Beran, 1979), but successful application of the method
depends large ly on knowledge of the catchment and experience in applying the
technique . In contrast, all the terms in Equation 3.3 are known or can be calculated .
A comparison of peak flows obtained from the two methods concluded that,
subject to an assumed use of identical runoff coefficients for small lowland
catchments, the rational method yield flood peaks typically twice as large as those
from the FSR rainfall-runoff method, but the two methods tend to a greater similarity
for larger and steeper catchments (FSSR8: IH, 1978c).

The short-cut method is simple to apply, yet corresponds to the rigorous
FSR rainfall-runoff method, provided that the runoff coefficient and design storm
duration are estimated correctly, in accordance with the FSR design event method.
Furthermore, for small catchment flood estimation, the rational method offers no
particu lar advantage over the short-cut method (Hall, 1996).
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Chapter 4 Probable maximum flood estimation
4.1 Introduction

The FSR rainfall-runoff method is used to estimate a probable maximum flood or
PMF by applying a probable maximum precipitation or PMP to the unit hydrograph
and losses model. A worst possible scenario is assumed , with extreme conditions
combined to give a maximum flood. Conservative assumptions are made regarding
catchment response and runoff potential, as well as the PMP event itself. Such
assumptions are necessitated by the difficulties of analysing very large floods,
which are rarely observed and almost never measured properly, in respect of
both rainfall and runoff. The PMP event is specified by a set of rules for choosing
rainfall duration , depth and profile, antecedent catchment wetness, and an optional
snowmelt contribution. The procedure for estimating the PMF retains much of the
structure of the FSR design event method for specifying the appropriate inputs for
T-year flood estimation (Section 3.2). PMF estimates are necessary for the design
of structures, notably reservoir spillways where the PMF is the inflow hydrograph
to the reservoir. The topic of reservoir flood estimation is covered in Chapter 8.

This section considers the concepts of PMF and PMP. PMF estimation warrants
changes to components of the unit hydrograph and losses model, and these are
described in Section 4.2. In Section 4.3, the rules for choosing the PMP inputs of
storm characteristics, catchment state and snowmelt contribution are considered
in detail. Storm duration is calculated in the same way as for the T-year flood (see
$4.3.1) . However, there are differences to the derivation of storm depth and profile
s ee $4 .3.2) , and an allowance for snowmelt may be added (see 4. 3.4). Catchment
wetness index CWI is also determined in a different way to that for the T-year
flood (see $4.3.3) . Application of the PMP design storm to the unit hydrograph
and losses model to estimate the PMF is described in Section 4.4. In Section 4.5, a
nominal return period is assigned to the derived PMF so that it can be linked to
the catchment flood frequency curve.

4.1.1 Concept of PMF

The concept of the probable maximum flood or PMF goes back at least to 1914
(Fuller, 1914) . The US Corps of Engineers defines the PMF as "... the flood that
may be expected from the most severe combination of critical meteorologic and
hydrologic conditions that are reasonably possible in a region." (US Corps of
Engineers, 1975). It can be regarded simply as the largest flood that might ever
occur, caused principally by a PMP. Any storm event producing less rainfall (and
snowmelt) than the PMP will result in a flood hydrograph somewhat smaller than
the PMF. However, occurrence of a PMP does not necessarily mean that a PMF
will ensue , as anything less than optimal runoff conditions will also result in a
smaller flood hydrograph . Similarly, a PMP storm event shorter than the critical
duration for the catchment will result in a reduced flood peak.

The FSR did not dwell on the semantics of definition, and concentrated on
recommending, for practical purposes, a consistent procedure for estimating a
likely maximum discharge. The FSR method provides realistic estimates of maximum
rainfall which can be applied to the unit hydrograph and losses model for use in
extreme flood estimation. The various aspects of the input data and the transfonning
model combine in the worst possible way, whilst remaining physically conceivable .
The catchment is assumed to be saturated immediately before the maximum rainfall
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event occurs, and the rapid response runoff is assumed to be particularly rap id .
Other options allow for snowmelt and for increased runoff from frozen ground in
winter. It is important to realise that the derived likely maximum discharge is a
flood estimate with a non-quantifiable error of estimation. Furthermore , the
procedure implicitly provides more conservative maximum flood estimates in
some parts of the UK than in others, e .g. through its incorporation of a fixed
snowmelt rate(see f4.3.4).

The PMF is not the impossible flood, and the FSR method should not be
taken to imply that calculated PMF values cannot be exceeded: they are estimates,
and as such they are subject to error. There is a technique for assigning a nominal
return period to the PMF, thus enabling it to be linked to a flood frequency curve
(Lowing, 1995; Section 4.5).

4.1.2 Concept of PMP

In a comprehensive review of the various methods available for the estimation of
PMP, the World Meteorological Organisation define the PMP as "theoretically the
greatest depth of p recipitation for a given duration that is physically possible over
a given size storm area at a particular geographical location at a certain time of
year [with no allowance made for long-term clim atic trend s]." (WMO, 1986).

In the FSR, the theoretical PMP for a catchment is based on an analysis of
the storm efficiency of observed events combined with the theoretical maximum
precipitable water in a vertical column above the catchment. Maps of estimated
maximum p recipitations or EMPs, for durations of 2 hours, 24 hours and 25 days
were generated for the UK and Ireland, enabling extreme rainfalls to be estimated
for any location and duration. The maps, known as EM-2h Fi gure 4.1), EM-24h
Fi gure 4.2) and EM-25d (Figure 4.3), derive from maximum storm efficiency
values for major 2-hour and 24-hour storms, and from maximised M5-25d rainfalls
for 25-day events. Catchment-specific values of the specified durations are obtained
by calculating the area-weighted average over the catchment. PMPs of durations
not mapped are obtained by interpolation on a graph of PMP rainfall depth versus
the logarithm of PMP duration, or from tables of values giving the PMP as a
function of estimated maxima of known duration .

There are several choices of rainfall profile for maximum flood estimation.
The FSR initially promoted the all-year PMP, which takes the maximum rainfalls of
various durations and nests them centrally, out to the duration of the design
storm, such that the estimated maximum occurs in every duration centred on the
peak of the storm profile. For example the 1-hour PMP is embedded within the 3-
hour PMP within the 5-hour PMP, and so on. Thus the total rainfall of the storm
increases with duration, but with no compensating reduction of maximum intensity.
However, the first edition of the ICE engineering guide to floods and reservoir
safety (ICE, 1978) proposed that Summer (May to October) and Winter (November
to April) PMPs should be considered separately, to see which gives the largest
flood . This suggestion which was based on the observation that it is over-
pessimistic to nest a Summer thunderstorm rainfall in a Winter frontal rainfall and
then add a snowmelt contribution and allow for the effect of frozen ground has
become recommended practice .

For practical purposes, it was recommended that the same duration formula
be used as for estimation of the T-year flood, and that the antecedent catchment
wetness be a function of maximum rainfalls preceding the event. Therefore , the
maximum rainfalls of various durations are nested centrally, out to the duration of
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the design stor m, and then out to longer durations for the purpose of defining the
antecedent conditi on (see $4.3.3). Options allow for snowmelt (see f4.3.4) and
increased runoff from frozen ground s ee $4.2.2).

4.1.3 Discussion

Historical flood events, recorded as flood marks on bridges and houses or reported
in newspapers and journals, provide valuable information on the maximum size
of floods which are likely to occur in the UK. However, flood marks must be
converted to peak discharges which is problematic, even when the flood has
been recorded at a gauging station, as the quality of such data is often poor. Six
historical events where the reported peak discharge exceeds the FSR PMF have
been reported (Acreman , 1989a). All but one of these events were on small
catchments (< 10 km' ) and, although there may be some uncertainty over the
estimated peak flows, the potential severe response from small catchments is
clear. The chance of a maximum rainfall of small areal extent coinciding with a
small catchment is much greater than that of a larger storm sining squarely over a
larger catchment, and so PMF may be approached more frequently on small
catchments (Acreman and Lowing, 1989).

There have also been reports of exceedances of the FSR PMP. The intense
storm rainfalls at Hewenden Reservoir in 1956 (Collinge et al., 1992) and at
Calderdale in 1989 (Acreman, 1989b; Acreman and Collinge, 1991) may both
have exceeded the PMP. There are also some suggestions that heavy rainfall
events over south-west England may be more common than has been hitherto

b elieved (Clark, 1991; 1995; 1997).
The analysis upon which the FSR approach is based was carried out using

data from raingauges to estimate storm rainfall. Since the late 1970s, data from
weather radars have become increasingly available, and used to develop new
approaches to estimating PMP (e.g. Cluckie and Pessoa, 1990). Collie r and Hardaker
(1995; 1996) used rada r data for convective storms with a storm model in order to
determine PMP over catchments in north-west England . Their results showed that
the derived PMP values were similar to the FSR values for storm durations less
than 11 hours, but increased PMP estimates relative to the FSR values were found
for durations in excess of 12 hours. Storm durations greater than 12 hours seem to
result from a class of meteorological system known as Mesoscale Convective
Systems (MCSs), whereas shorter duration storms are multi-cell thunderstorms.
Hence, the p robability that an estimated maximum storm can be structured as a
nested, symmetrical profile is more likely for storm durations of 12 hours or less
than for longer durations. Further work to investigate the frequency of occurrence
and climatology of MCSs, to help understand the differences for durations greater
than 12 hours, was recommended by Austin et al. (1995). Furthermore, the storm
model method needs to be generalised for application country-wide before it can
be incorporated in common practice for PMF estimation.

4.2 Unit hydrograph and losses model

Chapter 2 describes the various methods for determining the three parameters of
the unit hydrograph and losses model: unit hydrograph time-to-peak Tp,stand ard
percentage runoff SPR and baseflow BF In PMF estimation, the model parameters
are initially estimated by one of these methods. However, there follows an important
modification to the unit hydrograph and, in appropriate cases, changes are made
to the way percentage runoff is calculated.
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4.2.1 Unit hydrograph

The various methods for estimating time-to-peak of the instantaneous unit
hydrograph Tp (O) are presented in Section 2.2. Time-to-peak can be thought of as
a characteristic catchment response time and the recommendation for PMF
estimation is that the time-to-peak should be reduced by one-third , to represent
the more rapid and intense response that is believed to occur in exceptional
conditions. This adjustment matches the average ratio of minimum to mean observed
time-to-peaks of 0.67, and takes account of tests on very large events, as well as
allowing for the worst-case scenario of a storm moving downstream across a
catchment (FSR I.6.6.3) . The adjustment applies to the time-to-peak of the
instantaneous unit hydrograph Tp 0), before it is adjusted for an appropriate data
interval:

Tp0) - 0.67 720 ) 4. 1)

The subsequent effect of this modification is to increase all ordinates,
including the unit hydrograph peak, by one-half, and to reduce the time base by
one-third, in order to maintain unit volume, as illustrated in Figure 4.4. Once the
adjusted time-to-peak of the instantaneous unit hydrograph has been derived, an
adjustment for the ap propriate data interval can be made in the usual way, and a
triangular AT-hour unit hydrograph can be derived using Equations 2.6and 2.7
(see Example 4.l a) .

4.2.2 Percentage runoff

The percentage runoff model and the various methods for estimating the standard
percentage runoff SPR component of percentage runoff are presented in Section
2.3. In PMF estimation, some adjustment to the model can be appropriate .

Tp reduced by Y
Tp

Up increased by ½

unit hydrograph for PMF estimation

------ TB
time (hours)

TB reduce d by

Figure 4.4 Unit hydrograph for PMF estimation
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Example 4.1a
Adjustment of T( 0) tor PMF estimation

Catchment: West Lyn at Lynmouth (IHDTM grid ref. 272400 149450)
(Figure 4 of AppendixC)

Relevant catchment descriptors and other information:
Tp(0) = 4.63 hours (§2.2.5), AREA=24.08 km2

The IUH time-to-peak Tp(0) is adjusted for PMF estimation using Equation 4.1:

Tp0), = 0.67  T( 0) T 0), = 0.67 (4.63) = 3.10 hours

20% of 3.1 0 hours is 0.62 hours, so a 0.5-hour data interval is appropri ate. Tp0) is
adjusted for the data interval AT using Equation  2.4: AT= 0.5 hours

T( 4 7)= Tp(0)  + AT72 Tp(0.5)=  3.10+ 0.5 / 2
= 3.35 hours

Tp(l\ T)is hereafter referred to simply as  Tp. The unit hydrograph peak Up  and the time
base TBare derived from Tp using Equations 2.6 and 2.7:

Up= (2.2/ T) AREA

TB= 2.52 Tp

The triangularunit hydrograph may
be drawn, and ordinates u,can be
read off at AT-hourly intervals or
calculated using Equation 2.8.

Up=(2.2/ 3.35) 24.08 = 15.80 m?s'

TB= 2.52 x 3.35 = 8.45 hours

Tp = 3.35hours
Up = 15.80 m s'

20
T

Up

0
0 time (hours) 20

In the winter, frozen ground can affect catchment response by increasing
runoff. The effect of frozen ground is most apparent for well-drained catchments
on permeable soils. For example the March 1947 floods are believed to have been
aggravated by the preceding long spell of cold weather, which froze the top layers
of soil. When deriving a PMF from a winter PMP, frozen ground can be represented
by assuming that the entire catchment acts as one of the more impermeable soil
types, to a sensible limit. If the original SPR is less than 53%, then the frozen
ground SPR is set to be 53%. However, if the original SPR is already greater than
53%, the frozen ground SPR is not reset, and remains the same as the original SPR
(see Example 4.l b) .
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Example 4.1b
Adjustment of  SPR  for PMF estimation

Catchment: West Lyn at Lynmouth (IHDTM grid ref. 272400 149450)
(Figure 4 of Appendix C)

Relevant catchment descriptors and other information:
SPA = 24.8% ($2.3.5)

In PMF estimation using a winter PMP, the standard percentage runoff  SPR  can be
adjusted for frozen ground. SPR< 53%, so  SPR is increased to 53%:

SPR,, = 53%

A frozen ground adjustment is not normally appropriate when deriving a
PMF from a summer PMP, although it might be used as a device to meet concerns
that a particular soil type could behave anomalously following a drought period,
due to hardening and/or cracking of the upper soil layers. Whether the adjustment
for frozen ground should be made remains a matter of judgement, since extreme
quantities of rainfall are already being distributed in time with the worst profile,
and possibly combined with extreme snowmelt.

4.3 PMP design inputs

The package for PMP design inputs provides a way of selecting a set of extreme
conditions to synthesise the PMF. Figure 4.5 shows the influence of the design
inputs with respect to the steps in the calculation of the PMF.

4.3.1 PMP design storm duration

As in the Tyear case (see $3.2.1), the design storm duration D is calculated from
unit hydrograph time-to-peak Tp and standard average annual rainfall SAAR (see
Example 4.lc) :

D - Tp 1 , S4AR
1000

3. 1

Curves of flood magnitude against storm duration are generally relatively flat, so
the choice of storm duration is not usually critical (Reed and Field , 1992). However,
in reservoired app lications, the design storm duration is extended by adding the
reservoir response time to the catchment response time (see $8.2.1, and in other
situations, it may be appropriate to consider a range of design storm durations
(see $9.2.2) .

It is necessary to have an odd number of rainfall blocks, for a reason
explained in $4.3 .2. Therefore, the computed value of storm duration is rounded,
up or down, to the nearest odd integer multiple of the data interval A T (see
Example 4.l c) .

4.3.2 PMP design storm hyetograph (depth and profile)

The PMP design storm hyetograph for the appropriate design storm duration D is
constructed directly. This approach differs from the T-year case , where the design
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PMP DESIGN INPUTS
Section 4.3

STORM DURATION
§4.3.1

ANTECEDENT CONDITION
§ § 4. 3. 3 & 4. 3.4

STORM PROFILE
$ 4.3.2

STORM DEPTH
s $ 4.3.2 & 4.3.4

RAINFALL
HYETOGRAPH

$  4.3.2

UNIT
HYDROGRAPH

Section 2.2 & §4.2.1

NET RAINFALL
HYETOGRAPH

§4.4.2

RESPONSE RUNOFF
8 4.4.3

PERCENTAGE
RUNOFF

Section 2.3 & $$ 4.2.2 & 4.4. 1

BA SEFLOW
Section 2.4 &8 4.4.1

PMF
HYDROGRAPH

§4.4.4

Figure 4.5 Influence of PMP design inputs and the steps in the calculation of the PMF
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Example 4.1c
Calculation of PMP design storm duration D

Catchment: West Lynat Lynmouth (IHDTM grid ref.272400 149450)
(Figure 4 of Appendix C)

Relevant catchment descriptors and other information:
SAAR= 1543mm, AT =0.5hours ($4.2.1), Tp(0.5)=3.35 hours($4.2.1)

The design storm duration Dis calculated from Tp  and  SAAR using Equation3.1:

D= Tp(1+ SAAR/ 1000) D=3.35 (1+ 1543/ 1000)
=8.5 hours

In this instance, AT =0.5 hours, so at 8.5hours Dis already an odd integer multiple of
AT: D=8.5hours

storm depth P is calculated first (see §3.2.2), and then distributed within the
design storm duration D using the appropriate design storm profile s ee 3. 2.3).

The PMP design storm hyetograph for the appropriate design storm duration
D is determined using various maps and tables. The maps (Figures 4.1 - 4.3) are
of all-year point estimated maximum precipitations or EMPs of 2-hour, 24-hour
and 25-day duration , known as EM-2h, EM-24h and EM-25d, respectiv ely. EM-25d
is used in estimating PMPs for very long durations. The tables relate EMPs of
various durations to EM-2h, EM-24h and EM-25d (Table 4.1), and also relate seasonal
EMPs to all-year EMPs (Table 4.2).

Table 4.2, relating seasonal EMPs to all-year EMPs, is based on FSR Tables
11.2.11 and II.3.9 , and includes a partial revision from IH Report 114 for durations
of one to eight days (Reed and Field, 1992). For each duration, the all-year PMP is
assigned to either summer or winter. The PMP for this nominated season is then
100% of the all-year PMP, and the PMP for the other season is scaled down from

Table 4. 1 Factors of EM rainfalls of various durations related to SAAR

SAAR Ratio of EM rainfall Ratio of EM Ratio of EM
to 2-h value rainfall to 24-h rainfall to

value 25-day value

mm 1-min 2-min 5-min 10-min 15-min 30-min 60-min 48-h 72-h 96-h 192-h

500-600 0.06 0.11 0.23 0.36 0.47 0.65 0.83 1.10 1.13 1.17 0.84

600-800 0.06 0.11 0.2 3 0.36 0.47 0.65 0.83 1.10 1.13 1.17 0.80

800-1000 0.06 0.11 0.23 0.36 0.47 0.65 0.83 1.10 1.14 1.18 0.76

1000-1400 0.06 0.11 0.23 0.36 0.47 0.65 0.83 1.11 1.16 1.20 0.71

1400-2000 0.06 0.11 0.22 0.34 0.45 0.62 0.79 1.12 1.18 1.24 0.68
2000-2800 0.06 0.11 0.22 0.34 0.45 0.62 0.79 1.14 1.23 1.32 0.65
2800-4000 0.06 0.10 0 .21 0.32 0.43 0.59 0.75 1.20 1.31 1.42 0.62

>4000 0.06 0.10 0.21 0.32 0.43 0.59 0.75 1.23 1.35 1.48 0.60
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Table 4.2 Seasonal variation in PMP

SAAR Winter PMP as % of all-year 1-hour value

mm 1-min 2-min 5-min 10-min 15-min 30-min

500-600 13 17 21 24 26 30
600-800 15 19 24 27 30 33
800-1000 19 24 30 35 38 42
1000-1400 26 32 40 47 50 57
1400-2000 30 38 47 55 59 67

>2000 33 42 53 61 66 74

SAAR Seasonal PMP as% of all-year value

1-hour 2-hour 6-hour

mm Summer Winter Summer Winter Summer Winter

500-600 100 33 100 38 100 45

600-800 100 37 100 42 100 51
800-1000 100 47 100 50 100 61
1000-1400 100 63 100 69 100 79
1400-2000 100 74 100 86 100 93

>2000 100 82 100 90 100 96

SAAR Seasonal PMP as % of all-year value

1-day 2-day 4-day 8-day

mm Summer Winter Summer Winter Summer Winter Summ er Winter

500-600 100 55 100 63 100 64 100 67
600-800 100 62 100 69 100 73 100 80
800-1000 100 70 100 78 100 84 100 91
1000-1400 100 79 100 85 100 92 100 96
1400-2000 100 99 90 100 92 100 89 100

>2000 92 100 84 100 88 100 83 100

the all-year value by multiplying by the reduced percentage given . For example,
for 2-hour extreme rainfalls for SAARs between 600 and 800 mm, the summer
PMP is the same as the all-year value, whilst the winter PMP is 42% of the all-year
value . Similarly, for 2-day rainfa lls for SAARs between 1400 and 2000 mm, the
winter PMP is the same as the all-year value, whilst the summer PMP is 90% of the
all-year value . For durations less than 1 hour, summer PMPs are the same as the
all-year values, and the winter PMP percentages are derived by extrapolation.
Table 4.2 does not immediately identify the season providing the design flood
because snowmelt must be added to winter events.

Equivalent tables from the third edition of the ICE guide (ICE, 1996) conta in
some errors: in the top section of the table , the fourth column should be headed
'5 min' rather than '3 mi n', and in the middle section of the table, the value for
winter 2-hour rainfall when SAAR is between 1400 mm and 2000 mm should be
'86 rather than '84' . Furthe rmore, winter PMPs of durations less than 1 hou r are
presented as percentages of the all-year 1-hour value, derived from FSR Table
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II.3.6, which are less extreme than the recommended facto rs in Table 4.2.
The PMP design storm hyetograph is determined by the following procedure:

i Calculate all-year point EMPs of durations between AT and 5D ;

ii Convert to se asonal point EMPs of durations between AT and 5D ;

iii Abstract seasonal point EMPs of durations  A T,  3AT, 5AT, ...,  D ;

iv Convert to seasonal catchment EMPs of durations  A T, 3 T, 5 T,  ...,  D ;

v Nest the seasonal catchment EMPs to de rive the PMP design storm
hyetograph .

Th ese steps are discussed below, together w ith re levant comment on related
top ics. The procedure is illustrated by Example 4.1d. If a w inter PMP has been
se lected, there is an option to add snowmelt, covered in §4.3.4.

Calculation of all-year point EMPs of durations between ATand SD

In the majority of PMF cases, the data interval A Twill be less than 2 hours and the
duration SD (i.e . five times the design storm duration D) will be greater than 24
hours . In these circumstances, it is necessary to ca lculate all-year point EMPs of
durations between AT hours and 2 hours, and between 24 hours and at least 5D
hours . EMPs of durations between 2 and 24 hours are obtained by interpolation.
The factors relating the EMPs of various durations to EM-2h, EM-24h and EM-25d
for stated ranges of standa rd average annual rainfall SAAR are given in Table 4.1.
Multiply EM-2h, EM-24h or EM-25d, which ever is appropriate , by these factors to
calculate the all-year point EMPs of durations between A T and SD hours.

Conversion to seasonal point EMPs of durations between ATand SD

Where seasonal estimates are required , the all-year point EMPs are converted to
equivalent summer o r w inter point EMPs. The factors re lating seasona l EMPs of
various durations to all-year EMPs are given in Table 4.2. For durations less than
1 hour, summer PMPs are the same as the all-year values. For durations between
1 min and 8 days not listed, interpolation is required . For durations greater than 8
da ys, extrapolation is required. Multiply the all-year EMPs by the app ropriate
factors to calculate the seasonal point EMPs of durations between A T and 5D
hours.

Abstraction of seasonal point EMPs of durations  AT,  3AT, 5AT, ... , D

Plot the seasonal point EMPs of durations between A T and SD hou rs aga inst
duration on linear-log paper. Sketch in a smooth line through the points, as show n
in Examp le 4.1d. Abstra ct theseasonal point EMPs of durations  A T,  3 T, 5AT,et c.,
up to the design storm duration D.

Conversion to seasonal catchmen t EMPs of durations AT, 3 T, 5AT, ...,  D

The seasona l point EMPs  of  duration s AT, 3AT, 5T etc, up to the design sto rm
duration D, must be converted to equivalent seasonal catchment EMPs. The areal
reduction factors ARFs appropriate to each duration are read from Figure 3.4
which shows ARFs as percentages related to catchment area and du ration . The
concep t of ARFs is discussed more in $3.2.2.

The seasonal catchment EMPs are the p roduct of the seasonal point EMPs
and the app ropriate ARFs. The seasonal catchment EMP of duration D is the PMP
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design storm depth P. Note that if this is a winter PMP, there is an option to add a
snowmelt contribution to the PMP design storm depth to give a total event
precip itation , covered in f4 .3.4.

Derivation of the PMP design storm hyetograph

The seasonal catchment EMPs of durations A T, 3AT, 5A T etc, up to the design
storm duration D, are nested into a symmetrical profile to form the PMP hyetograph.
It will now become clear why it was convenient to select the storm duration as an
odd integer multiple of the data interval.

For a D-hour storm, because the storm duration D is an odd integer multiple
of the data interval A T, the storm is centred on the AT-hour rainfall occurring
between {D 2 -  AT 2)  and {D 2 + AT/2} hours after storm commencement. Derivation
of the PMP hyetograph entails nesting, from the storm centre, the AT-hour seasonal
catchment EMP within the 3AT-hour seasonal catchment EMP within the 5AT-hour
seasonal catchment EMP etc, up to the design storm duration D. The peak period
in the centre of the storm contains the AT-hour rainfall depth. The central 3AT
period of the storm contains the 3AT-hour depth . Of this, the AT-hour depth
occurs in the central fl Tblock , so the remaining depth is divided equally between
the two outer A Tperiods, placing half in each. The rest of the profile is constructed
in similar fashion, as in the worked example . The procedure is broadly similar to
derivation of the design storm profile for the Tyear flood. However, the resulting
PMP hyetograph, although symmetrical, is not of a fixed structure, so the sho rt-cut
to unit hydrograph convolution (Section 3.4) cann ot be used.

4.3.3 PMP design antecedent catchment wetness

The state of the catchment prior to the storm is referred to as the antecedent
catchment wetness, and is represented by the catchment wetness index CWI.
Section 4.2 of Appendix A describes how CWIis defined in terms of pre-event soil
moisture deficit SMD and a 5-day antecedent precipitation index AP/ 5:

CWI = 125  + API 5 - SMD A. 1

In PMF estimation , the catchment is assumed to wet up prior to the PMP
storm event, over a period of duration 2D. C WT is assumed to be 125 mm at the
beginning of this antecedent period i. e . SMD and 4 PI 5 are both zero). This CWI
is then adjusted for the amount by which the catchment wets-up during the
antecedent period to give CWIat the start of the PMP storm event. The amount by
which the catchment wets-up is the estimated maximum antecedent rainfall EMa.
For derivation of the PMP design storm hyetograph in $4.3.2, it is assumed that
EMPs fall in all durations centred on the peak of the storm profile. The same
assumption can be used to find EMa, by continuing the nesting of estimated
maximum rainfalls out to a duration  5D  (Figure 4.6). This approach differs
considerably from the Tyear case , where CWI was a simple function of SAAR (see
$3.2.4). The PMP design antecedent catchment wetness is calculated by the following
two steps:

i Derive EMa;

ii Calculate PMP CWI.

These steps are discussed below, and illustrated by Example 4.l e. If a Winter PMP
has been selected, there is an option to add snowmelt (covered in $4.3.4).
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Example 4.1d
Derivation of PMP design storm hyetograph (depth and profile)

Catchment: West Lyn at Lynmouth {IHDTM grid ref.272400 149450, Figure4, Appendix C)

Relevant catchment descriptors and other information: SAAR=  1543mm, EM-2h =160 mm,EM-24h=300 mm,
AT=0.5 hours (§4.2.1 ), D=8.5 hours($4.3.1), AREA=24.08 km2

Calculating all-year point EMPs and Winter point EMPs of durations between  AT and  SD:

Duration (hours)  0.5 1.0 2.0 24.0 48.0 e.g. for EM-1h:  from Table 4.1:
%EM-2 0.62 0.79 from Table 4.1 EM-6Omin / EM-2h=0.79
% EM-24h 1.12  from Table 4.1 EM-6Omin =0.79{EM-2h)=0.79(160)=126.4 mm
Al-year (mm)  99.2 126.4 160.0 300.0 336.0  by calculation from Table4.2.
Winter % 0.67 0.74 0.86 0.99 1.00  from Tabl e 4.2  Win EM-th / Ayr EM-ih =0.74
Winter (mm)  66.5 93.5 137.6 297.0 336.0  by calculation  WinEM-th =0.74 (Allyr EM-1h)

=0.74(126.4) =93.5 mm.

Abstracting Winter point EMPs and converting to Winter catchment EMPs for durations AT, 3AT,5AT ... ,D,and
deriving the PMP design storm hyetograph:
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D= 8.5 h and fl T= 0.5 h. Derivation of the PMP
entails nesting the 0.5-h Wint er EMP within the 1.5-
h Winter EMP within the 3.5-h Winter EMP, etc., up
to the duration 8.5 hours.

The peak period in the centre of the storm contains
the 0.5-h rainf all depth 55.5 mm. Thecentral1.5-h
period of the storm contains the 1.5-h rainf all depth
106.9 mm. Of this, 55 mm occurs in the central
0.5-h block, so the remaining 51.4 mm (106.9 -
55.5 mm) is divided between the two outer 0.5-h
periods, with 25.7 mm in each. The rest of the profile
is constructed in a similar way, as shown.

10 100
Duration (hours)

Duration (hours) 0.5 1.5 2.5 3.5 4.5 5.5 6.5 7.5 8.5
Point P(mm) 66.5 118.8 151.8 174.4 190.8 203.3 214.4 223.4 231.3
ARF (Fig 3.4) 0.848 0.900 0.918 0.925 0.933 0.940 0.943 0.948 0.951
CatchP(mm) 55.5 106.9 139.3 161.3 177.9 191.1 202.1 211.6 220.0
Diff(mm) 51.4 32.4 22.0 16.6 13.2 11.0 9.6 8.4

60

PMP design storm depth  P = 8.5 h
catchment rainfall = 220.0 mm
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F
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1 2 3 4 5 6 7 8 8 10 11 12 13 14 15 16 17
T me interval

Interval  1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17
Rain (mm)  4.2 4.8 5.5 6.6 8.3 11.0 16.2 25.7 55.5 25.7 16.2 11.0 8.3 6.6 5.5 4.8 4.2
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Derivation of EMa

EMa is the estimated maximum antecedent rainfall, assumed to be uniformly
distributed over the 2D antecedent period. This antecedent rainfall EMa is a seasonal
catchment EMP, and is derived using the plots of seasonal point EMPs of durations
between AT and at least 5D hours against duration on linear-log graph paper
constructed in §4.3.2. Indeed, parts of the p rocedure are similar to steps i i), i v)
and (v) in the derivation of the PMP design storm hyetograph.

It is assumed that EMPs fall in all durations centred on the peak of the
storm profile. To maintain the symmetrical storm profile and ensure a wetting-up
period of 2D, the PMP storm event of duration D is nested centrally within the
seasonal catchment EMP of duration SD, as shown in Figure 4.6.

Seasonal point values of EM-Dh and EM-5Dh are abstracted from the plot
of seasonal point EMPs of du rations between A T and 5D hours against duration on
linear-log graph paper constructed in $4.3.2. The seasonal point EMPs of durations
D and SD are converted to equivalent seasonal catchment EMPs using areal
reduction factors ARR. for durations D and 5D, read from Figure 3.4.

The PMP storm event in the centre of the SD period has a duration D hours
and contains the D-hour seasonal catchment EM-Dh (or P ) . The complete 5D
period contains the 5D-hour seasonal catchment EM-5Dh. Of this, the D-hour
depth EM-Dh occurs in the central D-hour block, so the remaining {(EM-SDh )  -
(EM-Dh)} depth is divided equally between the two outer 2D periods, placing
((EM-5Dh) - (EM-Dh)) I 2 of the depth in each . Thus EMa is half the difference
between the seasonal catchme nt EM-5Dh and EM-Dh rainfalls:

EMa = 0.5 (ARF,, EM-5Dh -- ARF, EM-Dh) (4.2)

Calculation of  PMP CW/

Once EMa has been derived, calculation of CW/ at the start of the PMP storm
event is relatively straightforward . The procedure entails updating the SMD and
API 5 values at the beginning of the antecedent period to obtain equivalent values
at the start of the PMP storm event. By substituting the appropriate SMD and API 5
values into Equation A.1, the CWI can be calculated at the start of the event.

a
"i
1--
<1
E
s
s
C:

'a:

. g [ • al. [ »
wetting • up period PMP storm

Time steps

Figure 4.6 'Wetting-up' period for PMF estimation
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SMD is reduced by the amount of antecedent rainfall that has fallen in the
wetting-up period. However, because, in the PMF case, the catchment is assumed
to be saturated at the beginning of the wetting-up period, SMD is already zero and
cannot be reduced further. Therefore, SMD at the start of the PMP storm event will
also be zero.

AP/ 5 is increased by the amount of antecedent rainfall that has fallen in the
antecedent period, and is recalculated as:

API 5 = EMa (0.50 ) 4.3 )

This equation assumes that the wetting-up effect of the antecedent rainfall is
equivalent to the effect had the antecedent rainfall occurred instantaneously halfway
through the 2D antecedent period. API 5 and SMD at the start of the PMP storm
event are combined to give CW/ at the start of the event using Equation A.1,
which simplifies to :

CWI =  125 + EMa (0.50 2 (4 .4)

If this is a winter PMP, there is an option to add a snowmelt contribution , covered
in $4.3.4.

4.3.4 Sn owm elt

Snowmelt in the UK is most frequently brought about by a sudden influx of warm
moist air, and melt is often accompanied by rainfall. Combined rainfall and snowmelt
provide large volumes of potential runoff, and occasionally lead to severe flooding
e .g. the Tay floods of 1990 and 1993 (Anderson arid Black, 1993). However,

Example 4.1e
Calculation of PMP design antecedent catchment wetness  CW/

Catchment West Lyn at Lynmouth (IHDTM grid ref. 272400 149450, Figure 4 of AppendixC)

Relevant information: D= 8.5 hours ($4.3.1)

Deriving EMa
The estimated maximum antecedent rainfall EMa is calculated using Equation 4.2,where
the EM rainfalls are abstracted from the linear-log plot in §4.3.2 and the ARFs are
abstracted from Figure 3.4:

EMa= 0.5 [ARFE M-5Dh - ARF, EM-Dh]
EMa=0.5 [0.974 (329.0) - 0.951 (231.3))

=50.2mm
Calculating CWI
The PMP design antecedent catchment wetnessCW/ is calculated using Equation 4.4:

CWI=125+ EMa (0.50% CWI=125+50.2 (0.5%9
= 164.3 mm
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snowmelt processes are not well understood, particularly when occurring in
combination with extreme rainfall events, and quantifying the potential snowmelt
contribution is difficult Qackson, 1978). If the maximum rainfall for a certain
catchment has a return period of T,years (e .g . 10 000 years), the chances of the
T- year snowmelt (e.g. 100-year occurring in the same year are 1 in T,T,e.g.
1 000 000) assuming independence, and the chance of the rainfall and snowmelt
events occurring on the same day is even smaller. Although the chance of a
maximum rainstorm and a maximum snowmelt occurring together can be regarded
as near zero , in some design situations it cannot be ignored. This partly reflects
the concern that conditions for extreme rainfall and snowmelt events may not  be
fully independent.

For the FSR, the Met. Office carried out an assessment of maximum snow
depths and potential snowmelt rates, whilst the University of Newcastle-upon-
Tyne carried out an examination of snow cover and flood records to assess the
relative importance of snowmelt in different regions and to review methods of
estimating snowmelt runoff in British conditions. Based on these investigations,
FSR 1.6.8.3 recommended a melt rate of 1.75 mm h (42 mm day ' ), irrespe ctive
of geographical location, sustained for as long as the 100-year snow depth water
equivalent S,, will allow (normally two to three days). The return period of this
melt rate was understood to be 100 years. It was believed that this combination of
snow depth and snowmelt was a suitably rare occurrence for design purposes,
particularly when combined with a maximum rainstorm.

Figure 4.7 shows the median i .e. 2-year) annual maximum snow depth
(FSR 11.7.4.1) . The map is derived from frequency analysis of daily snow depth
records from about 100 stations for the period 1946-64. The 100-year maximum
snow depth is about 7.5 times this 2-year depth. Using an average density of
0.13 g cm ?, Figure 4.7 can be interpreted as an approximate guide to the 100-year
snow depth water equivalent S,. Daily changes of snow depth were comp ared
with the corresponding daily maximum temperatures to give a relationship which
led to a first approximation to snowmelt rates. From Figure 4.7, a melt of 1.75 mm h
could continue for 24 hours anywhere in the UK; in parts of Scotland and northern
England, where the 100-year snow depth water equivalent exceeds 210 mm, it
could last for more than five days. For catchments having long time-to-peaks,
design storm durations can exceed 24 hours, and it is therefore necessary to check
whether there is a sufficient snow depth to sustain the melt rate throughout the
design event.

The FSR countrywide melt rate of 1.75 mm h' has provoked much contro-
versy. Snowmelt is determined by various physical and climatic factor s, such as
altitude, temperature, vegetation, rainfall and wind conditions. Many of the stations
on which the original analysis was based were at relatively low elevations, which
introduced some bias. In the UK, an increase in altitude is almost always associated
with a decrease in temperature and an increase in windspeed, rain and snowfall,
which lead to an increased potential for snowmelt. Vegetation can affect snowmelt
by providing shelter. In general, melt in a forest is less than in the open, often in
the range 60-70%, though these numbers can vary widely depending upon the
structure , density and maturity of the forest (Maidment, 1993). Work in northern
England and Scotland proposes that a higher rate of 5 mm h ' is more suitable in
these regions (Archer, 1981; 1983; 1984). The findings are supported by Mawdsley
et al. (1991), who consider extreme snowmelt rates from an energy budget point
of view . However, in a reanalysis of some of Archer's events, Reed and Field
(1992) suggest that the role of rainfall may have been underplayed. They do not
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Figure 4.7 100-year snow depth water equivalent (after NERC, 1975)

dispute that such rates can occur, but query how common or sustainab le they are ,
concluding that higher melt rates may be appropriate at some locations. Indeed,
more recent work reiterates the high rates of melt and runoff that can occur in
warm frontal events with associated high windspeeds (Archer and Stewart, 1995) .

A recent Met. Office investigation of point snowmelt rates in the UK indicates
that the FSR me lt rate of 1.75 mm h ' has a return period of less than 10 years at
high altitude sites in northern England and Scotland, and of more than 1000 years
at low altitude sites in England (Hough and Hollis, 1995; 1997) . The results were
used to derive Figure 4.8 which indicates areas where 5-year snowmelt rates
higher than 1.75 mm h' might be expected (ICE, 1996).
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In PMF estimation, there is an option to add a snowmelt contribution to a
winter PMP. Snowmelt is added uniformly to the design storm depth P to give a
total event precipitation P: this affects the value of storm depth used in calculation
of percentage runoff. When snowmelt is assumed to occur with the storm event,
it is sensible to assume that it could also occur through the period of antecedent
rainfall. Therefore , snow melt is added uniformly to the antecedent rainfall EMa to
give a revised catchment wetness index CWI, based on the total antecedent
precipitation . This affects the catchment wetness index value used in the percentage
runoff and baseflow calculations. It is recommended that the snowmelt should be
added to the storm and antecedent rainfall profiles at a uniform rate as it seems
unreasonable to assume that the profile of the snowmelt (largely controlled by
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Figure 4.8  Gulde to 24-hour snowmelt rate (after ICE, 1996)
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temperature and windspeed) should mirror that of the storm rainfall (see Example
4.1f0.

Snowmelt contribution to storm depth

The total snowmelt contribution to the storm depth SMp is given by:

SMp = D (melt rate) 4. 5)

It is necessary to check that the 100-year snow depth water equivalent S, is large
enough to support this snowmelt contribution . If the 100-year snow depth water
equivalent S, is not large enough to sustain the melt over the design storm
duration D, it is necessary to calculate for how many hours the melt will last, and
then add it at the appropriate melt rate to the winter PMP hyetograph from the
centre outwards . In Equation 4.6, S

00 
is what remains of S, after the snowmelt

contribution to storm depth:

, _ { S100 - SMp
8

0

[for S
100 

> SMp ]

(for S $ SMp : i.e. SMp -=S,)
4 .6)

The total event precipitation P is the sum of the design storm depth P and the
snow melt contribut i on SMp:

P' = P +SMp (4 .7)

The winter PMP hyetograph is adjusted for snowmelt by simply adding melt at the
appropriate melt rate to each block of the hyetograph.

Snowmelt contribution to antecedent rainfall

The total snowmelt contribution to the antecedent rainfall SMa is given by:

SMa = 2D (melt rate) (4.8)

It is necessary to check that S
00 

is large enough to support this snowmelt
contribution. If S

00 
is insufficient to sustain the melt throughout the antecedent

period of duration 2D, it is necessary to calculate the exact duration and amount.
In Equation 4.9, S is what remains of S, after the snowmelt contribution to
antecedent rainfall:

_ _ { S 00 - SMa
S 100 -

0

(for S, > SMa : i.e. ASM = 2D ]

(for S , <$SMa : i.e. SMa = S, and
ASM =  S /melt rate)

(4.9)

where ASM is the length of the antecedent period over which snowmelt occurs.
The CI calculated in $4.3.3 can then be adjusted for the snowmelt contribution:

CWI ' = CWI + SMa (0 .54w 48) (4.10)
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Example 4.1 f
Snowrnelt

Catchment West Lyn at Lynmouth (IHDTM grid ref. 272400 149450, Figure 4 of AppendixC)

Relevant catchment descriptors and other information:
8, = 75mm,melt rate = 1.75 mm h ' , AT =0.5 hours ( 4.2.1),  D= 8.5 hours (4. 3.1),
P= 220.0 mm ($4.3.2),CWI=164.3 mm (§4.3.3)

Calculation of snowrnelt contribution to storm depth

The snowmelt contribution to storm depth is calculated using Equation 4.5:

SMp=D(melt rate) SMp  = 8.5 (1.75)
= 14.9 mm

What remains of s
100 

after the snowmelt contribution to storm depth is given by Equation
4.6:

8= 8 - SM las8,, >SM) 8= 75.0- 14.9
= 60.1 mm

The total event precipitation is calculated using Equation 4.7 and the Winter PMP
hyetograph is adjusted by adding the appropriate snowmelt to each block of the
hyetograph:

Interval 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17
Rain (mm) 4.2 4.8 5.5 6.6 8.3 11.0 16.2 25.7 55.5 25.7 16.2 11.0 8.3 6.6 5.5 4.8 4.2
Melt (mm) 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8
Tot prec (mm) 5.0 5.6 6.4 7.5 9.1 11.9 17.0 26.6 56.4 26.6 17.0 11.9 9.1 7.5 6.4 5.6 5.0

P P +SMp P 220.0+ 14.9
= 234.9mm

Calculation of snowmelt contribution to antecedent rainfall

The snowmelt contribution to antecedent rainfall SMa is calculated using Equation 4.8:

SMa = 2D (melt rate) SMa= 17.0 (1.75)
=29.8mm

What remains of s;
00 

after the snowmelt contribution to antecedent rainfall is given by
Equation 4.9:

8 = S- SMal asS> SMal 8, = 60.1- 29.8
= 30.3 mm

As the length of the antecedent period over which snowmelt occurs is 2D, theCW/ is
adjusted for the snowmelt contribution using Equation 4.11:

CWI = CWI +SMa (0.5 ) CWI = 164.3+29.8 (0.5 B.5124)

= 187.6 mm
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If .1SM is 2D, then Equation 4.10 simplifies to:

CWI ' = CWI + SMa  (0.5 ) (4 .11)

4.4 Derivation of PMF

The PMF is estimated from the PMP design storm and antecedent condition inputs
by the following steps:

i Calculate the percentage runoff and baseflow, to completely specify the
unit hydrograph and losses model;

ii Apply the percentage runoff to the total event hyetograph to derive the net
event hyetograph;

iii Convolve the unit hydrograph with the net event hyetograph to derive the
rapid response runoff hydrograph;

iv Add the baseflow to the rapid response runoff hydrograph to derive the
total runoff hydrograph.

The steps which make up this procedure mirror those for estimation of the Tyear
flood in Section 3.3. If required, the derived PMF can be assigned a nominal
return period, and thus linked to the catchment flood frequency curve, by a
method outlined in Section 4.5.

4.4.1 Calculation of percentage runoff and baseflow

The values of catchment wetness index CWJ and storm depth P, dete rmined in
§§4.3.3 (4.3.4 if snowmelt) and 4.3.2 (4.3.4 if snowmelt) , respectively, can be
substituted in Equations 2.14, 2.15 and 2.19 to calculate the percentage runoff and
baseflow, as illustrated in Example 4.l g.

Percentage runoff

The percentage runoff from the natural part of the catchment PRRuRAL is estimated
in two parts: a standard component SPR representing the normal capacity of the
catchment to generate runoff, and a dynamic component DPR representing the
variation in the response depending on the state of the catchment prior to the
storm and the storm magnitude itself. DPR is, thus, made up of two components:
DPRd ependent on CI, and DPR,, dependent on P

PR - SPR + DPR, + DPR. a (2.13)

The various methods of estimating SPR are described in Section 2.3. The DPR
equations are :

DPR, = 0.25 (CWI-125) 2. 14)

{ oDPR, °
0.45 (P - 40)%7

[for P < 40 mm]

[for P > 40 mm]
(2.15)

The PMP storm depth will, of course, be far greater than 40 mm in most instances.
The total percentage runoff is usually estimated by adjusting  PR,  for the effects
of catchment urbanisation . However, in PMF estimation, it is common for the
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estimated runoff from the natural catchment PR O exceed the nominal 70%
attributed to impermeable surfaces in urban areas. In such circumstances, the
usual allowance for urbanisation would have the effect of reducing percentage
runoff. Therefore , the adjustment should be omitted, and percentage runoff should
be set equal to  PR,a '

{ 

PRRURAL (l. 0 - 0.615 URBEXT) + 70 (0.615 URBEXT)
PR  - [for PR, $ 70%6)

PR,, (for PR, > 70%)
(4.12)

Baseflow

The various methods for estimating baseflow are discussed in Section 2.4. In PMF
estimation, baseflow should, in general, be estimated from catchment descriptors,
and not be overidden by a local analysis of flood event data. The reason for this

Example 4.1 g
Calculation of percentage runoff and baseflow

Catchment: West Lyn at Lynmouth (IHDTM grid ref. 272400 149450)
(Figure 4 of Appendix C) ·

Relevant catchment descriptors and other information:
SPR = 53.0% ($4.2.2),P = 234.9 mm (§§4.3.2 and 4.3.4), CWI= 187.6 mm (§§4.3.3
and 4.3.4), URBEXT =0.004,AREA =24.08km,SAAR= 1543 mm

Percentage runoff

The percentage runoff PRappropriate to the design event is calculated using Equations
2.12 t0 2.15 and4.12:

DPR, =0.25 (CW1-125)

DPR, =0.45 (P- 40)"[asP> 40 mm]

PR =SPR +DPR,, + DPR, a

PR PR RURAL>70%Ias PR RURAL>70%]

Baseflow

The baseflow BFis calculated using Equation 2.19:

DPR, =0.25 (187.6- 125)
= 15.7%

DPR,a =0.45 (234.9 - 40)"%
= 18.0%

PRRURAL-=53.0 + 15.7 + 18.0
= 86.7%

PR=86.7%

BF= {33 (CW/- 125)+3.0 SAAR+  5.5)10 A REA

BF= {33 (187.6- 125) + 3.0x1543 + 5.5) 10°°x 24.08
= 1.61m?s'
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is that CWI, which is present in the catchment-descriptor equation, is driven by
the PMP storm depth P (rather than SAAR):

BF = (33 ( CWI-- 125) + 3.0 SAAR + 5.5) 10° AREA 2. 19)

4.4.2 Derivation of net event hyetograph

Percentage runoff is applied as a constant proportional loss to each hyetograph
block through the PMP event. The net (or effective) event hyetograph is derived
by multiplying each block of the total event hyetograph (from $4.3.2) by the
percentage runoff (from 4.4 .1), as shown in Example 4. l h.

Example 4.1h
Derivation of net event hyetograph

Catchment: West Lyn at Lyn mouth (IHDTM grid ref. 272400 149450)
(Figure 4 of Appendix C)

Relevant information:
PR=  86.7% ($4.4.1)

The net rainfall hyetograph is derived by applying the percentage runoff  PR  to each
block of the total rainfall hyetograph from §4.3.2:

Interval 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17
Totprec (mm) 5.0 5.6 6.4 7.5 9.1 11.9 17.0 26.6 56.4 26.6 17.0 11.9 9.1 7.5 6.4 5.6 5.0
Net prec (mm) 4.3 4.8 5.5 6.5 7.9 102 14.6 22.9 48.5 22.9 14.6 10.2 7.9 6.5 5.5 4.8 4.3

4.4 .3 Deriv ation of rapid response runoff hydrograph

The rapid response runoff hydrograph is the product of convolving the unit
hydrograph (from $4.2.1) with the net event hyetograph fr om $4.4.2). The theory
behind the convolution procedure is described in $2.2.1. A typical convolution
table is laid out in Examp le 4.1i. The AT-hourly ordinates of the AT-ho ur unit
hydrograph are set out in the header row across the top of the table . The net
rainfall values in cm per time step are set out in the column down the left-hand
side of the table. They have been converted from mm to cm because the synthesised
unit hydrograph refers to 10 mm or 1cm input of net rainfall.

The convolution procedure starts by applying the first net rainfall value to
each unit hydrograph ordinate in turn, the product being written directly beneath,
thus forming the first row of the table . The process is repeated for the second net
rainfall value forming the second row of the table , but the products entered are
displaced one column to the right because the second rainfall value occurs one
data interval after the first. The remaining net rainfalls are applied in the same
way, and the columns are summed to give the rap id response runoff hydrograph,
as illustrated.
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Restatement andapplicationofthe FSR rainfall-runoffmethod

4.4.4 Derivation of total runoff hydrograph

Th e total runoff hydrograph is obtained by simply adding the constant baseflow
to each ordinate of the rapid response runoff hydrograph , as illustrated in Example
4. l i.

4.5 Lin kage of flood frequency curve to PMF

In the past, T-year floods and the PMF could not be shown on the same graph
except by draw ing in the PMF as a horizontal upper limit line . However, it might
be helpful to compute floods in the intermediate zone e .g. to provide a check on
the 10,000-year flood , or to enable cost-benefit calculations to be completed across
the full range of design discharges. Various arbitrary procedures for effecting a
sensible-looking linkage such that a smooth single curve is obtained are reported
by Rowbottom et al. (1986), and their preferred method is adopted in A ustralian
Rainf all and Runoff (IEAust, 1987; 1999) . A similar method , incorporating
procedures for assigning a nominal return period to the PMF, and a generally
app licable interpo lation technique for p roducing a composite flood frequency
curve defined up to the level of the PMF, was developed for the UK (Lowing,
1995; Lowing and Law , 1995). The linkage method provides a way of reconciling
T-year and probable maximum flood estimates that some users may find valuable.

4.5.1 Associating a return period with the PMF

Two differe nt app roaches to estimation of T, , the return period associate d w ith
the PMF, are used : methodology-based (Lowin g, 1995) and geometry-based
(Rowbottom  et al., 1986). The lower of the two return periods is adopted , as
show n in Example 4.2a .

Methodology-based estimate of return period (Lowing, 1995)

The PMF is assigned a return period of 10 years. This value is increased by a
factor of 10 (i .e . to 107) if any two of the following apply:

• PMP is being derived on a catchment larger than 100 km2;

• FSR all-year PMP is being de rived (i.e . summer PMP combined with
snowmelt);

e Snowmelt rate is increased to 5 mm h ' .

The value may be increased by a further factor of 10 if the catchment is between
100 and 500 km?, and by a factor of 100 if the catchment exceeds 500 km?.

Geometry-based estimate of return period (Rowbottom  et al.,  1986)

The form of the linkage between the T-year flood frequency curve and the PMF is
influenced by the re lative magnitude of the flow s concerned and the slope of the
T-year curve. The FSR rainfall-runoff method is used to estimate the peak flow s of
the 100-year flood 2 the 1000-year flood 2 and the PMF 2, , - Tabl e 4.3
shows the value of the nominal return period attributed to the PMF, depending on
the value of the ratio defined in Equation 4.13.

4.5.2 Linking the flood frequency curve to the PMF

The linkage between the T-year flood frequency curve and the PMF is made by
cubi c spline inte rpolation . This objectively constructs a smo oth curve betw een
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Probable maximum flood estimation

Table 4.3  Geometry-based estimate of T PMF

Ratio value T PMF (years)

%
<5 106 - - - 1

5-10 10° ratio = o
10-15 108

1 -
o ,oo

>15 109 %

(4.13)

two points where gradients are known. The arithmetic procedure is described in
six steps and illustrated by Example 4.2b.

i Calculate the value of the Gumbel reduced variate y corresponding to the
return period T,, computed in 4. 5.1 using the following equation :

(4.14)

ii Determine the slope SFFc of the T-year flood frequency curve between
T=lOO years ( Ywo=4.60) and T=lOOO years ( y

1000
=6.91), assuming linear

scales for both the flow and the reduced variate :

, _ %»
0

3 2
4. 15)

Example 4.2a
Associating a return period with the PMF

Catchment: West Lyn at Lynmouth (IHDTM grid ref. 272400 149450) (Figure 4 of AppendixC)

Relevant information: 0. =224.57 m?s' ($4.4.4), O, =53.61 m' s', O, =30.53 m"s'

Methodology-based estimate of return period

The PMF is assigned a return period of 10 years. This may be increased to 10 7 if various conditi ons appl y, but
this is not appropriate for the West Lyn at Lynmouth: TPMF!rne1hl= 106 years

Geometry-based estimate of return period

The value of the nominal return period depends on the value of the ratio in Equation 4.13:

ratio= KO,I %) - 1 / 1 - (0 /%) l = ((224.57 / 53.61) - 1)/ {1- (30.53 / 53.61)}=7.41

The PMF return period corresponding to this ratio is read from Table 4.3:

Estimate of return period

The lower of the two return periods is adopted:

TPMF(geol= 10 7 years

TPMF(rne1hl= 106 years

FLOOD ESTIMATION t!ANDBOOK
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Restatement and application of the FSR rainfalrunoff method

iii Determine the slope SLINK of the imaginary line joining the point ( YHx>o' 1.0)
and the point ( yPMF'QPMF/Q1000), again assuming linear scales for both the
flow and the redu ced variate:

(4. 16)
YPMF - Y1000

iv Compute coefficients for cubic-type expression:

a l S e 3 3 )
2 =3 6 - 2%2 3 7 3)
3 =S - 2 %2 3 72 , )

v Calculate the value of the Gumbel reduced variate y corresponding to several
intermediate values of return period T between 1000 years and T'

(4.17)

Yr = In ( T ) (4.18)

Calculate the interpolation fraction  yf  corresponding to these reduced variates:

r 3, - 2
JI.Jr=

%a 2
(4.19)

vi Compute the flood peaks g, . for the intermediate values of return period:

2, --=2 (1 +f,.{a 1 +f, . 1a + 2f,. (a3) ) I } } (4.20)

Plot the peaks against return period to produce the composite flood
frequency curve.
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Probable maximum flood estimation

Example 4.2b
Linking the flood frequency curve to the PMF

Catchment: West Lyn at Lynmouth (IHDTM grid ref.272400 149450)
(Figure4 of Appendix C)

Relevant information:
QPMF= 224.57 m3s·1 ($4.4.4).T,= 10"years,Q. = 53.61 m3s·1, y1000 = 6.91,
0

100 
= 30.53 m3 s·1, y

100 
= 4.60

) , =( T) Y, =b (1o· )
= 13.82

(ii) SFFC=[1 - 0 /%) o z ) %= [1 - (30.53/53.61)] / (6.91 - 4.60)
= 0.1864

i ) Sa =( ( %, I O) - 1) u % a) 8 =[(224.57/53.61)- 1)/(13.82 6.91)
= 0.4615

(iv) a1=S h e ha) at =0.1864 (13.82 - 6.91)=1.2880

a2= (36, - 28 ) h a)
a2= (3(0.4615) - 2(0.1864)) (13.82 - 6.91) = 6.9908

a3 = (S - 2 8%a2 h )
a3= (0.1864 - 2(0.4615)) (13.82 - 6.91) = - 5.0899

(v) Yr=In (T)
yf, =y, - ») ( e h »)

(vi) 0, = ? a (1+y, {a1+ yf, [a2+yfr(a3)]]}}

e.g. J = 8.52,t = 0.2330
J = 9.21,y =0.3329

h = 11.51,y 0.6643

e.g. 0
5000 

= 85.87 m3 s·1

%a =108.06 m' s'
0100000 = 184.87 m?s'

Plot the peaks against return period to produce the composite flood frequency curve:
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Restatement ondapplicfionofthe FSR rainfollunoff method

Chapter 5 Simulation of a notable event for
return period assessment

5. 1 Introduction
Many flood studies arise in the aftermath of a flooding incident, when it is necessary
to ascertain just how rare the flood event was. Knowledge of its return period is
important in assessing whether improvement works to defend against such a flood
occurring again are likely to be economically viable . In some cases there will be a
gauging station at or close to the subject site, and it will be possible to assign a return
period to the event by statistical analysis of peak flow data (Volume 3). However, in
many cases, there w ill be no relevant gauging station and an alternative method is
required. FSSR12 (IH, 1983b) showed how the problem can be tackled using the FSR
rainfall-runoff method .

Although intended for use in design flood estimation, the FSR rainfall-runoff
method can also be used to simulate flood events. In simulation, observed hydrological
inputs are converted to a flow hydrograph for a rea l event. This is distinct from
design flood estimation where flood peaks are predicted for hypothetical events
(Chapters 3 and 4). In simulation , the information passed through the model is
concerned only with the magnitudes of the model inputs and output. In design , the
model is also concerned with the return periods of these inputs and output.

Although originally intended for use on ungauged catchments, the simulation
technique can also be a valuable tool on gauged catchments, where it can be used to
reprod uce obs erved hydrographs to ascertain how well the FSR rainfall-runoff method
is performing. Accurate reconstruction of specific events is a necessary attribute of,
for instance , flood forecasting.

The recommended procedure, outlined in the remainder of this section,
encourages the user to seek out and use as much information as possible about the
event. In §5.2 the observed rainfall and antecedent condition inputs are considered
in detail. Application of the observed storm to the unit hydrograph and losses model
to simulate the notable flood is described in $5.3. Section 5.4 describes the methods
for estimating the return periods of the flood peak and the rainfall event.

5.1.1 Simulation - how big was that flood?

The essence of the problem is to accurately reconstruct the flood from whatever
information can be gathered about the causal rainstorm (duration, depth and profile)
and the state of the catchment be fore the storm. The unit hydrograph and losses
model is applied to these observed inputs to simulate the event. The recommended
approach avoids unnecessary assumptions , and allows a w ide range of information
to be incorporated when making the assessment.

The reliability of the simulation will be very much dependent on the quality
of the rainfall and antecedent condition input information, and also on the quality of
the unit hydrograph and losses model parameters. Section 2.1 .4 discusses the various
methods available for determining the unit hydrograph and losses model parameters.
Simulation using catchment-descriptor estimates of the model parameters provides
only a rough estimate of the peak flow for a notable event. An improved estimate of
the peak flow will be obtained if the simulation uses model parameters derived from
analysing local flood event data. On gauged catchments, the reliability of the simulated
flood hydrograph can  be  judged immediately by reference to the observed flow
data. However, on ungauged catchments, it is necessary that as much local information
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Simulation of event for return period assessment

as possible has been used to ensure that the simulated flood hydrograph is reasonable.
It may be necessary to utilise alternative methods for estimating a flow peak, such as
wrack mark evidence (Dalrymple and Benson, 1967) and geomorphological evidence
( Carling and Grodek, 1994).

5.1.2 Return period assessment - how rare was that flood?

Prior to publication of the FSR, the rarity aspect was usually tackled by estimating the
return period of the storm rainfall and assuming that this was indicative of the return
period of the resultant flood. However, making inferences about flood rarity from
rainfall rarity is a proverbial minefield as catchment response depends on several
contributory factors, as explained in $3.2.2. Therefore, such an approach can provide
only a first approximation, and can give misleading results if, for example, the storm
occurred on an exceptionally dry catchment, or if the duration of the storm was
much different from that which is normally critical to flooding at the site in question.
Other features of the rainstorm, such as its spatial distribution or its temporal profile,
can also affect the severity of the resultant flood.

In the FSSR12 approach, the return period of a simulated flood event is estimated
from the catchment flood frequency curve, without reference to flow data.

5.2 Observed rainfall and antecedent condition inputs

The inputs required to reconstruct an event are the appropriate observed storm
variables (i.e. the duration, depth and profile) and antecedent conditions. This
information includes many of the data items required for the analysis of observed
flood events, described in Appendix A. Section A.3 discusses the data-gathering
process, and lists the usual suppliers of the various data. Figure 5.1 shows the influence
of these inputs with respect to the steps in the simulation of the flood.

Figure 5.2 shows the definition of an observed storm event that caused a
notable flood on the River Bourne at Hadlow (40006). The data required to simulate
the event are shown. The storm event starts at 01:00 on 15 September 1968 and
finishes at 16.00 on the same day. A hydrological day typically runs from 09.00.00
on one day to 08:59.59 on the following day. Therefore, the storm event spans two
hydrological days, starting on 14 September and finishing on 15 September. Recording
raingauge and daily raingauge data are required for both days, 14 and 15 September ,
to specify the event rainfall and to identify any rain that falls between 09.00 on 14
September and the start of the event.

The state of the catchment prior to the storm is referred to as the antecedent
catchment wetness, and is indexed by the catchment wetness index CWI, Section 4.2
of Appendix A describes how CWI is defined in terms of pre-event soil moisture
deficit SMD and a 5-day antecedent precipitation index API 5.

CWI = 125 + API 5  -  SMD (A. 1

A CWI value is required for the time when the storm event starts i.e. 01 :00 on
15 September. CWI is first calculated at 09:00 on the first day of the event, i.e .
14 September. This CW/ is then adjusted for the amount by which the catchment
wets up or dries out between 09:00 and the start of the storm event, to give CW/
at the start of the event. Daily raingauge data are required for the five days prior
to the event, 9 to 13 Septe mber inclusive, to specify API 5. SMD data on the first
day of the event , 14 Septe mber, are also needed.
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Restatement and application of the FSR rainfall-runoff method

OBSERVED INPUTS
Section 5.2 l

STORM PROFILE
§§ 5.2.1 & A.4.1

UNIT
HYDROGRAPH

Section 2.2

STORM DURATION
§§ 5.2.1 & A.4.1

RAINFALL
HYETOGRAPH
§§ 5.2.1  &  A. 4.1

NET RAINFALL
HYETOGRAPH

§ 5.3.2

RESPONSE RUNOFF
$ 5.3.3

STORM DEPTH
§§ 5. 2. 1 & A. 4. 1  ,

CATCHMENT WE TNESS
§§ 5.2.2  &  A.4.2

PERCENTAGE
RUNOFF

Section 2. 3 &  §5.3. 1

BASEF LOW
Section 2. 4  & § 5. 3. 1

[ - ]SIMULATED
OOD HYDROGRAPH

§ 5.3.4

Figure 5. 1 Influence of observed Inputs and the steps in the simulation of a notable event
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Restatementandapplication ofthe FSR rainf akunoffmethod

5.2.1 Observed event and antecedent rainfall

Specification of the event rainfall and antecedent rainfall, and identification of any
rain that falls between 09.00 of the first day of the event and the start of the event,
are ideally accomplished by deriving the catchment average rainfall for the event.
Distinguishing between event and antecedent rainfall and identifying the bursts of
rainfall which were directly responsible for the flood can sometimes be difficult,
and a certain amount of judgement may have to be used, for example in deciding
whether to divide a multi-burst storm into antecedent rainfall (contributing to the
initial catchment wetness) and event rainfall (contributing directly to the flood).

Traditional procedures for deriving catchment average rainfall, such as that
used in the FSR, require at least one recording raingauge, ideally located toward
the centre of the catchment, and several daily raingauges evenly distributed on, or
close to, the catchment. Radar-derived rainfall data can provide a valuable additional
source of information, when used in conjunction with measurements from at least
one conventional raingauge. Guidance on deriving catchment average event and
antecedent rainfalls is provided in Section 4.1 of Appendix A.

If only da ily raingauge da ta are available , it is possible to obtain a good
estimate of the event storm depth, but it may be necessary to rely on qualitative
knowledge of the duration and profile of the storm, e .g. "The heaviest rain fell
around tea-time, and after that there was fairly steady rain until about mid-evening."
Local recollections, newspaper accounts and Met. Office daily weather reports are
possible sources of information. These can also be useful in corroborating the
areal extent of the storm, and putting a recent flood into long-term perspective.

Storm duration

The storm duration D is the duration of the event rainfall in hours (see Example
5.1a). In the design case , the storm duration has to be an odd number of rainfall
blocks (see §3.2.1), but for simulation of an observed event it is immaterial whether
there is an odd number or an even number of rainfall blocks. However, should it
prove impossible to gain even a rough estimate of storm duration, a design value
should be used.

Storm depth

The storm depth P is the total of the rainfall depths in each of the individual
blocks making up the event rainfall (see Example 5.1a). The design storm depth
required for estimation of the T-year flood (see $3.2.2) is determined from rainfall
duration-magnitude-frequency relatio nships once theduration and return period
of the design storm are known. The same rainfall statistics can be used to estimate
the return period of an observed storm event, where the duration and depth of
the storm event are known (discussed in $5.4.1.

Storm profile

The storm profile is the term given to the temporal distribution of the event
rainfall (see Example 5.1a) . An observed storm profile is likely to be rather different
in shape to the symmetrical, bell-shaped profiles used for design flood estimation
(e .g. §3.2.3) . However, if little information can be found about the temporal
distribution of the rainfall, it may be necessary to assume some standard storm
profile, e .g. the 75% winter p rofile wh ich is bro adly typical of flood-producing
winter storms, or the 50% summer profile to represent a known thunderstorm.
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Example 5.1a
Observed event and antecedent rainfall

Catchment: Bourne at Hadlow (40006) (Figure 2 of Appendix C)
The event rainfall and daily antecedent rainfall are determined in §4.1 of Appendix A:

Data intervalaT= 1.0 hour

30

25
15/09/68

0 1:00
15/09/68

16.00

3 · +
g

£ "°
e
I 10
w

1 2 3  4  5 6 7  8 9  10 11 12 13 14 15 16
Time interval

Event rainfall

Duration  D= 16.0hours
Depth  P = 126.3 mm

Antecedent rainfall

09/09/68 = 0.0 mm
10/09/68 =2.8 mm
11/09/68 = 0.0 mm
12/09/68 =  0.0  mm
13/09/68 =  3.0  mm

Interval 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

Tot rain (mm) 0.7 4.7 4.8 3.2 5.7 10.8 19.8 20.6 28.7 7.3 1.4 0.1 2.3 2.2 11.4 2.6

The input rainfall p rofile should be constructed to the same data interval as
the unit hydrograph for the catchment, although if no better information is available
it is permissible to assume that rain within the observing interval fell uniformly in
time . For example, 10 mm in 1 hour might be assumed to have fallen as 5 mm in
the first half-hour and 5 mm in the second.

5.2.2  Observed antecedent catchment wetness

Specification of the pre-event CW! is a two-stage process. CI is first calculated at
09.00 on the first day of the event using 09:00 SMD and API 5 values in Equation
A. l :

CWT= 125 + API 5 - SMD (A. 1

The SMD term indicates the amount of water required to restore the soil to field
capacity. In Winter months and in very wet conditions, SMD w ill usually be ze ro,
which represents field capacity. The API 5 term envelops the catchment average
daily rainfall on the five days prior to the first day of the event, and allows for
variations in catchment wetness above field capacity in Winter months when SMD
is zero. The introduction of the constant of 125 is intended to ensure that CI
remains positive (because SMD rarely exceeds 125 mm).

This  CWI value is then adjusted for the amount by which the catchment
dries out or wets up between 09:00 and the start of the storm event. The adjustment
is relatively straightforward. The SMD and API 5 values at 09:00 are updated to
give equivalent values at the start of each time interval until the event rainfall
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starts. By substituting the appropriate SMD and AP/ 5 values into Equation A.1, the
CWT can be recalculated at the start of each time interval until the event rainfall
starts. Evaluation of API 5 and pre-event CWi s described in Section 4.2 of Appendix
A (see Example 5.1b) .

Example 5.1b
Observed antecedent catchment wetness

Catchment: Bourne at Hadlow (40006) (Figure 2 of Appendix C)

The antecedent catchment wetnessCW/ is determined in Section 4.2 of Appendix A:

CWI=85.5mm

5.3 Simulation of event

The notable flood is simulated from the observed rainfall and antecedent condition
inputs by the following steps:

i Calculate the percentage runoff and baseflow, to completely specify the
unit hydrograph and losses model;

ii Apply the percentage runoff to the total rainfall hyetograph to derive the
net rainfall hyetograph;

iii Convolve the unit hy drograph with the net rainfall hyetograph to derive
the rapid response runoff hydrograph;

iv Add the baseflow to the rapid response runoff hydrograph to derive the
total runoff hydrograph.

The steps which make up this procedure mirror those for estimating the T-year
flood in §3.3. The return period of the derived flood can be estimated by the
method outlined in $5.4.

5.3.1 Calculat ion of percentage runoff and baseflow

The values of catchment wetness index CWT and storm depth P, determined in
§5.2.2 and §5.2.1, respectively, can be substituted in Equations 2.14, 2.15 and 2.19
to calculate the percentage runoff and baseflow ( if baseflow is being estimated
from catchment descriptors) , as shown in Example 5.1c.

Percentage runoff

The percenta ge runoff from the natural part of the catchment PR , is estimate d
in two parts: a standard component SPR representing the normal capacity of the
catchment to generate runoff, and a dynamic component DPR representing the
variation in the response depending on the state of the catchment prior to the
storm and the sto rm magnitude itself. DPR is, thus, made up of two components:
DPR. depend ent on CWI, and DPR,, depend ent on P :

PR, = SPR + DPR. + DPR (2.13)
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Example 5.1c
Calculation of percentage runoff and baseflow

Catchment: Bourne at Hadlow (40006) (Figure 2 of Appendix C)

Relevant catchment descriptors and other information:
SPR=30.8% ($2.3.3), P=  126.3 mm (§5.2.1 ),  CWI= 85.5 mm (§5.2.2), URBEXT = 0.024,
AREA= 50.21 km2, SAAR=  719 mm

Percentage runoff

The percentage runoff  PR appropriate to the design event is calculated using Equations
2.12 to 2.15:

DPRCWI = 0.25 ( CW/  - 125) DPRCWI = 0.25 (85.5 - 125)
=- 9.9%

DPR, =  0.45 (P- 40)" [as  P>  40 mm]
DPRRAIN = 0.45 (126.3 - 40)%7

= - 10.2%

PR=SPR+DPR,+DPR,
PRRURAL  = 30.8- 9.9 + 10.2

=31.1%

PR= PRRURAL  (1.0- 0.615  URBEXT) + 70 (0.615  URBEXT)
PR=  31.1 (1.0- 0.615 x 0.024) + 70 (0.615 x 0.024)

= 31.7%

Baseflow

The baseflow  BF  is calculated using Equation 2.19:

BF=  {33 ( CW/  - 125) + 3.0  SAAR+  5.5) 1o-sAREA
BF=  {33 (85.5- 125) + 3.0 x719 + 5.5) 10° x 50.21

= 0.43m?s'

The various methods of estimating  SPR  are described in Section 2.3. Th e  DPR
equations are :

DPR, = 0.25 (CW7- 125) (2.14)

{ oDPR °
0.45 ( P - 40)%7

[for P <  40 mm)

[for  P > 40 mm]
2. 15)

HOOD ESTIMATION HANDBOOK
VOLUME 4

95



Restatement andapplicationofthe FSR. rainf all-runoff method

The total percentage runoff is estimated by adjusting PR,pa for the effects of
catchment urbanisation:

PR =PR, 1.0 - 0.615 URBEXT) + 70 (0.615 URBEXT)

BF = {33 ( CW7- 125) + 3.0 SAAR + 5.5} 10-° AREA

(2.12)

Baseflow

The various methods for estimating baseflow are discussed in Section 2. 4. If baseflow
is to be estimated from catchment descriptors, it is dependent on catchment area
AREA, standard average annual rainfall SAAR and CWT:

2. 19)

5.3.2 Derivation of net rainfall hyetograph

Percentage runoff is applied as a constant proportional loss to each rainfall block
through the storm event. The net (or effective) rainfall hyetograph is derived by
multiplying each block of the total rainfall hyetograph (from $5.2.1 by the
percentage runoff (from $5.3.1), as shown in Example 5.1d.

Example 5.1d
Derivation of net rainfall hyetograph

Catchment: Bourne at Hadlow (40006) (Figure 2 of Appendix C)

Relevant information:
PR 3 1.7% ($5.3.1)

The net rainfall hyetograph is derived by applying the percentage runoff PR to each
block of the total rainfall hyetograph from §5.2.1:

Interval 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

Tot rain (mm) 0.7 4.7 4.8 3.2 5.7 10.8 19.8 20.6 28.7 7.3 1.4 0.1 2.3 2.2 11.4 2.6

Net rain (mm) 0.2 1.5 1.5 1.0 1.8 3.4 6.3 6.5 9.1 2.3 0.4 0.0 0.7 0.7 3.6 0.8

The constant proportional loss model for percentage runoff is adequate for
most applications, where the simulation is often being carried out for a notable
flood event on an ungauged catchment. However, when simulating a flood event
on a gauged catchment, where there are observed flow data through the event, an
alternative decreasing proportional loss model for percentage runoff is available.
In this approach, if the catchment is dry at the beginning of the storm, the loss-
rate is initi ally high then reduces quickly as the catchment wets up ; if it is wet at
the beginning of the storm, the loss-rate is fairly constant through the event.
Through the storm, percentage runoff is assumed to increase in p roportion to
CWT,whilst the loss-rate varies inversely with CWT.The decreasing proportional
loss model is described in detail in Section 5.2 of Appendix A.
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5.3.3 Derivation of rapid response runoff hydrograph

The rap id response runoff hydrograph is the product of convolving the unit
hydrograph (from $2.2) with the net rainf all hyetograp h (from $5.3.2) . The theory
behind the convolution procedure is described in $2.2.1. A typical convolution
table is laid out in Example 5.1e . The T- ho urly ordinates of the AT-ho ur unit
hydrograph are set out in the header row across the top of the table . The net
rainfall values in cm per time step are set out in the column down the left-hand
side of the table . They have been converted from mm to cm because the synthesised
unit hydrograph refers to 10 mm or 1 cm input of net rainfall.

The convolution procedure starts by applying the first net rainfall value to
each unit hydrograph ordinate in turn, the product being written directly beneath,
thus forming the first row of the table. The process is repeated for the second net
rainfall value forming the second row of the table , but the p roducts entered are
displaced one co lumn to the right because the second rainfall value occurs one
data interval afte r the first. The remaining net rainfalls are applied in the same
way, and the columns are summed to give the rapid response runoff hydrograph,
as illustrated.

5.3.4 Derivation of total runoff hydrograph

The total runoff hydrograph is obtained by simply adding the constant baseflow
to each ordinate of the rapid response runoff hydrograph (Example 5.1e) .

5.4 Assessment of return period

The return periods of a notable flood event and its causative storm are estimated
by very similar procedures. In both instances, a frequency curve is constructed,
and the return period of the notable event (the storm depth or the flood peak)
simply read off.

5.4.1 Rainf all return period

The return period of the observed storm event is determined from the catchment
rainfall frequency curve. The rainfall frequency curve is constructed from rainfall
depth-duration-frequency statistics presented in Volume 2 and on the CD-ROM.
The rainfall frequency curve is constructed by the following procedure :

i Abstract T-year D-hou r point rainfalls M T-Db for observed D and various
T s using the CD-ROM ( 2 2);

ii Scale the MT-Db point rainfalls to equivalent MT-Db catchment rainfalls
using the appropriate ARF in the procedure from $3.2.2;

ii Plot M T-Db catchment rainfalls against return period .

The return period of the rainfall is then estimated from this rainfall frequency
relationship , as shown in Figure 5.3 and Exampl e 5.2.

5.4.2 Flood return period

The return period of the flood event is determined from the catchment flood
frequency curve constructed by the design event method described in Chapter 3.
The return period of the peak flow is then estimated from this flood frequency
relationship , as show n in Figure 5.3 and Example 5.2.
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Simulation of event for return period assessment
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Figure 5.3  Stages  in  assess ment  of flood or rainfall return period

Assessment of flood return period by this method is less sensitive to
imperfections in the unit hydrograph and losses model than might appear at first
sight. This is because any slight bias of the unit hydrograph and losses model in
constructing the flood frequency curve for the catchment is likely to be compensated
by a similar bias in simulating the notable event. For example, if the SPR model
parameter is in error, the consequent over- or underestimation in the design flood
peaks making up the flood frequency curve will be mirrored by a similar over- or
under-estimation in simulating the notable event, leaving the inferred return period
much the same. If the approach has a particular weakness, it is that it accords
much importance to conditions experienced in one (probably extreme) event,
which may or may not be typical of other events on the catchment.

FLOOD ESTIMATION HANDBOOK
VOLUME 4

99



Restatement and application of the FSR rainfalrunoff method

Example 5.2
Rainfall and flood return periods

Catchment: Bourne at Hadlow (40006) (Figure 2 of Appendix C)

Relevant catchment descriptors and other information:
AREA=  50.21 km2, P = 126.3 mm (§5.2.1), Q  = 44.57 m?s' ($5.3.4)

Rainfall return period

The rainfall frequency table for  D=16.0 hours  (ARF=0.940) is:

T {years)
Point P{mm)
Catch P {mm)

T {years)
0, (n' s')

2 10 20 50
34.0 54.7 65.7 83.1
32.0 51.4 61.8 78.1

100 500 1000
99.1 148.9 177.4
93.2 140.0 166.8

Flood return period

The flood frequency table from the design event method is:

2.33 10 30 50 100 500 1000
10.16 20.29 28.58 33.28 39.62 59.76 75.05

T,= 350 years

T,= 150 years

The return periods are different, in this case with T,>T,There is no reason why the
return periods should be the same, and for another event it might be thatT,> TR'
What is actually being compared is the return period of the output with the return
period of one of the inputs.

180

160

E 140.s Observed storm thz 120 126.3 mm

@

E 100
Q)

E
.c
u 80cu

(.)
Retum period

60 approx. 350years

40

In
60

e
Simulated flow'

Ci: .57 ms
40

Return period
approx.150 years

2
Rtum period Tyears) Adu'npenodT( yeffi)

233 ' 10 2$ ,0 100 1000

0
0 1 2 3 4 5 6 7 0 1 2 3 4 5 6 7

Reduced variate y Reduced variatey
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Worked examples

Chapter 6 Worked examples
6.1 Introduction

This chapter combines the procedures given in Chapters 2 to 5, thro ugh
presention of three complete worked examples illustrating different applications
of the FSR rainfall-runoff method. Sections 6.2 and 6.3 cover estimation of the
T-year flood and the PMF, respectively. Section 6.4 illustrates simulation of a
notable flood. In each example, the specific numerical values are given on the
right-hand side of the page, alongside the description of the general procedure.

6.2 T-year flood estimation

Catchment: Ballysally Blagh at University of Ulster (203050) (Figure 5, Appendix C)

Relevant catchment descriptors:
AREA =14.73 km,URBEXT (from URBAN : see 5  6.5, $$6.5.3  and 6.5.4) =0.077,
SAAR=  971 mm

1.  Estimation otTp0)andunit hydrograph

The IUH lime-to-peak Tp(O) is derived from the flood event analysis results in Table 3 of AppendixA:

The Tp(O) values range from 1.3 hours to 5.5 hours, with a geometric mean of2.84 hours: Tp(O) = 2.84 hours

20% of 2.84 hours is 0.57 hours, so a 0.5-hour data interval is appropriate. Tp(O) is adjusted for the data intervalT using
Equation  2.4: AT=0.5hours

T A7)= T 0) + AT72 Tp(0.5)=2.84+0.5 / 2
=3.09hours

T 4.T)is hereafter referred to simply as  Tp. Theunit hydrograph peak Up  and the time base TB are derived from Tpusing
Equations 2.6 and 2.7:

up=(2.2/ Tp)AREA Up=  (2.2 / 3.09) 14. 73
=10.49m?s'

TB= 2.52 T TB=2.52x 3.09
= 7.79 hours

The triangular unit hydrograph may be drawn, and ordinatesu,can
be read off att,.T-hourly intervals or calculated using Equation 2.8.

10 B Tp = 3.09hours
Up = 10.49 m s '

2.  Calculation of design storm duration  D

The design storm duration Dis calculated from Tp andSAARusing Equation3.1:

D= Tp(1+SAARI 1000)

0
0 time (hours) 20

D = 3.09 (1+971 / 1000)
= 6.09 hours

In this instance,AT= 0.5 hours, so Dis rounded up to 6.5 hours which is the nearest odd integer multipl e ofAT:
D=6.5 hours

FLOOD ESTIMATION HANDBOOK
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Restatement and application of the FSR rainfalhunoff method

3. Calculatlon of designstormdepth P

Determining appropriaterainfall return periodT,;.

Decide upon flood return periodT,:

URBEXT<0.125, so the appropri ate rainfall return periodT,lsobtaine d from Figure 3.2/ Table 3.1:

T,=100 years

T,=140 years

AbstractingT-year D-hour point rainfa llMT-Dh:

MT-Dh(point ) isabstracted from the CD-ROM:

Calculating design stormdepthP:

M140-6.5h(point)=60.0 mm

The design stonn depthPisthe T-year D-hour catchment rainfall, calculated by scaling MT-Dhpoint ) byenareal reduction
factorARF.,TheARFappropriate to thecatchmentarea andstormdurationis obtained from Figure 3.4:

Piscalculated using Equation 3.2:

P MT-Dh(catchment)=ARF, MT-Dh(point )

ARE,, = 0.950

P = 0.950 (60.0)
=57.0mm

4. Derivation of design storm profile

The design stonn depth Pis  distributed withinthe design stonn duration Dusingtheappropriate design stonn profile. URBEXT
<0.125, so the appropriate profile is the 75% winter profile from Figure 3.5b:

%D 7.7 23.1 38.5 53.9 69.2 84.6 100.0
% P 20.0 49.5 69.0 82.0 90.5 96.2 100.0
Di (%) 20.0 29.5 19.5 13.0 8.5 5.7 3.8
Diff(mm) 11.4 16.8 11.2 7.4 4.8 3.2 2.2

15

0
1 2 3 4 5 6 7 8 9 10 11 12 13

Time Interval

D=6.5handAT= 0.5h, so
each rainfall block of interval
0.5-hours will have a duration
equivalent to a fraction 1/13 or
7.7% of D.

Thestonn iscentred  onthe0.5-
hour period occurring between
3 and 3.5 h after storm
commencement. This peak
period represents 1/13or7.7%
of Dand the 75% winter profile
specifies that thiscontains 20%
ofP.

Interval 1 2 3 4 5 6 7 8 9 10 11 12 13
Tot rain (mm) 1.1  1.6 2.4 3.7 5.6 8.4 11.4 8.4 5.6 3.7 2.4 1.6 1.1

The central 3 periods of the
stonn represent 3/13 0r23.1%
of the storm duration. This con-
tains 49.5% of P.Ofthis, 20%
occurs inthecentral 0.5 hours:
the remaining 29.5% of the
depth (i.e. 49.5% - 20%) is
divided between the two outer
0.5-ho ur periods, with 14.7%
of Pineach.

The rest of the profile is
constructed in asimilar way, as
shown.

5. Derivation of design antecedent catchment wetnessCW/

The design antecedent catchment wetness CWIis obtained for the appropriate value ofSAARfrom Figure 3. 7:
CWI=123.3mm
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6.  Calculation of percentage runoff

The standard percentage runoff SPR  is derived from catchment descriptors using Equation 2.17:

SPR=SPRHO ST=2?SPR,HOST,

The percentage runoff  PR  appropriate to the design event is calculated using Equations 2.12 to 2.15:

SPR= 29.9%

DPR, =0.25 (CW1I- 125)

DPR, =0.45 (P- 40) [ asP>40mm]

PR, = SPR+DPR, +DPR,

DPR, =0.25 (123.3 - 125)
= - 0.4%

DPR, =0.45 (57.0- 40)"
= 3.3%

PR,a, =29.9- 0.4+3.3
= 32.8%

PR = PRRURAL (1.0 - 0.615 URBEXT)+ 70 (0.615 URBEXT)
PR =32.8(1.0- 0.615x 0.038) + 70 (0.615 x 0.038)

= 33.7%

7.  Derivation of net event hyetograph

The net rainfall hyetograph is derived by applying the percentage runoff PR to each block of the total rainf all hyetograph
from Step 4:

Interval 1
Tot rain (mm)  1.1
Net rain (mm) 0.4

2
1.6
0.5

3
2.4
0.8

4 5
3.7 5.6
1.2 1.9

6 7 8
8.4 11.4 8.4
2.8 3.8 2.8

9
5.6
1.9

10
3.7
1.2

11
2.4
0.8

12
1.6
0.5

13
1.1
0.4

8.  Derivation of rapid response runoff hydrograph

The convolution of the 0.5-hour unit hydrograph fromStep1 and the net rainfall hyetograph from Step 7 may be set out
as a table overleaf. The0.5-h ordinates of the unit hydrograph are set out in the header row across the top of the table.
The net rainfall values (in cm per 0.5 h) are set out in the column down the left-hand side of the table. The first net rainfall
value is applied to each unit hydrograph ordinate in tum, and the product written directly beneath, forming the first row of
the table. The second rainfall value is applied to each unit hydrograph ordinate in tum, but the product entered is displaced
one column to the right. The rest of the table is constructed in a similar way, as shown. The column sums give the rapid
response runoff hydrograph.

9.  Calculation of baseflow

The baseflow  BF  is calculated using Equation 2.19:

BF=  (33 ( CWI- 125) +3.0 SAAR+ 5.5) 10 AREA
BF=  (33 (123.3- 125) +3.0x 971+ 5.5)10° x 14.73

=0.42m's '

10. Derivation of total runoff hydrograph 20

The total runoff hydrograph is obtained by
adding the baseflow  BF  from Step 9 to each 15

ordinate of the rapid response runoff
7hydrograph. The 100-year flood for the U)

Ballysally Blagh at University of Ulster is e
10estimated as 15.21 m' s ' and the complete 3

hydrograph is also obtained. 0
I

5

0
0

Rapid
response

runoff

Baseflow
¢

5

Time (hours)
10
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Restatement and application of the FSR rainfall-runoff method

-.... i nh hyd rog rsph re poroe
(cm) (aumecs)

1.70 ........ e.79 ......10 .11!1 9.5 7 8 .40 7.34 ....5,11 3.99 2.87 1.76 0 .84

O.G4 0 .07 0 .14 0.20 0 .27 0 .34 0 .41 0 .38 0 .34 0 .20 0 .25 0 .20 0 .115 0.11 0 .07 O.GJ
0 .00 0 .08 0 .17 0 .25 0 .34 0 .42 0 .51 0 .48 0 .42 0 .37 0 .31 0 .20 0.20 0 .14 0 .00 O.GJ
0.08 O.14 0 .27 0 .41 0 .54 o.ao 0 .111 0 .77 0 .88 0 .59 0 .50 0 .41 0 .32 0 .2J 0,14 0 .00

0.12 0 .20 0 .41 0 .81 0 .81 1.G2 1.22 1.15 1.01 0 .88 0 .7!5 0 .61 0.4 0 0 .34 0 .21 0 .00
0.19 0 .32 0 .84 0 .17 1.29 1.111 1.IJ 1.82 1,61 1.39 1.11!1 0 .17 o.76 0 .55 0 .33 0 .12
0 .20 0 .48 0 .15 1.43 1.00 2 .38 ........2.37 2 .G5 1.74 1.43 1.12 o.ao 0 .49 0 .11
0 .38 0.84 1.20 1.93 .... 3.22 3.97 .... 3.21 2 .79 2 .38 194 1.112 1.09 0 .87 0 .24

0.28 0 .48 0 .95 1.43 1.00 2 .3 .... 2.88 2 .37 2 .00 1,74 1.43 1.12 o.ao ....0 .11!1
0.19 0 .32 0 .114 0 .97 1.20 1.81 19 3 1.s2 1.81 1.311 1.18 0 .17 0 .715 0 .55 0.33 0.12
0.12 0 .20 0 .4 1 0 .81 0 .81 1.02 1.22 1.16 1.01 o.ao 0.7 0 .81 0 .48 0 .34 0.21 0 .00

0.00 0.14 0 .27 0,4 1 0 .54 o.aa 0 .81 o.n 0 .811 0 .59 0 .50 0 .41 0 .32 0 .23 0 .14

O.G5 0 .00 0.17 0 .25 0 .34 0 .42 0 .51 0 .40 0.42 0 .37 0 .31 0 .20 0 .20 0 .14

O.G4 0.07 0 .14 0 .20 0 .27 0 .34 0 .41 0.38 0 .34 0.29 0 .25 0.20 0 .115

Ra pld respor e (cues ) 0 .07 0 .22 0 .51 1.00 1.82 3 .11 4 .15 7.13 11.42 11 .00 13 .42 .....14.70 14 .11 12 .15 11.30 0.63 7 .70 5 .93 4 .23 2 .77 1 .00 0.17 0 .52

Bee t'tow (cumooe) 0 .42 0 .42 0 .42 0.4 2 0 .42 0 .42 0 .42 0 .42 0 .42 0 .42 0 .42 0 .42 0.42 0 .42 0.4 2 0 .42 0 .42 0 .42 0 .42 0 .42 0 .42 0 .42 0 .42 0 ,42

f atal floe (cumecs) 0.40 0 .04 O.IJ 1.42 2.24 3 .53 5 .37 7.5 5 ....12.G2 13 .114 15.00 1!5.21 .....13.37 11.81 10 .G5 8 .21 6 .35 4 .a5 3 .10 2.10 1.39 0.14

6.3 Probable maximum flood estimation

Catchment: White Cart Water at Hawkhead (84012) (Figure 6 of Appendix  C)

Relevant catchment descriptors:
AREA=229.68 km2, URBEXT =0.127, SM R=1308 mm, EM-2h=131 mm, EM-24h=260 mm

1. Estimation of Tp(O) and unit hydrograph

The IUH tine-to-peak Tp(0) is derived from the catchment lag results presented in Table 3 of Appendix A:

The LAG values range from 62  to 12.1 hours,witha geometric mean of 7.60 hours: LAG= 7.60 hours

Tp(0) is derived from LAG using Equation 2.9:

T( 0) = 0.879 LAG% Tp0) =0.879 (7.60)%%
=6.05hours

T/;(0) is adjusted for PMF estimation using Equation 4.1:

T O). = 0.67 T O) T O),=0.67 (6.05)
=4.03hours

20% of 4.03 hours is 0.81 hours, so a 0.5-hour data interval is appropriate. T/;(0) Is adjusted for the data interval AT using
Equation 2.4: t::,. T = 0.5 hours

Tp(t::,.7)= Tp(0) + t::,. 112 Tp(0.5) = 4.03+ 0.5 / 2
=428hours

T 47)is hereafter referred to simply as  Tp. The untt hydrograph peak Up and the time base TB are derived from Tpusing
Equations 2.6 and 2. 7:

Up=  (2.21 Tp) AREA

TB82.52 Tp

The triangular untt hydrograph may be drawn, and ordinates u  can
be read off at AT-hourly intervals or calculated using Equation2. 8.

«T
100

5
U»

:,

Up =  (22 / 428)  22928
= 117.85m' s'

TB=  2.52 x 428
= 10.79hours

Tp = 4.28 hours
Up = 117.85 m• s·•

0
0 t ime (hours} 20
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2.  Calculation of PMP design storm duration D

The design storm durationDiscalculated fromTpandSAARusing Equation 3.1:

D=Tp (1+ SAARI 1000) D=4.28 (1+ 1308 / 1000)
=9.88 hours

In this instance,AT= 0.5 hours so Disrounded down to 9.5 hours, which is the nearest odd integer multipl e of AT:
D=  9.5 hours

3.  Derivation of PMP design stormhyetograph(depth and profile)

Calculating all-year point EMPs and summer' point EMPs of durations betweenT and 5D.

e.g. for EM-0.5h:
Duration (h) 0.5 1.0 2.0 24.0 48.0 from Table 4.1:
%EM2h 0.65 0.83 from Table 4.1 EM-30min / EM-2h=0.65
% EM-24h 1.11 from Table 4.1 EM-30min =0.65 (EM- 2h)
AF-year (mm) 85.2 108.7 131.0 260.0 288.6 bycalculation =0.65 (131) =85.2 mm
Summer % 1.00 1.00 1.00 1.00 1.00 from Table 4.2
Summer (mm) 85.2 108.7 131.0 260.0 288.6 bycalculation from Table4.2:

SumEM-0.Sh / AfiyrEM-0.5h =
1.00

SumEM-0.5h=AilyrEM-0.5h
=85.2 mm

• Ahemative choice of winter PMP (§4.3.3)

Abstracting summerpoint EMPs and converting to summer catchmentEMPs for durations AT, 3AT, 5AT,  ...  D,  and
deriving the PMP design storm hyetograph:

300

250

200

e II- e r

€
• 150e
5
uI

100

50

0
0.1

er poi t E

Su m r c t EMP

10 100
Duration (hours)

Duration (h} 0.5 1.5 2.5 3.5 4.5 5.5 6.5 7.5 8.5 9.5 D=9.5handAT=0.5h. Derivation
Point P (mm) 85.2 121.7 142.6 160.1 173.1 183.5 192.2 199.6 206.1 211.9 of the PMP entails nesting the 0.5-
ARF (Fig 3.4) 0.671 0.789 0.827 0.849 0.864 0.875 0.883 0.889 0.894 0.898 hour Summer EMP within the 1.5-
Catch P (mm) 57.2 96.0 118.0 136.0 149.6 160.6 169.8 177.5 184.2 190.3 hour Summer EMP within the 3.5-h
Diff (mm) 38.8 22.0 18.0 13.6 11.0 9.2 7.7 6.7 6.1 Summer EMP, etc., up to the duration

9.5 hours.

PMP designstormdepth P= 9.5-hour catchment rainfall= 190.3 mm'

' Opti on to add snowmelt to catchment rainfall if Winter PMP ($4.3.3)

FLOOD ESTIMATION HANDBOOK
VOLUME 4

105



Restatement and application of the FSR rainfalhunoff method

60

50
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0

The peak periodinthe centre of
the storm containstheO.5-h rainfall
depth57.2mm.Thecentral 1.5-h
period of the storm contains the
1.5-hrainfall depth96.0 mm. Of
this, 57.2mm occurs inthecentral
0.5 h block, so the remaining
38.8 mm (96.0 - 57.2 mm) is
divided between the two outer
0.5-hperiods,with 19.4 mm In
each. The rest of the profile is
constructed in a similar way,as
shown.

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19
Time Interval

Interval 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19
Rainmm 3.1 3.4 3.9 4.6 5.5 6.8 9.0 11.0 19.457.2 19.4 11.0 9.0 6.8 5.5 4.6 3.9 3.4 3.1

4. Calculation of  PMP design antecedent catchment wetness CWI

Theestimated maxinum antecedent rainfall EMa is calculated using Equation 4.2,wherethe EMrainfallsare abstracted fromthe
linear-log plot inStep3 andthe ARFs are abstracted from Figure3.4:

EMa=  0.5 (ARF ,  EM5Dh  -  ARF, EM-Dh )
EMa= 0.5 {0.946 (288.2) - 0.898 {211.9)I

=41.2mm

The PMP design antecedent catchment wetnessCW/is calculated using Equation4.4:

CWI=125+ EMa(0.50 CWI=125 +41.2(0.5°9 9
=156.3mm'

• Option to add snowmelt to antecedent rainfall ifWinterPMP(§4.3.4)

5. Calculation  of percentage runoff

The standard percentage runoff SPRisderived from the flood event analysis results presented in Table 3, Appendix A:

The SPRvalues range from47.7%t072.7%with an arithmetic mean of 56.8%: SPR 56. 8%°

The percentage runoff PR appropriate to the design eventiscalculated using Equations2.12to2.15:

DPR,, =0.25 (CW1- 125) DPR,3  = 0.25 (156.3- 125)
= 7.8%

DPR,, =0.45 (P- 40)° [as  P>40mm]

PR, = SPR  +DPR., +  DPRa

PR -  PR, > 70% [as PR, > 70%.]

•  SPR>53%so frozen ground adjustment is not appropriateitWinterPMP (§4.2.2)

DPR, =0.45 (190.3- 40)%°
= 15.0%

PRa =  56.8+7.8 + 15.0
=  79.6%

PR=79.6o/o

6. Derivation of net event hyetograph

The net rainfall hyetographISderived by applying the percentage runoff PR to each block of the total rainfan hyetograph from
Steps:

Interval 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19
Tot rain (mm) 3.1 3.4 3.9 4.6 5.5 6.8 9.0 11.0 19.4 57.2 19.4 11.0 9.0 6.8 5.5 4.6 3.9 3.4 3.1
Net rain (mm) 2.4 2.7 3.1 3.6 4.4 5.4 7.1 8.8 15.4 45.6 15.4 8.8 7.1 5.4 4.4 3.6 3.1 2.7 2.4
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7. Derivation of rapid response runoff hydrograph

The convolution of the 0.5-hour unit hydrograph from Step 1 andthe net rainfall hyetograph from Step 6 may be set out
as a table. The 0.5-h ordinates of the unit hydrograph are set out in the header row across the top of the table. The net
rainfall values (in cm per 0.5 h) are set out in the column down the left-hand side of the table. The first net rainfall valueis
applied to each unit hydrograph ordinate in tum, and the product written directly beneath, forming the first row of the
table. The second rainfall value is applied to each unit hydrograph ordinate in tum, but the product entered is displaced
one column to the right. The rest of the table is constructed in a similar way, as shown. The column sums give the rapid
response runoff hydrograph.

8. Calculation of baseflow

The baseflow  BF  is calculated using Equation 2.19:

BF=  (33 ( CW/-  125) + 3.0  SAAR+ 5.5)10°  AREA
BF=  (33 (156.3- 125)+3.0 x 1308+5.5) 10-6x229.68

= 11.40m' s '

9. Derivation of total runoff hydrograph

The total runoff hydrograph is obtained by adding the baseflow
BF from Step 8 to each ordinate of the rapid response runoff
hydrograph. The PMF flood for the White Cart Water at
Hawkhead is estimated as 1375.48 m3 S'1 and the complete
hydrograph is also obtained.

The PMF of 1375.48 m3s·' derived from the Summer PMP
compares with a PMF ol 1233.27 m' s' derived from a Winter
PMP with snowmelt. Hence, in this instance, the season
providing the design flood is the Summer season.
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6.4 Simulation of a notable event

Catchment: Kenwyn at Truro (48005) (Figure 7 of Appendix C) 11 October 1988 event

Relevant catchment descriptors:
AREA= 19.09 km2, URBEXT = 0.031, SAAR = 1100 mm

FLOOD ESTIMATION HANDBOOK
VOLUME 4

107



Restatement and application of the FSR rainfall-runoff method

1. Evaluation of catchment average eventralnfall

The map shows the catchment boundary andcentroid(+)  and the location of daily raingauges (A, B)  and one recording
raingauge ( ) with data over the period 05/10/88 to 11/10/88:

500

+
450 Station 48005

A

400 B» 0 Scale 2.5 km

1650 1750 1800 1850

Event rainfall

Gauge SAAR Weight 10/10/88 11/10/88
mm mm %SAAR mm %SAAR

A
B

1032 0.8655 11.4
1110 0.1345 22.7

1.1
2.0

32.4
18.5

3.1
1.7

10/10/88 weighted mean daily
rainfall= 123% catch SAAR

= 13.5mm
11/10/88 weighted mean daily
rainfall= 2.95% catch SAAR

=32.4mm
Total= 45.9 mm

Hourlyraingauge total= 39.1 mm between04:0011/10/88and14:0011/10/88 plus 0.7mmat 15:0010/10/88,0.7mm 01:00
11/10/88 and0.1 mm 19.00 11/10/88; 40.6 mm total

Interval  1 2 3 4 5 6 7 8 9 10 11
Gauge (mm)  1.0 3.8 7 .9 5.4  2.8 4.8  3.2 2.3  3.3  3.3  1.3
Event (mm)  1.1 4.3 9.0 6.1 3.2 5.4  3.6 2.6  3.7 3.7' 1.5

10

8 11/ 10/88
04:00

£
&
e
3

4

¥

11/ 10/88
14:00

Scaling factor= 45.9/40.6
=1.13

Event rainfall

DurationD=11.0 hours

Depth P= 44.2mm

plus0.8mmat 15:0010/10/88
and 0.8 mm at 01:00 11/10/88
(seestep3)

1 2 3 4 5 6 7 8 9 10 11
Time Interval
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2. Evaluation of catchment averageantecedent rainfall

Gauge SAAR Weight 05/10/88 06/10/88 07/ 10/88 08/10/88 09/10/88
mm

A 1032 0.8655 26.5
B  1110 0.1345 21.5

1.6
0.9

4.6
5.2

30.9 5.4
34.3 3.1

3. Evaluation of pre-event CWI

CW/  at 09:00 on thefirst day of the event

AP/5at 09:00 on the first day of the event is calculated using Equation A.2:

API  - (0 5) (P,, + (0.5 P,, + 0.5) P, + 0.5' P,, + 0.5) P,J

SMD at 09:00 on the first day of the event is known:

CW/at 09:00 on the first day of the event is calculated using Equation A:1:

CWI=125+API5- SMD

Antecedent ralnfall
e.g. 05/10/88 weighted mean
daily rainfall = 2.40% catch
SAAR=26.7mm

Antecedent ralnfall
05/10/88 = 26.7 mm
06/10/88 = 1.6 mm
07/10/88 = 5.0 mm
08/10/88 =33.3mm
09/10/88 = 5.4 mm

AP/5 = (0.5) [5.4 + (0.5) 33.3
+(0.5) 5.0+ (0.5)' 1.6 + (0.5)2 6.7]

= 10.8mm

SMD=0.0mm

CWI=125+ 10.8- 0.0
=135.8 mm

CW/at the start of the event

As there is rainfall between 09:00 and the start of the event,CW/at the start of the event is calculated as in Table 1 of Appendix
A:

Time at start Total rain SMD API5at start CW/
of interval mm mm of interval (mm) mm

09:00 0.0 0.0 10.8 135.8
10:00 0.0 0.0 10.5 135.5
1t :OO 0.0 0.0 10.2 135.2
12:00 0.0 0.0 9.9 134.9
13:00 0.0 0.0 9.6 134.6
14:00 0.0 0.0 9.3 134.3
15:00 0.8 0.0 9.1 134.1
16:00 0.0 0.0 8.8  +0.8=9.6 134.6
17:00 0.0 0.0 9.3 134.3
18:00 0.0 0.0 9.0 134.0
19:00 0.0 0.0 8.8 133.8
20:00 0.0 0.0 8.5 133.5
21:00 0.0 0.0 8.3 133.3
22:00 0.0 0.0 8.1 133.1
23:00 0.0 0.0 7.8 132.8
00:00 0.0 0.0 7.6 132.6
01:00 0.8 0.0 7.4 132.4
02:00 0.0 0.0 72 + 0.8 = 8.0 133.0
03:00 0.0 0.0 7.7 132.7 CWI =  132.7mm
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4. Calculation of percentagerunoff

The standard percentage runoffSPRis derived from the flood event analysis results presented in Table 3 of Appendix A:

The SPRvalues range from 0.0% to 26.9% with an arithmetic mean of 12.9%:

The percentage runoff PRappropriate to the design event is calculated using Equations 2.12 to 2.15:

SPR= 12.9%

DPR, = 0.25 (CI - 125) DPR,, =0.25 (132.7 - 125)
= 1.9%

DPR,, =0.45 (P- 40)"[asP> 40 mm]

PR,a = SPR+ DPR+ DPR,

DPR,=0.45 (44.3 - 40)%
= 1.3%

PR,a = 12.9+ 1.9+ 1.3
= 16.1%

PR PR, (1.0- 0.615 URBEXT )+ 70 (0.615 URBEXT) PR= 16.1 (1.0- 0.615 x 0.031) +
70 (0.615 x 0.031)

= 17.1%

5. Derivation of net event hyetograph

The net rainfall hyetograph is derived by applying the percentage runoff PR to each block of the total rainfall hyetograph
from Step 4:

Interval 1 2 3 4 5 6 7 8 9 10 11
Tot rain (mm) 1.1 4.3 9.0 6.1 3.2 5.4 3.6 2.6 3.7 3.7 1.5
Net rain (mm) 0.2 0.7 1.5 1.0 0.5 0.9 0.6 0.4 0.6 0.6 0.3

6. Estimation of Tp(O) and unit  hydrograph

The IUH lime-to-peak Tp(0) is derived from the flood event analysis results presented in Table 3 of Appendix A:

The Tp(0) values range from 2.5 to 7.6 hours,witha geometric mean of 3.67 hours: Tp0)= 3.67 hours

20% of 3.67 hours is 0.73 hours so a 0.5-hour data interval is appropriate. Tp(0) is adjusted for the data interval A Tusing
Equation2.4:

AT= 0.5 hours

Tp(A7)= Tp(O) + AT72 Tp0.5)= 3.67 +0.5 / 2
= 3.92 hours

Tp(t,.7)is hereafter referred to simply as Tp. The unit hydrograph peakUp and the lime base TBare derived from Tp
using Equations 2.6 and 2.7:

Up= (2.2/ Tp)AREA Up= (2.2 / 3.92) 19.09
= 10.72m s'

TB=  2.52 T TB =2.52 x 3.92
=9.88 hours

The triangular unit hydrograph maybedrawn, and ordinates u,canbe read off at AT-hourly intervals or calculated using
Equation 2.8.

10
Tp =  3.92 hours
Up =  10.72 m s'

Up

0
O time (hours) 20
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7. Derivation of  rapid response runoff hydrograph

The unit hydrograph and rainfall profile should be constructed to the same data interval, but only hourly rainfall data are
available, whereas the unit hydrograph is at a 0.5-hour data interval. Therefore, the rain is assumed to have fallen
uniformlyin time and each hourly net rainfall block is divided into two equal half-hourly blocks.

The convolution of the 0.5-hour unit hydrograph from Step 6 and the net rainfall hyetograph from Step 5 may be set out
as a table. The 0.5-h ordinates of the unit hydrograph are set out in the header row across the top of the table. The net
rainfall values in cm per 0.5 hours are set out in the column down the left-hand side of the table. The first net rainfall value
is applied to each unit hydrograph ordinate in tum, and the product written directly beneath, forming the first row of the
table. The second rainfall value is applied to each unit hydrograph ordinate in tum, but the product entered is displaced
one column to the right. The rest of the tableisconstructed in a similar way, as shown. The column sums give the rapid
response runoff hydrograph.

8. Calculation of baseftow

The baseflow  BF  is calculated using Equation 2.19:

BF=  {33 ( CW/ -  125) + 3.0  SAAR+  5.5) 1o-6AREA
BF=  {33 (132.7 - 125) + 3.0 x 1100 + 5.5) 10·5x 19.09

=0.68m' s'

9. Derivation of total runoff hydrograph

The total runoff hydrograph is obtained by adding the
baseflow  BF  from Step 7 to each ordinate of the rapid

;
response runoff hydrograph. The simulated flood peak for Ul

the 11 October 1988 event on the Kenwyn at Truro is 1=
estimated as 5.04 m? s' and the complete hydrograph is also 3
obtained. 0 Rapid

u:::
l

response
runoff

i
J

I Baseflow

o'
0 10 15
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...,..... st  tyti rag rahtest
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0.01 0 .0 1 ..., ..........., 0.00 0.10 0 .1 0.10

Rad re»on e [euooe) 0.01 ....0 .12 ....0. 1 .... ,... ,.11 ,...2.70 ,.,. 3 ,74 ......,. 4.34 ..,. 4.3 ..,, ....4 p03 ,.., 3.5s ,.,. ..., 2.7$ ,... 2.10 ,...$.57 ,...
ba sehirer [caeca] ....0.4a ................ 0.1511 ........o.1515 ........................ ........................ ............................o.ee

Toti tit  [ tun e ] 0.89 0.72 ........ 1.10 ,... ,.,. 2.4 u o 3.4 3.97 4.42 4.74 4.92 ,.., ±a ,.., ....4.48 4.71 4,49 423 ,...,...1,43 9.1¢ 2 .47 ,... ,.,. ,...
This is an underestimate of the observed peak, which was around 30 m3 s·•. There are several reasons for the
underestimation: in parlicular, the observed flood events from which the unit hydrograph and losses model parameters
were estimated were very small in comparison to the 11 October 1988 event; most significantly, a flood event analysis of
the 1988 event revealed that  SPR was a factor of four greater than the value used in the simulation. This example serves
to illustrate the difficulties of using the FSR rainfall-runoff method on some particular types of catchment, in this instance
small and permeable.
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Chapter 7 Performance of the FSR rainfall-
runoff method

7.1 Introduction

The problem facing the user is commonly: how to estimate the flood peak which
has a specific p robability of being equalled or exceeded? By far the greatest
number of these estimates are for ungauged streams or streams with only short
records, where there are few pieces of information to indicate the reliability of the
estimates or whether the answers are right or  wr ong.  It is unlikely that any method
is completely reliable ; indeed, absolute belief in any particular method is not
justified (Linsl ey, 1987). It is generally necessary to assume that the methodology
used (together with the inherent assumptions) gives the correct answer. However,
there is now fairly wide recognition that the methods presently available for
general use provide only relatively coarse estimates of flood frequency. That they
should provide adequate estimates of extreme events e.g.10,000-year upwards
events used in reservoir spillway design) is, more often than not, an act of faith
(Reed and Field, 1992).

The FSR presented two complementary techniques for estimating flood
magnitudes of given return period: a statistical approach and a rainfall-runoff
approach . The statistical approach estimated only the peak flow up to a 1000-year
return period, which was generally sufficient for the design of flood embankments,
culverts and bridges. However, the peak flow alone was not adequate for the
design of flood storages or reservoir spillways where the entire flow hydrograph,
and possibly the maximum flood, are required for routing purposes. The rainfall-
runoff approach had the distinction of allowing estimation of the complete flood
hydrograph in addition to the peak flow, and also allowing estimation of the
maximum flood.

Although the thinking behind statistical approaches in Volume 3 is somewhat
different to that of the FSR, it remains the case that the method 's primary output is
the peak flow of the Tyear flood. Therefore , a rainfall-runoff approach remains
relevant where the shape and volume of a flood hydrograph are needed, or
where an estimate of the maximum flood is required.

This chapter briefly reviews the performance of the FSR rainfall-runoff
method. In Section 7.2, previous studies to assess the performance of the FSR
rainfall-runoff model are reviewed, including a summary of the results of the
comparison exercise presented in JH Report 111 (Boorman et al., 1990), wh ich
highlighted the value of utilising local data to refine flood estimates. Section  7.3
discusses the scope for further assessment of the FSR rainfall-runoff method, and
also provides some guidance of the choice of estimation method, a topic presented
in depth in Volume 1.

7.2 Performance evaluation

7.2.1 Background

Despite the widespread application of the FSR rainfall-runoff method, there have
been few documented comparisons of its flood estimates with those obtained
directly from the analysis of observed (annual maximum) flows. There have been
many informal reports, particularly on a regional or local scale , and discussions at
meetings and conferences, but this largely anecdotal evidence is not widely available
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to others and is difficult to summarise .
An early unpublished IH study L ynn, 1978) showed the FSR rainfall-runoff

method, using catchment characteristics estimates of the unit hydrograph and
losses model parameters, to overestimate the mean annual flood by 13% and the
10-year flood by 56%. More over, it gave a marked regional pattern of errors,
underpredicting in the south-west and south-east of England . However, the
performance of the method w hen local data were used to refine the estimates of
the model parameters was not assessed.

The somewhat disappointing performance of the FSR rainfall-runoff method
in ungauged catchment applications was variously attributed to weaknesses in the
design input package (Section 3.2) or to deficiencies of the unit hydrograph and
losses model. With regard to the latter, the 5-class WRAP so il classification (at that
time used to estimate SPR) was thought to be especially culpable: there were
several reports that too-low a percentage runoff from WRAP class 5 soils was
predicted in parts of northern England and upland Scotland, and too-high a
percentage runoff from WRAP class 1 soils in southern and eastern England .
There were also many conce rns about the reliability of the method on small and/
or urbanised catchments, ne ither of which was particularly well represented in
the FSR data set.

Advice in the FSR, and later in FSSR13 (IH, 1983c), strongly recommended
that values for the unit hydrograph and losses model parameters derived from
data should always be used in preference to those derived from FSR catchment
characteristics.

In 1985, the unit hyd rograph and losses model parameter estimation
equations were updated, and the revised equations were published in FSSR16
(IH, 1985). However, the FSSR16 equatio ns were seen as more robust rather than
more accurate and, therefore , unlikely to reduce the typical errors. For instance ,
the revised SPR estimation equation gave slightly higher runoff from impermeable
soils, and lower runoff from permeable soils, than the original FSR equation, but
still failed to perform well on very impermeable upland catchments and very
permeable lowland catchments. Suggestions were made that substan tial
improvements would result only through refinement of the WRAP soil classification
(Gurnell and Midgley, 1987).

The FSSR16 variant of the unit hydrograph and losses model, again using
catchment characteristics estimates of the model parameters, was assessed for
catchments in Northumberland (Archer and Kelway, 1987). The FSR rainfall-runoff
method underpredicted the mean annual flood by 4.4%, but overpredicted the 30-
year flood by 11.5%. A small-scale regional pattern of errors was identified but,
again, the effects of including local data were not investigated. Similar findings
were obtained in Northern Ire land, where the FSR rainfall-runoff method tended
to overestimate floods (Bree et al., 1989). There, catchment-characteristic estimates
of time-to-peak were generally acceptable for well-drained catchments, but seriously
underestimated for poorly-drained catchments, whilst catchment-characteristic
estimates of SPR were underestimated, particularly in upland regions.

7.2.2  IH Report 111 (Boorman  et al.,  1990)

The objective of IH Report 111 was to make a definitive assessment of flood
estimates on predominantly rural catchments, thereby providing a quantitative
insight into how the FSR rainfall-runoff method performed, and indicating some
of its potential weaknesses. Comparisons were performed on a set of predominantly
rural catchments ( URBAN, < 10%) that had both 15 or more years of ann ual
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maximum flow data and rainfall-runoff data for five or more flood events. Out of
more than 1200 gauged catchments in the UK, only 74 satisfied these requirements,
and these were not particularly evenly distributed. There were no catchments
north of the Highland Boundary Fault, in the Lake District, in the Southern Uplands
of Scotland, or in Northern Ireland . Flood peaks up to the 25-year retu rn period
were examined, using the FSSR16 variant of the unit hydrograph and losses model,
firstly with estimates of Tp and SPR from FSR catchment cha racteristics, and then
with values of Tp and SPR from observed data, both individually and together.

The results showed that, with catchment-characteristic estimates of Tp and
SPR, flood quantiles were , on average, overestimated by 22% for the mean annual
flood to 41% for the 25-year flood. When observed Tp values were used, the
overestimation was reduced slightly for all retu rn periods; the effect was more
pronounced when observed SPRs were used. When both observed Tp and SPR
values were used, the mean error was 0% for the mean annual flood and 11 % for
the 25-year flood. The spatial distribution of the residuals for individual catchments
showed general overestimation in the south-east of England and underestimation
in south-west England and Wales; in other regions, residuals were mixed . The
results resembled those reported in the FSR. Findings for particular subsets of
catchments are summarised below.

Catchment size

With catchment-characteristic estimates of Tp and SPR, the FSR rainfall-runoff
method performed generally better, in terms of both bias and variability, on
catchments larger than 100 km. In contrast, with observed values of Tpand SPR,
the method gave a consistent performance for both large and small catchments.
From this it can be concluded that observed data are particularly beneficial on
smaller catchments.

These results may partly reflect the problem of accurately abstracting the
physiographic FSR catchment characteristics on small catchments, compared to
larger catchments where errors tend to average out, and also illustrate some of the
problems in transferring research results between catchments of different sizes
(Pilgrim et al., 1982; Pilgri m, 1983).

Permeable catchments

Inspection of the residuals for individual catchments suggested that, with catchment-
characteristic estimates of Tpand SPR, the FSR rainfall-runoff method performed
relatively badly on catchments with a high proportion of WRAP class 1 permeable
soils, and that observed Tp and SPR values provided valuable information.

The results support the long-held view that conventional flood estimation
techniques, developed for less permeable catchments, such as the FSR rainfall-
runoff method, may not adequately represent permeable catchments. This is because
the response from permeable catchments under extreme conditions, particularly
the subsurface response, is often complex and uncertain, and rarely captured in
available records .

Historical accounts show that severe floods can occur, albeit infrequently,
in permeable catchments, but permeable catchment flooding remains one of the
least understood areas of flood hydrology. Some aspects of practical application
of the FSR rainfall-runoff method at ungauged sites, with permeable catchments
featuring strongly, are discussed by Reed (1987), and in Section 9.2. More recent
guidance on flood frequency estimation in permeable catchments, treating them
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as a distinct class (SPRHOST < 20%), is provided by Bradford and Faulkner (1997)
and in Chapter 19 of Volume 3.

Dry catchments

Inspection of the residuals for individual catchments showed that estimates tended
to be better on  wet  catchments than on d ry ones. For catchments with SAAR
greater than 800 mm, the average underestimation of the 2-year flood was 6%,
whilst for catchments with SAAR less than 800 mm, the average overestimation
was 1%. Relative overestimation in these drier catchments was also true of the 5-
year and IO-year floods.

However, in this instance, SAAR is just providing a convenient way of
splitting the catchments. The observed pattern of residuals is likely to be a
combination of facto rs that will also include topography, soil type and, possibly,
even design storm specification; there is a strong south-east to north-west rainfall
gradient in the UK which is strongly related to both topography and soil type .

Urbanised catchments

Because catchments more than 10% urbanised were left out of the  IH Rep ort 111
study, the performance of the FSR rainfall-runoff method on urbanised catchments
could not be assessed. However, in terms of flood potential, urbanisation is probably
the most significant land-use change that can be made to a catchment. The effects
of urban development on catchment flood behaviour are reviewed in Section 9.3.
Where the urbanisation is concentrated in a few locations in the catchment, a
semi-distributed approach is recommended, as discussed by Packman (1980; 1986),
and in Section 9.3.

7.3 Discussion

7.3.1 Scope for further assessment of the FSR rainfall-runoff method

In this chapter, general performance has been discussed by reference to the IH
Report 111 findings. To date , this remains the most authoritative document giving
an overview of average performance of the FSR rainfall-runoff method by
comparison with flood peak data. It is to be expected that a nationally-calibrated
method, such as the FSR rainfall-runoff method, will overestimate in some regions
and underestimate in others. The most important step which can be taken to
ensur e optimum performance is to always make full use of available local
information. It is both inevitable and desirable that guidance leaves some scope
for experienced users to apply judgement.

There has yet to be a proper evaluation of the latest revision of the unit
hydrograph and losses model within the FSR rainfall runoff method, against either
observed data or the new statistical methods for flood estimation. However, some
particular reservations have already been expressed about its performance in
northern England (Archer, 1997; Spencer,  p ers. comm.).  With the automation of
flood frequency estimates made possible in the Handbook, it is anticipated that
comprehensive national comparisons will be made.

7.3.2 Reconciling estimates from the FSR rainfall-runoff method and
statistical approaches

Where there is a real choice between the FSR rainfall-runoff method and the
statistical app roach, the decision is a matter of judgement, and in many cases
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users will w ish to consider both. Indeed, for practical application, it is often
necessary to reconcile, over the return periods of interest, the flood frequency
curve synthesised by the FSR rainfall-runoff method, preferably augmented by
flood event ana lysis, with that observed or synth esised by statistical techniques.

There are several ways in which flood estimates from different methods
can be harmonised . For example, an FSR rainfall-runoff model parameter such as
SPR might be adjusted so that the flood frequency relationship tallied with a
statistical analysis of peak flows (Reed, 1987). Alternatively, the ordinates of the
rainfall-runoff method flood hydrograph could be rescaled by the ratio of the
statistical and rainfall-runoff method flood peaks (Archer and Kelway, 1987; Archer,
1997). Similarly, it is possible to exploit the short-cut method to flesh-out a peak
flow estimate to provide a design hydrograph (see $3.4.1 and 3 A.10) . Chapter 5
of Volume 1 provides further guidance in tailoring the choice of estimation
method to the particular problem and the available data.
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Chapter 8 Reservoir flood estimation
8. 1 Introduction

Reservoirs having a capacity of more than 25 000 m 3 are subject to the Reservoirs
Act 1975, wh ich supersedes the Reservoirs (Safety Provisions) Act 1930, and places
various public safety obligations on their owners. In the UK, there are some 2400
large impounding reservoirs, many of them old and often sited above the
communities which they serve. The accidental, uncontrolled escape of water from
an impounding (or other) reservoir can threaten both life and p roperty. The
assessment of flood risk is a vital element in the safe design, maintenance and
operation of such reservoirs .

For many years, the standard design method in general use in the UK was
that published in the reports of the ICE committee on floods in relation to reservoir
practice (ICE, 1933; 1960). The reports provided tables giving peak flood discharges
from various sites (primarily upland catchments up to 100 km2 in area), together
with an enveloping  normal maximum cu roe  relating flood magnitude to catchment
area. Larger  catastrop hic  floods were expected to have peak discharges at least
twice those of the normal maximum floods. No estimates of frequency were
associated with these floods. The reservoir flood estimation procedures were
reassessed when the FSR was published in 1975. The methods presented in the
FSR became the standards for design flood estimation in the UK, and gu idance
was affirmed in the ICE engineering guide to floods and reservoir safety. The FSR
has, of course, been superseded by the Flood Estimation Handbook. This volume,
which restates the FSR rainfall-runoff method, is of particular relevance to reservoir
flood estimation in light of the many and various revisions to the method.

The ICE guide categorises reservoirs in terms of the potential hazard , to life
and property downstream, of a dam breach. To apply the standards it is necessary
to route the appropriate design flood inflow through the reservoir using the
appropriate initial reservoir co ndition, and to obtain the corresponding maximum
still water level, to which an appropriate allowance for wave surcharge should be
added. This traditional approach permits only the independent assessment of
each factor and their combination to estimate maximum water levels, and makes
only informal allowance for any dependence amongst hydrometeorological
variables.

Regional flood and storm hazard investigations have demonstrated that the
clustered siting of many UK reservoirs encourages a relatively long interval between
design exceedances (Dales and Reed, 1989) . However, a corollary is that, when
such an event occurs, there may be multiple exceedances, affecting several
reservoirs in a district. FSSR18 (IH, 1988) set out a procedure for assessing the
collective risk of a design exceedance occurring at one of a network of sites
which are sensitive to heavy rainfall, including an example of its application to a
group of reservoirs.

This chapter focuses on estimation of the design flood inflow , and its
subsequent routing through one or more reservoirs. The remainder of this section
lists the relevant documentation and software and explains why a statistical approach
is not recommended for this type of application . Particular aspects encountered in
reservoir flood estimation are introduced in Section 8.2. The procedures for
application of the FSR rainfall-runoff method to estimate spillway floods on single
and multiple reservoir systems are presented , with worked examples, in Section
8.3. The reservoir routing problem and its solution are formulated in Appendix D.
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Chapter 11 of Volume 1 discusses reservoir flood estimation in the context of
public safety.

8.1.1 Documentation and software

The ICE guide is the primary reference. The Guide was originally drafted as a
discussion paper on reservoir flood standards (ICE, 1975a) . The paper was
considered at both the Flood Studies Conference (ICE, 1975b) and the Newcastle
Symposium of the British National Committee on Large Dams (Bass, 1975). The
first edition of the Guide was published in 1978. An interim review after five years
experience led to production of a second edition which was published in 1989.
Following a more comprehensive review, a third edition was published in 1996.

Three other documents are of potential interest. Firstly,  IH Report 114  (Reed
and Field, 1992) takes a wide-ranging look at reservoir flood estimation in a
review primarily concerned with UK methods and experience. Although some of
the methodology referred to has since been superseded, many of the topics
discussed remain relevant. These include the sensitivity of reservoir flood estimates
to the precise storm duration assumed, comparisons between Summer and Winter
values of PMF, and snowmelt allowances in PMF estimation.

Secondly, the CIRIA guide to the design of flood storage reservoirs (Hall  et
al., 1993) gives specific procedures for T-year flood estimation for the design of
balancing ponds . The document is a revision to the now-withdrawn TNIOO (Hall
and Hockin, 1980) . Many balancing ponds are small structures which do not fall
under the Reservoirs Act 1975, but various complex factors (hydrological, hydraulic,
legal, environmental) enter into their siting and sizing.

Finally, CIRIA Report 161 (Kennard  et al., 1996) provides a guide to the
planning, design, construction and maintenance of embankment reservoirs for
water supply and amenity use, which are too small to fall under the Reservoirs Act
1975. Design and construction of these reservoirs can be affected by many of the
problems influencing larger reservoir construction, albeit on a reduced scale . The
report presents a statistical method, rather than a rainfall-runoff approach , to
assess the flood inflow into and through the reservoir.

Computer software is helpful in reservoir flood estimation, particularly in
the routing of a design hydrograph through the reservoir, to take account of the
delay and attenuation effects imposed by the temporary storage of water above
the overflow level of the reservoir. Furthermore, multiple calculations may be
required, particularly in complicated reservoir systems, where it is often necessary
to consider a number of design storm durations; without some computational aid,
repeated application of the FSR rainfall-runoff method becomes a time-consuming
process. The mechanics of reservoir routing are discussed in standard texts, such
as Shaw 's  Hy drology in Practice  and Wilson's  Engineering Hy drology. IH Report
114  presents software for reservoir routing, the underlying concepts of which are
reproduced in Appendix D. The software forms the basis of the reservoir routing
module in the Micro-FSR (1H, 1991a; 1996) computer package.

8.1.2 Why a statistical approach is not recommended

The FSR and the ICE engineering guide to floods and reservoir safety state that
reservoir flood estimation should be based on the FSR rainfall-runoff method, and
statistical analysis presently plays a limited role in reservoir flood standards in the
UK (Reed and Anderson, 1992). However, the reasons why reservoir flood estimation
by statistical analysis of flood peaks is spurned are not stated prominently.
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The obvious reaso n why a statistical approach is not recommended is that
a design hydrograp h, and possibly a maximum flood , are required , and that these
call for use of a rainfall-runoff method . A second reason is that statistica l method
flood estimates extrapolated to the high return periods relevant to reservoir flood
design may lead to gross under- or over-design, given the relatively sho rt periods
of gauged flood data typically available (Reed, 1992). Although this concern also
applies to the use of local data in the rainfall-runoff method, the greater regional
homogeneity in extreme rainfall and the longer record lengths available for analysis
mean that the rainfall-runoff method is preferred . A further reason for favouring
the rainfall-runoff method is that a rainfall-runoff ap proach is in some sense more
supportable , since it is based on a structured model of flood formation rather than
on statistics alone .

How ever, there are several ways in which flood estimates from d ifferent
methods can be reconciled (see Chapter 7 and  1  5) . For example , a rainfall-runoff
model parameter such as SPR might be adjusted so that the flood frequency
relationship tallied w ith a statistical analysis of peak flows (Reed, 1987).

8.2 Aspects of reservoir flood estimation

Design flood estimation using the FSR rainfall-runoff method involves applying
an appropriate design storm and associated antecedent conditions to a unit
hydrograph and losses mode l of the catchment, as described in Chapters 3
and 4. Reservoir flood estimation is, unfortunately, not simp ly a case of deriving
a design inflow hydrograph by these methods, and routing it th rough the
reservo ir. The very p resence of a reservoir can lead to some difficulties in
methodology , and this section outlines these p roblems. Although the discussion
refers to on-line reservo irs, it is relevant to o ther situations w he re sto rage
effects can be appreciable , e .g. washlands.

8.2.1 Allowance for reservoir effects

The effect of a reservoir is to lag i .e. delay) and attenuate (i.e . reduce the amplitude,
whilst maintaining the volume) the flood hydrograph from the catchment. Reservoir
lag time RLAG is defined as the time between the peak of the inflow and the peak
of the outflow hydrographs. The attenuation ratio a is the ratio of the outflow
peak to the inflow peak. Reservoir lag and attenuation are primarily governed by
the storage-d ischarge characteristics of the reservoir; a measure of reservoir lag is
given by the mean slope of the line relating reservoir storage  S  to outflow  q.  Flood
magnitude also has some influence, as the lag and attenuation effects tend to be
less p ronounced in rarer events, as illustrated in Table 8.1. The excep tion to this
is when a bellmouth spillway gorges, or the outflow drowns out in so me other
way .

The more that a reservoir attenuates flood inflows, the more sensitive it
becomes to longe r duration floods, and hence to longer du ration storms.
Subsections 3.2.1 and 4.3.1 describe how, in the unreservoired case , the design
storm duration  D  is calculated from u nit hydrograph time-to -p eak  Tp  and
standard average annual rainfall SAAR  :

D - Tp ( 1 4 S4AR
1000

3. 1

In reservoired applications, the design storm duration is extended by adding the
reservoir response time  RIAG  to the catchment response time Tp,so that:
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Table 8. 1 Examples of variation of reservoir lag and attenuation ratio with retum period (after Reed and Field, 1992)

Name Catchment Reservoir Reservoir lag RLAG(hours) Attenuation ratioa
area area return period (years) return period (years)

kn? km? 10 100 1000 10 000 10 100 1000 10 000

Colt Crag 18.05 0.850 3.70 3.38 3.06 2.60 0.77 0.80 0.84 0.86
Crafnant 6.20 0.216 3.01 1.79 1.23 0.86 0.44 0.61 0.76 0.86
Higher Naden 3.90 0.052 0.70 0.59 0.48 0.36 0.89 0.91 0.94 0.97
Leperston e 1.22 0.087 2.46 2.18 1.99 1.84 0.48 0.51 0.54 0.59
Little Denny 0.98 0.120 2.77 2.59 2.39 2.17 0.49 0.53 0.56 0.60
Loch Craisg 0.74 0.077 1.57 1.44 1.30 1.16 0.60 0.65 0.68 0.73
Loch Gleann 1.21 0.138 3.80 3.46 3.19 2.84 0.39 0.39 0.4 1 0.43
Loch Kirbister 20.73 1.015 2.17 2.07 2.04 2.05 0.83 0.84 0.84 0.84
Lower Carriston 3.94 0.097 1.68 1.46 1.30 1.11 0.84 0.86 0.89 0.92
Nanpantan 4.28 0.034 0.87 0.75 0.65 0.55 0.95 0.97 0.97 0.98
Parkhill House 1.21 0.029 3. 15 3.09 3.67 4.45 0.51 0.51 0.42 0.34
Roadford 34 .69 2.960 5.10 4.83 4.52 3.91 0.49 0.49 0.53 0.58
Staunton Harold 23.60 0.880 3.41 3.15 2.83 2.40 0.77 0.80 0.83 0.88
Upper Neuadd 5.74 0.230 1.19 1.08 0.97 0.86 0.74 0.77 0.80 0.84
Usk 13.50 1.174 3.97 3.54 3.07 2.77 0.47 0.50 0.55 0.59

D - Tp + RLAG) (4 4SAAR
1000

(8.1

It is still necessary to have an odd number of rainfall blocks. Therefore, the
computed value of storm duration is rounded , up or down, to the nearest odd
integer multiple of the data interval A T. For a cascade of reservoirs, the reservoir
lag RLAG is substituted with a mean reservoir lag MRIAG, as described in  $8.3.2.

Concern has been expressed that the recommended Equation 8.1 may fail
to capture the storm duration to which the catchment-reservoir system is most
sensitive . This may well be true in complex mixed rural-urban cases, where it is
unclear whether the slow rural response or the fast urban response dominates.
Curves of flood magnitude against storm duration are typically fairly flat, so the
choice of storm duration is not usually critical (Reed and Field, 1992). However,
in complicated p roblems, where portions of the catchment have widely differing
response characteristics, it is often advisable to consider a range of storm durations,
and adopt the one that yields the highest water level, i.e. the critical duration D E-

This guidance is reaffirmed by the CIRIA guide to the design of flood
storage reservoirs, though the CIRlA guide specifies the critical storm duration as
that giving rise to the maximum storage requirement, rather than the highest
water level. However, since maximum storage corresponds to peak water level,
and since the FSR equation for design storm duration was intended to give the
duration which caused the greatest flood magnitude, the procedures are essentially
equivalent and give similar results.

8.2.2 Allowance for rain falling on reservoir

It seems a rational assumption that the rain falling directly on the surface of the
reservoir should not be subject to losses. However, if the surface area of the
reservoir forms only a small fraction of the catchment, it may be reasonable to
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neglect the effect. If the reservoir is greater than about 5% of the catchment,
the reservoir area should be excluded from the catchment area and the rain
falling on the reservoir added directly to the inflow hydrograph: this is explicit
treatment. However, if the reservoir occupies less than 5% of the catchment,
the reservoir can be treated as part of the catchment, and the rain falling on
the reservoir passed through the rainfall-runoff model: this is implicit treatment.

It is convenient to assume a fixed reservoir area for the purpose of modelling
the rain falling directly onto the reservoir. The main reason for this is that it is
highly inconvenient to have to calculate the inflow hydrograph to the reservoir
for a variable land area. Should the rate of change of reservoir area with water
level be significant in terms of the direct rainfall effect, it would be advisable to
note the average reservoir area during passage of the flood and to repeat the
calculations using this area as the fixed area for direct rainfall calculations.

8.2.3 Storm profile

The FSR design storm profiles recommended for application throughout the UK
are unimodal and symmetrical. This presents particular problems when dealing
with large multi-reservoired catchments, such as those in the Highlands of Scotland
where critical du rations can be as long as 7 to 10 days J ohnson et al., 1981). Long
critical durations reflect the sensitivity of large reservoired catchments to a succession
of storms which can cause reservoir level to build-up over several days. In this
case it is inapp ropriate to assume a single symmetrical design storm p rofile.
However, the complexity of the reservoir system also makes it inappropriate to
consider the alternative of a range of different observed profiles. The ICE guide
recommends adopting the temporal pattern of the severest sequence of storms of
the required duration that has been observed locally. The most critical case for a
reservoir is generally the sequence with the most intense period at the end.

New long-duration profiles relevant to design flood estimation on large ,
multi-reservoired catchments have been developed for north-west Scotland (Stewart
and Reynard, 1991). The app roach uses the average variability method of Pilgrim
et a l. (1969), which successfully preserves the typically multi-peaked character of
3-day and longer accumulations.

8.2.4 Catchment descriptors

The presence of a reservoir, or cascade of reservoirs, can sometimes cause difficulties
when determining some digital catchment descriptors. For instance, if the reservoir
extends well up the catchment, abstracting the mean drainage path length and
slope to the dam site may lead to a mean length that is too long and a mean slope
that is too shallow, which may in tum lead to overestimation of the catchment
response time. Similar problems in estimating catchment response time may occur
for the direct subcatchment to a lower reservoir in a cascade. In each case the
recommended guidance is to take appropriate catchment descriptors for the main
tributary or a typ ical tributary to the perimeter of the reservoir, rather than to the
dam site , for calculation of un it hydrograph time-to-peak A ppendix C, Section 2) .

8.2 .5 Use of local data

Chapter 2 states that estimation of the unit hydrograph and losses model parameters
from flood event or hydrometeorological data are the best methods of parameter
estimation. Even where the catchment is ungauged , estimates of the model
parameters from catchment descriptors can often be refined using information
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from donor catchments. The importance of refining flood estimates by reference
to local data is reaffirmed by the ICE guide. However, there appears to be some
understandable reluctance to incorporate local data refinements even-handedly in
flood calculations relating to reservoir safety assessment. Where local data support
a higher flood estimate , they will be utilised, but where they suggest a lower
estimate, they will be ignore d. This practice has much to commend it, and the
flexibility leaves scope for experienced users to apply judgement 1 5.5; 1  11.1.

8.3 Flood estimation methodology

Flood estimation is complicated by the presence of one or more reservoirs in
the catchment, as described in Section 8.2. The most common situations are
single reservoirs or cascades where the reservoirs lie in series down a main
valley (Figure 8. l a). However, reservoirs can be nested in other ways (Figure
8.l b) . This section describes the procedures for flood estimation on single and
multiple reservoir systems.

8.3.1 Single reservoirs

The presence of RLAG in Equation 8.1 means that the design storm duration is not
known in the first instance: RLAG is only known after a flood inflow has been
routed through a reservoir, w hereas it needs to be known bef ore in order to
generate the design storm. Hence, an iterative procedure is required whereby the
calculations to derive a design rainfall hyetograph, a net rainfall hyetograph , and
subsequently an inflow flood hydrograph, which is then routed through the
reservoir, are repeated until the value of the design storm duration has stabilised.

(a) Res ervoirs In se ries
N=3

(b) Reservoirs In 'parallel'
N=3

l , =  I
I a =o
Io = 0

Area  1

I,. = 0
I,, = I
I = 0

Area 1
Area 2

Reaen,olr 1
l11= I
I , = 0
L = 0

Re rwlr 2

Reservolr 1
Alea

Reservoir

L, =  I
La  = I
In = 0

Area 3

L, = 1
In = I
I, = l

Rese ,r 3

KEY

L,, = I
L = 1
L = 1

R rvolr3
N No. of subcatchments

Iii Indicator variable
=1 If area Jdrains through reservoir i
=O otherwise

Figure 8. 1 Examples of multip le reservoir systems
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In PMF estimation , stor m duration also influences CWI, w hich in turn
has implications for the calculation of baseflow . The procedure has the follow ing
steps:

i Calculate the design storm duration from Tp,SAAR and RI.AG by Equation
8.1, guessing a value of reservoir lag (a first choice of RLAG= 0.0 hours is
adequate , a lthough a considered estimate w ill speed convergence) ;

ii Derive the design event inputs for this duration , and use these to compute
the design flood inflow to the reservoir;

iii Route the flood through the reservoir, noting the resultant value of RI.AG;

iv Recalculate the design storm duration using the new value of RI.AG, repeating
from step ( ii) if the duration has changed.

Three or four iterations usually suffice to determine the appropriate storm duration .
Reservoir routing software e nables this task to be performed both quickly and
accurately . The iterative procedure for a single reservoir is shown in Example 8.1.

8.3.2 Multipl e reservoir systems

Principles

FSSRl 0 (IH, 1983a), wh ich w as more of an extension to the ICE engineering
guide than a supplement to the FSR, set out the particular procedure for calculating
flood estimates for reservoirs in cascade . The following formulation is a generalisa-
tion of the FSSRl 0 procedure , and caters for all multi-reservoir systems rather than
just those in cascade. The procedure involves the estimation of the direct inflow
to each reservoir, its routing and superposition with the direct inflow to the reservoir
below , taking care to p reserve the timing of successive contributions . In carrying
out such calculations, two underlying principles must be observed :

i Each reservoir should be checked by a ta ilored analysis (not as part of
calculations undertaken to check another reservoir) , using a design sto rm
event app ropriate to its entire catchment;

ii Floods fro m different subcatchments should only be combined when they
have been derived from the same design storm (Farquharson et al., 1975).

The single-reservoir case, summarised in $8.3.1, pre scribes that the design sto rm
duration is extended by adding the reservoir response time RLAG to the catchment
response time Tp,so that:

D - Tp +  RLAG) A , SAAR
1000

8 .1

In multiple reservoir systems, the inflow to a reservoir is influenced by the collective
routing effect of all reservoirs upstream. For example , in Figure 8.1, the inflow to
reservoir 3 is influenced by the combined m uting effect of reservoirs 1 and 2. The
design sto rm duration must be extended accordingly, by replacing the RI.AG term
in Equation 8.1 by a mean reservoir lag MRLAG, so that:

D =Ip + MRLAG) ( q 4 SAAR»
1000

(8 .2)

MRI.AG re presents the mean lag imposed on runoff from the entire catchment to
the reservoir being checked by the routing effects of the other reservoirs involved .
The catchment to the reservoir being checked is subdivided into N subcatchments,
according to the conf iguration of the reservoir system. The subcatchments and
reservoirs are conveniently numbered in descending order of altitude . MRI.AG is
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ExampleB.1
Single reservoir flood estimation

Reservoir: Upper Neuadd {IHDTM grid ref. 302950 218700) {Figure 8 of Appendix C)
with 1O000-year design flood

Relevant descriptors and other information:
General descriptors:  AREA= 5.73 km2, URBEXT  = 0.000, SAAR= 2243 mm,
SPRfromHOST = 36.5%
Tp(O)  descriptors {to dam):  DPSBAR = 253.72 mkm' , PROPWET = 0.54,
DPLBAR = 2.02 km,  URBEXT  = 0.000
Reservoir descriptors: water levelh is defined above the spillway crest,
A=  0.23 + 0.008 h,  0 = 37.95h',initi al state= spilling baseflow

1. Calculation of design storm duration D
Dis calculated fromTp,reservoir lag  RLAG and  SAAR using Equation 8.1;
a first guess of  RLAG is 0.0 hours: Tp(0.25) = 1.60 hours

RLAG = 0.0 hours

D= (Tp+ RLAG) (1 +  SAARI  1000) D= (1.60 + 0.0)(1 + 2243 I  1000)
= 5.19 hours, rounded to 5.25 hours

2. Derivation of design event inputs and design flood inflow
Design storm depth  P  = 287.6 mm, distributed within the storm duration 5.25 hours
using the 75% winter profile to derive the total rainfall hyetograph. Design antecedent
catchment wetness CWI= 126.2 mm. P=287.6 mm; CWI=  126.2 mm

SPR= 36.5%, DPR,,, =0.3%, DPR, =21.3%, giving PR=58.1%,whichisappl i ed to
each block of the total rainfall hyetograph. PR=  58.1 %

The unit hydrograph and net rainfall hyetograph are convolved to give the rapid response
runoff hydrograph, to whichBFis added to give the total runoff hydrograph which forms
the design flood inflow.

BF= 0.39 m?s'
Inflow peak = 81.14 m?s'

3. Reservoir routing
The design flood inflow hydrograph is routed through the reservoir. The new  RLAG is
0.93 hours, compared to the value used inthisiteration of0.0 hours.

Outflow peak = 64. 78 m?s'
RLAG = 0.93 hours

4. Calculation of design storm duration  D
Dis calculated from  Tp,  reservoir lag  RLAG and  SAAR using Equation 8.1;
the new value of  RLAG is 0.96 hours:

Tp(0.25) = 1.60 hours
RLAG = 0.93 hours

D= (Tp+RLAG) (1+  SAARI  1000) D = (1.60 + 0.93)(1 + 2243 I  1000)
= 8.20 hours, rounded to 8.25 hours
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Example 8.1 (continued)

5. Derivation of design event inputs and design flood inflow
Design storm depth P =  329.2  mm, distributed within the storm duration  8.25  hours
using the  75%  winter profile to derive the total rainfall hyetograph. Design antecedent
catchment wetnessCWI=126.2mm. P=329.2 mm;CWI=126.2 mm

SPR3 6.5%, DPR, =0.3%,  DPR,, =23.7%,  giving PR=60.6%, which  is appl ied to
each block of the total rainfall hyetograph. PR=60.6%

Theunit hydrograph and net rainfall hyetograph are convolved to give the rapid response
runoff hydrograph, to which BF is added to give the total runoff hydrograph which forms
the design flood inflow. BF= 0.39  m?s'

Inflow peak=  74.45 ms'

6. Reservoir routing
The design flood inflow hydrograph is routed through the reservoir. The new RLAGis
0.92  hours, which will give the same storm duration  (8.25  hours) as the value used in
this iteration of  0.93  hours. Outflow peak =  63.15  m?s'

RLAG=  0.92  hours
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calculated as an areally-weighted average of reservoir lags, the summation of
lags reflecting the topology of the reservoir network by:

2 2 RLAG, AREA,I,
MRLAG =

2 AREA,
8. 3)

where AREA, is the area of the t h subcatchment and I, is an indicato r variable
which takes the value 1 if AREA j drains through reservoir i, and 0 otherwis e.
Examples of indicator variables are shown in Figure 8.1, and the calculation is
illustrated by Example 8.2a. MRLAG is never less than the individual lag of the
reservoir being checked.

In theory, there is no limit to the number of reservoirs in a multi-reservoir
system which can be modelled in this way. However, there may become a point
at which there are too many reservoirs to sensibly route the flow through each
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Example 8.2a
Calculation of  mean  reservoir lag MRLAG

MRLAGis calculated using Equation 8.3:

LL RLAG.AREA./_
MRLA G= " 1 A

2 AREA,

where'-= 1 ifAREAjdrains through reservoiri,andl.=0 otherwise. For three reservoirs
in parallel, as in Figure 8.1b, Equation 8.3 expands lo:

MRLA G= (RLAG, AREA,I,+RLAG, AREA,I,,+RLAG, AREA, I,,+RLAG,AREA, l,+
RLAG, AREA, I + RLAG, AREA, l,, + RLAG, AREA, I,,+ RLAG, AREA, I, + RLAG,
AREA,I, ) / (AREA,+AREA, +AREA,)

which, upon elimination of the zero terms, simplifies to:

MRLAG= (RLAG, AREA, + RA G, AREA, + RLAG, AREA, +RLAG, AREA,+RLAG,
AREA)I (AREA, + AREA, +AREA,)=((RLAG,+ RLAG,) AREA, + (RLAG,+RLAG,)
AREA,+ RLAG, AREA, ) /  (AREA, +AREA,+AREA,)

For the following values for AREAand RLAG:

AREA,= 4.34km?,RLAG, = 1.01 hours
AREA, =21.06km,RLAG, =0.74 hours
AREA, =10.41km,RLAG, =0.63 hours

MRLAG= ((1.01+ 0.63) 4.34 +
(0. 7 4 + 0.63) 21.06+(0.63)10.41)) /

(4.34 + 21.06 + 10.41)
= 1.19 hours

one individually. It is not possible to give definitive guidance on taking account
of reservoir effects in such circumstances, and each system must be evaluated
on a case-by-case basis.

Solution

As in the single reservoir situation, the p resence of  MRLAG in Equation 8 .2 means
that the design sto rm duration is not known in the first instance, and an iterative
procedure is invoked:

i Calculate the design storm duration from Equation 8.2, using Tp and SAAR
values for the entire catchment to the reservoir being checked , and guessing
a value of mean reservoir lag (or setti ng MRLAG = 0.0 hours initi ally);

ii Derive the design event inputs for the given storm duration ;

iii Go to the first (i.e . highest) reservoir of the network and derive the flood
inflow resu lting from the design storm acting on the first subcatchment;

iv Route the flood through the first reservoir, noting the value of  RLAG;

v Go to the second (i.e . next) reservoir of the network and derive the direct
flood inflow to that reservoir by again app lying the design storm, this time
to the second subcatchment;
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vi Route the flood,  together with the outflow f rom the fi rst reservoir if th is
discharges up stream of the second reservoir,  through the second reservoir,
noting the resultant value of RLAG,;

vii Repeat steps (v) and (vi) for subsequent reservoirs until routing through
the reservoir under scrutiny has been completed and RLAG, calculated;

viii Calculate MRLAG from Equation 8.3, and recalculate the design storm
duration using Equation 8.2, repeating from step (ii) if this has changed .

Again , three or four iterations usually suffice to determine the appropriate storm
duration . While software may not automate computation of  MRLAG, design
hyetographs and calculated hydrographs can usually be stored, for subsequent
retrieval and strategic input into flood calculations for sites downstream (see similar
procedure for disparate subcatchments in $9.2.2) . In practice, it is also worth
exploiting software to consider a range of design storm durations, to confirm that
the procedure has correctly identified the case that gives the highest water level at
the reservoir under study. The p rocedure for multi-reservoir cases is shown in
Examp le 8.2b , for the lowest reservoir in a 3-reservoir system.

Other aspects

It is usually necessary to adopt a common data interval A T in  the calculations.
One approach is to choose a value which provides adequate definition of the unit
hydrograph f or the subcatchment with the fastest response time (i.e. the data
interval is taken to be about one fifth of its time-to-peak, Tp). However, it is often
adequate to adopt a data interval appropriate to the reservoir being checked .

If the distance between adjacent reservoirs in a cascade is such that the
routed outflow from the upper reservoir is likely to take one or more time intervals
to travel to the lower reservoir, then the routed outflow must be appropriately
lagged before being added to the inflow hydrograph to the lower reservoir. In a
few cases, the translation (time delay) from one reservoir to the next may be
accompanied by significant attenuation of the hydrograph, in which case , river
flow routing may be needed .

When the design storm is a PMP, it is possible for an upper reservoir, which
was satisfactory when tested alone, to fail when subject to the longer duration
PMP storm ap propriate for a downstream reservoir. The reason is that the shorter
storm on which the upper reservoir was previously successfully tested is now
nested within a longer storm of greater overall depth. This anomaly concerns only
PMF calculations for reservoirs in cascade, and can be ignored . It does not arise in
Tyear flood calculations.

For T-year events on catchments where there is significant spatial variation
in rainfall characteristics, $9.2.2 describes how the stepwise p rocedure outlined
above can be modified to reflect the catchment's typical rainfall pattern.
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Example 8.2b
Multiple reservoir flood estimation

Reservoir cascade: Langsett (IHDTM grid ref. 421300 400400) - Midhope (IHDTM
grid ref. 422250 399750)- Underbank (IHDTM grid ref. 425200 399000) (Figure 9
of Appendix C) with PMF for Underbank (from summer PMP)

Total catchment relevant descriptors and other information:
General descriptors:  AREA=  35.81 km?, URBEXT = 0.003,  SAAR=  1212 mm,
EM-2h  = 160 mm,  EM-24h  = 299 mm
Tp(0) descript ors (to dam):  DPSBAR = 63.76 m km·1, PROPWET = 0.37,  DPLBAR  =
7.02 km,  URBEXT  = 0.003

Langsett subcatchment relevant descriptors and other information:
General descriptors:  AREA=  21.06 km?,URBEXT =  0.001,  SAAR =  1317 mm,SPR
from HOST 51.6%
Tp(O) descriptors (tributary):  DPSBAR  = 128.21 m  km' ,  PROPWET  0.52,
DPLBAR  = 3.67 km,  URBEXT = 0.000
Reservoir descriptors: water level  h  is defined above sea level,  A  = 0.51 + 0.037 (h -
246.89), Q = 103.53 (h - 246.89) 1·5, initial state = spilling baseflow

Midhope subcatchment relevant descriptors and other information:
General descriptors:  AREA= 4.34km?,URBEXT  = 0.000,  SAAR=  1156 mm,  SPRfrom
HOST = 50.2%
Tp0) descript ors (tributary):  DPSBAR  = 125.29 m  km' ,  PROPWET = 0.38,
DPLBAR  = 1.35 km,  URBEXT = 0.000
Reservoir descriptors: water level  h  is defined above sea level,  A  = 0.21 + 0.021 (h -
243.84), Q = 29.41 (h- 243.84) '°, initi al state = spilling baseflow

Underbank direct subcatchment relevant descriptors and other information:
General descriptors:  AREA=  10.41km?, URBEXT  = 0.008,  SAAR =  1023 mm, SPA
from HOST2 30.9%
Tp(0) descript ors (tributary): DPSBAR= 134.16mkm' , PROPWET = 0.38, DPLBAR=
1.45 km,  URBEXT  = 0.000
Reservoir descriptors: water level  hours  is defined above sea level,  A=  0.42 + 0.074
(h - 182.88), Q = 114.30 (h- 182.88) 1·5, initial state = spilling baseflow

1. Calculation of design storm duration D
D  is calculated from entire catchmentTp,mean reservoir lag  MRLAG and  SAAR
using Equation 8.12; a first guess of  MRLAG is 0.0 hours (i.e. individual  RLAGs are
0.0 hours): Ip, ( 0.25) = 4.27 hours

MRLAG = 0.0 hours

D =  (Tp+ MRLA G) (1 +  SAARI  1000) D= (4.27 +0.0) 1 + 1212 /1000)
= 9.45 hours, rounded to 9.25 hours

2. Derivation of design event inputs (summer PMP)
PMP design storm depth  P  = 231.4 mm, distributed within the design storm duration
9.25 hours to derive the total rainfall hyetograph. PMP design antecedent catchment
wetness  CWI =  158.9 mm. P 231.4 mm; CWI=  158.9 mm
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Example 8.2b (continued}

3. Langsett design flood inflow and reservoir routing
SPR=51.6%, DPR,,, = 8.5%, DPR,,u=17.8%, giving PR  77.9%, which is appl i ed
to each block of the catchment total rainfall hyetograph PR  "' 77.9%

The unit hydrograph and net rainfall hyetograph are convolved to give the rapid
response runoff hydrograph, to which  BF  is added to give the total runoff hydrograph
which forms the design flood infl ow. T , ( 0.25)= 1.89 hours

BF 1.04 m?s'
Inflow peak= 264.29 m?s '

The design flood inflow hydrograph is routed through the reservoir. The new  RLAG is
0.74 hours, compared to the value used in this iteration of 0.0 hours.

Outflow peak = 227.67 m?s'
RLAG =  0.74  hours

4. Midhope design flood inflow and reservoir routing
$PR =50.2%, DPR, , =8.5%, DPR, =17.8%, giving PR =76.5%, which is appl ied
to each block of the catchment total rainfall hyetograph PR7 6.5%

The unit hydrograph and net rainfall hyetograph are convolved to give the rapid
response runoff hydrograph, to which  BF  is added to give the total runoff hydrograph
which forms the design flood inflow. TpPMF(0.25) "' 1.47hours

BF = 0.19 m's'
Inflow peak "' 61.79 m3s·1

The design flood inflow hydrograph is routed through the reservoir. The new  RLAG is
1.01 hours, compared to the value used in this iteration of 0.0 hours.

Outflow peak = 43.82 m?s '
RLAG= 1.01 hours

5. Underban k direct subcatchment design flood inflow and reservoir routing
SPR =30.9%, DPR,, =8.5%, DPR, =17.8%, giving PR =57.3%, which is appl ied
to each block of the catchment total rainfall hyetograph PR5 7.3%

The unit hydrograph and net rainfall hyetograph are convolved to give the rapid
response runoff hydrograph, to which  BF  is added to give the total runoff hydrograph.

Tp, (0. 25) = 1.43  hours
BF = 0.42  m?s'

The total runoff hydrograph from Underbank direct subcatchment is routed, together
with the outflow from Langsett (lagged by three time intervals) and Midhope (lagged
by two time intervals) through the reservoir. The new  RLAG is 0.63 hours, compared
to the value used in this iteration of 0.0 hours.

Inflow peak= 315.04 m?s'
Outflow peak = 295.83 m?s'

RLAG = 0.63 hours
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Example 8.2b (conti nued)

6. Calculation of MRLAG and design storm duration D
MRLAG is calculated using Equation  8.3:

22 RLAG,AREA.L
MRLAG = 1 w MRLAG  =  1.19  hours

2 AREA,

D  is calculated from entire catchment  Tp,  mean reservoir lag  MRLAG and  SAAR
using Equation  8.12: TpPMF(0.25)  =  3.92  hours;  MRLAG =  1.19  hours

D= (Tp+MRLA G)  (1+ SAAR/ 1000) D= (4.27 + 1.19)(1+ 1212 /1000)
=  12.08  hours, rounded to  12.25  hours

7, Derivation of design event inputs (summer PMP)
PMP design storm depth  P  =  247.8  mm, distributed within the design storm duration
12.25  hours to derive the total rainfall hyetographs. PMP design antecedent catchment
wetness CWI  154.4 mm P 247.8mm; CWI=  154.4  mm

8. Langsett design flood inflow and reservoir routing
SPR =  51.6%,  DPR,, =  7.4%,  DPR,,a =  18.9%,  giving PR =  77.8%, which is appl ied
to each block of the catchment total rainfall hyetographs. PR  =  77.8%

The unit hydrograph and net rainfall hyetograph are convolved to give the rapid
response runoff hydrograph, to which  BF  is added to give the total runoff hydrograph
which forms the design flood inflow. TpPMF(0.25)  =  1.89  hours

BF =  1.01  m' s '
Inflow peak =  264.02  m' s'

The design flood inflow hydrograph is routed through the reservoir. The new  RLAG is
0.74  hours, the same as the value used in thisiteration.

Outflow peak=  227.87  m3 s·1

RLAG  =  0.74  hours

9. Midhope design flood inflow and reservoir routing
SPR =  50.2%,  DPR, , =  7.4%,  DPR,,, =  18.9%,  giving PR =  76.4%, which is appl ied
to each block of the catchment total rainfall hyetograph PR=  76.4%

The unit hydrograph and net rainfall hyetograph are convolved to give the rapid
response runoff hydrograph, to which  BF  is added to give the total runoff hydrograph
which  forms the design flood infl ow. T, (0.25)=  1.47  hours

BF =  0.18  m' s'
Inflow peak =  61.72  m?s'

The design flood inflow hydrograph is routed through the reservoir. The new RLAG is
0.99  hours, which is approximately the same as the value used in  this iteration of
1.01  hours.

Outflow peak = 44.1 Om3 s·1

RLAG =  0.99  hours
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Example 8.2b (continued)

10. Underbank direct subcatchment design flood inflow and reservoir routing
SPR = 30.9%, DPR. = 7.4%, DPR, a= 18.9%,  giving PR=  57.2%, which is applied
to each block of the catchment total rainfall hyetograph PR=  57.2%

The unit hydrograph and net rainfall hyetograph are convolved to give the rapid
response runoff hydrograph, to which BFis added to give the total runoff hydrograph.

T , (0.25) =  1.43 hours
BF =  0.40 m' s'

The total runoff hydrograph from Underbank direct subcatchment is routed, together
with the outflow from Langsett (lagged by three time intervals) and Midhope (lagged
by two time intervals) through the reservoir. The new  RLAG is 0.62 hours, which is
approximately the same as the value used in this Iteration of 0.63 hours.

Inflow peak = 315.77 m s'
Outflow peak= 297.04 m?s'

RLAG = 0.62 hoursKEY
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Chapter 9 Disparate subcatchments and land-
use effects

9.1 Introduction

There can be little doubt that major land-use changes have an effect on flood
frequency and that, in many cases, the effect is detrimental. Indeed, many flood
investigations are stimulated by a previous or proposed land-use change. One
land-use change has already been considered: Chapter 8 discussed application of
the FSR rainfall-runoff method in the context of reservoir flood estimation. Other
land-use changes include urban development, mining (both deep and opencast),
and agricultural drainage and forestry.

One implication of land-use change is that past flood records may not be a
good guide to the future ; another is that different parts of the catchment may have
different response characteristics, making it difficult to identify the storm duration
that will yield the greatest flood peak. In such circumstances, it is usually advisable
to separate the catchment into individual subcatchments and consider the
consequences of a range of storm durations.

Hence , some of the techniques presented in Chapter 8 can be utilised in
other flood estimation problems. This is not new guidance ; semi-distributed
application of the FSR rainfall-runoff method was suggested in the FSR and the
FSSRs, in particula r FSSR10 (IH, 1983a) and FSSR13 (IH, 1983c), and also by Price
(1978), in IH Report 63 (Packma n, 1980), by Packman (1986) and Reed (1987),
and more recently by Hall  et al.  (1993). Indeed, this type of approach is becoming
increasingly common as the FSR rainfall-runoff method is used to derive flow
hydrographs as point inputs to hydrodynamic or flow routing models in river
modelling.

This chapter first addresses disparate subcatchment problems, including
river confluences, and their treatment ($9.2). It then considers the effects of particular
land-use changes and the results of the latest research: this encompasses urbanisation
$ 9.3), openc ast mini ng ($9.4), and agricultural drainage ($9.5), and afforestation
and deforestation ($9.6) . Again, access to software for computing design flood
hydrographs is useful, since the solution of some problems may require a number
of design storm durations to be considered.

9.2 Disparate subcatchment problems

9.2.1 Introduction

Contributions to a flood from different portions of a catchment depend on the
drainage configur ation and response characteristics, as well as on the spatial
variability of the rainfall input and the catchment wetness. A river confluence is
the most obvious example of a case where the complexity of the system makes a
single-catchment approach to flood estimation unsuitable. A single-catchment
approach may also be inappropriate in situations where rainfall patterns vary
significantly over a large area, or where land-use or soil type on one part of the
catchment differs markedly from the rest of the catchment.

Examples include predominantly rural catchments with urbanisation in one
particular area, and chalk-clay catchments, which may be capable of generating
significant floods of more than one type: from extreme rainfall alone , from rainfall/
snowmelt when soils are frozen, or from rainfall when groundwater is exceptionally
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high . Another form of disparate subcatchment problem concerns catchwaters and
other diversions to or from neighbouring catchments. Division of the catchment
into subcatchments is also increasingly used in river modelling for flood defence .

Application of the FSR rainfall-ru noff method to flood estimation in disparate
subcatchment problems is described in $9.2.2. The p rocedure involves separating
the catchment into subcatchments, and considering the consequences of a shorter
or longer design storm.

Confluences

There are p articu lar features o f the river confluence problem which require
consideration (Dwyer and Payne, 1995) . Most importantly, differences in the
response times of the upstream catchments may have a marked effect on the
downstream flow e .g. the peak flow at the downstream site w ill be higher if the
peaks in the tributaries typically coincide, than if one follows some time after the
other. Therefore , it is necessary to consider the relative timings of the flow
hydrographs for each tributary, and to allow for ungauged inflows joining between
the upstream and dow nstream sites; solutions to this will vary acco rd ing to the
location and size of the inflows. Natural or artificial flood storage affects the
magnitude and timing of flood peaks, and so w ill a lso need to be taken into
account. An example of a confluence problem is at Monmouth which lies at the
convergence of the rivers Monnow and Wye . James and Wright (1990) consider
various combinations of floods on the Rivers Monnow and Wye for the hydrological
and hydraulic modelling study behind the Monmouth flood alleviation scheme .

Approaches to solving river confluence p roblems tend to be statistical,
focusing on the joint probab ilities of rainfall and antecedent catchment conditions
(e .g. Reed , 1992; Reed and Anderson , 1992; Acreman and Boorm an, 1993; Dwy er
and Payne, 1995) . Another type of joint probability problem is the confluence of
a river w ith the sea . Flooding p roblems exist in the upper reaches of estuaries and
the lower portions of rivers, due to a combination of freshwater and marine
causes . Flooding may also occur in creeks and tide-locked watercourses w hen
freshwater is unable to discharge due to sustained high marine water levels. Mason
et al.  (1992) describe some o f the factors which had to be taken into account in
the flood control works for the Cardiff Bay Barrage which impounds the flow
from the Rivers Taff and Ely. In a review of the hydrological aspects of combined
effects of storm su rges and heavy rainfall on river flow , WMO (1988) conc luded
that w hilst the princip les are clear, practical problems abound . Developing general
solution methods to joint probability problems remains an important challenge
(see 1 Appendix B for a w ider discussion) .

Variability in rainfall characteristics

Application of the FSR rainfall-runoff method is generally restricted to catchments
where the assumptions sup porting the method , such as uniform rainfall, may be
reasonab ly valid : a nominal limit on catchment area of 500 km? was suggested in
the FSR. However, there is sometimes a requirement for the subcatchment approach
to be app lied to very large catchments and catchments with significant spatial
variation in rainfall characteristics. Fo r example , in the 3000  km? Tyne catchment,
SAAR  varies from 600 mm near the coast to 2000 mm in the headwaters; applying
the same T-year design dep th to the coastal and headwater components w ill
conceal the underlying rainfall pattern, with too much rain applied to the low land
subcatchments and too little to the upland ones.
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Land-use and soil-type effects

One of the more complicated type of flood estimation problems concerns mixed
geology catchments, such as a chalk and clay catchment where the interplay with
urbanisation may also be important. An example of this type of catchment is the
River Kennet at Theale , where the catchment consists of areas of great disparity
(chalk and non-chalk portions), as well as having an urban area located at the
downstream end of a chalk portion . Reed (1987) distinguishes the chalk and non-
chalk parts of the catchment, and treats the problem as a confluence problem,
deriving the overall catchment response in two parts (but never adding hydrographs
that emanate from different design storms) .

Conventional rainfall-runoff methods struggle to extend to highly permeable
catchments, and permeable catchment flooding is one of the least understood
areas of flood hydrology. A valuable source of information is the historical
descriptive material collated by Potter and referred to in FSSR4 (IH, 1977b). There
are two main types of permeable catchment flood: exceptional floods with only a
limited groundwater component, and floods which include a majo r groundwater
component (Bradford and Faulkner, 1997) . In exceptional floods, a normally docile
catchment can suddenly change into a rapidly-responding one . The most obvious
agents are very high intensity rainfall and/ or rapid snowmelt above frozen ground.
Groundwater-dominated floods may be localised in fields, cellars, roads , valleys,
etc., with impacts typically persisting for many weeks, or may be more dramatic,
with the water table rising to such a level that changes in response occur, e .g. the
River Lavant floods at Chichester in January 1994 (Midgley and Taylor, 1995).

Catchwaters

When catchwaters or diversions are present, even apparently simple tasks, like
locating the catchment boundary and determining the area, can sometimes present
difficulties and can only be resolved by site visits. In subsequent flood calculations,
it may be necessary to adopt a subcatchment approach. Because the carrying
capacity of catchwater systems is usually fairly small in comparison to the design
flood coming from the natural catchment, in most cases it is reasonable to apply
the design rainfall hyetograph, calculated for the natural catchment, to the diverted
catchment as well. The hydrograph representing the contribution of the diverted
catchment to or from the catchment of interest should be truncated to represent
the limited carrying capacity of the catchwater or diversion.

9.2.2 Flood estimation methodology

Principles

The solution to confluence and other disparate subcatchment problems is rather
similar to that for multiple reservoir systems ($8.3.2) . In general, subcatchments
should be as large as possible to meet the requirements of the study; very small
areas may introduce needless complication and provide a spurious accuracy.
Subcatchment division is generally appropriate at major confluences and at sites
where local data exist. The procedure involves the estimation of the design flow
hydrographs from each subcatchment and their summation, utilising local data
wherever possible, taking care to preserve the translation lag of the individual
contributions, and observing the fundamental rule that fl oods f rom different
subcatchments should only be combined when they have been derived f rom the
same design storm (Farquharson et al., 1975). Combination of different storms on

134 FLOOD ESTIMATION HANDBOOK
VOLUME 4



Disparate subcatchments and land-use effects

different subcatchments yields an overall design storm of unknown rarity, and
cannot meet the objective of deriving a design flood hydrograph of a specified
return period.

To illustrate this point, consider two subcatchments A and B making up a
predominantly rural catchment AB. The recommended estimate of the 50-year
flood peak at the confluence is the sum of the flood hydrographs from the confluent
subcatchments; these being derived from application of the 81-year storm for the
whole catchment AB to each of the subcatchments A and B individually. Application
of the 81-year storm for subcatchment A to subcatchment A, and of the 81-year
storm for subcatchment B to subca tchme nt B, will give the recommended estimates
of the 50-year flood peaks for the subcatchments individually, but their combination
will, in general, overestimate the 50-year flood peak at the confluence . In practical
problems, there may also be floodplain storage and/ or backwater effects to consider.

Solution

Since the duration which will give the largest combined peak is initially unknown,
an ite rative procedure is invoked whereby a range of durations is considered.
Durations appropriate for the whole catchment and for the individual subcatchrnents
provide useful lower and upper bounds in the search for a critical duration . The
recommended procedure is:

i Calculate the design storm duration from Equation 3.1, using Tp and SAAR
values for the entire catchment;

ii Derive the design event inputs for the given storm duration;
iii Go to the first subcatchment and derive the flood hydrograph resulting

from the design storm and antecedent condition;
iv Go to the next subcatchment and derive the flood hydrograph resulting

from the design storm and antecedent condition;
v Repeat step (iv) until flood hydrographs have been computed for all

subcatchments;
vi Sum together the flood hydrographs from the individual subcatchments,

allowing for any translation lag or river flow routing where appropriate;
vii Repeat steps (i ) to (v) with a different duration, until the critical duration is

found, i.e . the one that gives the highest peak flow (or water level in
storage-sensitive problems).

Depending on the configuration of the catchment and the number of subcatchrnents,
six or more iterations may be required to determine the critical storm duration.
Software packages usually allow design hyetographs and calculated hydrographs
to be stored, for subsequent retrieval and strategic input into flood calculations for
sites downstream. The iterative procedure is shown in Example 9.1.

Variability in rainfall characteristics

In situations where there is significant variability in rainfall patterns, the stepwise
procedure outlined above can be modified to reflect the catchment's rainfall pattern.
The same T-year D-hour areal design storm is applied to each subcatchment, but
the subcatchment point storm depth P and antecedent condition CWT reflect the
subcatchment' s particular rainfall and wetness characteristics. In step ii ), the storm
duration, return period and profile, and the (total) catchment ARF, would be
common to each subcatchment, but the storm depth and antecedent condition
would be individually derived for each subcatchment. Application of the total
catchment ARF to each subcatchment ensures that the average storm depth from

FLOOD ESTIMATION HANDBOOK
VOLUME 4

135



Restatementandapplicationofthe FSR? roinfolkunoff method

Example 9.1
Confluences and other disparate subcatchment problems

Confluence: Rhymney at Gilfach Bargoed (IHDTM grid ref. 315050 200250) (Figure 3 of
AppendixC) with 30-year design flood

Total catchment relevant descriptors and other information:
General descriptors:  AREA = 58.31 km2, SAAR=  1507 mm
T/X0} descriptors:  DPSBAR = 101.40 mkm' , PROPWET = 0.54,  DPLBAR = 8.50 km,
URBEXT  = 0.026

East subcatchment relevant descriptors and other information:
General descriptors:  AREA= 40.47km?,SAAR  1524 mm,  SPRfrom HOST= 42.8%
Tp(0) descript ors: DPSBAR=76.29 m km·1, PROPWET = 0.54,  DPLBAR=9.86 km,
URBEXT = 0.033

West subcatchment relevant descriptors and other information:
General descriptors:  AREA= 17.79 km2, SAAR=  1469 mm,  SPRfrom HOST= 30.6%
Tp0)descriptors:  DPSBAR=161.36 mkm', PROPWET=0.53, DPLBAR=5.25 km,
URBEXT= 0.011

1. Calculation of design storm duration  D
Dis calculated from entire catchment  Tp  and  SAAR using Equation 3.1:

Tp(0.5} = 4.05 hours

D= Tp(1+ SAARI 1000} D=4.05 (1+ 1507 /1000}
= 10.15 hours, rounded to 10.5 hours

2. Derivation of design event inputs
Design storm depth  P= 85.5 mm, distributed within the design storm duration 10.5
hours using the 75% winter profile to derive the total rainfall hyetograph. Design
antecedent catchment wetness CW/=  124.5 mm.

P=85.5mm
CWI= 124.5 mm

3. East subcatchment design flood inflow
SPR= 42.8%,  DPR, = -0.1%,  DPR, , = 6.5%, giving  PR = 49.6%,  which  is appl ied to
each block of the catchment total rainfall hyetograph PR=  49.6%

The unit hydrograph and net rainfall hyetograph are convolved to give the rapid response
runoff hydrograph, to  which  BF is  added to give the total runoff hydrograph.

Tp(0.5} = 4.63 hours
BF  1.85 m?s'

Flood peak = 60.94 m3 s·1

4. West subcatchment  design flood  inflow
SPR =  30.6%,  DPR, =  -0.1%,  DPR,,a =  6.5%, giving PR= 37.2%,  which  is appl ied to
each block of the catchment total rainfall hyetograph PR= 37.2%
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Example 9.1 (continued)

The unit hydrograph and net rainfall hyetograph are convolved to give the rapid response
runoff hydrograph, to which BF is added to give the total runoff hydrograph.

Tp(0.5)  =3.00 hours
BF=0.78 m?s'

Flood peak=25.49  m"s'

5. Derivation of total catchment hydrograph
The total runoff hydrographs from the East and West subcatchments are added
together to find the peak flow. Outflow peak = 82.90 m?s'

6. Derivation of highest peak flow
Repeat with different design storm durations until the critical duration is found, i.e. the
one that gives the highest peak flow:

Total catchment East subcatchment West subcatchment Total
D p CW/ PR BF Q PR BF Q @
h mm mm % mi?s' m?s' % mi?s' m?s' m?s'

9.5 82.1 124.5 49.3 1.85 60.29 36.9 0.78 25.56 82.11
10.5 85.5 124.5 49.6 1.85 60.94 37.2 0.78 25.49 82.90
11.5 88.6 124.5 49.9 1.85 61.36 37.5 0.78 25.36 83.40
12.5 91.5 124.5 50.2 1.85 61.50 37.8 0.78 25.16 83.53
13.5 94.1 124.5 50.4 1.85 61.30 38.0 0.78 24.86 83.24
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all the subcatchments is the same as the (total) catchment average storm depth ,
but p reserves the variation in rainfall characteristics across the catchment.

This modification is only warranted when estimating T-year events on
catchments of diverse rainfall characteristics. Its use on excessively small catchments
introduces a spur ious level of detail into the flood calculation, which can be
supported only by extensive hydrometeorological data at the subcatchment level.
In PMF estimation , subdivision of the catchment should be limited to that required
to represent the featur es under study, e .g. a cascade ($8.3.2). Furthermore , the
modification also extends the method, and some software packages, beyond their
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natural limits, and the solution may necessitate a combination of several forms of
computation .

River modelling

Division of the catchment into subcatchments is also increasingly employed in
river modelling for flood defe nce . Hydrodynamic or flow routing models typically
require inflows from numerous subcatchments at different locations along a river,
and the subcatchments may have different responses and/ or rainfall characteristics.
For instance , a model of a long length of major river might start in upland headwaters
but finish in a downstream lowland, where the tributaries have quite different
rainfall characteristics. Furthermore , the critical design storm duration will lengthen
as the model is app lied p rogressively downstream.

The situation is complicated by the fact that such hydrau lic models are
ultimately concerned with river levels or floodplain boundaries, rather than flows.
Since a peak flow does not always translate into a peak level, there is the need to
try a number of storm durations. Final design will necessarily involve a large
number of model runs using flood hydrographs from a range of different storm
durations . Some hydrological modules incorporated within river modelling packages
are ded icated to this type of application .

Other aspects

It is usually necessary to adopt a common data interval A T in the calculations.
One approach is to choose a value that provides adequate definition of the unit
hydrograph for the subcatchment with the fastest response time (i.e . the data
interval is taken to be about one-fifth of its time-to-peak) . However, it is often
adequate to adopt a data interval appropriate to the entire catchment.

Subcatchment division can sometimes cause difficulties w hen determining
some digital catchment descriptors, particularly those required to estimate catchment
response time A ppendix C, Section 2). Furthermore, it may sometimes be necessary
to derive an inflow hydrograph for an area less than the 0.5 km 2 resolution of the
gridded da ta sets. In this instance, the best approach is usually to scale the
hydrograph derived for another subcatchment on the basis of size and/ or  SAAR.

9.3 Urbanisation

9.3.1 Introduction

In terms of flood potential, urbanisation is probably the most significant land-use
change that can be made to a catchment, and the effects of urban development on
catchment flood behaviour are reviewed in $9.3.2 (see 3 C9) . Mixed land-use
catchments are of particular concern as portions of the catchment have widely
differing response characteristics. Flood estimation on very heavily urbanised
catchments is more appropriately treated by sewer design methods, and these are
recommended for catchments where  URBEXT >  0.5.

Th e FSR rainfall-runoff method includes allowances for urbanisation in the
unit hydrograph time-to-peak (see §2.2.4) and percentage runoff models (see
$2.3.1) , and in the variant to the design event method for urbanised catchments
(Section 3.2) . The presence o f an urbanised area can, nevertheless, raise special
considerations, as described in $9.3.3. Furthermore , in some instanc es, it may be
required to store the increased runoff from an urban area temporarily in a balancing
pond , which brings other factors into play (discussed in $9.3.4).
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9.3.2 Effects of urbanisation

It is generally appreciated that urban development increases runoff because of
the greater impermeability of urban surfaces. This effect is included in the follow ing
list, assembled from Hollis (1975), Packman (1980) and Hall (1984), togeth er with
other consequences of urbanisation that are not so widely recognised:

•  Increased runoff  Urban surfaces are typically less permeable than rural
surfaces, so runoff volumes are greater Figure 9.1);

•  Faster runoff  Urban development includes drainage works (e .g. gutters,
pipes, sewers, channel improvements) to convey runoff away from the
source ; thus rainfall runs off more rapidly, and the response is faster to
peak and faster to recede F igure 9.1). The decreased response time means
that the catchment becomes sensitive to shorter duration storms;

•  Antecedent catchme nt w etnes s les s influential  Urban surfaces wet-up
more readily than rural surfaces, so pre-storm catchment conditions are
less influential;

•  Less rechar ge  Urban surfaces are less permeable than rural surfaces, so
natural re charge to groundwate r is re duced , and b aseflow s a re
correspondingly reduced. Whilst this is unlikely to be a major influence on
flood behaviour, the reduction in groundwater abstractions associated with
the decline in industrial activity within the boundaries of some major towns
and cities in the UK has resulted in rising groundwater tables, which have
contributed to increased baseflow. In some circumstances, baseflows may
also be increased by effluent returns, particularly where water is imported
to the catchment;

•  Interactio n w ith so il type  Urban effects tend to be greater for naturally
permeable catchments (which have a low percentage runoff and slow
response) than for impermeable catchments (which already have a typically-
urban high percentage runoff and fast response) F igure 9.2) ;

•  Interact ion with return pe riod  Floods of all return periods are, in general,
increased . How ever, urban effects tend to be more pronounced in the
response to small, short return period storms (which otherwise yielded low
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Figure 9. 1  Basic effect c f urbanisation
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percentage runoff and little overland flow), than in the response to severe,
high return period storms (which already have a typically urban high
percentage runoff and increased overland flow) Fi gure 9.3);

•  Seasonality  Ru ral catchments tend to respond to longer duration rainfall
events, more often associated with frontal rainfall; these are more prevalent
in winter (November to Apri l) . Urbanised catchments tend to respond to
short duration intense rainfall events, most commonly convective storms;
these are more frequent in summer (May to October). Thus, the seasonality
of flooding may move from winter to summer;

Urban Low rural PR:
slow response
high % change

Urban High rural PR:
fast response
low % change

Rural Rural

t ime tirr

(a) Permeable ca tchment

Figure 9.2  Effects of urbanisation: interaction with soil type
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Figure 9.3  Effects of urbanisa tion: interaction with retum period
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Figure 9.4  Effects of urbanisation: location of urban area
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•  Possible separ ation effect Where urban development is highly localised
within the catchment, a separation effect can arise , particularly on naturally
permeab le ca tchments; the flood hyd rograph then comprises tw o
components: a short-te rm intense response from the urban area and a
longer-term more attenuated response from the rural area (see Figure 9.4
opposite) . On catchments where a two-part response typically occurs, it
may be flood occurrence rates rather than flood magnitudes that increase
through urbanisation ;

•  Loss of floodplain storage Where urban development encroaches on to
the floodplain , possibly associated with levee construction, the available
overbank storage is reduced, leading to increased flooding downstream.

Urban surfaces differ greatly in their permeability and porosity, so the effect of a
given extent of urbanisation w ill not always be the same. Indeed, remedial works
in heavily developed catchments, where drainage patterns and soil conditions
have been altered considerably, can result in a reduction in peak flows. An approxi-
mate ranking of urban surfaces in terms of typical impermeability is: roofs (almost
impermeable) , highways, car parks, paved areas, waste ground, restored areas
(though this is site-specific) , and open spaces and gardens (which respond
substantially as natural catchment) .

9.3.3 Aspects of flood estimation on urbanised catchments

Location of urban area

The distribution of urbanisation within a catchment can be influential. The effect
of a given amount of urbanisation is likely to be rather less if development is
dispersed ab out the catchment, than if it is concentrated in a few key settlements.
Location of such settlements with respect to the outfall can have various effects,
downplaying or emphasising the separation referred to in $9.3.2 at the top of this
page) . Urbanisation in upstream areas may result in a rapid urban response which
coincides with and reinforces the slower rural response from downstream, so that
the effect on flood frequency may be intensified . In contrast, urb anisation in
downstream areas may cause the urban response to pass before the slow rural
response from upstream arrives, so that the effect on flood frequency may be less
extreme. However, observed storms can consist of two or more bursts and , in
some instances, the urban response from the downstream areas may reinforce the
upstream rural response to an earlier burst.

Critical storm duration

Identifying the storm duration that yields the highest water level i.e . the critical
duration  D. a,  is not straightforward when portions of the catchmen t have wid ely
differing response characteristics. If the urbanisation is uniformly spread about
the catchment, a standard procedure for flood estimation can normally be used.
However, if there is a prominent separation effect, a semi-distributed application
of the FSR rainfall-runoff method may be required . The flood estimation exercise
becomes a disparate subcatch ment problem, where it is necessary to consider a
range of storm durations using the iterative procedure laid out in $9.2.2.

9.3.4 Balancing ponds

It is a typical requirement that the increased runoff from urban areas is temporarily
stored in balancing ponds, also known as flood storage reservoirs. The rationale is
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to restrict flood peaks to their pre-urban (or some other target) level. Ponds are
either on-line (i.e. on the river at, or upstream of, the subject site , with outlet-
controlled storage and water level) or off-line (i.e . located off the river, with inlet-
controlled storage and water level). Both types are reviewed in the CIRIA guide to
the design of flood storage reservoirs (Hall et al., 1993).

Routing flood hydrographs through on-line ponds follows the same principles
as routing through reservoirs (Chapter 8), but may entail additional iterations.
Balancing pond design is typically iterative on two or more levels, and may
involve:

• Adjusting pond and outlet device dimensions such that maximum storage
depth and discharge meet the specified target for a given pond inflow
hydrograph;

• Checking pond design with different inflow hydrographs arising from storms
of various durations (but the same return period) to identify the critical
duration ;

• Checking pond performance with inflow hydrographs due to storms of
different return periods;

• Considering pond performance as a sediment and pollution trap; water
pollution levels can rise app reciably following urban development, with
increased amounts of sediment, nutrients, bacteria, oil and grease , toxic
trace metals, vegetation and litter.

The first two iterations - to identify pond and outlet device dimensions and to
identify the critical duration - may be separate or combined. It should be noted
that the CIRIA gu ide to the design of flood storage reservoirs specifies iteration for
the critical storm duration that gives the maximum reservoir storage, rather than
the peak water level. Since maximum storage corresponds to peak water level,
and since the FSR equation for design storm duration was intended to give the
duration that caused the greatest flood magnitude, the procedures are broadly
equivalent and give similar results. Various software packages are available to
carry out these functions, though the iterative scheme used to find the required
critical duration (see $9.2.2) is not as simple as the one used to calculate duration
based on reservoir lag (see $8.3.1), and may take many more iterations to converge.
Extending these recommendations to the design of off-line ponds requires particular
care to take account of site-specific features (Hall et al., 1993).

There are many factors to take into account when considering the option to
build a balancing pond. It is important to establish whether the pond is intended
to relieve a local problem or to alleviate more general flooding problems within
the catchment. It is then necessary to identify the critical sites, where flooding will
occur if balancing is not provided, and to ascertain whether the proposed storage
will encourage the separation or reinforcement of the natural and urban compon-
ents of the catchment response to the downstream site . The locations within the
catchment of urbanisation and balancing ponds relative to the site of interest
(which the pond is intended to protect) may be particularly important.

By their nature, balancing ponds are intended to hold back and attenuate
floods rather more specifically than impounding reservoirs do. Hence it is necessary
to size the control structures correctly to achieve the desired mitigation of flooding
up to the design event, and to evaluate the effect (both at the pond and at the
critical site) of an exceedance of the design event. Heavily throttled outlet devices
are common, so it is to be expected that the design of balancing ponds will be
rather sensitive to design storm duration. Finally, it is essential that the pond and
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any important channels are adequately maintained. The pond should not be sited
on the floodplain as this presupposes that the urban and rural components of
flood response are very unlikely to coincide. This assumption has some credibility
where the development is concentrated close to the catchment outfall but (as
discussed in $9.3.3) in the case of a severe storm with two or more bursts, the
urban resp onse to one burst may reinforce the rural response to an earlier burst.

9.4 Opencast mining

Opencast mining is more economical in its use of resources than deep mining,
and has dominated coal production in the UK since the 1980s. Whenmining has
ceased, the mine sites are reclaimed and managed. In most instances, the sites are
covered by a low-density laye r of topsoil. The soil might be the same as that in
the surrounding area, preserved from the pre-mining environment, or more likely
it is a fertiliser-rich imported mixture. Depths of applied topsoil range up to about
0.4 m. Nevertheless, the effects of opencast mining on flood flows are generally
long-term and adverse .

Research on restored opencast sites has identified the principal hydrological
problems of surface-mined land to be similar to those associated with urbanisation,
namely faster response times, increased runoff volumes, decreased baseflows,
and greater flow variability (Bragg et al., 1984). In a number of cases in South
Wales, there has been flooding and problems such as accelerated soil erosion and
gullying (Haigh, 1992). Alth ough most experiments have been at plot scale (e .g.
1 ha), the physical explanations proposed for these effects appear to be no less
valid at small catchment scale (e .g . 1 km2) . The traditional reasons put forward are
summarised in Reed (1987) and below:

• The passage of earthscrapers and other machinery over the area presents a
very significant compaction. This leads to a reduction in soil pore space
and , hence , in the capacity to store infiltrated water. Thus, a greater
proportion of rainfall becomes rapid response runoff, travelling over or just
beneath the land surface;

• The removal and replacement of topsoils disrupt their structure. Pronounced
pores and cracks in the soil, whether induced by plants, animals or climate ,
are likely to be severed or destroyed, further reducing the capacity to
receive infiltrated storm rainfall;

• The practice of replacing overburden soils in layers leads to pronounced
lamination . This encourages lateral transmission of water, as opposed to
vertical penetration;

• The restored landform is likely to be rather more uniform than before .
Thus, fewer local depressions result in a reduction in the attenuating effect
of surface ponding on flood runoff.

However, recent research on the hillslope hydrology of a reclaimed opencast site
in South Wales has revealed the presence of soil pipes and fissures on the reclaimed
land (Kilm artin, 1995). These results suggest that the hydrological system may be
much more complicated than previously envisaged.

Specific treatments can be applied to counteract the agricultural degradation
that the above effects would otherwise bring about (Carolan, 1985). Surface
treatments such as tillage and stone removal can lessen the compaction and
lamination effects, and sensitive contouring of land and drainage channels may
also assist.
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9.5 Agricultural drainage

Agricultural drainage is an important component of agricultural improvement
schemes, and has been widely used in the east and south of the UK (Chamley,
1987). However, the impact of agricultural drainage on the influence of flooding
downstream has been a source of controversy (Robins on, 1987; 1989). Drainage
has been claimed to speed up the movement of water to stream channels and
increase peak flows downstream, giving a more flashy pattern of behaviour with
shorter response times and higher peak flows. It has also been reputed to lower
soil-water tables in drained land , providing a buffer to absorb event rainfall, thus
reducing peak flows and baseflows.

IH Report 113 (Robin son, 1990) assemb les a nationwide set of data from
published and unpublished field drainage experiments where flows were measured
from both drained and undrained land. Flood event analyses on pre- and post-
drainage flood events reveal that, in contrast to previously expressed opinions
(e .g. Bailey and Bree, 1981), thedrainage of heavy clay soils (prone to prolonged
surface saturation in their undrained state) generally results in a reduction in flood
peaks for large and medium events. This is because the natural response
characteristics of these soils are flashy, with limited soil moisture storage availab le;
when drained , surface saturation is largely eliminated, leading to a smaller peak
flow for a given volume of runoff. On more permeable soils, less prone to su rface
saturation, the more usual effect of drainage is to intensify subsurface discharges,
leading to higher peak flows. This is because drainage speeds up the routing of
water to the catchment outlet, thereby increasing the peak flow for a given volume
of runoff. This finding is at variance with earlier views which assumed that, due to
their higher porosity, the storage buffer created by drainage of these soils would
always act to attenuate maximum flows.

The difference in the effect of agricultural drainage between sites may
explain the long-standing controversy regarding its implications: drainage may
increase peak flows at some sites and reduce it at others. Since the purpose of
agricultural drainage is to impose a required level of water table control, it is
unsurprising that drainage results in a more uniform response between sites. The
results emphasise the importance of the pre-drained response, and indicate that
the likely effect of artificial drainage (to aggravate or alleviate flood risk) at the
field scale may be assessed from measurab le site characteristics . These include
the soil water regime (if known) and the physical properties of the soil profile.
Rainfall regime may also be significant, since drainage reduces the maximum
discharge from higher rainfall areas. In contrast, baseflows tend to be higher from
drained than undrained land, principally as a result of the greater depth of the
extensive drainage network collecting water that would not have reached the
former unimproved channels.

9.6 Afforestation and deforestation

The reputed hydrological effects of afforestation and deforestation are well known,
and continue to provoke controversy. Deforestation has been associated with
increased flows and considerable erosion, whilst afforestation has been linked
with increased variability of flow , such as more rapid and higher spates in response
to storm rainfall, and lower flows in dry weather.

There have been many national and international studies of the impacts of
afforestation and deforestation on the range and pattern of flow behaviour, the
majority of which have been carried out in the USA (Bosch and Hewlett, 1982;
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McCulloch and Robin son, 1993) . In the UK, studies have centred on three main
upland sites: the 1H research catchments at Plynlimon in mid-Wales and Balquhidder
in the central Scottish Highlands, and the Coalburn research catchment in northern
England, described in /H Rep ort 109 (Kirby et al., 1991),  IH Rep ort 116 (Johnson,
1995) and Robinson et al.  (1998) respectiv ely. Hudson and Blackie (1993), Hudson
and Gilman (1993) , Robins on (1986; 1989; 1993; 1998) and Robins on et al. (1991)
provide further reading about these and other studies.

9.6.1 Deforestation

Deforestation can cause both the volume and timing of runoff to be modified
substantially. One of the earliest catchment experiments studying the hydrological
effects of deforestation was at Wagon Wheel Gap in Colorado, USA, where clear-
felling of one catchment resulted in an increased streamflow of 30 mm year ' ,
equivalent to approximately 6% of average annual rainfall (Bates and Henry,
1928) . Hibbert (1967) provided an early review of such catch ment experiments
which indicated that most first-year streamflow increases were 300 mm or less
and that, generally, the effect declined with time as revegetation occurred . More
recently, Bosch and Hew lett (1982) summarised the results of 94 catchment
experiments and demonstrated a consistent pattern of increased annual flow after
deforestation, but a large variation between catchments. It is likely that a major
source of the difference in response is due to different climatic conditions, especially
annual precipitation regime.

In the short-term, the problems associated with deforestation are similar to
those identified with urbanisation e.g. faster response times, increased runoff
volumes, decreased baseflows and greater flow variability. The principal cause of
these is soil disturbance , particularly compaction by logging machinery, w hich
reduces the soil's capacity to store infiltrated water. Considerable erosion and soil
loss are common, but are usually a consequence of the logging method used,
rather than a direct effect of the deforestation. In the UK, it is unusual for a whole
catchment to be clear-felled at one time. More likely, a patchwork-forest approach
will be adopted, with different areas planted, and subsequently felled , at different
times. This approach helps to reduce some of the hydrological p roblems that
have been recognised as effects of deforestation . In the longer-te rm, the
consequences of deforestation depend on what replaces the forest: new forest
($9.6. 2) , agricultu re (Section 9.5) or development (Section 9.3).

9.6.2 Afforestation

In the upland areas where forestry is increasingly concentrated , land is usually
poorly drained and peaty, so that the soils often require artificial drainage . Pre-
afforestation land drainage generally involves the removal of surface water, the
drying of the soil and the suppression of vegetation on the overturned turf ridges
and in the excavated ditches. The drainage causes an immediate increase in both
high and low flows: floods flows tend to be peakier, with shorter response times
and higher peaks, whilst baseflows generally increase.

Flood event analysis on Coalburn data reveals that, in the first couple of
years following drainage, lag times are about one-fifth to one-third shorter, and
hydrograph peaks are 20% to 40% higher, than their pre-drainage values. An
increase in baseflow as a proportion of total flow causes an increase in BFI values
over the same period . These observations are explained by the observation that,
in the early stages of afforestation, it is the ditches, rather than the young sap lings,
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that exert the dominant hydrological influence.
In the 10-year period following drainage and planting, there is a tendency

for the response times, peak flows and baseflows to begin to regress towards their
pre-drainage values. Coalburn data show that response times become similar to
their pre-drainage values, whilst peak flows remain about 10% higher. However,
baseflow as a proportion of total flow, and hence BFI, is still much larger than its
pre-drainage value . The progressive reduction in the effect of the ditches on flows
can be attributed to their decay and partial infilling by vegetation, which reduces
their hydraulic efficiency, together with the increasing consumptive water use of
the growing tree crop.

The overall effect of mature forests on flows is still the subject of debate.
The steady growth of trees on drained land appears to result in a steady reduction
in peak flows, caused largely by a reduction in runoff volumes by up to 50%.
However, there remains some uncertainty about the longer-term effects of forestry
on baseflows. At Coalburn, baseflow as a proportion of total flow , and hence BFI,
continues to reduce very slowly but, at other sites, tree growth has eventually
reduced the total volume of recharge for a given volume of rain . The long-term
extent of enhanced baseflows may, in part, be due to the depth of the original
drains. The likelihood is that baseflows will eventually be reduced as the forest
matures further.

In summary, the results indicate that the hydrological effects of tree growth
and the associated pre-p lanting land drainage are often distinct, and may act in
opposite directions. With the growth of the trees and deterioration of the ditch
system, the balance between them will change over time.
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Appendix A
A. 1 Introduction

Flood event analysis

The FSR rainfall-runoff method is one of the principal methods used for estimating
the magnitude of a flood of a given return period at any site in the UK, whether
gauged or ungauged . This is achieved through a three-stage process: firstly, the
estimation of losses to deduct from an appropriate total rainfall hyetograph,
secondly, the estimation of a unit hydrograph with which to convert the net
rainfall profile into a rapid response runoff hydrograph, and finally by the estimation
of baseflow to add to the rapid response runoff hydrograph to give the total
runoff hydrograph .

The method is based on results from the analysis of observed flood events.
The analysis procedure entails separating the total flow hydrograph into rapid
response runoff and baseflow, separating the total rainfall hyetograph into the net
rainfall hyetograp h and losses, and deriving the unit hydrograph from the net
rainfall hyetograph and rapid response runoff hydrograph. The baseflow , losses
and unit hydrograph components are related to physical and climatic descriptors
of the catchments to develop estimation equations for use in the ungauged case.
This appendix summarises the flood event analysis procedure .

Guidelines for selecting flood events for analysis, and the various data
requirements and data sources, are given in Sections A.2 and A.3, respectively.
Section A.4 is concerned with the preparatory data processing, including guidance
on deriving the catchment average event rainfall and estimating the pre-event
catchment wetness. Sections A.5 and A.6 describe the flood event analysis and
parameter derivation procedures, respectively. Results from previous flood event
analyses are listed in Section A.7. Where appropriate the techniques are illustrated
with worked examples.

A.2 Event selection

Events can be selected from daily rainfall records , and from water level or flow
records, by simp ly identifying days on which the rainfall, water level or flow were
particularly high . Level charts are particularly useful at this stage because it is
easier to identify and assimilate events from plots rather than from strings of
numbers. Large rainfall events might not have caused noteworthy flows because
of dry antecedent conditions; similarly, an unremarkable storm event on a saturated
catchment might well have caused a significant flow. Suitable events can be single-
or multi-peaked. A period of recession before and after the event aids analysis, in
that isolated events tend to be easier to interpret. Some large events may be too
complex to analyse , because responses to individual bursts of rainfall may be
intrinsically different, yet inseparable e.g. from a mixed rural-urban catchment
where the two types of response are distinct, but are combined in a composite
hydrograph.

Flood event analysis can be attempted on catchments which produce a
recognisable quick response to heavy rain. However, some types of catchment
can create difficulties. For instance, clean-looking, isolated hydrographs may have
arisen from small quantities of runoff originating from only part of the catchment.
Catchments underlain by highly permeable rock can be problematic in this respect,
with the observed response typically reflecting only the impermeable portion of
the catchment. However, during an exceptional event when the groundwater
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levels are high , the catchment response to heavy rainfall may be of a different
character. Other types of catchment which may pose particular problems are
urbanised or steep ones w ith very short response times, where uncertainty in
time-recording for rainfall and flow data can be debilitating, and catchments with
substantial floodplain storage which becomes effective during large floods, so that
the hydrographs tend to be longer and more attenuated than those from minor
events.

At least five events should be analysed successfully for confidence in the
results; the larger the number of events analysed, the greater the reliability of the
derived unit hydrograph and losses model parameters (NERC, 1975; Mawdsley
and Tagg, 1981). Sinc e the d rop-out rate for events once processing and analysis
begin is typically around 50%, it is sensible to start with at least 10-12 of the larger
events.

A.3 Data requirements and sources

The analysis of flood events requires data not commonly archived in a su itable
way. The requirement is for different data types to be collated in a systematic and
complete form, and for the data to be at a sufficiently fine time resolution to
reveal the detailed structure of the event.

Figure A. l shows the definition of an observed flood event on the River
Bourne at Hadlow (40006). The data items required for analysis of the event are
indicated. Flow data for the event are required, with reasonable periods of recession
both before and after the peak. The storm event starts at 01:00 on 15 Septemb er
1968 and finishes at 16:00 on 15 Septembe r 1968. A hydrological day typically
runs from 09.00:.00 on one day to 08:59:59 on the following day. Therefore , the
example storm event spans two hydrological days, starting on 14 Septemb er and
finishing on 15 Septe mber. Recording raingauge and daily raingauge data are
required for both 14 and 15 September, in order to specify the event rainfall and
to identify any rain that falls between 09:00 on 14 Septembe r and the start of the
event.

The state of the catchment p rior to the storm is referred to as the antecedent
catchment wetness, and is indexed by the catchment wetness index CWI. Section
A.4.2 describes how CWI is defined in terms of pre-event soil moisture deficit
SMD and a 5-day antecedent precipitation index API 5:

CWI = 125 + API 5  --  SMD A. 1)

A CI value is required for the time when the storm event starts i.e. 01 :00 on 15
September. CWI is first calculated at 09:00 on the first day of the event i.e. 14
September. This CWTis then adjusted for the amount by which the catchment
wets-up or dries-out between 09:00 and the start of the storm event, to give CWI
at the start of the event. Daily raingauge data are required for the five days prior
to the event, i.e. 9 to 13 Septemb er inclusive, to specify API 5. SMD data on the
first day of the event, 14 Septe mber, are also needed.

Assembling the data from several data suppliers/ holders, abstracting the
particular periods of interest, assessing data quality and collating the data types is
a time-consuming process. When collecting information, it is important to remember
that most hydrometeorological variables are measured at 09.00, and to check that
the total assigned to a particu lar day refers to the correct 24-hour period . Care is
also needed to convert times from BST to GMT where appropriate .
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AppendixA:Flood event analysis

A.3.1 Flow data

Flow data at regular intervals are required through the event. The analysis data
interval aT is usually selected according to the nature of the catchment response;
it should have been chosen to give not less than five ordinates on the rising limb
of a typical hydrograph. A suitable interval for a small, quickly-responding, part-
urban catchment could be as short as 5 minutes, whilst data from a larger, rural
catchment might be analysed using 0.5, 1 or even 3-hour intervals.

The National Water Archive register of yearbooks shows the locations of
gauging stations within the UK (e .g. IH/ BGS, 1998); the latest information about
the range of da ta and dissemination services is available through the National
Water Archive web site at http:/ /www.nwl.ac.uk/ - nrfadata / nwa/ web/ nwa.htm.
Flow data are most usually obtained from the measuring authority in the form of
stage data that must be converted to flows using a rating equation. In many cases,
this requires stage charts to be digitised, but sometimes they can be obtained from
stage levels on a computer archive (the data often being held in monthly blocks).

There may be doubts about the validity of the flow record, particularly for
flood events. For example , the rating may be highly dubious above a certain
water level, or the flow record may be artificially-influenced . It is important to
confirm the accuracy of the rating curve and flow data through discussion with
the measuring authority.

A.3.2 Rainfall data

Rainfall data are required from at least one recording raingauge for the days
covering the event. Rainfall data are also required from one or more daily raingauges
for the days covering the event, and for the five days preceding the event. While
convenient and preferable , it is not essential that the recording raingauge data are
available at the same time resolution as the flow data. The numbers of gauges
from which data are required depends on the size of the catchment and the
spatial distribution of raingauges. For a small catchment, one recording raingauge
and one daily raingauge , both located in the catchment would be sufficient.
However, since it is unlikely that there will be any gauges on a small catchment,
gauges near the catchment would also be acceptable, e.g. two recording raingauges
bracketing the catchment. Gauges on the other side of the watershed should be
avoided where possible. For a larger catchment, more gauges are required in
order to describe within-catchment rainfall variation.

Daily data can be obtained from the Met. Office archive of approved
raingauges. Recording raingauge data are obtained from the relevant measuring
authority as charts (to be digitised) , tabulations showing hourly totals (often using
software p rovided by the raingauge logger manufacturer) or as listings of bucket-
tip times (to be converted to AT duration tota ls). An additional valuable source of
semi-quantitative information is radar-derived rainfall data which can be used to
improve the spatial and temporal definition of events. However, where such data
are availab le , their images must be carefully interpreted and checked for errors
(Collier, 1986a; 1986b).

A.3.3 SMD data

Relevant da ta concerning a flood event are not confined to rainfall and runoff. It
is important to know something about the state of the catchment before the event.
One of the pieces of information required to assess the catchment state is the p re-
event soil moisture deficit SMD, estimated at 09:00 on the first day of the event.

FOO ESTIMATION HAND8OO
VOLUME 4

159



Restatement and application of the FSR rainfall-runoff method

SMD data are available in several forms for different periods. They can be
obtained from the Met. Office as daily estimated SMDs at synoptic weather stations
using a modified Penman model (Grindley, 1967; 1969). They can also be obta ined
as end-of-week or end-of-month areal averages over grass for 40 km x 40 km
grid-squares from the Met. Office Rainfall and Evaporation Calculation System,
MORECS (Thompson et al.,  1981; Hough  et al.,  1997; Hough and Jones, 1997),
which are usually adequate, unless the event is very localised (see 5 5.6).

A.4 Data processing

Some appraisal and p rocessing of the collected flood event data typically precedes
any analysis. In addition to assessing data quality, it will usually be necessary to
carry out preliminary processing to derive a catchment average event rainfall and
a pre-event CWI Furthermore, it is vital to make a visual inspection of the various
data types plotted together, as this may identify problems which may cause the
event to be rejected.

A.4.1 Evaluation of catchment average event and antecedent rainfall

Specification of the event rainfall and antecedent rainfall, and identification of any
rain that falls betw een 09:00 on the first day of the event and the start of the event,
are ideally accomplished by deriving the catchment average rainfall for the event.
Distinguishing between event and antecedent rainfall is best achieved by plotting
the rainfall and flow together, whereby it is usually possible to infer the bursts of
rainfall which were directly responsible for the event. However, a certain amount
of judgement may have to be applied e.g . in deciding wh ether to divide a multi-
burst storm into antecedent rainfall (contributing to the initial catchment wetness)
and event rainfall (contributing directly to the flood).

Traditional procedu res for deriving catchment average rainfall, such as that
used in the FSR/ FSSR16 (IH, 1985), require at least one recording raingauge,
ideally located toward the centre of the catchment, and several da ily raingauges
evenly distributed on, or close to, the catchment. Radar-derived rainfall data can
provide a valuable additional source of information, when used in conjunction
with measurements from at least one conventional raingauge. There are many
acceptable methods for deriving areal rainfall, ranging in sophistication. These are
covered in standard texts, such as Shaw 's  Hy drology in Practice  and Wilson's
Engineering Hydrology.  Therefore, the following description of the of the technique
used for the FSR is given as an example of reasonable practice , rather than as a
recommendation.

Event rainfall

The FSR/FSSR16 method for deriving a catchment average event rainfall is one of
the simplest available . The technique requires both recording raingauge and daily
raingauge data for the days of the event. The daily rainfall totals are averaged to
give catchment average daily totals. This is distributed between the hours of the
event, using an average profile calculated from the recording raingauge data, to
give the catchment average event rainfall. Before averaging, recording and daily
gauges can be weighted and daily gauge totals can be standardised.

There are many weighting methods available , reviewed in IH Report 8 7
J ones, 1983). One of the most widely-used techniques is Thiessen polygons
(Thiessen, 1911, but this tends to be ill-suited to computer application . The FSR/
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FSSR16 method uses the triangular method of spatial averaging (Jones, 1983),
whereby each gauge is weighted by location, according to the reciprocal of its
distance from the centre of the catchment i.e . the weighting factor is the ratio of
the reciprocal of distance-to-centre for the gauge to the total of the reciprocals for
all gauges.

In the FSR/FSSR16 method, daily raingauge totals are standardised by dividing
the total event rainfall at each gauge by the standard average annual rainfall SAAR
at that gauge . In general, during frontal storms, rainfall depths tend to exhibit a
spatial distribution somewhat similar to that of SAAR, i.e. event depths are higher
where SAAR is higher; in this situation, averaging the standardised rainfalls gives
an improved catchment average . During convective storms, the rainfall depths
tend to be more randomly distributed and bear little relation to the distribution of
SAAR; therefore , estimates of the catchment average event rainfall may be better
estimated by using (averaging) the original gauge totals. However, convective
rainfalls tend only to cause significant flood events on small catchments so, on
balance, using the standardised rainfalls is often to be preferred.

Each standardised daily raingauge total is multiplied by its weighting factor
to yield a catchment average standardised event rainfall. This value is then rescaled
by multiplying it by the catchment SAAR, to obtain the catchment average event
total.

Where there is only one recording raingauge , its record is simply scaled to
the required catchment average event total. Where there are two or more recording
raingauges, it is necessary to check that there are no major differences in pattern.
For the recording raingauges, weights can be derived by the same method as
above.

For each recording raingauge , each interval's rainfall is expressed as a
proportion of the total event rainfall at that gauge. For each hour in tum , the
proportion at each gauge is then multiplied by the gauge weight, and these weighted
proportions are summed ac ross all the gauges to yield a catchment average event
profile.

The time distribution of the rainfall event is obtained from distributing the
catchment average event total over the catchment average event profile. Rain
falling between 09:00 and the start of the storm is included even though it may
have produced no response in streamflow, as it is involved in the calculation of
C W7 at the start of the event rainfall (see $A.4.2). The procedure is illustrated in
Example A. l a.

Antecedent rainfall

Derivation of the antecedent rainfall requires only daily raingauge data for the
five rainfall days prior to the event. The daily rainfall totals are averaged to give a
catchment average daily totals. The method is as above for the daily gauges.
Before averaging, the gauges can be weighted (e .g. by location) and the daily
totals can be standardised by dividing the daily rainfall at each gauge by the
standard average annual rainfall SAAR at that gauge. Each standardised daily rainfall
is multiplied by its weighting factor to yield a catchment average standardised
daily rainfall. These values are then rescaled by multiplying them by the catchment
SAAR, to obtain the catchment average antecedent rainfall totals (see Example
A.l b) .
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Example A.1a
Evaluation of catchment average event rainfall

Catchment: Bourne at Hadlow (40006) (Figure 2 of Appendix C)

Relevant catchment descriptors:
AREA=50.21km,SAAR 719 mm

The map shows the catchment
boundary and centroid (+ ) and the
location of daily raingauges (A-H)and
one recording rain gauge (+)with data
over the period 09/09/68 to 15/09/68.

1600
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· " + .56005550

E
Station 40006

5650 5700

Event rainfall

Gauge SAAR Weight 14/09/68 15/09/68 14/09/68 weighted mean
mm mm %SAAR mm %SAAR daily rainfall=10.31% catch

A 754 0.1158 50.3 6.7 68.9 9.1 SAAR=74.1 mm
B 832 0.2222 67.8 8.1 83.9 10.1
C 715 0.0626 91.4 12.8 55.8 7.8

15/09/68 weighted meanD 720 0.3214 76.1 10.6 45.3 6.3
E 675 0.2024 97.3 14.4 29.1 4.3 daily rainf all = 7.25% catch
F 672 0.0148 98.4 14.6 43.7 6.5 SAAR = 52.1 mm
G 720 0.0491 45.5 6.3 53.4 7.4
H 687 0.0116 71.7 10.4 41.8 6.1

Total=126.3 mm

Hourly raingauge total = 131.7 mm between 01:00 15/09/68 and 16.00 15/09/68

Interval 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
Gauge (mm)0.7 4.9 5.0 3.3 5.9 11.3 20.6 21.5 29.9 7.6 1.5 0.1 2.4 2.3 11.9 2.7
Event (mm) 0.7 4.7 4.8 32 5.7 10.8 19.8 20.6 28.7 7.3 14 0.1 23 22 11.4 2.6

Scaling factor=126.3/ 131.7
30 =0.96

25

Event rainfall15/09/68 1 5/09/68
01:.00 16.00

2 e I I I
Duration  D=16.0 hourst ' I '

15 Depth  P=126.3 mm
Ee
i o lw

I
I

- I

0
, !

1 2 3 4 5 6  7  8 9 10 11 12 13 14 15 16
Time interva l
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Example A.1 b:
Evaluation of catchment average antecedent rainfall

Catchment: Bourne at Hadlow (40006) (Figure 2 of Appendix C)

Antecedent rainfall

Gauge SAAR Weight 09/09/68 10/09/68 11/09/68 12/09/68 13/09/68
mm

A 754 0.1158 0.0 3.0 0.0 0.0 0.3
B 832 0.2222 0.0 3.5 0.0 0.0 4.6
C 715 0.0626 0.0 4.2 0.0 0.0 0.9
D 720 0.3214 0.0 2.3 0.0 0.0 3.2
E 675 0.2024 0.0 2.3 0.0 0.0 4.1
F 672 0.0148 0.0 2.5 0.0 0.0 0.0
G 720 0.0491 0.0 5.8 0.0 0.0 3.0
H 687 0.0116 0.0 2.0 0.0 0.0 5.4

e.g. 10/09/68 weighted
mean daily rainfall =
0.39% catch SAAR

= 2.8mm

Antecedent rainfall

09/09/68=0.0 mm
10/09/68=2.8mm
11/09/68=0.0mm
12/09/68=0.0mm
13/09/68=3.0mm

A.4.2 Evaluation of pre-event CWI

The state of the catchment prior to the storm is referred to as the antecedent
catchment w etness, and is indexed by the catchment wetness index CWI.
Specification of the pre-event CWIis a two-stage process. CWI is initially calculated
at 09:00 on the first day of the event. This CWI value is then adjusted for the
amount by which the catchment dries out or wets up between 09:.00 and the start
of the storm event. The procedure is illustrated in Example A. l e.

CW/ at 09:00 on the first day of the event

CWI is initially calculated at 09.00 on the first day of the event using 09.00  SMD
and API 5 values in Equation A. 1:

CWI= 125 + API 5  -  SMD (A. 1)

SMD is the pre-event soil moisture deficit SMD. The SMD term indicates the amount
of water required to restore the soil to field capacity. In winter months and in very
wet conditions, SMD will usually be zero, which represents field capacity. The
extent to which a catchment will produce rapid response runoff during this period
will vary as a result of antecedent rainfall described below, which might have
raised the soil moisture above field capacity.

API 5 is the 5-day antecedent precipitation index. The API 5 term allows
for variations in catchment wetness above field capacity in winter months when
SMD is zero . API 5 envelops the catchment average daily rainfall (see $A.4.1) on
the five days prior to the first day of the event, and is calculated by the equation:

(A.2)
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Example A.1c
Evaluation of pre-event CW/

Catchment: Bourne at Hadlow (40006) (Figure 2 of AppendixC)

Relevant information:
Antecedent rainfall: 09/09/68 = 0.0 mm, 10/09/68 = 2.8 mm, 11/09/68 = 0.0 mm,
12/09/68 = 0.0 mm, 13/09/68 = 3.0 mm ( A.4.1), SMD at 09:00 on 14/09/68=41.0mm,
Rainfall between 09:00 on 14/09/68 and start of the event (01.00 on 15/09/68) = 0.0 mm

CWI at 09:00 on the first day of the event
API5 at09:00 on the first day of the event is calculated using Equation A.2:

API5 (0.5P, , +(0.5)P, +(0.5)P, + ( 0.5 ' P, + O.5"P,J

AP/5= (0.5) (3.0 + (0.5} 0.0+ (0.5) 0.0 + (0.5)'2.8 + (0.5) 0.0)
= 2.4 mm

SMD at 09:.00 on the first day of the event is known: SMD = 41.0 mm

CW/ at 09:00 on the first day of the event is calculated using Equation A:1:

CWI=125 +API5  -  SMD
CWI=125 +2.4- 41.0

= 86.4 mm
CWIat the start of the event
As there is no rainfall between 09:00 and the start of the event, AP/5 at the start of the
event is calculated using Equation A.4:

API5,= API5, ( 0.5)677"

SMD at the start of the event is the same asat09.00:

CW/at the start of the event is calculated using Equation A.1:

CWI=125 + API5 - SMD

API5,,, = 2.4(0.5)1
= 1.5 mm

SMD, = 41.0mm

CWI,= 125 + 1.5- 41.0
= 85.5mm

where P,_, refers to the rainfall total one day ago y esterday), P,, refers to the
rainfall total two days ago (the day before yesterday) , etc. The decay factor of 0.5
applied to each rainfall total means that the rainfall from one day ago has most
influence on the index, and the rainfall from five days ago least influence . The
constant of (0.5) outside the brackets ensures that the value of AP/ 5 at the end of
the day is consistent with the assumption that rainfall on the day before the event
was centred half-way through the day.
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The introduction of the constant 125 is intended to ensure that CW/ remains
positive (because SMD rarely exceeds 125 mm). There are several weaknesses to
this index. Firstly, the choice of a 5-day API is arbitrary and ill-suited to representing
antecedent catchment wetness effects on very permeable catchments, where
wetness over many weeks may be more relevant. Secondly, it is unsatisfactory
that when it rains the CWImodel permits the same unit of rainfall both to neutralise
the SMD by one unit and to contribute to the API by one unit, thus raising the CW/
by two units.

C W/  at the start of the event

When the event rainfall begins part-way through the rainfall day, it is necessary to
adjust the CWT accordingly. In other words, between 09:.00 and the start of the
event rainfall, it is necessary to quantify by how much the catchment dries out if
there is no rain before the event, or wets up if there is rain between 09:00 and the
start of the event rainfall. The SMD and API 5 values at 09:.00 are updated to give
equivalent values at the start of each time interval until the event rainfall starts. By
substituting the appropriate SMD and API 5 values into Equation A.1, the CWT can
be recalculated at the start of each time interval until the event rainfall starts.

SMD and API 5 are readjusted, by a continuous accounting procedure, from
09.00 to the start of the event rainfall. At the start of each time interval SMD is
reduced by the amount of any rain that has fallen in the previous time interval.
API 5 is recalculated as:

A7 AT
API 5 = API 5 (0. 5) 7  + P (0.5) %°

t t- 1 t- l
A. 3)

where API 5, refers to the API 5 at the start of the present time interval, API 5,,
refers to the API 5 at the start of the previous time interv al, and P,, refers to the
amount of any rain that has fallen in the previous time interval; A T is the data
interval. This computation is consistent with the previous definition  of API 5, i.e.
with uniform rainfall the same answer for API 5 would be achieved after 24
individual hourly calculations as after a daily calculation.

Table A.1 Example of CW/ computation

Time at start Total rain SMD APl 5 at start of CW/
of interval mm mm interval (mm) mm

09:00 5 25 0.0 100

10:00 18 20 0.0 + 4 .9 =4.9 110

11:00 9 2 4.8 + 17.7 =22.5 146

12:00 23 0 21.8 + 8.9 =30.7 156

13:.00 17 0 29.8  +  22.6 =52.4 177

14:00 34 0 50.7  +  16.7 =67.4 192

15:00 6 0 65.4  +  33 .4 =98.8 224

16:00 0 0 96.0  +  5.9 =101.9 227

17:00 0 0 98.8  +  0.0 =98.8 224

18:00 0 0 96.0  +  0 .0 =96.0 22 1

19:00 5 0 93.1  +  0.0 =93.1 2 18

20:00 11 0 90.4  +  4.9 =95.3 220
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Calculation of CWJ is illustrated by a numerical example in Table A.1 where
the SMD and API 5 at 09:.00 are 25.0 mm and 0.0 mm, respectively, and the data
interval is 1 hour.

If there is no rainfall between 09:.00 and the start of the event rainfall, the
calculation is simplified, since no rain has fallen to reduce SMD or increase API 5,
neglecting evaporation during the period. SMD at the start of the event will then
be the same as that at 09:00. API 5 at the start of the event may be calculated from
a simplified version of Equation A.3:

nAT
API 5 = API5 (0.5)

t 09.00
(A.4)

where API5 refers to API 5 at 09:00, and n is the numb er of hours between
09.00 and the start of the event.

A.4.3 Reason s for event rejection prior to analysis

There are various reasons why what appears to be a suitable event for analysis
may be rejected at this preliminary stage, before the analysis has started. Some of
these reasons may be apparent after data collection, but others only after some
data processing. A visual inspection of the various data types plotted together
may reveal further problems which are not apparent from the da ta collection or
data processing phases.

•  Validity of flow record:  There may be serious doubts about the validity of
the flow record. For example, the rating may be highly dubious above a
certain water level, or the flow record may be artificially-influenced;

•  Position of recording raingauge( s) :  The nearest recording raingauges
may be poorly positioned in relation to the catchment, so that they are not
representative of the rain falling on the catchment;

•  Instrument failure:  If the event was selected from water level records , it
is possible that there is no corresponding rainfall data because the recording
raingauge failed during the event, or vice versa;

•  No data:The required data may simply be lost or inaccessible ; the likelihood
of coincident rainfall and runoff data of good quality reduces markedly
before 1960;

•  Non-uniformi ty of rainfall:  The event rainfall may be highly irregularly-
distributed across the catchment, making it unreasonable to expect the
event to yield representative information about the typical catchment
response to heavy rainfall. This aspect is d iscussed in more detail in $A.4.1;

•  Timing problems :  There may be timing problems between the event
rainfall and flow e .g. the causative rain may appear to occur after the flood
hydrograph has passed by;

•  Snowm elt:  The events may be affected by snowmelt. The possibility of a
major snowmelt contribution can be judged from Met. Office snow reports
(e .g. Met. Office, 1992) or from more local sources of information.

A.5 Flood event analysis

FSR flood event analysis is a three-stage process: an objective measure of catchment
lag time is used as a basis for separating rapid response runoff from baseflow; a
catchment wetness index CWI is used in the establishment of a net rainfall profile;
finally, the unit hydrograph is derived from the rapid response runoff hydrograph
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and net rainfall hyetograph . The following sections present the analysis carried
out for the FSR/FSSR16 as an example of reasonable practice.

A.5.1 Hydrograph separation

The first stage in flood event analysis is separation of the total flow hydrograph
into its rapid response runoff and baseflow components. Many methods for
hydrograph separation exist e .g . Lowing and Mein, 1981; Jakema n  et al.,  1990;
Littlewood and Post, 1995. If the baseflow proportion is relatively small (as for
many flood events) then the difference between methods may not matter. If the
baseflow proportion is large , different methods may give very different derived
runoff volumes and unit hydrographs. After investigating several techniques, the
FSR/FSSR16 used a hydro graph separation method based on Nash (1960).

The FSR defined the catchment lag JAG as the time from the centroid of
total rainfall to the runoff peak (for a single-peaked event) or centroid of runoff
peaks (for a multi-peaked event) of the total flow hydrograph, indicated by point
B on Figure A.2. The rapid response runoff is separated from the baseflow by
extending the p receding and succeeding recessions to point B. The preceding
recession is extended from point A when the flow begins to increase . The
succeeding recession is extended from point C when the time from the end of the
rainfall is four times LAG. Points A, B and C can be joined with straight lines.

The model parameter baseflow BF represents the flow in the river before
the event started (i.e. the non-response component) , and to a lesser extent the
start of the slow response runoff from the event itself. For each event, it is the
average separated baseflow over the period A to C. Averaging abstracted baseflow
values for several events provides a direct estimate of the baseflow parameter of
the uni t hydrograph and losses model for a particular catchment.

4 x LAG

A

time

Figure A.2 Definition of response runoff hydrograph
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A.5.2 Rainf all separation

The second stage in flood event analysis is separation of the total rainfall hyetograph
into its net rainfall and loss components. The method used for the FSR/FSSR16
was based on the concep t of a loss-rate curve: 100% of rainfall from at least 1 % of
the catchment was assumed to always contribute to rapid response runoff, whilst
rainfall on the the remaining 99% of the catchment was then subject to infiltration
losses according to the loss-rate curve, the actual value being determined by the
changing CWT.For example, if the catchment is dry at the beginning of the storm,
the loss rate is initially high then drops off quickly as the catchment wets up ; if it
is wet at the beginning, the loss rate is fairly constant through the event.

Later developments provided grounds for the belief that a percentage-
based method of rainfall separation was more appropriate , as well as being easier
to app ly. A constant p roportional loss model is recommended for design use , one
in which the percentage runoff is constant through an event and is applied to
each block of the total rainfall hyetograph. However, when simulating a flood
event on a gauged catchment, where there are observed flow data through the
event, the decreasing p roportional loss model for percentage runoff, described
here , provides a realistic alternative .

In the decreasing proportional loss model, percentage runoff increases in
proportion to CWT through the storm, with the constraint that the volumes of net
rainfall and rap id response runoff must be equal. Therefore , it is necessary to
quantify the variation in CWT through the storm. SMD and AP/ 5 are readjusted by
a continuous accounting procedure through the storm. At the start of each time
interval SMD is reduced by the amount of any rain that has fallen in the previous
time interval. AP/ 5 is recalculated as:

47 AI
API 5 = API 5 (0 .5)7  + P (0.5)°

t t- 1 t- 1
(A.3)

where the variables are as explained above (p . 165) . The procedure is as follows:

i Separate the rapid response runoff from the total runoff (see §A.5.1);

ii Calculate CW7 from AP/ 5 and SMD at the end of every data interval (above
and $A.4.2);

iii Multip ly each rainfall block by the correspondin g CWI sum these p roducts
through the event and divide the rapid response runoff by this sum to
obtain the factor F;

iv Multiply each CWI term by Ft o obtain percentage runoff, and then by rain
to give the sequence of net rainfall increments.

This is illustrated in Table A.2 (an extension of Table A.1) where the SMD at 09.00
is 25.0 mm, API 5 is 0.0 mm, rapid response runoff is 42 mm and the da ta interval
is 1 hour. Net rainfall values from the constant proportional loss model PR = 32.6%)
are included for comparison .

The percentage runoff can be split to distinguish standard and dynamic
components, SPR and DPR. Averaging SPRvalues thus derived for several observed
events provides a direct estimate of the SPR parameter of the unit hydrograph and
losses model for a particular catchment (see $A.6.1 .

A.5.3 Unit hydrograph derivation

The final stage in flood event analysis is deconvolution of the rapid response
runoff hydrograph and net rainfall hyetograph to give the unit hydrograph , from
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Table A.2 Example of net rainfall computation

Time at Total SMD APISat start CWI Rain x Percent Net rain Net rain
startof rain of interval CWI runoff DPL' CPL*
interval mm mm mm mm m? % mm mm

09:00 5 25 0.0 100 500 19.3 1.0 1.6

10:00 18 20 0.0 + 4.9 = 4.9 110 1980 20.2 3.6 5.9

11:00 9 2 4.8+ 17.7= 22.5 146 1314 27.2 2.5 2.9

12:00 23 0 21.8 + 8.9= 30.7 156 3588 30.1 6.9 7.5

13:00 17 0 29.8 + 22.6 = 52.4 177 3009 34.2 5.8 5.6

14.00 34 0 50.7  + 16.7 =67.4 192 6528 37.0 12.6 11.1

15:00 6 0 65.4  + 33.4 = 98.8 224 1344 43.2 2.6 2.0

16:00 0 0 96.0 + 5.9= 101.9 227 0 43.8 0.0 0.0

17:00 0 0 98.8 +0.0= 98.8 224 0 43.2 0.0 0.0

18:00 0 0 96.0+ 0.0= 96.0 221 0 42.6 0.0 0.0

19:00 5 0 93.1 + 0.0 = 93.1 218 1090 42.0 2 1 1.6

20:00 11 0 90.4 + 4.9= 95.3 220 2420 42.5 4.7 3.6

Total 128 21773 41.8 41.8

•  DPL  is decreasing proportional loss model:  CPL  is constant proportional loss model
F =42/ 21773 =0.193 x 10-°

which the characteristic catchment response time can be abstracted. Unit hydrograph
derivation can be carried out on individual events, which is the traditional approach,
or collectively by superposition to derive a catchment average unit hydrograph
(Boorman and Reed, 1981).

Derivation of event unit hydrograph

In $2.1.3, it was stated that if the unit hydrograph for a catchment can be found or
estimated , the rapid response runoff hydrograph due to any effective rainfall
input may be obtained using the principles of linearity, superposition and time-
invariance (Figu re 2.3), whic h may be expressed as the convolution equation:

for j =1, 2, 3, ... 2. 3)

where q, denotes the j th ordin ate of the rapid response runoff hydro graph, p, the
ith effective rainfall, and u, the kth ordinate of the AT-hour unit hydro gra ph. For
given values of  i  and j, theconvolution equation can be expanded to a series of
equations . Equatio n A.5 illustrates this for the simple case where there are three
rainfall blocks ( i = 1, 3) and six rapid response runoff ord inates ( j = 1, 6), and
therefore four unit hydrograph ordinates ( k = 1, 4):

P, 4, = q,
p,4 pD4, = 4,
P u, p, u, P u, =a

p 4, P u, P 4 , = 4,
Pu,P, 4, = q,

P,, = a,

(A. 5)
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The obvious way of deriving the unknown set of u values from known values of
q and p appears to be to start in the first equation and work forwards, or start in
the last one and work backwards . But this is unsatisfactory because data are
imperfect and nature does not follow the unit hydrograph theory precisely. This
kind of deconvolution problem is inherently ill-conditioned and oscillations of the
u values soon start and magnify rapidly. More powerful techniques are required
for large-scale application to the types of heavy rainfall event and resulting
hydrograph which are generally observed in the UK.

Many different approaches to unit hydrograph derivation are possible , and
there is an extensive published literature , partially reviewed in IH Report 71
(Boorman and Reed, 1981). Most techniques are concerned with a search for the
dominant signal (unit hydrograph) in the noise (imperfect but real data), and can
take the form of trial and error or iterative solutions, direct analytical solutions, or
solutions based on a prior assumption of a particular functional form for the
signal. Direct analytical methods, with can be easily applied with computers, are
generally preferred . Two of the better known of this type of method are the
harmonic analysis technique (O'Donnell, 1966) and the matrix inversion (least-
squares) technique (Snyder, 1955) . The method adopted in the FSR/FSSR16 was
matrix inversion with smoothing, which was found to give the most consistent
results for a particular catchment.

In the matrix inversion technique, the sum of the squares of differences
between ordinates of the observed and reconstituted unit hydrographs is minimised
i.e . the u values form a series of numbers which , when recombined with the
original p values, produce a rapid response runoff hydrograph with minimum
sum of squares deviation from the original q values. However, the u values do not
necessarily form themselves into the shape of a hydrograph as the values are
often affected by oscillations. Therefore, some kind of smoothing scheme is needed
to reduce the oscillations. A suitable form of smoothing is a simple moving average
method. Each value is replaced by the average of itself and its two neighbours,
and this is done twice in succession . The smoothed values are adjusted to be
equivalent of unit depth of effective rainfall (10 mm) over the catchment area.

Time-to-peak values can be abstracted from the derived unit hydrographs.
Averaging these time-to-peak values provides a direct estimate of the Tp( O)
parameter of the unit hydrograph and losses model for a particular catchment (see
$A.6.2).

Derivation of catchment average unit hydrograph

As an alternative to the traditional approach, a number of procedures have been
proposed by which several pre-separated events are analysed simultaneously to
give a catchment average unit hydrograph directly (e .g. Diskin and Boneh, 1975;
Mawdsley and Tagg, 1981; Boorman and Reed, 1981; Bruen and Dooge, 1992;
Zhao  et al., 1994). The joint analysis of a numbe r of events avoids the two-stage
process of first deriving unit hydrographs and then averaging them.

One such joint analysis method is the event superposition technique
(Boorman and Reed , 1981). The technique relies on the unit hydrograph
assumptions of linearity and time-invariance . The superposition can be carried
out by summing the event data in a simple way i.e . adding the first blocks of net
rainfall together to form the first block of net rainfall in the superposed event, and
so on. However, some systematic alignment of events prior to summation is
advantageous, e.g aligning the peak elements of net rainfall. Figure A.3 illustrates
the superposition, where the alignments prior to summation preserve the relative
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timing of net rainfall and rapid response runoff for each event. The technique is
coded up as the FORTRAN program SUPER

The superposed event is then analysed by a suitable technique, such as the
restricted least-squa res  method (Reed, 1976). This is based on a matrix trans-
formation approach, related to the matrix inversion method, but incorporating
numerical refinements. These include an option which allows constraints to operate
so that a unimodal unit hydrograph results, incorporating a single point of inflection
on each of the rising and falling limbs. The technique is coded up as the FORTRAN
pro gram RLS.

A.6 Unit hydrograph and losses model parameters

In the flood event analysis procedure described in $A.5,of the three parameters of
the unit hydrograph and losses model, only the baseflow BF values are abstracted
directly. The time-to-peak values need to be abstracted from the derived unit
hydrographs and converted to Tp O) values, and the SPR values need to be
calculated from the observed values of percentage runoff, rainfall depth and CWI.

A.6 .1  Standard percentage runoff

SPR values are calculated from derived percentage runoff, rainfall depth and CWI
by working the FSSR16 variant of the percentage runoff model backwards. The
procedure entails a straightforward reversal of theFSSR16 percenta ge runoff
calculations (see Example A.2a):

PR = PR 1 .0 - 0.615 URBEXD + 70 (0.615 URBEXD =
PR - 70 (0.615 URBEX1)= PR, °

1.0 - 0.615 URBEXT

PR = SPR + DPR. + DPR= SPR - PR - DPR_ - DPR

wh ere DPR,_ = 0.25 ( CW7- 125)

and DPRRA,N = { O
0.45 (P - 40) %7

[for P <40 mm )

[for P > 40 mm )

2 .12/ A.6)

(2.13/ A.7)

(2.14)

2. 15)

A.6.2 Time-to-peak

Where flood event analysis has been carried out on events individually, rather
than by joint analysis (e .g. superposition), it is necessary to abstract the Tp 0)
values for each event. Where joint analysis has been used to derive a catchment
average unit hydrograph directly, this can be adjusted to another data interval
using the S-curve technique, or transferred to another catchment using an extended
S-curve technique (Reed, 1985).

Derivat ion of Tp(O) from event unit hydrograph

TJX_ll1) values are abstracted from the derived unit hydrographs s ee $A.5.3) and
converted to Tp 0) values. The derived unit hydrographs sometimes have smooth
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Example A.2a
Derivation of standard percentage runoff

Catchment: Almond at Craigiehall(19001) (Figure 1 of Appendix C)

Relevant catchment descriptors and other information:
PR=  45.3%,  URBEXT  = 0.034,  CW  = 125.0mm,P = 39.6 mm

The standard percentage runoff SPRfor the observed event is calculated using Equations
2.14, 2.15, A.6 and A.7:

PRRURAL  = {PR-  70 (0.615 URBEXT)/ (1.0- 0.615URBEXT
PR=(45.3- 70(0.615x 0.034)}

I (1.0 - 0.615 x 0.034)
=44.8%

DPR, = 0.25 (CI - 125)
DPR, = 0.25 (125.0- 125)

=-0.0%

DPR,= 0 [as P<40 mm]
DPR, = 0.0%

sPR  - PR - DPR.  -  DPR.
SPR =44.8  - 0.0 - 0.0

= 44.8%

curved shapes, but often further manual smoothing must be done before an
acceptable unit hydrograph can be determined. Straight line segments can be
drawn by eye to fit the rising limb and upper half of the recession, mimicking the
FSR technique , as shown in Figure A.4. Rules to guide this subjective app roach
require the volume of the rising limb and time-to-peak to be maintained . Tp 0)
values are then derived by converting the Tp(6.T) values to Tp 0) values using
Equation A.8 (see Example A.2b):

A T
Tp0 ) = TpA T) -

2
(A.8)

Application of extended S-curve to catchment average unit hydrograph

The derived catchment average unit hydrograph represents the response to a unit
input of effective rainfall in a data interval AT It is possible to derive the unit
hydrograph for some other data interval, or to transfer the unit hydrograph to
another catchment, using the S-curve method. This is a standard technique for
transforming a unit hydrograph for one data interval to another, described in
standard texts , such as Shaw's Hy drology in Practice and Wilson's Engineering
Hy drology. The S-curve is a hypothetical hydrograph which describes the catchment
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Restatement and application of the FSR rainfalhunoff method

trying to preserve location of peak
and volume under rising fimb
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/ computer plot of unit hydrograph

time
Tp (AT) -

Figure A.4  Fitting of unit hydrograph and losses model parameter Tp(AT)

Example A.2b
Derivation of time-to-peak from event unit hydrograph

Catchment: Almond at Craigiehall (19001) (Figure 1 of Appendix C)

The unit hydrograph time-to-peak  Tp(Anis abstracted from the derived AT-hour unit
hydrograph:

AT=  1.0 hours

Tp(1.0) = 6.00 hours

Up=  98.48  m3 s·1
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The IUH time-to-peak Tp(0) is calculated from the abstracted value of Tp(4 7)  using
Equation A.6:

Tp(O) = T A7) - AT 12 Tp(0) = 6.00 - 1.0 / 2
= 5.50 hours
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Appendix A: Flood event analysis

c
"iij
a:

Summation of unit hydrographs
to give S-curve

Replicas of AT-hour unit hydrograp h

offset at AT-hour intervals

time

Flgure A.5  Unit hydrograph theory: the S-curve

response from zero flow to steady state under constant intensity effective rainfall,
and is obtained by superposing successive unit hydrographs F igure A.5) . By
definition, the unit hydrograph of any data interval .1Tmay be found by subtracting
two 5-curves a distance A T apart, and scaling the resulting hydrograph to unit
volume.

A similar scheme can be used to transform a unit hydrograph derived at
one site for use at another site (Reed, 1985). This technique assumes that the unit
hydrograph derived at the gauged site can be applied at an analogous ungauged
site provided only that an appropriate adjustment is made to the characteristic
response time . When moving to an upstream site , the effect of the transformation
is to squash the unit hydrograph to represent the faster and more intense response
of the smaller area. In the extended 5-curve method, the adjustment of characteristic
response time is made in the 5-curve domain , rather than the unit hydrograph
domain . The method is:

i Construct the S-curve appropriate for the gauged site and adjust it for the
data interval appropriate for the ungauged site;

ii Compact or stretch the time scale of the adjusted S-curve by a factor which
is the ratio of the response times of the ungauged to gauged sites; the
response times can be in the form of Tp0 ) values or catchment lag values
(Figu re A.6);

iii Derive the unit hydrograph for the ungauged site from the transferred S-
curve.

The transformation will not be precise , but it is likely to provide a reasonable
approximation if the sites are on the same river, or if the catchments are judged to
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Figure A.6  Example of S-curve compaction

be hydrologically very similar in other ways. The technique is coded up as the
FORTRAN program SCUR VE.

A. 7 Flood event analysis results

Table A.3 shows results for earlier flood event analyses from the UK Flood Event
Archive (Houghton-Carr and Boorman, 1991). The first two columns show the
catchment number and the date of the event. Next are three columns of figures
based on observed data: the catchment average rainfall depth P (see SA.4.1), the
storm duration D and the peak flow Q, . Then there are two columns of derived
values: the catchment lag !AG (§2.1.4) and the baseflow BF (§2.4.1) . Next are
three more columns of figures based on observed data: catchment wetness index
CWI ($A.4.2), which is derived from soil moisture deficit SMD and antecedent
precipitation index API 5. Then there are three more columns of derived values:
the storm runoff in millimetres (R O) , as a percentage ( PR) and converted to
standard percentage runoff SPR s ee $2.3.1). The final column presents the IUH
time-to-peak Tp0 ) (see §2.2.1).

Table A.3  Flood event analys is results

The following table (described in Section A.7) summarises the characteristics and derived model
parameters of flood events used in the derivation of the new estimation equations for unit
hydrograph time-to-peak, marked with a # symbol (Marshall, 1999), and other events stored on
the the UK Flood Event Archive (Houghton-Carr and Boorman, 1991 ). The catchment numbers
enable cross-referencing with Table A5.3 in Volume 5, which details the catchment locations and
descriptors. a mean refers to the arithmetic mean of the SPR values; g mean refers to the
geometric mean of the LAG, BF and Tp(O) values.
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Catch Date p D 0, LAG BF SMD AP/5 CW/ R/0 PR SPR Tp (O)
mm h m' s ' h m' s ' mm mm mm mm % % h

3003 17 Sep 1984 33.3 55 133.46 9 .7 6 .83 12.2 3.2 116.0 27.8 83 .4 85 .7
3003 27 Se p 1984 24.6 33 127 .05 6 .5 8.27 0.0 1.6 126 .6 13.5 54.8 54 .4 2.9 #
3003 17 Oct 1984 56.2 39 178.62 3.5 13.67 0.0 4.3 129.3 30 .6 54 .4 50.2
3003 26 Nov 1984 40 .9 53 87 .96 6.7 9.60 0 .0 5.4 130.4 22 .2 54 .3 52 .5
3003 6 Dec 1984 126.7 101 316.30 10. 1 6 .88 0 .0 4.0 129 .0 97.6 77.0 65.8
3003 11 J un 1985 21.1 42 63 .27 8.0 2.96 13.5 2.5 114.0 7.3 34.4 37 .2 3.6 #
3003 5 J ul 1985 27.4 23 75.46 6.8 5.22 13.2 3.8 115.6 12.1 44 .3 46.6 4 .5 #
3003 9 J ul 1985 24 .3 26 56.47 5.9 9 .38 5.8 4.6 123.8 13.4 55 .0 55 .3
3003 1 Aug 1985 56.0 112 4 1.57 2 .9 9 .02 7.7 2.4 119.7 17.5 31.2 29.4 5.1 #
3003 15 Aug 1985 19.9 8 145.20 3.8 9.99 0 .0 6.4 131.4 7 .9 39.5 37.9 3.5 #
3003 14 S ep 1985 30.9 55 93.96 9.4 9.99 0 .0 32 128.2 22 .4 72.6 71.8 5.3 #
3003 18 Sep 1986 51.6 89 65 .94 15.7 3.83 0 .3 2.0 126.7 32 .8 63 .5 60.6
3003 4 Nov 1986 28.8 50 103.34 8 .5 10 .90 0 .0 5.1 130.1 16 .4 56.9 55 .6 4.5 #
3003 6 Nov 1986 7 1.0 94 195 .72 8.2 12. 12 0.0 7 .9 132 .9 42 .2 59.4 52.4 3.5 #
3003 2 1 Nov 1986 78.8 112 172.20 15.1 7 .80 0.0 11.3 136.3 63 .0 79 .9 7 1.2 4 .3 #
3003 15 Ma r 1987 54 .9 40 179 .48 4 .6 10.56 0.0 7.5 132.5 30.9 56.3 5 1.4 5.0 #
3003 24 Mar 1987 56.0 93 90 .26 13.9 6 .33 0 .8 3.9 128.1 32 .5 58 .1 54.2
3003 9 Mar 1988 35.0 70 137.57 7 .4 9.82 0 .0 5.1 130 .1 24 .8 71 .0 69 .7 4.2 #
3003 3 Mar 1984 47.8 23 148 .87 8.9 11.85 0 .0 9 .4 134 .4 34 .6 72 .3 68 .1 8.5 #
3003 27 J ul 1984 27.1 28 51.78 7.2 4 .16 62 .4 0 .7 63 .3 10.4 38 .3 53 .7 7.9 #
3003 29 Aug 1984 58 .7 43 29.63 14 .6 1.88 76 .6 3.6 52.0 9.3 15.9 30 .7 17.1 #
3003 16 J ul 1986 36 .4 4 1 4 1.45 8 .3 2 .37 4 1.1 2 .9 86.8 6.7 18.4 27 .9 8.5 #
3003 24 J ul 1986 27.0 43 55 .75 6 .0 7.10 20.0 7.4 112 .4 10 .2 37 .6 40.8
3003 22 J un 1987 34 .2 31 69 .88 11.3 2.58 13.4 4 .0 115.6 8.4 24 .5 26 .9 8 .0 #
3003 25 Oct 1986 22 .4 27 98.73 4.1 18.85 0.0 12.2 137.2 9.0 40 .1 37 .0 5.5 #
3003 29 Oct 1986 45 .6 42 2 11.26 2.9 18 .55 0 .0 11.0 136.0 25.3 55 .5 5 1.2 3.4 #
3003 4 Dec 1986 43 .1 48 76.84 6.3 19 .53 0 .0 11.7 136 .7 13.9 32 .3 28.4 4.7 #
3003 20 Aug 1985 18.9 22 92 .58 6.1 8.88 4.0 4.1 125.1 10 .2 54.2 54.2 5.5 #
3003 23 Aug 1985 41.5 67 153.49 7.1 8.57 1.3 10.3 134 .0 37.3 89.9 87.1 4.4 #
3003 26 Aug 1985 22 .9 26 155.28 5.2 14 .05 3.5 9.8 131.3 15.2 66.2 64.6 5.5 #
3003 10 Se p 1987 36.3 55 240.31 3.0 8.11 0 .7 6.1 130 .4 32 .3 88.9 87.6 3.6 #
3003 13 Sep 1987 32 .6 36 186.45 5.0 9.89 0 .0 10 .1 135.1 25.1 77.1 74 .6 3.5 #
3003 2 1 Oct 1984 29 .8 20 143.8 1 1.6 22.52 0 .6 15 .8 140.2 14 .2 47.8 44 .0 4 .5 #
3003 25 J ul 1985 16.9 6 45.57 4.7 5 .92 2 .3 2 .3 125.0 3 .5 20 .9 20.9 5.4 #
3003 26 J ul 1985 10.1 11 33 .24 5.6 7.52 4.2 8.9 129.7 3 .0 29 .5 28.3 5 .6 #
3003 24 Mar 1984 59.1 22 99 .59 15.3 2 .33 1.8 0 .5 123.7 20 .7 35 .1 31.9
3003 2 Dec 1986 34 .3 49 177.84 8.6 18.26 0.0 11.7 136.7 222 64.6 6 1.7 4. 1 #
a mea n 51.9
g mea n 6.7 7 .9 1 5.0

700 1 15 Aug 1970 96.3 27 457.08 14.7 12. 13 18.1 3.0 109.9 73.2 76.0 72.2
700 1 2 J ul 1978 70 .4 47 155.59 9 .7 4 .48 77.0 2.2 50.2 23.5 33.4 47.2 8 .4 #
700 1 3 Oct 1979 32.8 42 92 .60 9 .7 4 .38 36.2 0 .6 89 .4 9.7 29 .5 38.4 5.9 #
700 1 17 Nov 1979 48.6 47 97 .48 12.5 3.70 7 .9 0 .9 118.0 25.6 52.7 52 .4
700 1 24 J ul 1980 77.9 36 275.97 3 .1 14.84 72.5 0 .9 53 .4 27 .7 35.6 47.8 4.1 #
700 1 26 Oct 1980 33.6 58 199 .59 11.5 8.06 0.0 3.1 128.1 23.9 71 .0 70 .2 3 .5 #
700 1 23 Aug 1985 4 1.7 49 192.2 8 2.5 16.41 10.8 1.4 115.6 22.7 54.5 56.2 3.6 #
700 1 9 J an 1986 129.8 117 130.19 5.0 10 .20 0.0 0.7 125.7 47 .9 36 .9 26.2 6.1 #
700 1 19 J a n 1986 27.1 34 87.19 3.3 13.38 0 .0 3.6 128.6 9 .7 35 .9 35.0
7001 17 J un 1986 29.5 18 102.32 9 .2 6.38 20 .0 0.2 105.2 8.5 28.7 33.6
7001 30 J ul 1986 34 .5 45 163 .76 6.8 4.37 69 .0 0.7 56 .7 12.9 37.4 54.5 5.2 #
700 1 28 Oct 1986 50.8 65 223.64 6.7 9.44 23.2 3 .9 105 .7 26 .3 51.8 54.2 5.2 #
700 1 2 Dec 1986 25.3 52 134.02 5.5 10.66 3.3 2 .9 124 .6 17.4 68.9 69.0 6 .0 #
700 1 9 J ul 1987 23.7 23 106 .79 5.8 5.62 6 .1 4 .0 122.9 5 .5 23.4 23.9 6.3 #
7001 14 Mar 1988 30.9 39 50 .18 2.2 9.69 0 .0 1.6 126.6 4 .3 13.8 13.4 6.0 #
700 1 22 Sep 1984 94 .3 49 321.80 5.8 13.11 12.9 3.5 115.6 49 .1 52.1 47. 1 5.5 #
700 1 7 Se p 1983 101.9 74 268 .29 11.4 5.06 49 .9 3.5 78.6 46.8 45.9 49.4 6.9 #
a me an 46.5
g mea n 6.4 8.03 5.4

7003 16 Aug 1970 80.7 52 86 .76 17.6 1.34 78 .5 1.6 48.1 44 .0 54.5 67.7
a mea n 67.7
g mea n 17.6 1.34

7006 7 J un 1987 32.2 2 1 6 .81 7 .4 1.16 18.7 11.3 117 .6 16 .7 51.8 53.6 7 .7 #
7006 13 Nov 1987 34 .4 20 6.02 8.5 0.40 0.0 1.8 126.8 13.4 39 .0 38.5 7.9 #
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Catch Date p D o, LAG BF SMD APIS CWI R/0 PR SPR Tp(0)

mm h m?s' h m s ' mm mm mm mm % % h

7006 18  Apr 1988 26.6 77 3.67 8.3 0.46 0.0 3.0 128.0 11.9 44.6 43.8 4.5 #
7006 6 Feb 1989 29.8 19 3.17 10.0 0.30 8.1 3.4 120.3 8.8 29.4 30.6 7.0 #
7006 28 Feb 1989 42. 1 43 5.61 9.2 0.58 0.0 3.2 128.2 28.3 67.3 65.7 9.5 #

7006 22 Sep 1989 44.4 19 2.70 11.1 0.21 114.6 0.3 10.7 7.8 17.5 44.8 8.5 #
7006 15 Aug 1990 64.8 53 8.97 9.0 0.24 66.6 1.0 59.4 26.8 41.3 53.4 9.1 #
7006 5 Oct 1990 39.8 41 10.06 8.9 0.38 22.6 2.4 104.8 23.7 59.6 64.6 7.7 #
7006 28 Oct 1990 72.9 16 24.41 6.7 0.55 0.0 0.7 125.7 39.9 54.7 49.3 6.5 #
7006 1 Nov 1990 35.7 70 5.01 14.8 0.47 0.0 8.0 133.0 29.8 83.6 81.6 9.0 #
a mean 52.6

g mean 9.2 0.42 7.6

8009 15 Aug 1970 1412 52 134.98 5.8 5.32 34.6 2.7 93.1 42.5 30.1 26.7

a mean 26.7

g mea n 5.8 5.32

19001 13 Aug 1966 41.6 20 149.40 9.4 6.34 1.5 4.9 128.4 23.5 56.5 54.7 7.3 #

19001 1 Nov 1967 39.6 32 106.29 6.5 7.79 0.0 0.0 125.0 17.9 45.3 44.8 5.5 #

19001 22 Dec 1967 18.3 21 113.86 6.6 8.33 0.0 4.4 129.4 10.0 54.8 53.4 6.6 #

19001 4 May 1968 55.2 34 130.35 6.3 11.61 3.6 6.7 128.1 28.5 51.7 47.5 5.1 #

19001 21 Nov 1969 57.5 29 169.77 14.8 4.22 16.0 2.9 111.9 33.8 58.7 58.6 8.4 #

a mean 51.8

g mean 8.2 7.26 6.5

19002 22 J un 1966 40.0 26 13.57 8.8 1.36 21.2 9.9 113.7 28.7 71.8 74.7

19002 13 Aug 1966 47.9 21 15.28 8.9 0.88 1.6 5.3 128.7 24.5 51.1 47.9 6.9 #

19002 5 Oct 1966 27.5 11 12.19 5.7 1.26 0.2 4.4 129.2 12.8 46.5 45.0 4.6 #

19002 11 Nov 1966 27.9 29 9.65 8.8 0.71 0.6 0.4 124.8 18.9 67.8 67.8 7.4 #

19002 18 Dec 1966 25.1 18 11.98 7.0 1.74 0.0 5.5 130.5 15.0 59.7 58.1 6.7 #
19002 6 Oct 1967 27 .8 21 11.86 9.8 0.59 4.4 3.8 124.4 20.6 74.0 74.2 6.4 #

19002 8 Oct 1967 32.6 21 16.51 11.9 1.05 0.0 13.4 138.4 28.9 88.7 85.7
19002 1 Nov 1967 38 .8 32 11.32 9.5 0.70 0.0 0.1 125.1 22.5 57.9 57.6 5.3 #

19002 4 May 1968 50 .8 34 17.71 8.8 2.00 3.6 5.6 127.0 32.3 63.5 60.5 5.7 #

19002 12 Sep 1968 31.6 16 10.43 7.3 1.08 60.8 5.4 69.6 15.3 48.4 61.8 9.1 #

19002 21 Nov 1969 64 .3 27 18.62 12.3 0.74 0.0 3.7 128.7 39.2 61.0 55.7
a mean 62.6

g mean 8.8 1.02 6.4

19005 13 Aug 1966 44 .5 20 105.92 6 .5 5.02 12 5.4 129.2 24.6 55.3 52.7 4.0 #
19005 5 Oct 1966 22.2 12 67.69 6.6 4.19 0.0 5.0 130.0 10.5 47.3 45.6 5.3 #

19005 19 Dec 1966 23.9 14 65.43 6.2 8.65 0.0 7.2 132.2 12.0 50.1 47.9 5.6 #
19005 8 Oct 1967 30.6 22 77.39 10.0 6.67 27.2 10.6 108.4 20.6 67.4 71.5 8.0 #

19005 1 Nov 1967 38.1 35 79.57 7.3 4.23 0.0 0.5 125.5 21.2 55.7 55.3 5.5 #
19005 22 Dec 1967 23.4 18 104.0 1 5.6 8.88 0.0 5.7 130.7 11.9 50.7 48.9 4.5 #

19005 4 May 1968 47.3 34 82.81 6.5 6.03 3.0 5.9 127.9 28.2 59.6 56.9 4.7 #
19005 12 Sep 1968 31.5 16 66.22 6.7 3.93 59.6 5.9 71.3 15.1 47.9 60 .9 9.1 #

19005 21 Nov 1969 57.2 34 132.04 11.8 4.10 0.0 3.7 128.7 39.6 69.3 65.1 6.1 #
19005 28 Oct 1970 30.0 47 37.87 12.2 1.71 0.0 3.6 128.6 10.1 33.7 32.1 5.5 #
19005 2 Dec 1970 23 .0 27 20.15 15.1 2.48 0.0 2.0 127.0 4.2 18.4 17.0 10 .7 #
19005 4 Aug 1971 52.7 86 35.76 23.4 1.31 42.7 3.9 86.2 14.4 27.3 33.6
19005 12 Aug 1971 27.9 33 24.45 15.3 1.20 29.3 0.3 96.0 7.1 25.5 31.9 10.1 #
19005 7 Nov 1974 20.0 48 28.68 8.5 2.72 18.0 1.5 108.5 7.2 36.2 39.7 7.5 #
19005 13 Nov 1974 22.2 35 37.32 9.1 4.34 0.0 6.6 131.6 11.5 51.8 49.8 5.4 #
19005 25 Dec 1974 36.0 70 . 39.56 9.6 3.91 0.9 15.7 139.8 17.6 48.8 44.7 5.3 #

19005 25 J an 1977 21.2 13 55.12 8.1 7.21 0.0 1.1 126.1 11.6 54.7 54.1 7.9 #
19005 12 J un 1977 16.8 17 26.26 7.6 2.02 24.6 8.5 108.9 5.8 34.8 38.2 8.7 #
19005 29 Sep 1977 29 .0 46 34.99 10.1 4.16 28.2 16.8 113.6 11.8 40.8 43.1 8.1 #
19005 5 Oct 1977 39.9 49 63.86 17.0 2.66 18.3 3.4 110.1 22.5 56.5 60.0 4.7 #

19005 30 Oct 1977 70.6 32 165.58 3.3 9.05 4.5 1.7 122.2 29.4 41.7 37.0 3.7 #
19005 4 Nov 1977 20.2 30 32.37 9.9 5.61 0 .0 7.2 132.2 9 .3 45.9 43.7 6.5 #

19005 9 Nov 1977 20.0 29 46.99 5.3 7.29 0.0 8.4 133.4 10.3 51.5 49.1 6.0 #
19005 11 Dec 1977 20.0 41 26.31 12.5 2.70 0.0 1.4 126.4 7.4 37.2 36.3 9.5 #
19005 3 J ul 1978 32.9 48 12.75 14.1 0.95 75.6 13.9 63.3 4.2 12.7 27.1 14.2 #
19005 12 Sep 1978 17.3 26 20.79 12.9 1.94 29.4 7.1 102.7 7.3 42.3 47.4 17.1 #

19005 27 Sep 1978 31.7 44 46.69 10.4 2.56 24.4 4.6 105.2 13.9 43.8 48.3 4.6 #
19005 13 Oct 1979 29.9 25 64.65 4.4 4.81 48.7 3.3 79.6 10 .8 36.1 46.8 3.7 #

19005 25 Nov 1979 26.9 27 53.72 10.7 5.19 0.4 4.6 129.2 16.4 60.9 59.7
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Catch Date p D 0, LAG BF SMD APIS CW/ R/0 PR SPR Tp(O)
mm h m' s ' h m' s ' mm mm mm mm % % h

19005 6 Dec 1979 30.7 33 51.06 14.9 3.96 2.9 5.3 127.4 18.4 60.0 59.2 7.9 #
19005 26 Dec 1979 30.8 35 49.15 11.5 2.77 0.0 0.2 125.2 17.1 55.5 55.2 4.5 #
19005 9 Mar 1981 21.0 13 47.52 7.2 3.54 0.0 5.6 130.6 9.6 45 .9 44 .1 5.5 #
19005 31 Oct 1970 23.9 22 74.10 4.8 4.12 0 .0 10.5 135.5 10.9 45.6 42.5 5.5 #
19005 10 Nov 1974 19.8 33 38.81 3.2 6.72 0.0 7.1 132.1 6.2 31.5 29.0 4 .9 #
a mean 46.3
g mean 8.8 3.73 6.4

20001 14 Mar 1964 26.6 18 49.18 4.8 5.00 0.9 1.4 125.5 7.1 26.6 26.4
20001 10 Oct 1964 46.1 24 36.5 1 12.2 1.16 61.9 2 .3 65.4 8.5 18.4 3 1.6 7.8 #
20001 27 J ul 1965 37.0 40 44.83 15.5 1.94 50.6 5.1 79.5 10.9 29.4 40.7 7.5 #
20001 17 Sep 1965 29.2 15 63.55 12.9 4.55 0.8 0.5 124.7 10.7 36.7 36.7
20001 3 Aug 1966 100.3 33 113.00 16.1 1.53 71.4 0.2 53.8 26.8 26.7 36.5 11.5 #
20001 13 Aug 1966 54.8 19 98.71 12.1 4.76 1.1 4.0 127.9 21.6 39.5 35.7 9.6 #
20001 6 Nov 1966 22.4 15 64.44 6.9 9.58 0.0 4.7 129.7 7.7 34.3 33.0 6.5 #
20001 4 May 1968 45.1 46 58.85 10.5 6.42 7.5 7.8 125.3 18.5 41.0 39.5
20001 14 J ul 1968 51.5 53 69.05 9.7 2.90 59.0 4.2 70.2 16.1 31.2 42.3 8.0 #
20001 31 Oct 1968 47.3 37 52.68 13.6 2.51 30.0 2.0 97.0 18.8 39.8 44 .9
a mean 36.7
g mean 10.8 3.33 8.3

21018 12 Sep 1978 25.7 62 15.77 6.8 2.90 24.9 7.0 107.1 6.2 24.2 28.6 5.3 #
21018 7 Dec 1978 31.9 60 14.64 7.7 3.79 0.0 1.0 126.0 8.8 27.5 27.2 6.4 #
21018 13 Oct 1979 29.2 29 17.60 6.6 2.30 36.8 2.3 90.5 5.6 19.1 27.7 6.0 #
21018 24 Nov 1979 33.0 46 26.84 8.6 5.83 0.0 5.7 130.7 10.2 30.9 29.4 6.5 #
21018 13 Aug 1980 22.3 52 11.02 12.2 1.69 65.3 3.1 62.8 4.1 18.3 33.8 8.1 #
21018 29 Aug 1980 29.4 43 9.63 13.0 1.49 66.0 0.6 59.6 3.7 12.6 28.9 8.3 #
21018 13 Nov 1980 18.6 32 12.34 8.1 2.34 12.6 0.6 113.0 3.1 16.9 19.9 6.2 #
21018 23 Nov 1980 41.5 75 37.34 14.0 4.75 1.5 4.1 127.6 20.3 48.8 47.5 9 .5 #
21018 29 Sep 1981 53.1 36 30.60 15.0 2.24 17.4 2.8 110.4 23.9 45.0 45.9 11.0 #
21018 9 Sep 1978 28.1 21 13.52 9.5 1.66 36.5 5.0 93.5 3.5 12.4 20.2 7.6 #
21018 16 Nov 1979 18.8 28 17.03 7.4 5.65 0.0 6.5 131.5 6.3 33.3 31.6 4.2 #
21018 7 Oct 1981 25.8 74 17.38 7.6 4.86 o.o 9.6 134.6 8.8 34.2 31.8 8.5 #
21018 25 J ul 1985 76.8 87 31.36 16 .8 2.67 2.6 4.5 126.9 32.6 42.4 36.3 13.5 #
a mean 3 1.5
g mean 9.8 2.92 7.4

21028 8 Jan 1962 35.7 8 4.27 8.0 0.28 0.1 4.3 129.2 17.3 48.4
21028 4 Aug 1962 49.0 44 5.43 26.7 0.28 72 .5 1.1 53.6 29.8 60.9
21028 29 Sep 1962 35.0 8 5.35 5.2 0.36 1.6 4.0 127.4 13.5 38.5
21028 13 Aug 1966 62.7 19 4.49 10.9 0.10 3.8 5.1 126.3 22.6 36.0
21028 4 Sep 1967 48.5 17 4 .70 4 .6 0.30 48.1 11.6 88.5 18.7 38.6
21028 22 J ul 1969 46.9 15 3.10 2.3 0.16 63.2 0.7 62.5 9.0 19.2
a mean
g mean 7.1 0.23

21030 18 Sep 1969 24.3 7 16.60 4.0 1.33 63.7 0.1 61.4 6.5 26.6 42.5
21030 21 Nov 1969 58.1 23 29.64 8.5 2.52 11.1 4.1 118.0 27.1 46.6 44 .9
21030 17 J un 1972 22.3 10 12.79 12.1 1.01 13.6 0.3 111.7 6.4 28.7 32.0
21030 9 Nov 1972 41.5 9 26.63 5.6 1.14 85.6 0.6 40.0 13.3 32.1 52.8
a mean 43 .1
g mean 6.9 1.40

22009 13 Oct 1979 25.2 23 56.95 12.2 3.88 0.5 3.3 127.8 6.5 25.8 25.1 9.8 #
22009 6 Mar 1980 27.2 42 37.46 15.7 4.42 2.9 0.3 122.4 6.5 24.0 24.6 13.8 #
22009 17 Mar 1980 34.7 31 82.74 12.7 6.69 0.1 3.7 128.6 13.4 38.7 37.8 12.5 #
22009 10 Mar 1981 10.4 23 29.17 6.7 9.92 0.0 2.0 127.0 3.1 29.7 29 .2 9.0 #
22009 21 J ul 1981 49.9 62 72.80 21.5 2.22 61.2 2.1 65.9 14.4 28.9 41.4 10 .9 #
22009 25 Sep 1981 38.1 16 86.37 8.2 5.28 36.5 3.4 91.9 12.1 31.7 39.9 10.8 #
22009 19 Sep 198 1 32.6 14 34.09 8.8 2.24 77.2 2.9 50.7 3. 1 9.6 28. 1 9.5 #
22009 6 Oct 1981 39.7 82 58.09 26.4 6.06 2.0 5.5 128.5 16.4 41.2 40 .3 10.0 #
22009 1 Oct 1981 59.5 80 88.95 15.6 6.07 23.2 4 .4 106.2 25.3 42.5 43.6 9.5 #
22009 30 Nov 1981 18.5 20 78.36 16.4 9.71 0.4 2.1 126.7 7.9 42.5 42.0 10.0 #
22009 22 Nov 198 1 24.0 19 99.14 11.8 8.63 6.3 2.0 120.7 10.4 43.4 44 .5 9.5 #
22009 2 Nov 1984 86.0 49 192.10 11.6 4.81 34.7 1.5 91.8 36.0 41.9 43.6 9.0 #
22009 17 J an 1986 32.4 153 23.20 9.8 5.05 1.0 0.7 124.7 10.8 33.2 33.2 12.2 #
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Restatementondapplicationofthe FSR roinfolk-runoff method

Catch Date P D O, LAG BF SMD  APIS  CWI  RO  PR SPR  Tp(0 )
mm h ms h m's ' mm mm mm mm % % h

22009 6 Nov 1986 10.6 26
22009 29 Oct 1986 17.2 76
22009 24 Oct 1986 11.6 24
22009 29 Dec 1986 35.5 73
22009 12 Dec 1986 12.5 10
22009 25 Aug 1987 30.9 16
22009 11 Nov 1987 24.4 33
22009 25 Dec 1987 17.9 44
22009 2 Feb 1989 19.0 41
a mean
g mean

23002 27 Jun 1963 45.8 44
23002 23 Aug 1963 17.3 8
23002 10 Nov 1963 31.1 16
23002 12 Nov 1963 22.7 18
23002 21 Nov 1963 23.6 15
23002 24 Mar 1964 15.9 16
23002 6 Jun 1964 20.2 10
23002 18 Aug 1964 18.2 8
23002 8 Dec 1964 29.4 21
23002 16 Jan 1965 26.2 36
23002 6 Sep 1965 19.8 8
a mean
g mean

23005 16 Oct 1967 40.3 14
23005 1 Nov 1967 28.2 9
23005 12 Sep 1968 42.0 15
23005 17 Sep 1969 26.0 1 0
23005 30 Oct 1970 28.1 11
23005 9 Nov 1972 31.7 14
23005 25 Dec 1979 68.9 37
a mean
g mean

23006 18 Dec 1966 24.7 26
23006 21  Feb  1967 39.0 24
23006 5 Nov 1967 23.7 15
23006 18 Apr 1968 22.6 14
23006 12 Sep 1968 42.4 16
23006 11 Sep 1969 28.2 13
23006 29 Aug 1971 32.6 19
23006 10 Sep 1976 90.0 42
23006 22 Nov 1977 33.2 20
23006 14  Mar  1978 22.6 14
23006 19  Mar  1978 18.1 6
23006 12 Sep 1978 44.3 28
23006 11 Jun 1980 37.9 30
23006 16 Jun 1980 16.5 17
23006 29 Jun 1980 18.6 19
23006 29 Jul 1980 25.4 7
23006 13 Sep 1980 28 .4 16
23006 6 Oct 1980 24.9 21
23006 26 Oct 1980 27.9 20
23006 13 Nov 1980 42.0 16
23006 16 Nov 1980 20.5 15
23006 20 Nov 1980 17.3 12
23006 10 Dec 1980 41.1 8
23006 24 Dec 1980 14.9 15
23006 2 Feb 1981 38.8 14
23006 19 Sep 1981 32.5 18
23006 23 Sep 1981 24.4 12
23006 25 Sep 1981 27.5 18
23006 30 Sep 1981 62.7 37
23006 1 Nov 1981 21.9 17

19.20 11.3
15.77 12.9
11.31 13.2
76.90 12.4
68.55 8.8

102.56 12.0
36.04 9.1

107.68 13.1
32.13 9.7

12.1 4.99

25.88 14.3
22.32 4.3
37.04 5.1
39.24 5.0
51.03 5.2
31.46 6.1
16.14 7.1
11.13 5.5
24.49 5.7
27.60 4.6
20.40 6.4

5.9

236.59 4.2
130.92 6.3
143.46 4.5
140.25 5.6
261.60 4.7
140.33 3.6
161.91 10.0

5.3

57.47 8.6
36.36 0.0
50.40 5.5

148.15 1.0
210.00 2.9
139.45 6.3
159.29 7.7
174.26 7.9
117.23 2.8
162.61 4.2
147.21 4.4
225.13 9.3
106.87 7.3
84.27  8.3
67.75 5.8
94.35 5.1

128.96 2.8
159.65 0.8
114.46 4.2
265.50 2.0
130.89 1.3
128.96 3.6
280.81 4.1

95.88 8.9
225.62 4.0
133.03 3.6
133.81 5.4
223.92 6.3
238.45 9.0
128.76 6.7

3.41 11.6
2.97 13.7
1.76 23.1
7.54 0.0
9.61 0.0
4.98 4.6
6.63 0.0
6.89 0.7
3.43 31.8

1.10 48.3
1.93 25.6
3.45 0.0
5.58 0.0
5.32 0.0
6.75 0.0
1.45 24.8
0.74 51.6
2.80 27.5
4.08 0.0
1.87 4.3

2.58

11.38 0.2
5.00 1.0
6.93 11.6
4.42 26.1

12.47 0.0
10.24 6.2
4.47 0.0

7.19

4.22 0.1
4.33 0.0
3.62 0.0

13.56 7.5
11.47 5.6
9.48 36.7
5.04 45.7
3.08 105.2

13.18 0.0
26.91 0.0
12.07 0.9
9.11 1.5
4.90 73.1

10.31 47.4
7.30 13.9
5.92 5.5

12.69 2.1
20.61 0.0
13.72 0.0
13.55 0.0
23.75 0.0
17.04 0.0
9.21 0.0

13.39 0.0
10.44 0.0
9.85 30.3
9.39 11.3

11.70 0.0
10.72 0.0
8.75 0.0

0.4 113.8
4.3 115.6
2.4 104.3
0.8 125.8
4.6 129.6
1.8 122.2
6.4 131.4
0.5 124.8
0.4 93.6

4.8 81.5
1.0 100.4
1.9 126.9

10.2 135.2
4.8 129.8
5.1 130.1
8.4 108.6
3.9  77.3
9.9 107.4
7.2 132.2
6.1 126.8

2.5 23.6 26.4
3.3 19.0 21.3
1.4 12 4 17.5

15.0 42.2 42.0
6.5 522 51.0

15.1 49.0 49.7
7.0 28.6 27.0

10.7 59.9 59.9
4.8 25.3 33.1

36.4

12.9 28.1 37.4
3.6 20.9 27.0

11.6 37.4 36.9
10.4 45.9 43.3
11.8 50.1 48.9
6.0 38.0 36. 7
5.0 24.9 29.0
2.2 12.2 24.1
9.3 31.5 35.9

10.5 40.1 38.3
5.9 30.0 29.5

35.2

6.0 130.8 23.3
0.4 124.4 13.3
6.8 120.2 22.6
0.8 99.7 11.8

112 136.2 19.4
1.7 120.5 14.7
1.0 126.0 45.7

0.6 125.5 3.2
7.2 132.2 2.6
2.4 127.4 5.1
1.8 119.3 7.1

10.1 129.5 17.3
8.5 96.8 11.5
2.1 81.4 12.6
8.8 28.6 27.1
4.3 129.3 11.2
6.7 131.7 9.2
2.8 126.9 9.7

11.9 135.4 22.6
4.4 56.3 14.2

11.3 88.9 9.4
2.4 113.5 6.9
2.7 122.2  6.2
9.4 132.3 9.7
9.7 134.7 10.2
9.2 134.2 13.3
2.6 127.6 21.9

15.8 140.8 7.5
8.8 133.8 10.9
3.7 128.7 21.9
7.8 132.8 9.1
2.8 127.8 20.6
6.6 101.3 11.8
7.4 121.1 8.5

10.0 135.0 16.3
7.5 132.5 46.9
5.0 130.0 12.0

57.7 56.1
47.0 47.2
53.7 54.2
45.3 51.6
69.1 66.3
46.3 47.4
66.3 61.3

54.9

13.1 12.9
6.7 4.9

21.4 20.8
31.5 32.9
40.7 38.7
40.9 47.9
38.8 49.7
30.1 47.2
33.8 32.7
40.9 39.2
53.5 53.0
51.1 47.2
37.4 54.6
56.8 65.8
37.0 39.9
24.4 25.1
34.3 32.5
40.8 38.4
47.8 45.5
52.1 50.7
36.6 32.6
63.0 60.8
53.2 51.8
60.9 58.9
53.1 52.4
36.4 42.3
34.8 35.8
59.2 56.7
74.8 68.9
54.6 53.3

10.1 #
9.5 #
10.5 #
9.5 #
8.5 #
14.5 #
9.5 #
9.5 #

12.5 #

10.4

5.8 #

4.0 #
3.5 #
7.5 #
6.5 #
4.5 #
4.8 #

5.9 #

5.2

5.0 #
7.0 #
7.4 #
5.0 #
6.5 #

6.1

5.5 #
2.0 #
4.0 #
4.0 #
5.0 #

6.0 #

4.5 #

4.0 #
4.5 #

1.0 #
1.0 #
1.5 #

3.5 #
4.5 #

3.0 #
4.0 #
3.5 #
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Appendix A Flood event analysis

Catch Date p D 0, LAG BF SMD AP/5 CW/ RO PR SPR T (0)
mm h m' s ' h m?s ' mm mm mm mm % % h

23006 23 Nov 198 1 33.7 9 2 16 .92 3.2 13.84 0.0 5.3 130.3 12.5 37.1 35.8 3.5 #
23006 26 Nov 1981 32.1 10 275.23 2.8 27.04 0.0 11.3 136.3 19.3 60.1 57.3 3.0 #
23006 25 J an 1982 20.6 13 117.23 4.6 15.45 0.0 3.5 128.5 10.4 50.6 49.7
23006 5 Oct 1982 38.3 22 231.01 3.6 9.66 0.0 3.4 128.4 20.0 52.3 51.4
23006 19 Oct 1982 31.3 17 138.35 5.5 10.51 0.0 3.8 128.8 14.9 47.6 46.6
23006 15 Nov 1982 20.4 13 137.16 3.9 11.61 0.0 5.8 130.8 10.9 53.5 52.0 4.5 #
23006 18 Dec 1982 29.9 14 217.88 4.6 15.83 0.0 5.8 130.8 17.1 57.1 55.6 4.5 #
23006 5 J an 1983 24.4 19 205.54 4.6 19.26 0.0 10.5 135.5 22.4 9 1.8 89.2 4.0 #
23006 12 J un 1984 42.0 15 155.04 4.3 5.44 60.1 1.2 66.1 13.4 31.8 45.8
23006 6 Aug 1984 12.0 4 41.27 5.3 4.94 74.4 5.1 55.7 3.2 26.3 43.6
23006 3 Sep 1984 27.2 16 91.83 3.5 5.26 82.4 5.8 48.4 6.2 22 .9 42.0
23006 16 Sep 1984 31.6 14 114.83 2.6 10.94 48.7 2.0 78.3 8.3 26.3 38.0
23006 14 Aug 1985 16.4 8 82.98 1.1 16.89 3.8 6.3 127.5 3.8 23.1 22.5
23006 27 Aug 1985 15.2 18 104.38 1.8 12.41 3.8 6.3 127.5 6.0 39.2 38.6
23006 8 Nov 1985 30.1 13 152.75 5.2 12.01 0.0 5.4 130.4 11.6 38.5 37.1 4.0 #
23006 24 May 1986 27.1 12 107.94 5.9 6.19 7. 1 3.8 121.7 9.2 33.9 34.7 5.0 #
23006 10 J un 1986 28.2 17 121.34 5.3 5.86 13.6 1.6 113.0 9.9 35.1 38.1 7.5 #
23006 7 Nov 1986 16.7 15 104.38 7.1 11.42 0.0 5.2 130.2 8.5 50.8 49.5
23006 3 Dec 1986 23.3 9 186.69 4.1 16.48 0.0 12.6 137.6 13.2 56.8 53.6
23006 3 J an 1987 18.3 10 196.71 4.7 12.40 0.0 7.9 132.9 15.7 85.7 83.7
23006 27 Dec 1987 26.2 10 173.17 3.6 13.87 0.0 4.6 129.6 9.9 37.7 36.5
23006 5 Jan 1988 29.3 11 195.10 2.5 19.84 0.0 6.8 131.8 10.7 36.6 34.9
23006 25 May 1988 11.6 18 28.59 8.7 3.49 24.9 5.5 105.6 2.9 25.4 30.2
23006 22 Dec 1988 44.8 23 252.33 4.0 13.10 0.0 5.3 130.3 28.8 64.3 61.6
23006 13 Jan 1989 24.0 13 141.14 4.0 10.49 0.0 4.1 129.1 12.1 50.3 49.3
23006 4 Feb 1989 33.6 15 205.77 0.4 31.87 0.0 11.8 136.8 13.1 39.1 36.1
23006 23 Mar 1989 21.9 21 166.46 8.6 10.73 0.0 8.5 133.5 15.4 70.5 68.4
23006 15 Aug 1985 18.2 9 150.07 1.1 23.85 0.0 14.0 139.0 7.3 40.2 36.7
a mean 45.0
g mean 4 .0 10.57 3.5

23008 25 Dec 1979 43.4 44 121.60 11.6 4.67 0.0 0.3 125.3 27.0 62.2 61.1
23008 22 Nov 1981 28.7 19 136.64 13.1 5.94 1.8 2.6 125.8 19.1 66.5 66.3 10.0 #
23008 23 Dec 1983 21.5 16 125.96 7.1 11.39 0.0 10.7 135.7 11.1 51.8 49 .1 8.0 #
23008 12 J an 1984 20.3 10 100 .54 8.5 9.06 0.0 4.7 129.7 10.8 53.3 52.1 9.5 #
23008 25 Mar 1984 27.1 21 99.93 7.4 9.88 0.0 12.5 137.5 17.3 63.7 60.6 6.5 #
23008 6 May 1986 24.8 14 96.71 6.4 7.32 4.3 6.5 127.2 10.6 42.8 42.2 7.5 #
23008 25 Aug 1986 80.7 46 190.07 8.9 3.51 7.4 0.6 118.2 39.9 49.5 45.2
23008 18 Oct 1988 33.0 36 92.95 8.8 5.61 2.3 1.2 123.9 17.3 52.4 52.7 8.5 #
23008 29 Nov 1988 38.5 40 92.65 7.6 6.43 0.0 0.8 125.8 22.3 57.8 57.6 8.0 #
a mean 54.1
g mean 8.6 6.67 8.2

23010 17 Sep 1970 14.3 16 14.31 9.3 1.02 4.3 0.6 121.3 4.6 32.0 32.9
23010 31 Oct 1970 21.1 11 56.96 2.8 3.15 0.0 6.5 131.5 8.8 41.6 40.0
23010 16 Mar 1972 19.9 7 28.04 4.7 1.12 2.7 0.3 122.6 6.2 31.4 32.0
23010 11 May 1972 17.3 19 24.52 9.4 1.19 2.4 2.4 125.0 9.3 53.5 53.5
23010 3 May 1973 27.8 30 55.99 6.2 1.02 7.6 0.8 118.2 14.1 50.8 52.5
23010 10 Nov 1974 21.4 13 60.75 4.4 3.46 0.0 5.4 130.4 11.5 53.7 52.3
23010 2 J an 1976 19.6 9 70.02 6.0 1.38 0 .0 6.6 131.6 17.9 91.1 89.5
23010 19 J an 1976 18.1 20 40.99 9.2 2.09 0.6 1.5 125.9 12.9 71.1 70.9
23010 23 Feb 1976 23.9 21 59.58 3.3 2.74 0.0 0.5 125.5 15.6 65.1 65.0
23010 25 Dec 1979 48.3 41 41.29 8.3 1.19 0.0 0.5 125.5 30.2 62.5 60.4
a mean 54.9
g mean 5.8 1.64

230 11 25 Dec 1979 67.4 41 37.94 6.9 1.14 0.0 0.9 125.9 38.8 57.6 52.8 3.5 #
230 11 13 Dec 1980 17.0 9 41.82 2.9 3.66 0.0 9.9 134.9 11.8 69.4 66.9 3.0 #
23011 22 Nov 1981 51.9 17 72.42 5.4 2.13 1.3 4.6 128.3 32.5 62.6 59.2 3.5 #

23011 23 Dec 1983 29.3 16 45.12 7.9 3.61 0.0 16.5 141.5 20.5 70.1 66.0 8.0 #
23011 12 J an 1984 21.0 8 42.98 2.8 2.76 0.0 8.2 133.2 16.0 76.3 74.3 4.0 #
23011 6 May 1986 23.3 12 41.10 2.0 2.90 3.7 5.6 126.9 12.2 52.3 51.8 3.0 #
23011 25 Aug 1986 72.5 46 31.31 7.3 0.98 7.6 0.5 117.9 45.2 62.4 59.0
a mean 61.4
g mean 4.5 2.20 3.9
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Restatement andapplicationof the FSRrinf olkunoffmethod

Catch Date p D o, L4a BF SMD AP/5 CW/ R/0 PR SPR Tp(D)
mm h m s' h m's' mm mm mm mm % % h

23 998 16 Nov 1990 3.4 •
23998 7 Dec 1990 2.8 •
23998 26 Doc 1990 1.6 t
23 998 10 Nov 1990 3.3 •
23998 18 Nov 199 1 1.8 t
23998 25  Ocl 1992 4.0 •
g mean 2.69

23999 16 Nov 1990 6.0 •
23999 7 Dec 1990 1.9 •
23999 26 Dec 1 990 2.9 •
23999 1 Jan 199 1 2.1 •
23999 27 Feb 199 1 3.1 •
23999 4  Mar 199 1 1.6 •
23999 20  Mar 199 1 3.9 •
g mean 2.78

24003 10 Nov 1963 26 .9 16 70.89 4.2 4.60 0.0 3.3 128.3 13.9 51.9 51.0

24003 17 Nov 1963 39.0 21 62.26 7.9 4.12 0.2 3.4 128.2 22.7 58.3 57.5
24003 20 Nov 1963 36.1 15 143 .90 4 .1 6.63 o.o 6.8 131.8 19.6 54.2 52.5
24003 30 Dec 1963 21.3 12 54.38 2 .8 5.62 0 .0 3.7 128.7 6.9 42 .0 41.0

24003 8 Dec 1964 45.4 19 138.98 5 .4 7.13 0.0 25.4 150.4 26.2 57.6 49.8

24003 16 Jan 1965 25.3 31 78.10 10.0 4.31 0.0 10.2 135.2 16.0 71.1 66.6

24003 25 Sep 1965 42.9 15 72.81 7 .6 2.06 1.7 1.0 124.3 18.1 42.2 41.4
24003 17 Dec 1965 17.0 20 74.94 6.2 6.36 0.0 1.7 126.7 13.0 76.7 76.3

24003 2 Oc1 1966 48.4 34 121.03 5.6 1.85 3.7 3.3 124.6 20 .7 42.8 40 .9

24003 17 Doc 1966 32 .9 19 134 .47 4 .2 6.24 0.0 1.9 126.9 17.3 52.8 52.1

24003 19 Dec 1966 27.3 16 69.16 3 .9 6.32 0.0 13.0 138.0 13.3 48.6 45 .3
24003 27 Feb 1967 31.9 21 96 .67 5.4 7.25 0.0 6.7 131.7 19.3 60.7 59 .0

24003 17 Aug 1967 40.1 26 114 .87 2 .3 3.93 3.5 3.9 125.4 16.1 40.1 39.9
24003 4 Sep 1967 34 .9 35 64 .67 5.1 3.96 0.0 14.1 139.1 15.7 45.1 41.6

24003 6 Oc1 1967 25.5 18 76 .80 6.2 3 .30 0.6 4 .1 126.5 15.5 60.6 59 .7
24003 16 Oc1 1967 53.6 16 108 .23 3 .1 9.05 0 .0 6.9 131.9 27 .1 50 .3 45.7
24003 12 Sep 1968 26 .0 16 60 .23 3.2 3.72 0.0 7.5 132.5 9.7 37.3 35.4

24003 4 Nov 1967 108.4 34 151.37 5.3 4 .09 0 .0 2.2 1272 46 .3 42 .7 33 .5
a mean 49 .5
g mean 4.8 4.66

24004 9 Fob 1977 25.8 36 13.77 7.2 2.59 0.0 4.3 129.3 112 43.4 42 .3 4 .7 •
24004 11 Nov 1977 23.8 19 12.95 6.1 1.45 30.0 6.3 101.3 7.1 30.0 35.9 3.5 •
24004 14 Jun 1980 26 .3 9 21.52 2.9 1.90 75.7 72 56.5 5.5 21.0 36.1 2.9 •
24004 12 Dec 1960 25.9 55 11.88 11.0 1.25 0.0 2.6 127.6 10 .5 40.5 39.6 4.5 •
24004 25 Sep 1981 35.1 26 10.98 10.6 0 .43 72.1 32 56.1 7 .1 20.2 37.4 6.1 •
24004 30 Sep 1981 75.1 76 37.26 7.0 1.32 44.2 6.0 86.8 31.5 42.0 48.1 3.4 •
24004 20 Nov 1982 55.4 100 13.32 7.6 1.69 0.0 3.5 128.5 23.2 41.9 36.0 32 •
24004 3 1  May 1963 23.7 17 17 .85 3.5 1.62 14.3 1.5 112.2 6.2 26 .0 29.2 4.9 •
24004 23 Dec 1963 19.0 2 1 27 .96 4.5 3.99 0 .0 9.1 134.1 10.3 54.3 52.0 3 .0 •
24004 2 Nov 1964 37.4 45 9 .11 11.1 0 .83 52.7 0 .5 72 .6 10.0 26.6 39 .8 72 '24004 20 Jan 1986 17.1 28 15.86 3.3 2 .66 0.0 7.5 132.5 6.8 39.9 36 .0 2 .9 '24004 14  Apr 1986 40 .9 23 33 .8 1 8.8 2.71 0.0 3.7 128.7 24.3 59.4 58.1 7 .5 •
24004 4 May 1986 45.9 62 17.6 1 16.2 0.98 17 .8 0.1 107.3 12 .2 26.6 29 .4 4 .1 'a mean 40 .3
g mean 6.6 1.56 4.2

24005 8 Dec 1954 33.6 11 34 .99 8.0 4.24 3.2 0 .3 122. 1 9 .8 29.2 29.2 7.0 •
24005 27 Aug 1956 27.7 10 3 1.02 10 .0 1.67 0.6 1.8 126.0 7 .3 26 .4 25 .4 9 .3 •
24005 13 Mar 1964 36.5 31 27.30 3.5 2 .62 0.0 3.4 128 .4 8.0 2 1.9 20.2 4 .5 •
24005 23  Mar 1964 30.1 30 44 .48 9 .1 4.73 0.6 1.6 126 .0 11.0 36.6 35 .6 7.0 •
24005 2 7 Sep 1965 14 .9 8 18 .80 8.6 1.80 25.3 3.3 103.0 3.3 2 1.9 28.6 8.0 '24005 1 Oc1 1965 14.9 12 20.64 6 .3 4 .56 0.0 10.5 135.5 3.4 22.8 19.4 8.5 '24005 18 Nov 1965 43.0 48 48.39 6 .5 11.43 0.0 10.0 135.0 15 .8 36.7 32.7

24005 9  Apr 1966 2 1.6 12 42.39 7.7 5. 10 1.0 7.7 131.7 9.5 44.0 4 1.9 5.5 •
24005 13 Aug 1966 35.4 33 20. 74 11.1 1.34 36.6 5.4 91.6 8.1 23.0 30 .6 6.5 •
24005 3 Oc1 1966 39.9 37 2 1.8 1 13.5 1.18 17.4 2 .9 110 .5 6.6 21.5 24.3

24005 6 Aug 1967 42.9 2 1 28.38 10. 1 0 .96 62 .0 1.5 64.5 5.7 13.4 26 .7 4.2 •
24005 16 0cl 1967 42.5 16 40 .67 6.1 1.84 0.6 1.7 126 .1 11.8 27.7 25.9
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Restatement andapplicationof the FSRrinf olkunoffmethod

Catch Date p D o, L4a BF SMD AP/5 CW/ R/0 PR SPR Tp(D)
mm h m s' h m's' mm mm mm mm % % h

23 998 16 Nov 1990 3.4 •
23998 7 Dec 1990 2.8 •
23998 26 Doc 1990 1.6 t
23 998 10 Nov 1990 3.3 •
23998 18 Nov 199 1 1.8 t
23998 25  Ocl 1992 4.0 •
g mean 2.69

23999 16 Nov 1990 6.0 •
23999 7 Dec 1990 1.9 •
23999 26 Dec 1 990 2.9 •
23999 1 Jan 199 1 2.1 •
23999 27 Feb 199 1 3.1 •
23999 4  Mar 199 1 1.6 •
23999 20  Mar 199 1 3.9 •
g mean 2.78

24003 10 Nov 1963 26 .9 16 70.89 4.2 4.60 0.0 3.3 128.3 13.9 51.9 51.0

24003 17 Nov 1963 39.0 21 62.26 7.9 4.12 0.2 3.4 128.2 22.7 58.3 57.5
24003 20 Nov 1963 36.1 15 143 .90 4 .1 6.63 o.o 6.8 131.8 19.6 54.2 52.5
24003 30 Dec 1963 21.3 12 54.38 2 .8 5.62 0 .0 3.7 128.7 6.9 42 .0 41.0

24003 8 Dec 1964 45.4 19 138.98 5 .4 7.13 0.0 25.4 150.4 26.2 57.6 49.8

24003 16 Jan 1965 25.3 31 78.10 10.0 4.31 0.0 10.2 135.2 16.0 71.1 66.6

24003 25 Sep 1965 42.9 15 72.81 7 .6 2.06 1.7 1.0 124.3 18.1 42.2 41.4
24003 17 Dec 1965 17.0 20 74.94 6.2 6.36 0.0 1.7 126.7 13.0 76.7 76.3

24003 2 Oc1 1966 48.4 34 121.03 5.6 1.85 3.7 3.3 124.6 20 .7 42.8 40 .9

24003 17 Doc 1966 32 .9 19 134 .47 4 .2 6.24 0.0 1.9 126.9 17.3 52.8 52.1

24003 19 Dec 1966 27.3 16 69.16 3 .9 6.32 0.0 13.0 138.0 13.3 48.6 45 .3
24003 27 Feb 1967 31.9 21 96 .67 5.4 7.25 0.0 6.7 131.7 19.3 60.7 59 .0

24003 17 Aug 1967 40.1 26 114 .87 2 .3 3.93 3.5 3.9 125.4 16.1 40.1 39.9
24003 4 Sep 1967 34 .9 35 64 .67 5.1 3.96 0.0 14.1 139.1 15.7 45.1 41.6

24003 6 Oc1 1967 25.5 18 76 .80 6.2 3 .30 0.6 4 .1 126.5 15.5 60.6 59 .7
24003 16 Oc1 1967 53.6 16 108 .23 3 .1 9.05 0 .0 6.9 131.9 27 .1 50 .3 45.7
24003 12 Sep 1968 26 .0 16 60 .23 3.2 3.72 0.0 7.5 132.5 9.7 37.3 35.4

24003 4 Nov 1967 108.4 34 151.37 5.3 4 .09 0 .0 2.2 1272 46 .3 42 .7 33 .5
a mean 49 .5
g mean 4.8 4.66

24004 9 Fob 1977 25.8 36 13.77 7.2 2.59 0.0 4.3 129.3 112 43.4 42 .3 4 .7 •
24004 11 Nov 1977 23.8 19 12.95 6.1 1.45 30.0 6.3 101.3 7.1 30.0 35.9 3.5 •
24004 14 Jun 1980 26 .3 9 21.52 2.9 1.90 75.7 72 56.5 5.5 21.0 36.1 2.9 •
24004 12 Dec 1960 25.9 55 11.88 11.0 1.25 0.0 2.6 127.6 10 .5 40.5 39.6 4.5 •
24004 25 Sep 1981 35.1 26 10.98 10.6 0 .43 72.1 32 56.1 7 .1 20.2 37.4 6.1 •
24004 30 Sep 1981 75.1 76 37.26 7.0 1.32 44.2 6.0 86.8 31.5 42.0 48.1 3.4 •
24004 20 Nov 1982 55.4 100 13.32 7.6 1.69 0.0 3.5 128.5 23.2 41.9 36.0 32 •
24004 3 1  May 1963 23.7 17 17 .85 3.5 1.62 14.3 1.5 112.2 6.2 26 .0 29.2 4.9 •
24004 23 Dec 1963 19.0 2 1 27 .96 4.5 3.99 0 .0 9.1 134.1 10.3 54.3 52.0 3 .0 •
24004 2 Nov 1964 37.4 45 9 .11 11.1 0 .83 52.7 0 .5 72 .6 10.0 26.6 39 .8 72 '24004 20 Jan 1986 17.1 28 15.86 3.3 2 .66 0.0 7.5 132.5 6.8 39.9 36 .0 2 .9 '24004 14  Apr 1986 40 .9 23 33 .8 1 8.8 2.71 0.0 3.7 128.7 24.3 59.4 58.1 7 .5 •
24004 4 May 1986 45.9 62 17.6 1 16.2 0.98 17 .8 0.1 107.3 12 .2 26.6 29 .4 4 .1 'a mean 40 .3
g mean 6.6 1.56 4.2

24005 8 Dec 1954 33.6 11 34 .99 8.0 4.24 3.2 0 .3 122. 1 9 .8 29.2 29.2 7.0 •
24005 27 Aug 1956 27.7 10 3 1.02 10 .0 1.67 0.6 1.8 126.0 7 .3 26 .4 25 .4 9 .3 •
24005 13 Mar 1964 36.5 31 27.30 3.5 2 .62 0.0 3.4 128 .4 8.0 2 1.9 20.2 4 .5 •
24005 23  Mar 1964 30.1 30 44 .48 9 .1 4.73 0.6 1.6 126 .0 11.0 36.6 35 .6 7.0 •
24005 2 7 Sep 1965 14 .9 8 18 .80 8.6 1.80 25.3 3.3 103.0 3.3 2 1.9 28.6 8.0 '24005 1 Oc1 1965 14.9 12 20.64 6 .3 4 .56 0.0 10.5 135.5 3.4 22.8 19.4 8.5 '24005 18 Nov 1965 43.0 48 48.39 6 .5 11.43 0.0 10.0 135.0 15 .8 36.7 32.7

24005 9  Apr 1966 2 1.6 12 42.39 7.7 5. 10 1.0 7.7 131.7 9.5 44.0 4 1.9 5.5 •
24005 13 Aug 1966 35.4 33 20. 74 11.1 1.34 36.6 5.4 91.6 8.1 23.0 30 .6 6.5 •
24005 3 Oc1 1966 39.9 37 2 1.8 1 13.5 1.18 17.4 2 .9 110 .5 6.6 21.5 24.3

24005 6 Aug 1967 42.9 2 1 28.38 10. 1 0 .96 62 .0 1.5 64.5 5.7 13.4 26 .7 4.2 •
24005 16 0cl 1967 42.5 16 40 .67 6.1 1.84 0.6 1.7 126 .1 11.8 27.7 25.9
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Appendix A Flood event analysis

Catch Dat e p D o, LAG BF MD AP/5 CW/ R/0 PR SPR T( 0)
mm # met n m'e ' mm mm mm mm % % h '

24005 1 Nov 1967 16.0 9 19.10 9 .5 1.99 1.2 0,7 124.5 3.8 23.9 23 .3 8.0 •
24005 4 Nov 1967 562 22 58.49 9.0 429 0.0 2.5 127.5 23 .1 41.1 36.8 6.5 •
24005 30 Oct 1968 71 .9 63 33.06 9.6 1.58 0.0 3.0 128.0 29.6 41.2 34.9
24005 11 Jan 1969 18.6 17 22.74 11,1 2.49 02 0.9 125 .7 5.7 30.7 29.9 6.0 •
24005 2 May 1969 19.4 19 26.49 7.7 229 8 .1 2.4 119.3 4.3 22.2 22.8 6.5 •
24005 6 May 1969 15.5 12 30.78 5.5 4.98 0.6 5.4 129.8 5.3 34.0 32.2 6.0 •
24005 5 May 1978 25 .2 34 22.85 9.6 2.32 3.0 3.1 125.1 6.2 24.6 23.8 5 .5 •
24005 25 Nov 1980 17.1 8 30.55 7.0 2.58 1.5 4.9 128 .4 5.1 29.8 26.3 7.5 •
24005 7 Dec 1982 12.9 8 14.51 6.2 1.62 0.7 0.4 124.7 2.8 20.4 19.8 6 .5 •
24005 27 May 1983 35.6 38 30.81 7.7 229 16.1 0.4 109.3 9 .1 25 .5 28.7 6 .0 •
24005 1 Jun 1983 24.4 8 36.82 6.9 329 2.8 3.4 125.8 7.3 29.8 28.0 7.5 •
24005 8  Dec 1983 34.8 19 25.02 8.6 0 .79 33.4 0.5 92 .1 5 .0 14.5 21.8 5 .5 •
24005 24 Dec 1983 11.0 8 27.89 5.8 4.37 0.0 5.4 130 .4 3.6 33 .1 3 1.1 6.5 •
24005 2 Nov 1984 52.4 44 30.81 11.9 0.96 32.0 0.3 83.3 11.5 22.0 26.5 5.5 •
24005 15  Apr 1996 35.3 19 47.27 12.1 3.65 0.0 1.9 126 .9 14.8 41.8 40.9 9 .0 •
24005 6 May 1996 19.1 8 28.90 6.0 2.65 12.1 5.4 118.3 4.1 21.5 22.4 5.5 •
24005 10  Apr 1987 20.9 25 19.68 7.0 3.61 02 4.5 129 .3 5.6 26 .8 25.0 8.5 •
24005 20 Oct 1987 24.8 9 42.22 62 4.03 o.o 4.6 129.6 7.6 30.6 28.8 7.5 •
24005 6 Jan 1988 27.4 13 48 .60 7.5 1.64 0.0 2.5 127.5 11.2 40.8 39.7 8.0 •
24005 23  Jan 1988 13.8 10 21.17 9.7 22 1 0.0 0.8 125.8 3.3 23 .7 22.7 7 .5 •
24005 16 Apr 1996 19.2 24 30 .78 8.3 6.99 0.0 16.0 141.0 7 .3 37 .8 33.3 3.5 •
a mean 28.5
g mean 82 2.59 6 .5

24007 30  0t 1968 73.5 84 12.46 11.1 0.80 0.0 2.1 127.1 42.8 57.9 52.1
24007 11 Jan 1969 18.0 17 8 .03 7.3 1.25 02 1.0 125.8 7.9 44 .0 43.8 52 •
24007 2 May 1969 16.2 17 8.27 6.7 0.7 1 5.8 22 121.4 4 .2 262 27.1 4 .3 •
24007 6 May 1969 15.0 22 8 .47 6.4 1.49 4.3 · 82 129 .9 5.9 39.5 38.2 4 .1 •
24007 23  Jun 1969 21.6 2 1 8 .86 6.7 0.49 11.8 3.5 116.7 5.7 28 .3 28.3 3.5 •
24007 17 Sep 1969 20 .2 11 8.36 5.0 0.67 42.0 2.0 85.0 5 .1 25 .3 35.3 4 .4 •24007 21 Jan 197 1 16.7 12 7 .24 6.8 0.70 2.7 1.3 123.6 5.7 33.8 34.2 6.8 •
24007 22  Apr 197 1 51.9 33 13.66 12.0 0.66 21.3 0.0 103 .7 18.8 382 38.9 7.7 •
24007 6 Aug 1972 13.9 6 3.12 3.6 0.16 69.3 0.8 56.5 0 .9 6 .7 23.8
a mean 35.7
g mean 6.9 0.67 5 .0

25003 20 Nov 1963 38.9 18 12.29 3.9 0.33 0.0 11.0 136.0 20 .5 52 .7 50.0 4 .5 •
25003 8 Aug 1864 36.5 8 14.33 2.8 0.46 83.3 12.1 53.8 18.3 50.1 67.9 3.5 •
25003 14 Sep 1965 38 .6 14 13.52 2.4 0.27 3.3 0.7 122.4 23 .0 59 .7 60.4 3.5 •
25003 3 Sep 1966 36.4 19 12.99 4.6 0.22 0.0 8.5 133.5 27 .3 75.0 72.9
25003 3 Jul 1968 29 .7 8 24.11 2.5 0 .92 0.0 11.6 136.6 21.9 73.6 70.7 3.5 •
25003 11 Sep 1968 44.5 14 15.93 · 3.1 0.47 8.8 5.0 121.2 31.5 70.7 70 .4
25003 20 Sep 1968 40 .5 11 13.74 3.5 0 .67 0.0 21.3 146.3 32.6 80.5 74.9 2.4 •
25003 22 Sep 1968 27.4 9 13.64 3.9 0 .53 0.0 16.9 141.9 27.3 99 .6 85 .4
a mean 70 .3
g mean 3.2 0.44 3.4

25004 2 1 Jan 1959 28.5 32 26.85 4.1 10.28 0.0 9.3 134.3 4.8 17.0 12.6
25004 14 Mar 1864 26.7 28 24.07 62 3.91 2.0 4.2 127.2 6.9 25.7 23.4
25004 18 Feb 1966 23.6 54 23.54 30.7 2.00 0.8 02 124.4 18.5 78.6 79.1
25004 9  Apr 1966 23.8 13 29.67 12 .0 6.86 0.4 7.7 132.3 7.0 29.6 262 9 .8 •
25004 16 0ct 1967 43.5 18 32.23 11.1 3 .86 1.0 5.3 129.3 10.9 25.0 21.1 11.0 •
25004 4 Nov 1967 50.1 23 35.50 162 3.88 02 2.9 127.7 20.3 40.8 36.5
25004 30 Oct 1968 69.8 60 29.14 10.2 4.61 0.0 4.0 129.0 16.5 26.5 19.0
25004 17 Dec 1968 44.4 30 35.03 19.0 4 .05 0.0 2.2 1272 16.7 37 .5 34 .4
25004 11 Aug 1971 78.9 41 33.11 15.7 3.52 36.6 102 98.6 18.1 23 .0 21.9
a mean 30.5
g mean 12.0 4.34 10.4

25005 5 Aug 1978 49.9 74 362 4 17.7 1.43 60.3 3.0 67.7 25.3 50.8 62.8 11.5 •
25005 7 Dec 1978 19.1 28 17.16 11.9 220 55.9 0.6 69.7 7.6 40 .0 53.6
25005 19 May 1979 35.3 32 43.83 9.8 2.84 22 2 3.7 106.5 14,6 41.4 45.8 6 .5 #
25005 29 May 1979 28.3 7 57.52 5.8 7.13 3.0 4.5 126.5 11.9 42.1 41.6 5.0 •
25005 14 Nov 1979 41.9 28 32.01 12.3 1.84 42.2 2.2 85.0 13.9 33 2 42 .3 12.5 I
25005 11 Mar 1980 13.3 13 17.49 12.8 2.54 o.o 1.9 126.9 5.3 39.8 39 .1 13.5 •
25005 17 Mar 1880 16.8 35 19.73 15.7 2 .64 0 .7 1.1 125.4 8.9 53.1 52.9

FIOOO ESTUITION HANDO8OOr 183
VOLUMI 4

Appendix A Flood event analysis

Catch Dat e p D o, LAG BF MD AP/5 CW/ R/0 PR SPR T( 0)
mm # met n m'e ' mm mm mm mm % % h '

24005 1 Nov 1967 16.0 9 19.10 9 .5 1.99 1.2 0,7 124.5 3.8 23.9 23 .3 8.0 •
24005 4 Nov 1967 562 22 58.49 9.0 429 0.0 2.5 127.5 23 .1 41.1 36.8 6.5 •
24005 30 Oct 1968 71 .9 63 33.06 9.6 1.58 0.0 3.0 128.0 29.6 41.2 34.9
24005 11 Jan 1969 18.6 17 22.74 11,1 2.49 02 0.9 125 .7 5.7 30.7 29.9 6.0 •
24005 2 May 1969 19.4 19 26.49 7.7 229 8 .1 2.4 119.3 4.3 22.2 22.8 6.5 •
24005 6 May 1969 15.5 12 30.78 5.5 4.98 0.6 5.4 129.8 5.3 34.0 32.2 6.0 •
24005 5 May 1978 25 .2 34 22.85 9.6 2.32 3.0 3.1 125.1 6.2 24.6 23.8 5 .5 •
24005 25 Nov 1980 17.1 8 30.55 7.0 2.58 1.5 4.9 128 .4 5.1 29.8 26.3 7.5 •
24005 7 Dec 1982 12.9 8 14.51 6.2 1.62 0.7 0.4 124.7 2.8 20.4 19.8 6 .5 •
24005 27 May 1983 35.6 38 30.81 7.7 229 16.1 0.4 109.3 9 .1 25 .5 28.7 6 .0 •
24005 1 Jun 1983 24.4 8 36.82 6.9 329 2.8 3.4 125.8 7.3 29.8 28.0 7.5 •
24005 8  Dec 1983 34.8 19 25.02 8.6 0 .79 33.4 0.5 92 .1 5 .0 14.5 21.8 5 .5 •
24005 24 Dec 1983 11.0 8 27.89 5.8 4.37 0.0 5.4 130 .4 3.6 33 .1 3 1.1 6.5 •
24005 2 Nov 1984 52.4 44 30.81 11.9 0.96 32.0 0.3 83.3 11.5 22.0 26.5 5.5 •
24005 15  Apr 1996 35.3 19 47.27 12.1 3.65 0.0 1.9 126 .9 14.8 41.8 40.9 9 .0 •
24005 6 May 1996 19.1 8 28.90 6.0 2.65 12.1 5.4 118.3 4.1 21.5 22.4 5.5 •
24005 10  Apr 1987 20.9 25 19.68 7.0 3.61 02 4.5 129 .3 5.6 26 .8 25.0 8.5 •
24005 20 Oct 1987 24.8 9 42.22 62 4.03 o.o 4.6 129.6 7.6 30.6 28.8 7.5 •
24005 6 Jan 1988 27.4 13 48 .60 7.5 1.64 0.0 2.5 127.5 11.2 40.8 39.7 8.0 •
24005 23  Jan 1988 13.8 10 21.17 9.7 22 1 0.0 0.8 125.8 3.3 23 .7 22.7 7 .5 •
24005 16 Apr 1996 19.2 24 30 .78 8.3 6.99 0.0 16.0 141.0 7 .3 37 .8 33.3 3.5 •
a mean 28.5
g mean 82 2.59 6 .5

24007 30  0t 1968 73.5 84 12.46 11.1 0.80 0.0 2.1 127.1 42.8 57.9 52.1
24007 11 Jan 1969 18.0 17 8 .03 7.3 1.25 02 1.0 125.8 7.9 44 .0 43.8 52 •
24007 2 May 1969 16.2 17 8.27 6.7 0.7 1 5.8 22 121.4 4 .2 262 27.1 4 .3 •
24007 6 May 1969 15.0 22 8 .47 6.4 1.49 4.3 · 82 129 .9 5.9 39.5 38.2 4 .1 •
24007 23  Jun 1969 21.6 2 1 8 .86 6.7 0.49 11.8 3.5 116.7 5.7 28 .3 28.3 3.5 •
24007 17 Sep 1969 20 .2 11 8.36 5.0 0.67 42.0 2.0 85.0 5 .1 25 .3 35.3 4 .4 •24007 21 Jan 197 1 16.7 12 7 .24 6.8 0.70 2.7 1.3 123.6 5.7 33.8 34.2 6.8 •
24007 22  Apr 197 1 51.9 33 13.66 12.0 0.66 21.3 0.0 103 .7 18.8 382 38.9 7.7 •
24007 6 Aug 1972 13.9 6 3.12 3.6 0.16 69.3 0.8 56.5 0 .9 6 .7 23.8
a mean 35.7
g mean 6.9 0.67 5 .0

25003 20 Nov 1963 38.9 18 12.29 3.9 0.33 0.0 11.0 136.0 20 .5 52 .7 50.0 4 .5 •
25003 8 Aug 1864 36.5 8 14.33 2.8 0.46 83.3 12.1 53.8 18.3 50.1 67.9 3.5 •
25003 14 Sep 1965 38 .6 14 13.52 2.4 0.27 3.3 0.7 122.4 23 .0 59 .7 60.4 3.5 •
25003 3 Sep 1966 36.4 19 12.99 4.6 0.22 0.0 8.5 133.5 27 .3 75.0 72.9
25003 3 Jul 1968 29 .7 8 24.11 2.5 0 .92 0.0 11.6 136.6 21.9 73.6 70.7 3.5 •
25003 11 Sep 1968 44.5 14 15.93 · 3.1 0.47 8.8 5.0 121.2 31.5 70.7 70 .4
25003 20 Sep 1968 40 .5 11 13.74 3.5 0 .67 0.0 21.3 146.3 32.6 80.5 74.9 2.4 •
25003 22 Sep 1968 27.4 9 13.64 3.9 0 .53 0.0 16.9 141.9 27.3 99 .6 85 .4
a mean 70 .3
g mean 3.2 0.44 3.4

25004 2 1 Jan 1959 28.5 32 26.85 4.1 10.28 0.0 9.3 134.3 4.8 17.0 12.6
25004 14 Mar 1864 26.7 28 24.07 62 3.91 2.0 4.2 127.2 6.9 25.7 23.4
25004 18 Feb 1966 23.6 54 23.54 30.7 2.00 0.8 02 124.4 18.5 78.6 79.1
25004 9  Apr 1966 23.8 13 29.67 12 .0 6.86 0.4 7.7 132.3 7.0 29.6 262 9 .8 •
25004 16 0ct 1967 43.5 18 32.23 11.1 3 .86 1.0 5.3 129.3 10.9 25.0 21.1 11.0 •
25004 4 Nov 1967 50.1 23 35.50 162 3.88 02 2.9 127.7 20.3 40.8 36.5
25004 30 Oct 1968 69.8 60 29.14 10.2 4.61 0.0 4.0 129.0 16.5 26.5 19.0
25004 17 Dec 1968 44.4 30 35.03 19.0 4 .05 0.0 2.2 1272 16.7 37 .5 34 .4
25004 11 Aug 1971 78.9 41 33.11 15.7 3.52 36.6 102 98.6 18.1 23 .0 21.9
a mean 30.5
g mean 12.0 4.34 10.4

25005 5 Aug 1978 49.9 74 362 4 17.7 1.43 60.3 3.0 67.7 25.3 50.8 62.8 11.5 •
25005 7 Dec 1978 19.1 28 17.16 11.9 220 55.9 0.6 69.7 7.6 40 .0 53.6
25005 19 May 1979 35.3 32 43.83 9.8 2.84 22 2 3.7 106.5 14,6 41.4 45.8 6 .5 #
25005 29 May 1979 28.3 7 57.52 5.8 7.13 3.0 4.5 126.5 11.9 42.1 41.6 5.0 •
25005 14 Nov 1979 41.9 28 32.01 12.3 1.84 42.2 2.2 85.0 13.9 33 2 42 .3 12.5 I
25005 11 Mar 1980 13.3 13 17.49 12.8 2.54 o.o 1.9 126.9 5.3 39.8 39 .1 13.5 •
25005 17 Mar 1880 16.8 35 19.73 15.7 2 .64 0 .7 1.1 125.4 8.9 53.1 52.9
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Restatementandapplicofionofthe FSRrainfakumnoffmethod

Catch Date P D O, LAG BF SMD APIS CWI  RVO  PR SPR Tp(0 )
mm h m?s' h m's ' mm mm mm  mm % % h

25005 29 Nov 1981 14.7 18
25005 26 Apr 1983 42.6 35
25005 8 Dec 1983 41.4 23
25005 5 Jan 1988 13.0 15
25005 3 Dec 1981 10.7 9
25005 20 Apr 1983 16.6 7
25005 1 Jun 1983 15.2 8
25005 3 Feb 1988 16.5 14
a mean
g mean

25006 23 Apr 1971 80.1 30
25006 20 Nov 1971 24.3 9
25006 19 Jan 1976 20.8 4
25006 5 Jun 1980 46.4 9
25006 14 Jun 1980 27.9 9
25006 30 Jun 1980 33.4 16
25006 30 Jul 1980 27.7 7
25006 7 Aug 1980 36.7 20
25006 6 Oct 1980 33.8 36
25006 26 Oct 1980 44.6 58
25006 2 May 1982 34.2 14
25006 27 Apr 1983 36.1 45
25006 31 May 1983 36.3 17
25006 2 Nov 1984 40.4 23
25006 14 May 1985 45.3 26
25006 26 Jul 1985 32.7 16
25006 4 Aug 1985 58.7 29
25006 21 Sep 1985 29.4 28
25006 14 Apr 1986 65.1 24
25006 31 Oct 1986 37.2 17
25006 8 Feb 1987 26.2 27
25006 18 Jul 1987 47.8 26
25006 11 Nov 1987 55.3 43
25006 22 Nov 1987 25.8 34
25006 5 Jan 1988 21.4 16
a mean
g mean

25011 16 Mar 1972 35.4 5
a mean
g mean

25012 16 Mar 1972 31.5 15
25012 17 Jun 1972 16.8 14
a mean
g mean

25019 24 Jan  1977 28.5 47
25019 1 May  1977 47.1 47
25019 14 Dec 1978 28.8 59
25019 20 May 1979 41.5 32
25019 7 Dec 1983 58.7 23
25019 1 Nov 1984 47.5 23
25019 10 Dec 1986 12.6 7
25019 21 Aug 1987 36.0 4
25019 25 Aug 1987 78.2 25
25019 18 Sep 1987 25.6 7
25019 9 Oct 1987 51.9 44
25019 15 Oct 1987 13.3 10
25019 19 Oct 1987 19.6 16
25019 30 Jan 1988 20.8 22
25019 12 Dec 1986 21.8 5
25019 14 Dec 1986 13.8 6
a mean
g mean

21.72 12.6
52.12 13.6
43.32 15.5
18.30 6.1
15.16 11.7
32.77  9.9
21.51 9.3
21.36 14.7

2.06 49.5
2.93 3.2
1.14 49.1
3.17 0.0
2.48 42.1
4.81 8.5
3.18 7.1
2.85 0.2

11.4 2.62

60.13 8.9
29.11 5.4
55.15 1.6
30.10 5.4
33.41 4.1
51.05 6.9
15.01 4.9
36.14 5.7
25.96 6.2
28.17 9.9
30.28 4.3
28.76 0.5
44.68 5.9
45.49 11.9
46.89 4.2
30.96 2.0
63.18 3.2
31.64 2.7
70.10 6.7
43.03 4.5
25.16 6.9
31.27 4.7
37.61 2.5
21.45 5.2
37.88 2.8

2.27 8.4
2.74 13.1
0.92 11.3
5.61 4.0
7.53 7.5
3.95 8.1
0.86 7.8
1.86 4.9

15.54 4.7
2.46 4.2
3.44 13.2
1.51 6.3
2.12 6.1
1.99 4.7
2.64 5.9
1.99 6.3

0.94 21.6
1.63 0.1
3.50 2.2
0.65 77.4
2.37 73.7
1.51 55.3
0.58 78.8
1.46 63.8
1.07 77.5
1.79 31.2
0.95 65.6
2.67 3.7
1.72 8.7
1.35 71.9
1.67 32.6
1.07 43.9
2.34 8.5
2.10 0.0
3.62 0.0
2.93 74.5
2.09 3.2
1.08 44.5
2.06 2.1
2.03 0.0
3.82 0.0

4.3 1.68

2.0 0.54

0.52 0.0
0.17 23.7
0.22 15.2
0.26 22.1
0.14 48.7
0.12 41.3
0.16 34.5
0.14 40.8
0.39 20.7
0.15 24.9
0.18 29.4
0.29 5.7
0.32 0.6
0.25 0.0
0.26 26.9
0.34 24.0

1.7 77.2
1.9 123.7
0.9 76.8
2.9 127.9
1.5 84.4
8.3 124.8
3.1 121.0
3.7 128.5

0.8 104.2
1.9 126.8
2.5 125.3

13.1 60.7
7.3 58.6
2.7 72.4
3.1 49.3
2.2 63.4
2.0 49.5
6.7 100.5
4.1 63.5
6.7 128.0
1.7 118.0
2.5 55.6
1.8 94.2
2.1 83.2
9.7 126.2
3.1 128.1
4.0 129.0
8.9 59.4
3.6 125.4
0.8 81.3
5.2 128.1
3.7 128.7

11.7 136.7

0.7 125.7
1.5 102.8
2.1 111.9
3.0 105.9
1.4 77.7
0.6 84.3
3.7 94.2
2.2 86.4
6.5 110.8
1.5 101.6
5.8 101.4
3.6 122.9
3.6 128.0
1.4 126.4
7.8 105.9
6.4 107.4

6.1 41.3 53.1
26.6 62.5 61.9
16.8 40.7 52.0
4.5 34.3 33.4
4.0 37.7 47.7
6.3 37.8 37.7
5.4 35.6 36.4
6.7 40.8 39.7

46.7

43.2 53.9 53.1
9.8 40.3 39.8

10.5 50.4 50.3
9.0 19.5 33.9 7.5 #
8.7

15.8
4.0

14.7
11.4
32.9

8.6
23.0
15.9
26.0
16.8
6.2

27.3
16.4
36.0
17.5
16.0

31.1 47.7
47.4 60.5
14.4 33.3
40.1 55.5
33.8 52.7
73.8 78.6

13.0 #

12.0 #

11.5 #
10.0 #
12.5 #

10.5 #
11.0 #
12.0 #

10.5

4.5 #
8.7 #

5.6 #
6.3 #
9.5 #

11.5 #

25.2 40.6 4.3 #
63.6 62.8 3.9 #
43.8 45.5 4.5 #
64.4 81.5 13.5 #

37.1 43.3 3.1 #
19.0 29.4 3.6 #

46.5 42.7 4.9 #
55.9 55.1 7.5 #

55.3 50.0 2.7 #
47.0 63.4 2.7 #
61.1 61.0 6.0 #

19.3 40.3 49.3 6.3 #
26.6 48 .1 44.3 3.3 #
14.6 56.5 55.6 4.9 #
11.8 55.2 52.3 4.5  #

51.3
5.3

15.16 1.5 0.66 1.1 0.2 124.1 16.6 46 .8 47.0
47.0

1.5 0.66

36.06 1.3 0.86 2.8 0.4 122.6 22.7 72.2 72.8 1.2 #
11.59 3.1 0.34 12.0 0.2 113.2 10.0 59.6 62.5 22 #

67.7

9.2 32.4 32.2
10.4 22.1 25.8
6.4 22.3 25.5

10.7 25.8 30.0
17.5 29.8 38.1
12.2 25.6 33.9

1.9 15.1 22.8
2.8 7.8 17.4

40.7 52.1 49.9
3.3 13.0 18.8

15.7 30.3 33.6
3.3 25.1 25.6
5.3 27.2 26.4
6.5 31.4 31.0
5.7 26.3 31.1
5.1 36.9 41.3

30.2

1.6

6.8 0.22

3.5 #

1.0 #

3.5 #
4.0 #
9.0 #

4.5 #

5.0 #
1.5 #
3.5 #
6.5 #
5.0 #

4.5 #
6.5 #

3.9
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Appendix A Flood event analysis

Catch Date p D 0, LAG BF SMD AP/5 CW/ R/0 PR SPR Tp(O)
mm h m' s' h m'  s' mm mm mm mm % % h

25809 13 J ul 1961 81.1 33 0.05 0.0 0.00 53.9 11.0 82.1 40.5 50.0 54.7
25809 3 Aug 196 1 58.9 19 0.06 3.3 0.00 50.4 0.7 75.3 30.2 5 1.2 60.1
25809 16 Oct 196 1 69.8 30 0.13 4.9 0.00 4.1 1.2 122.1 66.4 95.1 91.0
25809 18 Aug 1961 28.5 30 0.02 8.3 0.00 50.7 1.1 75.4 13.8 48.3 60.7
25809 21 Aug 1961 17.3 16 0.02 4.3 0.00 45.7 13.9 93.2 11.0 63.6 71.6
a mean 67.6
g mean 4.9

25810 14 J ul 196 1 81.2 33 0.05 2.0 0.00 53.9 11.0 82.1 34.9 43.0 47.6
25810 3 Aug 1961 58.7 19 0.09 0.8 0.00 50.4 0.7 75.3 26.6 45.3 54.2 1.0
25810 16 Oct 1961 69.9 30 0.09 3.5 0.00 4.1 1.2 122.1 45.6 65.2 61.1 2.0
25810 17 Aug 196 1 28.5 30 0.02 6.4 0.00 50.7 1.1 75.4 14.0 49.0 61.4 2.0
25810 21 Aug 1961 17.3 16 0.03 2.8 0.00 45.7 13.9 93.2 10.8 62.3 70.3 1.8
a mean 58.9
g mean 2.5 1.6

258 11 18 Aug 1961 24.1 22 0.05 3.9 0.00 46.7 2.5 80.8 14.1 58.6
25811 21 Aug 196 1 17.3 16 0.05 3.3 0.00 45.7 13.9 93.2 10.4 60.1
25811 19 Nov 1959 20.4 9 0.09 1.9 0.01 0.0 11.3 136.3 14.5 71.2
a mean
g mean 2.9 0.01

27001 10 Nov 1963 29.9 15 76.62 8.5 11.99 36.8 3.9 92.1 6.5 2 1.7 29.2
27001 21 Nov 1963 34.3 23 148.95 10.8 18.55 0.0 5.5 130.5 14. 1 41.2 39.4
27001 14 Mar 1964 42.0 24 84.21 8.9 8.46 0.0 4.1 129.1 12.2 29.1 26.7 9.7 #
27001 24 Mar 1964 29.8 26 89.63 12.4 15.54 0.8 1.9 126.1 13.3 44.5 43.8 9.5 #
2700 1 2 Dec 1965 28.8 35 96.32 21.9 11.34 0.0 4. 1 129.1 20.4 70.7 69.7
27001 8  Dec 1965 35.0 39 243.04 18.2 15.62 1.2 3.7 127.5 34.9 99.7 99.5
27001 22  Feb 1967 23.7 12 98.14 8.1 13.87 0.0 4.9 129.9 7.7 32.4 30.6 7.7 #
27001 27 Feb 1967 35.9 26 138.50 14 .9 14.87 0.0 3.6 128.6 14.9 41.6 40.3
27001 18 Aug 1967 34.8 34 133.17 15.0 9.83 27.6 7.0 104.4 14.4 41.5 46.2
27001 16 Oct 1967 51.3 29 274.18 15.5 19.82 1.4 6.7 130.3 32.9 64.1 60.2
27001 2 J ul 1968 18.5 10 166.69 6.1 19.93 8.0 19.3 136.3 9.5 51.5 48.4
27001 11 Sep 1968 66.8 31 303.85 13.8 10.74 51.6 7.4 80.8 34.7 51.9 58.2
27001 31 Oct 1968 38.9 36 87.37 8.8 21.48 0.0 2.4 127.4 9.8 25.1 23.8 9.2 #
27001 1 Nov 1968 37.7 26 227.90 13.3 29.99 0.0 18.3 143.3 23.4 62.1 57.4
a mean 48.1
g mean 11.9 14.98 9.0

27010 19 Sep 1968 60.1 42 9.84 7.9 0.26 88.0 0.4 37.4 20.6 34.2 52.4
a mean 52.4
g mean 7.9 0.26

27026 25 Nov 1963 28.5 31 29.96 9.1 1.95 0.0 1.3 126.3 9.7 34.1 31.3
27026 8  Sep 1965 30.0 13 34.73 5.6 1.87 0.2 11.1 135.9 8.8 29.4 23.8
27026 8  Dec 1965 44.2 40 54.91 10.1 3.20 0.1 2.4 127.3 _ 23.8 53.9 51.0
27026 9 Apr 1966 21.1 12 42.04 4.9 3.70 0.0 2.7 127.7 9.1 42.9 40.3
27026 8 Mar 1967 34.6 29 26.09 7.7 1.30 4 .0 1.1 122.1 7.5 21.8 19.2 5.2 #
27026 14  May 1967 37.6 31 44.19 10.6 1.78 0.1 6.7 131.6 15.8 42.0 38.4
27026 14 J ul 1968 38.2 17 35.28 10.4 0.62 17.8 5.1 112.3 10.4 27.1 27.3 13.0 #
27026 1 Nov 1968 33.3 18 31.08 5.4 2.05 0.0 3.1 128.1 10.6 31.8 28.4
a mean 32.5
g mean 7.6 1.83 8.2

27027 7 Jan 1965 15.0 14 129.37 6.1 15.36 0.0 4.3 129.3 9.3 62.1 61.0 6 .0 #
27027 9 Jan 1965 38.9 59 180.10 16.2 16.80 0.0 8.6 133.6 35.7 91.7 89.6
27027 16 Apr 1965 12.4 15 71.28 3.4 15.85 0.0 2.4 127.4 4.2 33.9 33.3
27027 1 Aug 1965 18.9 12 78.50 4.5 10.98 0.0 6.1 131.1 5.5 29.0 27.4
27027 3 Aug 1965 17.6 14 87.25 4.7 12.97 3.5 15.4 136.9 6.1 34.4 31.4 6.5 #
27027 9 Sep 1965 11.7 9 79.22 6.1 10.94 0.0 5.5 130.5 4.8 41.4 40.0
27027 24 Sep 1965 42.9 23 153.60 6.0 10.91 0.2 3.7 128.5 20.2 47.1 45.3 7.5 #
27027 29 Oct 1965 14.1 13 90.93 3.8 9.98 0.0 3.3 128.3 5.1 36.5 35.6
27027 31 Oct 1965 45.8 45 195.90 9.6 13.01 0.0 10.0 135.0 37.1 81.0 77.0
27027 16 Dec 1965 32.1 36 278.68 9.4 26.04 0.0 5.8 130.8 28.5 88.7 87.3
27027 5 Feb 1966 18.6 15 163.88 8.1 24.43 0.0 3.1 128.1 16.9 91.0 90.2
27027 7 Feb 1966 49.7 30 165.25 9.8 22.47 0.0 9.2 134.2 22.5 45.3 40.8
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Restatementandapplicafionofthe FSRrainfakunoff method

Catch Date p D 0, LAG BF SMD APIS CW/ RIO PR SPR T( 0)
mm h m' s' h mes' mm mm mm mm % % h

27027 26 J un 1966 21.3 21 80.56 5.1 16.35 3.6 4 .8 126.2 7.9 37.2 36.9
27027 14 Nov 1966 26.7 37 144.45 5.5 21.59 0.0 9.1 134.1 13.1 49.0 46 .7
27027 17 Dec 1966 37.3 23 194.38 9.3 19.26 0.1 1.0 125.9 28.8 77.2 77.0
27027 19 Dec 1966 29.9 20 173.58 9.4 30.26 0.0 18.0 143.0 16.1 53.7 49.2 7.1 #
27027 16  Oct 1967 61.9 23 310.91 10.5 31.19 0.0 13.0 138.0 35.3 57.0 49.8 7.0 #
27027 4 Nov 1967 38.5 20 123.33 5.7 20.45 0.0 3.1 128.1 14.5 37.6 36.8 6.5 #
27027 19 Mar 1968 47.1 33 224 .37 10.6 22.36 0.0 8.4 133.4 39.4 83.6 79.7 9.7 #
27027 30  Oct 1968 49.8 37 206.50 7.3 34.68 0.0 8.4 133.4 25.0 50.2 45.9 8.3 #
27027 1 Nov 1968 34.6 22 171.18 8.0 51.01 0.0 23.8 148.8 14.3 41.3 35.3 6.5 #
27027 20 Jan 1969 36.9 25 158.65 7.3 12.87 0.0 1.2 126.2 20.8 56.4 56.1
27027 31 Mar 1969 65 .5 21 259.85 9.5 32.42 0.0 1.1 126.1 24.1 36.8 32.1 8.5 #

27027 21 Feb 1970 49 .6 59 213.48 12.2 30.56 0.0 7.0 132.0 32.4 65.3 61.4
27027 9 Nov 1972 32.4 16 222.59 9.1 11.83 0.0 1.3 126.3 17.9 55.1 54.8 7.8 #

27027 12 Feb 1971 47.5 54 214.67 8.6 12.66 0.0 0.0 125.0 32.8 69.0 67.2
27027 20 Nov 197 1 36.9 12 166.43 7.5 11.65 0.0 2.8 127.8 13.8 37.3 36.6
a mean 52.7
g mean 7.4 18.44 7.3

27031 21 Jan 1975 31.3 18 124 .09 7.3 11.45 0.8 8.2 132.4 18.7 59.6 57.2 4.5 #
2703 1 30 Apr 1975 35.1 14 76.43 3.7 4.59 8.3 3.3 120.0 9.0 25.5 24.5 4.4 #
a mean 40.9
g mean 5.2 7.25 4 .4

27034 14 Aug 1967 21.7 14 140 .97 7.6 13.23 0.4 5.6 130.2 11.1 51.3 50.0 7.2 #
27034 18 Aug 1967 46.9 23 208.41 8.7 17.01 3.6 4.1 125.5 24.5 52.3 50.4 7.2 #
27034 14  Oct 1967 43.6 42 202.45 11.6 20.54 0.0 3.3 128.3 29.1 66.7 64.8
27034 16  Oct 1967 62.9 30 32 1.87 11.6 33.13 1.0 12.4 136.4 42.3 67.2 60.3
27034 22  Dec 1967 41.7 3 1 212 .04 11.1 15.53 0.0 1.0 126.0 27.1 64.9 64.0
27034 19 Mar 1968 75.3 3 1 295.50 9.5 26.25 0.0 8.0 133.0 42.8 56.9 49.4
27034 22 Mar 1968 88.5 43 379.28 11.5 22.83 0.0 8.4 133.4 66.5 75.1 66.2
27034 11 Sep 1968 76.2 13 270 .68 11.9 17.03 45.8 6.0 85.2 34.4 45.1 49.5
27034 12 Feb 1971 53.0 25 206 .51 17.3 9.81 3.7 0.3 121.6 33.8 63.7 61.8
27034 12 Aug 1971 25.2 29 190 .75 1.8 44.88 42.5 10.5 93.0 18.8 74.7 82.7
a mean 59.9
g mea n 9.1 20.09 7.2

27035 10 Nov 1969 31.8 2 1 58.59 6.2 13.37 27.1 12.6 110.5 11.5 36.1 39.5 6.5 #
27035 19 Feb 1970 12.5 9 47.65 7.6 10.97 0.0 2.7 127.7 6.4 51.4 50.6 7.7 #
27035 12 Apr 1970 31.5 17 53.40 8.9 4.61 2.1 1.3 124.2 10 .4 33.1 33.1 5.3 #
27035 30  Oct 1970 25.9 8 58.93 5.5 16.44 96.9 11.0 39.1 7.6 29.5 50.8
27035 12 Feb 1971 32.2 19 54.37 10.8 3.53 0.0 0.0 125.0 13.3 41.4 41.2 6.4 #
27035 18  Oct 1971 47.6 24 59.61 12.1 11.01 71.4 5.4 59.0 18.1 38.1 52.6
27035 20 Nov 1971 24 .5 11 52.99 7.5 6.19 0.0 1.5 126.5 9.0 36.9 36.3 7.7 #
27035 9 Nov 1972 33.0 16 45.64 8.1 1.60 86.1 1.4 40.3 7.7 23.3 44 .2 5.2 #
27035 1 Dec 1972 22 .1 11 57.58 6.8 13.80 0.0 5.1 130.1 8.0 36.3 34.8 6.0 #
27035 24 Nov 1974 23.9 19 54.05 11.4 9.44 0.1 4.4 129.3 10.0 41.7 40.5 7.0 #
27035 30 Apr 1975 25 .9 26 32.72 9.8 1.85 12.7 1.8 114.1 6.4 24.9 27.4 6.8 #
a mean 41.0
g mean 8.4 6.60 6.5

27051 2 Oct 1974 21.9 20 0.53 11.3 0.03 25.6 0.2 99.6 3.5 15.9 22.2
27051 13 Nov 1974 16.1 18 1.17 5.0 0.14 0.0 2.6 127.6 5.0 30.8 30.1 3.0 #
27051 24 Nov 1974 19.3 22 1.99 5.5 0.20 0.0 6.1 131.1 6.3 32.8 31.2 3.3 #
27051 10 Dec 1974 9.5 7 1.82 3.2 0.36 0.0 1.2 126.2 3.5 37.2 36.9 2.6 #
27051 23 Jan 1975 13.3 20 1.77 18.9 0.31 0.0 3.7 128.7 4.6 34.7 33.7
2705 1 18  Apr 1975 11.9 12 0.80 3.2 0.13 0.0 3.7 128.7 2.4 19.8 18.8
2705 1 2 J an 1976 16.4 15 2.91 4.7 0.18 9.1 3.4 119.3 8.5 51.8 53.2 2.9 #
27051 8 Jan 1976 20.1 23 1.22 5.0 0.14 0.0 0.7 125.7 5.6 27.7 27 .5
2705 1 28 May 1976 30.0 27 1.61 0.0 0.11 17.4 4.8 112.4 8.8 29.4 32.5
2705 1 1  Oct 1976 27.3 7 3.67 2.4 0.26 17.3 9.3 117.0 8.2 29.9 31.9 2.9 #
27051 1  Oct 1976 38.1 12 2.96 4.1 0.25 6.5 20.7 139.2 12.1 31.7 28.1
a mean 31.5
g mean 5.2 0.16 2.9
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Appendix A Flood event analysis

Catch Date p D o, LAG BF SMD API5 CW/ R/0 PR SPR Tp(O)
mm h m' s ' h m's ' mm mm mm mm % % h

28016 1 Nov 1968 39.0 17 16.80 27.9 3.23 0.0 2.6 127.6 9.8 25.1 22.6 29.5 #
28016 12 Mar 1969 37.7 44 14.59 30.6 3.65 4.3 0.0 120.7 11.3 29.9 29 .3
28016 16 Mar 1969 27.8 45 15.01 28.1 5.03 0.0 3.0 128.0 9.6 34.5 32.3
28016 16 Nov 1969 30.2 20 15.88 23.5 3.09 2.6 3.5 125.9 8.0 26.5 24.5 16.8 #
28016 12  Apr 1970 43.2 21 17.11 22.6 2.86 1.2 1.0 124.8 9.5 22.0 19.0 16.1 #

a mean 25.5
g mean 26.4 3.50 20.0

28023 8 Dec 1965 65.4 35 36.52 11.2 10.48 0.0 5.7 130.7 21.1 32.3 26.3 7.4 #

28023 22  Dec 1965 38.6 28 18.56 13.3 9.61 0.0 3.7 128.7 8.4 21.8 20.5 12.0 #
28023 29 Dec 1965 29.8 16 14 .64 10.4 6.86 0.3 0.1 124 .8 4 .3 14.4 14.0 10.7 #

28023 19 Feb 1966 16.0 17 13.94 8.2 7.02 0.0 12.0 137.0 3.2 20.3 16.9 7.3 #

28023 27 J un 1966 24.5 14 8.68 8.4 3.27 0.0 10.2 135.2 2 .7 11.0 8.0
28023 20 Aug 1966 39.1 15 9.81 7.1 3.64 14.4 0.0 110.6 22 5.6 8.7
28023 14 Sep 1966 40.7 22 15.52 9.3 4.34 0.0 5.0 130.0 4.3 10 .6 8.6 7.5 #

28023 9 Dec 1966 24.3 23 14.38 10.7 7.62 0.0 5.1 130.1 4 .7 19.2 17.5 10.9 #

28023 3  Oct 1967 21.2 14 10.49 7.4 4.03 0.0 8.0 133.0 1.8 8.6 6.1 8.7 #

28023 16 Oct 1967 46.6 30 16.27 11.9 5.08 0.6 5.2 129.6 9.4 20.2 17.0

28023 2 J ul 1968 24.8 24 13.81 4.1 3.08 8.1 1.9 118.8 2 .5 10.1 11.2

a mean 14.1
g mean 8.9 5.43 9.0

28026 4 Nov 1967 24.2 24 40.02 24.4 2.49 0.0 2.5 127.5 14.3 59.0 57.9 29.5 #

28026 10 J ul 1968 51.2 23 56.87 29.7 1.74 19.5 3.8 109.3 22.0 42.9 43.2 28.6 #

28026 1 Nov 1968 26.1 19 43.99 25.2 1.72 0.0 3.5 128.5 14.3 54.6 53.1 24.9 #

28026 12 Mar 1969 27.9 40 36.00 24.5 2.26 4.1 0.0 120.9 12.1 43.4 43.3 24.3 #

28026 5 May 1969 36.3 13 56.63 16.1 3.74 12.9 0.7 112.8 15.1 41.5 43 .3 14.9 #

a mean 48.1
g mean 23.5 2.29 23 .8

28033 26 J un 1966 47.2 25 2.62 4.7 0.36 4.0 8.5 129.5 . 15.2 32.2 29.3 1.8 #

28033 28 J ul 1966 27.4 15 1.59 3.7 0.07 14.4 2.9 113.5 3.0 10.8 13.7 2.5 #

28033 14 Sep 1966 36.3 7 4.63 6.1 0.40 0.0 9.5 134.5 15.0 41.3 38.9 22 #

28033 4  Oct 1966 14.3 7 2.11 2.7 0.17 0.0 7.8 132.8 2.7 18.7 16.8 2.0 #

28033 14 May 1967 12.4 4 1.61 2.2 0.23 1.5 5.5 129.0 2.5 20.5 19.5 2.3 #

28033 14 May 1967 15.4 19 1.83 2.7 0.46 0.0 12.1 137.1 5.0 32.4 29 .4 1.8 #

28033 29 Sep 1967 17.4 9 1.67 3.5 0.21 19.0 5.7 111.7 3.5 20.2 23.5 1.4 #

28033 3  Oct 1967 24.7 15 3.47 4.7 0.45 0.0 9.6 134.6 6.5 26.4 24.0 2.5 #

28033 20 Nov 197 1 57.3 19 5.54 11.6 0.50 0.0 3.3 128.3 27.4 47.9 43.8

a mean 26.5
g mean 4.1 0.27 2.0

28041 5 Aug 1973 46.4 16 41.37 6.1 0.55 3.2 7.0 128.8 20.6 44.5 41.8

28041 19 Aug 1970 31.0 22 25.16 6.2 0.80 14.5 2.6 113.1 18.0 58.2 61.2
28041 5 Apr 1970 15.5 13 7.92 2.2 0.96 0.8 2.1 126.3 4.5 29.1 28.7

28041 7 Dec 1969 6.2 7 5.70 4.0 1.01 0.0 3.6 128.6 3.4 54.5 53.6
2804 1 10 Nov 1969 20.5 15 19.60 1.4 1.04 0.0 12.4 137.4 8.0 38.8 35.6

2804 1 10 Nov 1969 20.5 15 19.60 1.4 1.08 43.4 12.4 94.0 8.1 39.5 47.2
28041 11 Nov 1969 17.2 6 16.11 1.4 3.77 0.0 20.3 145.3 5.4 31.6 26.4

a mean 42.1
g mean 2.7 1.09

28070 2 Dec 1937 56.3 25 5.88 3.5 0.56 0.0 5.5 130.5 20.9 37.1 32.5 2.5 #

28070 1 J ul 1958 54.2 24 24.13 2.0 0.72 0.0 10.8 135.8 31.5 58.2 52.6
28070 10 Oct 1961 27.9 13 3.22 3.0 0 .22 70.7 3.7 58.0 7.2 25.9 42.7 1.4 #

28070 18 J ul 1964 49.8 10 7.19 3.2 0.21 39.1 2.5 88.4 18.0 36.1 43.0 2.0 #

28070 11 Dec 1964 57.0 44 6.14 7.7 0.19 24.4 2.6 103.2 44.1 77.4 79.6 3.0 #

28070 21 J un 1965 31.2 9 2.43 3.8 0.19 26.8 1.7 99.9 6.5 20.9 27.2 3.2 #

28070 8 Sep 1965 41.9 12 5.45 3.1 0.35 1.3 7.6 131.3 13.7 32.6 30.3 2.0 #

28070 9 Apr 1966 26.1 11 3.69 5.6 0.40 0.0 3.9 128.9 11.6 44.3 43.3
28070 21 Aug 1966 50.5 17 1.69 5.8 0.14 35.6 0.0 89.4 6.8 13.4 20.0

28070 14 May 1967 45.9 15 2.81 5.2 0.26 2.0 6.3 129.3 9.4 20.5 17.9

28070 16 0ct 1967 56.6 36 5.20 3.9 0.21 16.8 3.4 111.6 23.8 42.0 42.1

28070 6 May 1969 26.6 12 4.20 2.3 0.28 6.4 0.6 119.2 13.1 49.3 50.8 2.0 #

a mean 40.2

g mean 3.8 0.28 2 .2
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Restatement andapplicofionofthe FSR rinf olk-runoff method

Catch Dat e p D 0, LAG BF SMD APIS CW/ R/0 PR SPR Tp(O)
mm h m's' h m's ' mm mm mm mm % % h

28997 5 Dec 1990 2.7 #

28997 8 Jan 199 1 2.8 #
28997 11 J an 1991 1.4 #
28997 2 Nov 1991 1.5 #
28997 17 Dec 1991 2.7 #

28997 2  Oct 1992 5.1 #
28997 25  Oct 1992 2.3 #
g mean 2.43

28998 25  Oct 1990 2.2 #
28998 8 Jan 1991 2.0 #
28998 9 Jan 1991 2.0 #
28998 11 Jan 199 1 2.3 #
28998 18 Jan 1991 3.8 #
28998 2 0ct 1992 6.2 #
28998 25  Oct 1992 4.0 #
g mean 2.94

28999 5 Dec 1990 1.0 #
28999 8 J an 1991 2.0 #
28999 11 Jan 1991 1.8 #
28999 18 Jan 1991 2.3 #
28999 2 Nov 1991 1.9 #
28999 2  Oct 1992 4.3 #
28999 25  Oct 1992 2.9 #
g mean 2.13

29001 21 Apr 1962 16.0 11 1.25 7.9 0.34 2.0 1.6 124.6 0.4 2.7 2.6 5.1 #
29001 17 Aug 1963 44 .4 27 1.47 12.0 0.23 57.7 2.0 69.3 1.1 2.5 15.0 11.1 #
29001 29 Nov 1965 32 .6 14 2.51 7.8 0.56 0.0 3.7 128.7 1.1 3.3 2.2 5.2 #
29001 27  Oct 1966 19.7 18 0.81 6.8 0.21 11.6 1.6 115.0 0.3 1.7 4 .0 4.6 #
29001 27 Feb 1967 17 .8 19 1.13 5.7 0.42 12 1.6 125.4 0.4 2.4 2.1 11.5 #
29001 10 J ul 1968 60.4 24 1.09 8.3 0.17 71.2 1.8 55.6 0.6 1.0 14.4
29001 1 Nov 1968 53.8 34 3.70 3.8 0.83 0.0 4.7 129.7 1.8 3.3 4.5 #
29001 15 J ul 1973 77.4 26 3.97 10.7 0.13 47.0 1.1 79.1 1.5 1.9 7.5 4.7 #
29001 6  Oct 1974 53.1 35 1.28 12.8 0.14 84.4 4.8 45.4 1.0 1.8 18.8
29001 8 Mar 1975 15 .1 30 2.48 25.7 0.36 0.2 3.5 128.3 1.9 12.4 11.4
a mean 8.7
g mean 8.9 0.29 6.1

29002 26 Dec 1979 24 .1 21 2.55 11.9 0.74 8.4 1.0 117.6 2.0 8.4 10.0
29002 24 Feb 1980 28 .0 22 4.13 11.3 1.47 0.0 2.5 127.5 2.9 10.2 9.4 6.0 #
29002 17 Dec 1980 8.7 8 2.33 7.1 1.12 10.0 4.7 119.7 0.9 10.8 11.9 7.2 #
29002 8 Feb 1981 35 .0 34 3.88 11.0 0.98 0.3 0.5 125.2 3.3 9.5 9.2 6.8 #
29002 24 Apr 1981 84 .9 56 8.80 19.8 1.42 11.1 2.3 116.2 13.1 15.4 11.0
29002 15 Mar 1982 15.0 23 2.14 3.2 0.99 9.0 4.6 120.6 0.8 5.4 6.3 7.8 #
29002 26 Nov 1983 27.4 17 1.51 10.0 0.46 85.6 2.4 41.8 1.1 3.9 24.5 11.2 #
29002 1 Feb 1986 23 .7 44 2.40 18.8 1.00 0.6 2.3 126.7 2.6 10.8 10.2 20.5 #
29002 29 Dec 1986 29 .0 33 3.47 12.6 0.81 6.0 0.6 119.6 2.8 9.7 10.8 6.7 #
29002 31 Dec 1986 17.2 31 2.77 9.2 1.19 0.0 8.6 133.6 1.7 9.7 7.3 10.7 #
a mean 11.1
g mean 10.4 0.97 8.9

29004 1 Nov 1968 33.3 20 8.38 14.3 0.91 0.0 4.2 129.2 10.3 31.0 29.9
29004 2 J un 1969 26.9 16 5.38 7.5 0.68 9.4 2.2 117.8 4.6 17.1 18.8 5.3 #
29004 28 J ul 1969 50.8 11 7.60 9.7 0.06 94.0 1.1 32.1 5.9 11.7 32.4 7.5 #
29004 16 Nov 1969 31.6 11 8.62 9.9 0.69 42.2 2.1 84.9 8.2 25.8 35.7 8.8 #
29004 12 Apr 1970 33.1 17 7.43 11.2 0.65 0.7 0.4 124.7 8.9 26.9 26.9 9.7 #
29004 8 Mar 1972 11.2 12 6.05 8.7 1.74 0.0 8.9 133.9 4.1 36.6 34.3
29004 15 J ul 1973 58.6 20 9.23 13.6 0.60 45.0 1.4 81.4 12.5 21.4 28.7 8.9 #
29004 6  Oct 1974 53.1 28 8.72 13.6 0.69 79.0 4.9 50.9 16.9 31.8 47.5
29004 7 Dec 1973 17.3 21 1.91 12.8 0.14 1.3 0.0 123.7 3.0 17.3 17.5
29004 18 Apr 1975 19.4 14 6.66 7.2 0.95 0.0 3.2 128.2 5.3 27.1 26.2 5.5 #
a mean 29.8
g mean 10.6 0.53 7.4
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Appendix A Flood event analysis

Catch Date P D
mm h

30001
30001
30001
30001
30001
30001
30001
30001
30001
30001
30001
a mean
g mean

29 Oct 1960 17.6
3 Dec 1960 35.2

18 Dec 1960 35.9
28 Nov 1965 25.9
9 Dec 1965 20.2

18 Dec 1965 16.7
14 May 1967 47.7
1 Nov 1968 36.5
5 May 1969 27.7

23 Jan 1971 24.0
8 Mar 1975 35.8

30004 20 Dec 1962 15.5
30004 29  Nov  1965 36.9
30004 18 Dec 1965 18.9
30004 5 Nov 1967 15.2
30004 10 Jul 1968 105.5
30004 8 Aug 1968 33.8
30004 15 Sep 1968 30.1
30004 1 Nov 1968 48.7
30004 8 Feb 1974 11.9
30004 7 Oct 1974 27.7
30004 18 Apr 1975 22.0
30004 27 Dec 1979 16.7
30004 7 Aug 1980 35.6
30004 14 Aug 1980 32.6
30004 6 Mar 1982 21.4
30004 15 Mar 1982 16.0
30004 21 Jun 1982 65.3
30004 25 Jun 1982 23.2
30004 13 Nov 1982 26.7
30004 9 Dec 1982 18.3
30004 1 May 1983 21.2
30004 31 J ul 1983 36.0
30004 26 Nov 1983 29.7
30004 26 May 1984 38.0
30004 2 Aug 1984 53.0
30004 29 Jan 1985 18.9
30004 29 Dec 1986 29.5
30004 31 Mar 1987 24.2
30004 14 Oct 1987 30.3
30004 1 Jan 1988 17.0
30004 13 Dec 1979 27.6
a mean
g mean

14
20
47
14
18
18
41
19
10
23
18

10
16
19
16
24
7

29
26
8
8

10
12
18
22
22
23
41
7

43
10
37
18
33
40
18
10
17
36
34
9

34

30017 30 Jan 1980 10.3 8
30017 17 Mar 1980 26.9 24
30017 15 Oct 1980 31.1 12
30017 14 Nov 1980 16.6 30
30017 1 Jun 1981 20.1 3
30017 6 Mar 1982 22.7 24
30017 22 Jun 1982 40.4 31
30017 25 Jun 1982 33.6 6
30017 9 Dec 1982 16.3 10
30017 10 Apr 1983  22.7  28
30017 20 Apr 1983 10.4 11
30017 24 Apr 1983 13.0 5
30017 31 May 1983 24.6 14
30017 23  Nov  1984 14.5 14
30017 29 Jan 1986 16.6 27
30017 29 Dec 1986 30.5 73
30017 7 Apr 1987 17.3 10
30017 9 Oct 1987 26.5 42

O, LAG BF SMD APIS CWI R O PR SPR Tp(0)
m' s' h m' s ' mm mm mm mm % % h

16.82 22.6
29.12 32.8
23.87 18.0
17.27 20.8
18.70 22.1
16.80 19.4
23.38 33.8
26.35 26.8
19.29 22.4
13.90 17.5
33.34 19.2

22.7 3.68

3.09 9.8
11.05 10.9
5.45 13.4
3.72 10.1

13.34 12.2
5.09 5.7
6.58 6.9

10.17 10.9
4.33 9.0
7.88 10.7
8.64 6.5
5.32 7.3
1.75 6.5
7.06 11.8
4.73 9.4
4.14 4.6
5.37 12.5
5.86 6.5
4.32 8.7
6.39 7.1
5.02 11.4
1.74 6.8
3.09 7.0
3.65 12.9
5.19 5.0
8.32 7.7
7.61 13.9
4.94 9.1
7.25 11.0
6.85 6.8
8.41 6.9

8.6 0.66

2.47 8.1
4.02 14.1
3.99 10.0
2.40 18.4
3.24 8.0
3.74 9.3
3.46 18.0

11.49 7.7
4.41 8.7
2.97 14.1
3.44 7.1
2.69 7.3
5.31 8.1
3.24 10.1
2.63 11.7
3.11 12.6
6.13 5.3
1.18 12.8

4.78 0.0
4.99 0.0
4.57 0.0
3.41 0.0
4.93 0.0
7.90 0.0
2.08 3.6
2.90 0.0
2.26 15.0
2.57 29.0
3.28 0.0

0.52 0.0
0.98 0.0
1.25 0.0
0.86 9.9
0.36 57.2
0.67 32.3
0.74 2.8
0.92 0.0
0.92 0.0
0.90 50.4
1.19 0.0
0.85 4.8
0.32 91.0
0.38 83.2
0.69 18.9
0.88 8.8
0.27 90.2
0.69 46.8
0.74 5.3
0.94 0.0
0.90 4.1
0.25 101.9
0.38 85.5
0.36 50.1
0.24 101.3
1.16 0.0
0.75 4.9
0.90 1.9
0.79 5.2
0.90 0.0
1.07 9.5

0.38 1.5
0.45 0.0
0.12 112.6
0.22 51.9
0.22 16.0
0.28 37.4
0.11 92.9
0.69 73.4
0.41 24.5
0.19 1.7
0.41 0.8
0.34 0.0
0.28 14.6
0.41 53.5
0.31 6.5
0.25 49.3
0.65 0.0
0.06 109.0

2.9 127.9
0.2 125.2
0.1 125.1
2.2 127.2
4.2 129.2
4.1 129.1
5.4 126.8
5.5 130.5
0.8 110.8
1.8 97.8
2.0 127.0

0.6 125.6
3.1 128.1
8.4 133.4
6.6 121.7
3.1 70.9
2.3 95.0
1.9 124.1
6.4 131.4
5.2 130.2
5.4 80.0
6.3 131.3
4.5 124.7
4.7 38.7
0.9 42.7
1.9 108.0
5.0 121.2
4.0 38.8

10.9 89.1
1.5 121.2
3.7 128.7
5.8 126.7
0.1 23.2
2.8 42.3
4.8 79.7
9.1 32.8
4.4 129.4
1.1 121.2
1.5 124.6
2.9 122.7
1.6 126.6
7.1 122.6

2.1 125.6
42  129.2
0.8 13.2
1.9 75.0
2.1 111.1
1.6 89.2
5.6 37.7

11.2 62.8
4.3 104.8
2.1 125.4
5.0 129.2
2.2 127.2
1.1 111.5
5.7 77.2
0.9 119.4
0.3 76.0
4.1 129.1
4.7 20.7

5.3 30.1 28.9
13.2 37.4 37.0
9.8 27.2 26.7
5.9 22.8 21.7
6.5 32.0 30.5
2.9 17.1 15.5

15.3 32.0 29.2
11.8 32.2 30.4
6.0 21.8 24.8
4.6 19.1 25.3

11.1 30.9 29.9
27.3

2.3
10.1

16.1
2.9
6.6

5.1
3.3 21.9

15.3
8.6

22.0
25.012.2

14.7 14.2
27.4 26.3
27.2 24.8

22.4
20.0
15.7
21.9
21.0

2.4 20.1 18.5
6.7 24.3 35.2
4.9 22.4 20.5
4.3 25.8 25.6
1.4 3.8 24.9
6.6 20.3 40.5
4.0 18.9 22.8
3.1 19.5 20.1
6.7 10.3 27.1
3.5 15.0 23.6
5.8 21.8 22.4
3.8 20.9 19.6
5.1 23.9 23.2
0.9 2.5 27.5
2.9 9.7 30.0
4.3 11.2 22.1
2.3 4.4 24.3
5.7 30.0 28.6
7.9 26.7 27.4
6.5 26.9 26.7
8.6 28.4 28.7
4.3 25.1 24.4
6.8 24.5 24.8

24.4

1.8 17.5 17.1
5.5 20.6 19.3
3.9 12.6 40.3
2.9 17.7 30.0
2.3 112 14.4
3.9 17.4 26.1
4.6 11.3 32.6
7.9 23.4 38.8
3.6 22.1 27.0
5.0  222  21.9
2.2 21.6 20.4
1.5 11.8 11.0
4.5 18. 1 21.3
2.8 19.3 31.0
2.8 17.0 18.2
6.2 20.2 32.2
4.1 23.8 22.6
2.0 7.4 33.2

20.7 #
19.2 #
18.3 #
18.5 #
18.5 #
19.7 #

20.0 #
20.5 #

23.5 #
15.5 #

19.3

7.7 #
11.0 #

10.6 #

5.5 #
9.5 #
10.2 #

9.5 #
11.1 #

4.5 #

5.6 #

9.0 #
5.6 #
7.8 #

5.6 #
7.7 #
4.6 #

6.7 #

5.5 #

10.8 #
6.2 #
8.2 #
4.8 #

4.9 #
8.6 #
14.9 #
4.0 #
5.7 #

7.3 #

6.8 #

7.2

9.0 #
7.9 #
7.8 #
9.8 #
7.1 #
8.5 #
9.4 #
7.3 #
8.3 #
11.5 #
6.7 #
6.5 #
8.4 #

8.9 #

8.0 #
6.9 #
4.7 #

13.6 #
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Restatement and application of the FSR rainfalhunoff method

Catch Date p 0 o, LAG BF $MD AP/5 CW/ R/0 PR SPR Tp(O)
mm # m's ' h m?y ' mm mm mm mm % % h

30017 15  0ct 1987 15.8 22 2.18 10.3 0.18 822 4.5 47.3 2.6 16.4 35 .6 8.3 •
30017 20 ClC1 1987 24.4 33 4.03 10.3 0.22 67.4 1.0 58.6 4 .6 18.8 352 9 .5 •a mean 26.4
g mean 10.1 0.27 8.2

31005 27 Feb 1967 17.3 16 22.98 52.0 2 .90 0.0 1.0 126.0 7.6 44 .1 43.7
31005 26 Nov 1968 16.5 22 20 .33 49.3 228 o.o 0.8 125.8 9.3 56 .5 562
3 1005 12 Mar 1969 27.8 42 395 1 44.3 3 .89 4.3 0.5 121.2 16.2 582 59.1 41.5 •
31005 9 Jan 1970 9.4 24 16.03 44.3 1.5 40 .0 4.1 89 .1 8.5 90.8 99.9
31005 23 Jan 1971 26 .3 22 33.46 37.9 4.47 24.1 2 .1 103 .0 112 42.4 47.9
31005 6 Dec 1972 20.3 14 22 .93 28.9 329 47.7 5.0 82 .3 5.6 27.7 382 26.0 •
31005 20  Nov 1974 22.0 26 32.33 41.1 6.46 1.7 7.0 130.3 9.2 42.0 40 .5
31005 6 Mar 1975 39.7 28 106.44 26.3 4.64 0.0 3.4 128.4 29.8 75.0 74.2
a mean 57.4

g mean 39.5 3.47 32.8

31006 13 May 1967 48.2 53 13.17 25.7 1.31 32 4.2 126 .0 11.8 24.5 22.0
31006 10 Jul 1968 682 47 18.37 28.3 0.72 67.9 3.1 602 11.1 16.3 27.5
31006 1 Nov 1968 27.6 19 14.65 27 .1 1.86 0.0 6.4 131.4 6.6 24.0 22.1
31006 26 Nov 1968 15.7 18 9.54 18.1 1.62 o.o 1.9 126.9 3.7 23 .6 22.8
31006 12 Mar 1969 28.0 22 12.86 23.4 2.33 2 .3 2.9 125.6 6.7 24.1 23.6
31006 5 May 1969 42.8 19 22 .89 19.0 1.28 30.0 0.3 95.3 9.2 21.4 27.6
a mean 24.3
g mean 23 .4 1.43

31010 10 Jul 1968 72.6 22 20.93 14.3 0.55 60.0 2.4 67.4 16.8 23.1 32.2
31010 1 Nov 1968 26.0 15 12.39 15.7 1.07 0.0 5.7 130.7 10.6 40.9 39.4
31010 5 May 1969 36.8 11 1626 12.9 o.n 27.6 0.3 97.7 12.5 32.1 38.8
31010 23 Jan 1971 25.5 28 8 .35 21.1 0.99 24.1 2.5 103.4 12.1 47.6 52.9
310 10 6  Dec 1972 16.3 7 5.61 18.7 0 .67 38.5 6.7 932 5.7 352 43.1
310 10 20 Nov 1974 19.9 24 7.60 17.3 1.13 2.6 4.6 127.0 8.8 44.3 43.7 13.6 •
31010 8 Mar 1975 32.8 23 15.63 12.6 0 .79 0.0 3.0 128 .0 14.1 43.1 42.3
310 10 18 Apr 1975 22 .2 15 15.02 11.9 1.73 0 .0 5.0 130.0 11.3 51.1 49.8
a mean 42.8
g rnean 15 .3 0.91 13.6

3102 1 12  Apr 1970 12 .6 10 25.90 16.6 6.08 0.5 1.2 125.7 6.8 54.1 53.8
3102 1 23 Jan 1971 26 .1 25 27.66 14.7 3.30 16.4 2.3 110.9 12.9 49.3 52.7
3102 1 2 Oec 1972 27 .0 21 1820 16.0 1.0 1 59.8 3.1 68.3 6.1 22.6 36.5
3102 1 6  Dec 1972 23.5 14 26 .57 18.0 3.04 32.4 4.8 97.4 92 392 45.9
3102 1 19 Jun 1973 52.0 21 13.88 132 0.49 86.8 0.0 38.2 3.6 7.0 25 .8
3102 1 27 Jun 1973 36.0 19 28 .42 19.6 2 .n 55.4 12.4 82.0 11.5 32.0 42.5
a mean 42.9
g mean 16.2 2.09

31023 21 J ul 1973 20 .3 14 1.17 3.5 0 .06 35.9 4.8 93 .9 5.1 252 33.0 3.8 •
31023 31 Mar 1972 11.7 16 0.31 7.8 0 .03 4.1 2.3 1232 2.9 24.S 24.9
a mean 28 .0
g mean 52 0 .04 3.8

3280 1 13 ClC1 1968 19.4 9 1.60 5.4 0.19 4.8 5.5 125.7 6 .0 30.7 3.9
3280 1 1  0ec 1966 92 10 1.14 2.6 0.28 o.o 4.8 129.8 3.9 42.9 4.9
32801 9  Dec 1966 21.8 16 2 .51 5 .5 0.19 0 .0 3.7 128.7 14.5 66.6 5.1
32801 10 Jul 1968 7 1.9 26 2.92 9 .3 0 .08 28 .8 12 87.4 19.3 26.8 5.8
3280 1 1 Nov 1968 292 16 3.06 52 0.16 0 .0 3.3 128.3 13.1 44.9 3.8
3280 1 15 Jan 1969 9.7 7 1.21 2 .1 0.24 0.0 1.9 126.9 3.2 32.8 22
3280 1 12 Mar 1969 29.8 30 227 7.6 0.11 1.0 4.6 128.6 16.1 54 .0
3280 1 5 May 1969 30.4 13 1.25 5.0 0.09 33.7 0.1 91.4 4.9 16.0 3.3
32801 30 May 1969 26.7 13 427 6 .8 0.16 3.2 2.7 124.5 13.7 51.3 3.0
a mean
g maan 5.0 0.15 3.9

32999 13 Feb 1990 4.9 5.5 •
32999 15 Feb 1990 8.7 9.5 •
32999 10 Jan 199 1 8.7 11.8 •
32999 28 Feb 199 1 8.8 10.1 •
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Appendix A Flood event analysis

Cateh Date p D o, LAG BF $MD API5 CW/ R/0 PR SPn T (0)
mm h me h m's' mm mm mm mm % % h

32999 19 Nov 199 1 11.0 5.5 •
32999 9 Jan 1992 7.6 5 .3 •
32999 30 Mar 1992 .9.2 8 .3 •
32999 15  Apr 1992 12.5 9 .8 •
32999 23 Sep 1992 6.1 5.6 •
g mean 8.3 7.58

33014 27 Feb 196 1 17.0 31 7.2 1 23.0 2.2 1 0.4 1.4 126.0 3.0 17.7 16.7 2 1.9 •
330 14 21 Jan 1962 13.4 34 6.16 22.4 2.30 0 .0 1.0 126.0 1.5 11.0 10.0
33014 14 Mar 1964 35.5 33 7.45  38.9 0.90 4.9 0.5 120.8 3 .5 9.9 10.2
33014 8 Dec 1965 18.5 25 7.10 28.0 1.14 0.0 1.9 126.9 2.9 15.8 14.6

33014 31 Dec 1966 11.8 11 6.05 24.4 22 4 0.0 3.6 128.6 1.3 11.2 9.5
33014 5 Nov 1967 18.S 14 6.11 25 .0 2.17 232 9.1 110.9 1.4 7.3 10.0 25 .4 •
330 14 4 Jan 1968 102 12 5.17 23.3 1.39 0.0 0 .9 125.9 1.7 16.8 15.9 25.0 •
33014 14 Sep 1968 82 .7 3 1 2 1.72 42.6 0.68 16. 4 32 111.8 13.6 16.S 12.8
33014 16 Dec 1966 14.8 12 6.78 22.6 1.15 0 .0 1.6 128 .8 2.5 16.6 15.4
33014 22 Jan 1969 11.9 6 8 .95 232 2 .96 0.0 1.9 126 .9 22 18.2 17.0

33014 11 Mar 1969 23.3 39 11.22 29.1 1.94 12.3 3.0 115.7 5.3 22.9 24. 6
33014 5  May 1969 35 .4 10 9.94 20.4 1.95 10. 1 0.0 114.9 2 .9 8.3 10.0
a mean 13.9
g mean 26.2 1.6 1 24.0

33015 17 Nov 1963 46.9 53 16.16 20.6 1.03 46.7 0 .6 78.9 11.4 24 .3 33 .0 23.0 •
33015 28 Nov 1963 18.6 2 1 t2.14 17.9 1.96 9.2 0.9 116.7 5.8 3 1.1 32.3 13.7 •
33015 24 Sop 1965 41.0 43 11.24 30.6 0 .65 482 0.3 77 .1 7 .5 18.4 29 .7 32.7 •
33015 22 Dec 1965 15.9 16 14.42 16.6 3.15 0 .0 1.1 126.1 6.0 37 .8 36 .8
33015 18 Apr 1968 17.4 36 14.10 21.5 2 .90 1.4 2.8 126.4 7.9 45.5 44.6 21.3 •
33015 1 Oct 1968 28.8 54 14.77 27.3 3.40 12.0 12.8 125.8 10.3 35.8 34 .8
33015 13 0cl 1966 27.6 29 14.57 19.3 2.34 0. 1 1.1 126 .0 6.7 31.7 30 .6 17.5 •
33015 9 Dec 1966 15.4 9 16.16 2 1.9 2.96 0.0 1.7 126.7 6.8 44 .3 43 .3 15.3 •
33015 26 Feb 1967 16.0 17 14.67 19.0 2.42 0 .0 2 .5 127.S 6.4 40,0 36.7 14.5 •
33015 9 Ju l 1966 53.5 27 23.30 22 .6 0.69 62 .1 2 .6 65 .7 9.6 18.3 29 2
33015 13 Sep 1968 51.7 63 23.30 35.5 0.98 30.4 0 .5 95.1 16.6 32.2 36.3
33015 1 Nov 1966 15.3 11 16.38 16.6 2.59 0.0 1.8 126.8 5 .5 36.0 34.8 12.5 •
e meen 35 .3
g mean 21.8 1.81 17.9

33029 8 Dec 1965 25.7 39 3.53 10.2 0.97 02 2.4 127.2 2.6 10.2 9 .4 6 .0 •
33029 19 Feb 1966 19.6 16 3.79 10 .9 1.76 0.0 6.6 131.6 2.2 11.1 92 9 .7 •
33029 29 Aug 1966 51.6 29 1.90 18.9 0.07 65 .3 0.8 ,60.5 1.6 3.1 16.4 14.3 •
33029 26 May 1967 23 .7 10 2.8 1 6.4 0.65 14.8 2.3 112.5 1.6 7.4 10.2
33029 5 Nov 1967 20.3 12 2.07 7.9 0.46 35.9 4 .5 93.6 1.2 5.6 13.4 7.1 .t
33029 13 Jul 1968 14.4 15 1.50 10.6 026 24.4 4 .5 105.1 12 6.1 12.8 12.7 •
33029 15  Sep 1968 40.5 43 4.12 24.5 ·0.18 8 .6 22 118.6 7.1 17.5 18.6
33029 5 Mey 1969 20.9 9 2 .04 9.0 0.60 15.6 0.0 109.4 1.1 5.1 8 .7
a mean 12.3
g mean 11.6 0.42 9.4

33045 16  0t 1967 15.4 16 0.16 13.3 0.06 86 .1 4.3 43.2 0 .5 3.1 23 .0
33045 5 Nov 1967 14.9 13 0 .84 18.6 0.33 22.8 7 .2 109.4 1.9 12.9 16.4 18.9 •
33045 6 Aug 1968 24.2 6 0.46 20.0 0.10 37 2 7.7 95.5 1.9 7.9 14.7 16.9 •
33045 14  Sep 1968 63.6 34 3.57 21.3 0 .52 16.7 2.8 111.1 23.6 29.S 25 .3 15.3 •
33045 20 .Dec 1966 15.9 35 0.97 17.8 0.39 0.0 2.4 127.4 4.5 28.1 272 14.7 •
33045 16 Mey 1969 13.1 23 0.94 11.8 0 .30 1.6 8 .3 131.7 3.5 26.4 24.4
33045 26 Jan 1972 30.9 36 1.33 19.6 0 .39 o.o 3.7 128.7 6.5 21.0 19.7 22 .3 •
a mean 21.5
g mean '17.1 0.24 7 .4

33609 13  May 1967 · 30.8 44 6.59 14.2 0. 18 6.7 5.0 121.3 15.6 so.a 51.6 15.S •
33609 9 Jul 1966 60.0 26 11.42 19.4 0 .30 532 3.1 74.9 24 .5 30 .6 36 .9 24.S t
33809 13 Jul 1968 21.6 28 5.87 18.3 0 .30 4 .0 122 133 2 10.7 49.5 47.3 13.1 •
33609 7 Aug 1966 40.4 31 16.11 17.4 1.66 22 .0 4,3 107.3 29.5 73.1 77 .3 17.8 •
33609 15 Sop 1966 34.9 32 8.24 26.6 0 .06 3.9 1.1 122.2 17.8 51.0 51.6
33809 1 Nov 1966 22.1 21 6.35 16.6 0.19 0.3 2.9 127.6 9.9 44.6 43.8 18 .S •
33609 15 Jan 1969 22.3 12 10.95 17.2 0 .58 o.o 32 1292 $4.9 68.9 66 .1 14 .6 •
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Restatement and application of the FSR rainfalhunoff method

Catch Date p D 0, LAG BF SMD AP/5 CW/ RIO PR SPR Tp(o0)

mm h m's h m?s' mm mm mm mm % % h

33809 16 May 1969 21.8 32 7.23 14.7 0.56 2.4 5.5 128.1 9.6 44.1 43.1 26.3 #
33809 16 Jul 1968 14.5 15 7.46 15.0 0.49 1.6 5.8 129.2 11.9 82.1 81.1 14.9 #
a mean 55.4
g mean 17.4 0.34 17.6

33996 21 Jun 1990 2.1 1.6 #
33996 7 Jul 1990 1.3 0.9 #

33996 3  Oct 1990 1.1 1.9 #
33996 30  Oct 1990 1.8 1.6 #

33996 12 Nov 1990 2.1 1.6 #
a mean
g mean 1.6 1.48

33997 15 Jan 1990 0.8 1.1 #
33997 19 Apr 1990 0.9 0.7 #

33997 7 Jul 1990 0.7 0.7 #
33997 31 Dec 1990 0.8 0.7 #
33997 3 Jan 1991 0.6 0.8 #
g mean 0.8 0.79

33998 15 Feb 1990 14.0 15.5 #
33998 28  Oct 1990 7.6 6.3 #
33998 10 Dec 1990 27.8 27.3 #
33998 16 Feb 1991 28.9 28.5 #
33998 28 Feb 1991 11.7 9.3 #
33998 19 Nov 1991 14.4 11.5 #
33998 9 Jan 1992 15.8 15.8 #
33998 23 Sep 1992 12.7 10.1 #
33998 20  Oct 1992 14.2 12.8 #

33998 25  Oct 1992 14.9 15.4 #
33998 11 Nov 1992 12.9 11.3 #
g mean 14.9 13.58

33999 18 Dec 1989 5.4 2.5
33999 2 Feb 1990 6.0 5.5
33999 7 Feb 1990 10.9 11.5
33999 11 Feb 1990 6.4 7.8
33999 25 Dec 1990 2.5 2.5
33999 3 Jul 1991 2.5 3.3
33999 23 Aug 1991 2.3 2.3
33999 19 Nov 1991 5.9 4.5
33999 9 Jan 1992 5.8 1.5
g mean 4.7 3.78

34003 8 Dec 1965 34.4 32 8.86 24.2 1.70 0.0 3.1 128.1 5.8 16.9 15.7
34003 18 Feb 1966 25.2 38 4.49 17.9 1.54 1.1 0.0 123.9 3.2 12.6 12.4
34003 10 May 1967 17.9 19 6.54 6.5 1.16 16.6 0.2 108.6 1.5 8.4 12.0
34003 14 Sep 1968 60.9 43 9.27 28.8 1.12 4.5 1.4 121.9 8.2 13.5 10.1
34003 12  Mar 1969 22.9 38 4.55 19.0 1.61 4.1 0.0 120.9 2.2 9.5 10.1 13.1 #
34003 13 Apr 1969 21.3 27 4.59 16.5 1.39 1.6 3.6 127.0 2.0 9.4 8.4
34003 17 May 1969 19.4 19 6.40 2.0 2.37 7.1 6.3 124.2 1.5 7.5 7.2
34003 15 Dec 1969 11.1 20 4.69 10.6 2.44 0.0 4.0 129.0 1.1 10.1 8.7
34003 12 Apr 1970 18.6 16 5.30 11.3 1.70 4.5 0.0 120.5 1.7 8.9 9.6 9.1 #
34003 13 Nov 1970 33.5 19 5.02 12.3 1.00 57.6 3.0 70.4 2.1 6.2 19.4 10.1 #
34003 23 Jan 1971 29.9 23 9.27 19.0 1.70 0.0 5.0 130.0 4.5 15.1 13.4 13.8 #
34003 26 Jan 1972 35.6 32 8.16 18.7 1.38 0.0 2.6 127.6 5.6 15.6 14.5 18.0 #
a mean 11.8
g mean 13.1 1.54 12.4

34005 8 Dec 1965 36.1 38 4.96 26.7 0.74 0.1 1.7 126.6 9.1 25.3 24.1 22.5 #
34005 7 Feb 1966 24.1 29 3.26 29.1 0.43 0.0 2.9 127.9 5.6 23.1 21.5 24.6 #
34005 19 Feb 1966 15.2 16 3.30 22.2 1.24 1.1 5.6 129.5 3.3 21.4 19.4 23.2 #
34005 13 Jan 1968 12.6 21 2.90 32.1 0.47 0.2 2.2 127.0 5.0 39.4 38.3
34005 15 Sep 1968 62.1 42 3.95 37.0 0.27 4.1 1.7 122.6 11.6 18.6 14.3
34005 1 Nov 1968 10.7 9 2.95 21.0 0.38 0.0 2.6 127.6 3.3 31.3 29.9
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Appendix A Flood event analysis

Catch Date p D 0, LAG BF SMD APIS CW/ RO PR SPR Tp(O)
mm h m's ' h m's' mm mm mm mm % % h

34005 12 Mar 1969 22.7 21 2.92 24.2 0.60 2.9 1.7 123.8 4.9 21.5 20.9 22.1 #
34005 23 J an 1971 30.5 21 4.02 26.4 0.54 0.0 5.9 130.9 7.4 24.3 22.0 24.6 #
34005 26 Jan 1972 33.0 33 3.53 31.3 0.28 0.0 3.7 128.7 7.0 21.2 19.3
a mean 23.3
g mean 27.4 0.49 23.4

34007 9 Dec 1966 14.7 17 8.07 20.6 1.71 0.0 2.5 127.5 6.1 41.4 40.6
34007 23 Dec 1966 11.6 22 4.58 12.7 1.09 0.0 0.4 125.4 3.1 27.1 26.7
34007 14 Sep 1968 71.9 21 38.45 18.5 1.02 80.4 5.4 50.0 38.3 53.2 66.8
34007 20 Dec 1968 21.3 44 7.42 19.9 1.10 5.6 1.6 121.0 9.1 42.9 43.7
34007 12 Mar 1969 22.0 41 10.82 26.2 0.84 3.4 1.0 122.6 12.1 55.1 55.6
34007 5 May 1969 27.2 17 10.32 18.2 0.65 22.8 0.3 102.5 8.3 30.6 36.0
a mean 44.9
g mean 18.9 1.02

34011 16 Nov 1966 21.2 14 3.20 15.4 1.17 0.0 4.8 129.8 1.8 8.6 6.8 12.7 #

34011 27 Feb 1967 17.3 16 3.13 13.0 1.29 0.0 0.6 125.6 1.5 8.6 7.9 9.7 #

34011 27 May 1967 20.2 11 4.55 9.5 1.26 4.1 1.8 122.7 2.3 11.6 11.6 8.5 #

34011 30 May 1967 7.2 2 4.27 11.8 1.47 6.7 4.1 122.4 1.4 19.5 19.7
34011 15 Sep 1968 48.9 43 4.54 46.0 0.61 4.1 3.5 124.4 8.4 17.1 14.7
34011 22 J an 1971 28.7 22 4.46 20.6 1.06 0.0 1.8 126.8 4.1 14.3 13.3
a mean 12 .4
g mean 16.7 1.10 10.2

35008 9 Dec 1966 15.3 19 11.68 13.2 1.52 0.0 2.4 127.4 6.7 44.1 43.2
35008 30 Dec 1966 11.7 11 10.73 13.5 1.59 0.0 2.0 127.0 5.8 49.8 49.0 15.7 #
35008 5 Nov 1967 15.3 13 9.10 9.0 1.48 26.5 8.3 106.8 3.6 23.7 27.7
35008 4 Jan 1968 11.7 20 7.42 12.4 1.17 0.0 1.0 126.0 4.3 36.4 35.7 12.3 #

35008 12 Jan 1968 10.0 15 10.44 21.1 0.67 0.8 0.1 124.3 8.8 88.2 88.6
35008 14 Sep 1968 60.3 53 23.84 13.4 0.59 56.2 3.3 72.1 22.6 37.4 46.5
35008 1 Nov 1968 12.3 7 11.02 8.1 1.57 22.0 3.4 106.4 4.5 36.3 40.5 6.5 #

35008 17 Dec 1968 12.2 9 7.10 10.0 1.14 10.4 3.2 117.8 3.2 25.9 27.1
35008 22 J an 1969 13.2 6 14.05 11.0 2.00 0.0 2.8 127.8 6.6 50.2 49.3 8.8 #

35008 11 Mar 1969 25.9 40 18.86 13.9 0.96 3.4 2.7 124.3 15.7 60.8 60.9 7.7 #

35008 5 May 1969 34.2 10 20.54 13.7 0.65 27.6 0.2 97.6 11.5 33.6 40.0 11.8 #
35008 25 Jan 1972 23.9 26 21.78 15.1 1.65 0.0 2.7 127.7 15.6 65.1 64.4 11.7 #
a mean 47.7
g mean 12.5 1.16 10.2

36008 20 J an 1962 15.6 33 12.58 29.2 2.12 0.6 1.9 126.3 7.2 46.2 45.7 29.6 #
36008 4 Apr 1962 17.8 33 10.53 24.7 0.76 0.2 3.1 127.9 6.4 35.8 34.8 17.3 #

36008 1 May 1963 16.5 16 9.31 20.0 0.90 13.9 4.0 115.1 4.5 27.1 29.2
36008 17 Nov 1963 40.8 50 20.79 32.9 0.43 49.6 0.2 75.6 18.4 45.0 56.7 30.5 #

36008 14 Mar 1964 38.9 45 22.04 32.5 0.47 9.6 1.2 116.6 18.9 48.5 50.4
36008 8 Dec 1965 17.7 31 13.98 26.3 1.48 31.1 1.0 94.9 8.7 49.0 56.3
36008 15 Dec 1965 21.1 49 14.56 15.2 4.00 16.8 0.6 108.8 9.8 46.5 50.3 23.1 #

36008 9 Dec 1966 16.1 20 12.54 25.9 1.59 8.6 2.3 118.7 7.0 43.3 44.6 26.5 #

36008 30 Dec 1966 11.0 10 11.18 17.8 2.48 0.0 2.2 127.2 5.0 45.2 44.4 17.6 #

36008 17 Dec 1968 14.2 14 13.06 20.8 1.15 7.3 1.9 119.6 6.8 47.7 48.8 19.5 #

36008 11 Mar 1969 28.5 42 23.72 26.7 0.86 0.0 3.1 128.1 17.1 59.9 59.0 28.7 #

36008 5 May 1969 27.4 11 13.26 15.3 0.86 42.0 0.0 83.0 6.0 21.9 31.9 12.1 #

a mean 46.0
g mean 23.2 1.16 21.9

37001 19 Sep 1960 22.5 32 21.13 20.2 0.96 38.1 4.5 91.4 9.4 41.7 49.2
3700 1 3 Dec 1960 22.9 22 37.25 25.3 2.47 0.0 3.8 128.8 13.2 57.8 56.5 27.7 #

3700 1 27 Feb 1961 21.1 35 20.12 23.0 2.13 0.0 4 .5 129.5 9.5 45.2 43.3 31.9 #

3700 1 20 J an 1962 18.2 19 25.55 26.3 4.33 0.0 5.9 130.9 9.6 53.0 51.0
3700 1 8 Mar 1963 11.6 22 13.46 32.3 2.64 7.5 1.4 118.9 4.7 40.8 41.4 34.5 #

3700 1 16 Nov 1963 41.1 43 27.50 25.1 1.38 20.4 1.3 105.9 20.2 49.2 52.8
37001 27 J an 1964 12.2 21 17.72 30.0 1.65 1.0 0.0 124.0 7.6 61.9 61.9
3700 1 2 Sep 1965 37.8 27 8.21 18.7 0.28 84.4 0.9 41.5 4.1 10.9 29.9 36.8 #
3700 1 8 Dec 1965 21.9 29 24.49 23.8 2.78 0.2 1.3 126.1 10.0 45.6 44.6 33.0 #
3700 1 18  Apr 1966 27.8 66 23.12 25.8 2.64 3.1 3.6 125.5 13.5 48.4 47.6 38.5 #

3700 1 27 Feb 1967 15.6 25 20.33 24.4 2.91 0.0 3.6 128.6 9.0 57.4 56.1 26.0 #
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Restatementandapplicationofthe [SR rainf ok-runoff method

Catch Date p D 0, LAG BF SMD APIS CW/ R/0 PR SPR T( 0)
mm h m' s' h m' s' mm mm mm mm % % h

37001 16 Dec 1968 29 .1 14 32.32 15.7 3.59 0.0 4.0 129.0 12.9 44 .5 42 .7
37001 15 Sep 1968 45 .7 47 15.43 21.9 0.65 85.1 8.5 48.4 13.1 28.7 45 .0
a mean 47.8
g mean 23.6 1.78 32.3

37003 13 Mar 1964 45.4 46 7.23  23.0 0.24 6.3 0.4 119.1 13.8 30.5 30.3
37003 3 Sep 1965 54.5 25 3.10 20.0 0.06 75.2 0.5 50.3 4.4 8.0 23.5
37003 8 Dec 1965 18 .5 27 5.32 21.8 0.51 0.0 1.7 126.7 7.4 40.2 39.6
37003 18 Apr 1966 21.8 40 5.01 24.0 0.43 3.2 3.0 124.8 8.3 38.2 38.1
37003 11 Mar 1969 27 .9 83 9.27 14.6 1.72 0 .0 5.8 130.8 14.8 52.9 51.4
a mean 36.6
g mean 20.4 0.35

37007 2 Sep 1965 59.3 25 7.90 20.0 0.05 100.0 0.4 25.4 5.9 10.0 29 .6 16.5 #
37007 8 Dec 1965 21.4 28 16.48 17.5 1.34 0.0 1.6 126.6 10.0 46.7 45 .6 10.3 #
37007 9 Feb 1966 13.0 26 11.32 14.8 1.93 0.0 2.3 127.3 6.3 48.4 47.2 12.0 #
37007 18 Apr 1966 31.5 45 16.92 16.3 1.95 2.9 3.3 125.4 15.9 50.4 49.7
37007 28 Dec 1966 11.6 10 10.90 12.9 2.01 0.0 2.2 127.2 5.4 46.5 45 .3 9.9 #
37007 27 Feb 1967 18.0 23 13.05 15.2 1.41 0.0 3.3 128.3 7.8 43.2 41.6 14 .5 #
37007 15 Sep 1968 35.2 47 14.88  20.2 3.24 44.7 13.4 93.7 8.6 24.4 30.9
37007 17 Dec 1968 21.8 13 29.55  14.1 1.08 0.0 3.1 128.1 15.4 70.7 69.9
37007 19 Feb 1969 22 .2 29 14.38 41.8 0.52 2.0 0.0 123.0 19.8 89.0 90.1
37007 10 Mar 1969 18.8 10 12.31 13.2 0.73 6.3 0.0 118.7 6.4 34.3 34.8 14.1 #
a mean 48.5
g mean 17.5 0.99 12.7

37008 8 Dec 1965 19.1 27 13.62 27.4 1.58 0.0 1.5 126.5 6.3 32.9 32.0
37008 15 Sep 1968 42 .5 56 14.79 35.9 1.65 47.4 4.4 82.0 10.3 24.3 33.5
37008 16 Dec 1968 22.4 35 19.77 32.8 1.94 0.0 4.8 129.8 12.2 54.3 52.9
37008 12 Mar 1969 26.4 65 29.32 30.7 4.60 0.0 5.2 130.2 16.6 62.8 61.4
a mean 44.9
g mean 31.5 2.20

37031 17 Apr 1966 39.2 57 17.03 9.8 0.57 3.1 3.4 125.3 24.1 61.5 60.6
37031 22  Oct 1966 18.0 9 5.62 7.3 0.22 55.0 4.0 74.0 2.7 14.9 22.4
37031 5 Dec 1966 10 .5 14 4.61 5.9 0.32 4.2 0.6 121.4 2.2 21.1 17.3
37031 9 Dec 1966 15.8 16 7.76 5.8 0.66 1.4 1.6 125.2 4.8 30.2 26.3
3703 1 28 Dec 1966 11.1 9 7.27 5.1 0.93 0.0 2.3 127.3 3.7 33.1 29.0
3703 1 20 Feb 1967 10.2 12 6.48 4.3 0.58 0.0 2.6 127.6 2.8 27.1 22.3
3703 1 27 Feb 1967 12.5 17 8.16 5.8 0.61 0.0 3.4 128.4 4.1 33.0 28.6
37031 10  Apr 1967 19.9 10 5.84 6.3 0.23 14.5 1.0 111.5 2.4 12.3 10.1
3703 1 18 Dec 1967 18.4 13 7.45 7.1 0.29 9.6 0.3 115.7 4.4 23.9 21.8
3703 1 8 Aug 1968 13.0 9 4.76 7.6 0.20 81.1 7.0 50.9 2.5 19.6 33.3
3703 1 19 Feb 1969 20.5 27 10.93 19.1 0.51 2.0 0.0 123.0 17.4 85.1 87.1
a mean 32.6
g mean 7.0 0.41

37999 1 May 1992 3.9 #
37999 13 Aug 1992 6.8 #
37999 3  Oct 1992 3.5 #
37999 20  Oct 1992 3.2 #
37999 25  Oct 1992 4.4 #
g mean 4.20

38003 2 May 1961 8.4 6 1.64 4.3 0.98 4.7 1.3 121.6 0.1 1.4 0.4
38003 12 J un 1961 27.6 19 1.65 5.9 0.79 81.3 0.0 43.7 0.2 0.9 19.4 4.4 #
38003 6 J ul 1963 25.7 10 1.69 5.9 0.52 34.1 1.9 92.8 0.3 1.0 7.2 4.3 #
38003 21 J ul 1964 7.5 6 1.74 4.3 0.51 54.6 0.3 70.7 0.1 2.0 13.8
38003 21 Aug 1966 27.0 17 3.22 0.5 0.59 55.7 0.0 69.3 0.5 2.0 14 .1
38003 25 J un 1967 30.0 5 2.56 3.5 0.72 51.3 8.1 81.8 0.3 1.0 10.0
38003 23 J ul 1967 25.3 9 2.18 4.1 0.63 88.4 0.7 37.3 0.2 0.9 21.0
38003 15 Sep 1968 63.6 18 3.61 3.1 0.48 37.0 5.8 93.8 1.0 1.5 3.4
a mean 11.1
g mean 3.3 0.63 4.3
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Appendix A Flood event analysis

Catch Date p D
mm h

38007 26 Jun 1958 39.1 24
38007 1 Jul 1958 36.1 30
38007 19 Sep 1960 21.4 15
38007 8 Oct 1960 18.6 11
38007 30 Oct 1960 14.2 6
38007 25 Nov 1960 15.9 8
38007 3 Dec 1960 13.6 9
38007 14 Jul 1962 13.3 6
38007 31 Aug 1963 15.1 9
38007 17 Nov 1963 13.3 7
38007 21 Jul 1964 39.4 4
38007 20 Jul 1965 22.6 8
38007 18 Nov 1965 11.3 7
38007 22 Jun 1966 33.5 6
38007 27 Feb 1967 14.4 12
38007 25 Jun 1967 25.6 5
38007 13 Jul 1968 25.8 7
38007 7 Oct 1968 21.1 22
38007 28 Oct 1968 15.1 8
a mean
g mean

39004 16 Jun 1965 12.8 9
39004 7 Jul 1965 10.1 11
39004 23 Jul 1965 15.2 12
39004 2 Sep 1965 18.0 10
39004 3 Sep 1965 58.4 14
39004 19 Nov 1965 19.9 13
39004 28 Nov 1965 27.3 18
39004 22 Jun 1966 29.1 6
39004 25 Jun 1967 28.1 7
39004 22 Jul 1967 20.4 7
39004 1 Nov 1967 20.7 7
39004 17 Apr 1968 9.3 2
39004 4 May 1968 13.9 9
39004 18 May 1968 16.3 14
39004 13 Jul 1968 17.6 6
39004 28 Aug 1968 16.4 4
39004 14 Sep 1968 121.9 32
39004 6 Jul 1969 50.0 20
39004 28 Jul 1969 39.6 15
39004 2 Aug 1969 27.4 9
39004 6 Aug 1970 15.9 5
39004 13 Nov 1970 30.6 10
a mean
g mean

39005 26 Jul 1962 28.3 12
39005 30 Apr 1963 15.3 16
39005 5 Sep 1963 13.5 6
39005 20 Oct 1963 10.4 9
39005 17 Nov 1963 11.7 7
39005 16 Apr 1964 12.4 7
39005 20 Apr 1964 15.4 10
39005 1 Jun 1964 23.0 8
39005 14 Jun 1964 9.5 2
39005 21 Jul 1964 23.2 2
39005 22 Jun 1966 26.3 8
39005 19 Jul 1966 19.8 10
39005 29 Aug 1966 26.5 10
39005 25 Jun 1967 27.3 5
39005 19 Aug 1967 21.5 10
39005 16 Dec 1968 36.4 9
39005 6 Jul 1969 41.1 23
39005 28 Jul 1969 36.2 16
a mean
g mean

O, LAG BF SMD API5 CWI RO PR SPR Tp(O)
ms' h ms' mm mm mm mm % % h

10.27 5.5
14.04 5.6
8.57 3.0
6.88 4.4
7.61 3.7
7.17 4.1

10.82 4.2
2.19 4.4
2.68 1.8
2.60 5.5
8.46 3.3
5.89 2.5
3.84 3.0
8.08 2.4
4.34 4.8
4.37 1.7
7.60 2.1
6.27 5.0
4.85 2.5

3.4

1.53 1.6
1.88 1.1
1.73 2.2
2.37 1.9
3.72 2.3
2.02 2.2
2.47 3.8
3.07 1.8
3.84 1.1
2.96 2.2
2.84 1.7
3.06 0.8
2.65 2.2
2.86 0.5
3.52 2.3
3.94 1.3
5.75 2.1
3.92 3.2
3.92 1.5
4.53 1.7
5.53 2.7
4.30 2.5

0.32 14.2
0.26 6.3
0.25 44.4
0.50 9.6
0.76 0.0
0.67 0.0
1.04 0.0
0.09 106.3
0.04 62.9
0.21 0.0
0.27 66.8
0.21 82.1
0.37 23.4
0.34 75.5
0.46 0.0
0.20 58.5
0.31 68.4
0.19 7.9
0.35 15.9

0.29

0.01 71.4
0.04 88.9
0.01 88.1
0.07 95.5
0.08 82.7
0.01 4.9
0.01 0.0
0.13 82.7
0.29 50.6
0.19 91.2
0.17 0.8
0.25 8.0
0.18 7.5
0.19 7.3
0.15 35.3
0.23 56.4
0.29 38.8
0.13 101.0
0.15 108.2
0.14 81.2
0.13 144.2
0.04 79.8

1.8 0.09

12.97 4.0
3.95 4.7
4.28 4.9
4.44 2.5
5.66 3.4
9.24 2.4

11.82 3.3
12.13 2.7
9.98 1.8

14.83 4.1
9.72 3.7

12.32 3.9
14.33 2.9
12.97 1.9
9.22 2.0

14.37 4.5
10.85 5.7
9.32 4.3

0.34 107.3
0.35 8.5
0.35 76.2
0.28 92.0
0.52 30.4
0.62 9.4
1.48 0.0
0.70 13.6
0.91 3.1
0.50 97.2
0.80 82.6
0.98 124.8
1.10 89.5
0.56 51.0
0.46 101.3
1.46 0.0
0.29 100.3
0.09 108.4

5.6 116.4
2.0 120.7
4.4 85.0
4.3 119.7

10.3 135.3
5.2 130.2
5.3 130.3
2.5 21.2
1.4 63.5
1.0 126.0
1.3 59.5
0.5 43.4
3.4 105.0
0.5 50.0
3.7 128.7
2.3 68.8
1.8 58.4
0.1 117.2
0.7 109.8

1.2 54.8
0.1 36.2
6.5 43.4
1.7 31.2

14.2 56.5
2.7 122.8
1.7 126.7
0.7 43.0
9.1 83.5
0.6 34.4
9.1 133.3
2.4 119.4
0.4 117.9
3.9 121.6
2.2 91.9
2.2 70.8
2.4 88.6
0.4 24.4
0.1 16.9
4.3 48.1
1.3 - 17.9
3.4 48.6

2.7 20.4
3.0 119.5
7.4 56.2
0.1 33.1
1.1 95.7
2.6 118.2
6.6 131.6

12.0 123.4
6.5 128.4
0.2 28.0
0.6 43.0
5.2 5.4
6.7 42.2
7.8 81.8
1.9 25.6
3.9 128.9
0.1 24.8
0.0 16.6

18.7 47.7 47.2
20.5 56.7 56.2
11.7 54.8 63.0
10.2 54.9 54.4
7.5 52.5 47.8

10.5 66.2 64.4
12.9 94.7 96.3

1.4 10.4 29.2
1.3 8.6 16.6
3.4 25.3 19.7
7.0 17.7 27.8
2.3 10.3 23.6
2.9 25.9 25.6
4.5 13.3 25.3
8.0 55.3 52.6
2.7 10.4 17.3
4.8 18.7 29.2
7.7 36.4 34.3
3.2 20.9 18.8

39.5

0.1
0.1
0.2
0.2
0.8
0.2
0.4
0.3
0.4
0.3
0.4
0.1
0.2
0.3
0.2
0.2
2.1
0.8
0.5
0.3
0.4
0.5

0.8 11.7
1.0 16.5
1.4 15.2
1.0 17.8
1.3 8.3
1.1
1.4
1.1 14.9
1.3 5.0
1.6 17.6
1.7
1.1
1.3
1.7
1.3 2.9
1.1 8.0
1.7
1.5 17.8
1.2 21.6
1.1 13.7
2.5 31.7
1.7 14.2

14.5

3.9 13.7 22.9
2.5 16.1 1.2
1.9 14.3 14.7
1.3 12.9 18.7
2.7 22.8 15.9
2.2 17.6 3.5
5.2 33.9 21.4
5.4 23.5 9.9
2.5 26.3 12.3
4.1 17.6 26.1
3.7 14.2 17.9
4.6 23.0 38.7
6.3 23.9 30.7
4.6 16.8 11.6
3.6 16.6 25.4

12.3 33.9 22.0
8.1 19.8 29.2
5.7 15.7 26.4

19.4

3.0 #
3.0 #
3.9 #

4.4 #
3.0 #
5.2 #

1.8 #
4.8 #

2.7 #

2.2 #

2.8 #

1.8 #
3.0 #
2.8 #
3.0 #

3.0

1.2 #

2.8 #
1.4 #

1.2 #
2.0 #

0.9 #

1.0 #

1.2 #

1.5 #

1.5 #

0.8 #

1.5 #

1.3

2.5 #
2.5 #
3.7 #
2.8 #
2.0 #

2.5 #
3.0 #
2.2 #

3.0 #

2.2 #t
2.5 #

2.0 #

3.3 0.54

5.3 #
1.5 #

2.6
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Restatementandapplicationofthe F SR rainfolkrunoffmethod

Catch Date p D 0, LAG BF SMD AP/5 CW/ R/0 PR SPR Tp(O)
mm h m' s' h m?s' mm mm mm mm % % h

39007 23 Jan 1971 14.2 25 21.38 15.1 8.71 0.0 8.6 133.6 2.7 19. 1 14.8
39007 14 Mar 1971 18.2 13 13.95 11.9 3.04 4.7 0.4 120.7 2 .4 13.0 11.6 10.3 #
39007 17 Mar 1971 23.5 23 20.33 12.6 3.96 0.6 3.8 128.2 5.3 22 .6 19.8 9.7 #

39007 23  Apr 1971 31.4 31 21.85 21.2 3.00 27.1 0.2 98.1 5.7 18.0 22.5 13.0 #
39007 26 Apr 1971 16.2 13 20. 13 13.5 5.44 8.5 9.6 126.1 3.6 22.3 20.0
39007 10 J un 1971 47 .7 20 26.23 26.6 2.02 41.4 7.4 91.0 9.2 19.2 23.7
39007 13 J un 1971 31.4 29 23.83 22.7 4.26 13.8 8.2 119.4 7.4 23.6 23.0
39007 18 J un 1971 35 .8 40 25.41 24.0 3.52 6.3 2.2 120.9 9.2 25.7 24.8 15.5 #

39007 13 Nov 1974 33 .8 24 27.47 24.4 1.86 37.3 5.3 93.0 12.4 36.6 43.2 9.6 #

39007 21 Nov 1974 41.5 37 31.46 21.6 9.74 0.0 8.1 133.1 9.9 23.8 19.2 13.0 #
39007 18 J an 1975 20 .9 9 25.46 15.8 4.89 0.0 3.8 128.8 5.9 28.3 25.6 14.5 #

39007 20 J an 1975 21.3 18 25.77 16 .8 6.28 0.0 12.3 137.3 6.1 28.5 23.7 10.8 #

39007 18  Apr 1975 18.6 10 24.31 13.5 4.99 1.3 2.7 126.4 3.8 20 .3 17.8 12.5 #

a mean 22.3
g mean 17.8 4.24 11.9

39012 7 Aug 1960 31.7 4 15.81 3.2 0.78 90.8 0.1 34.3 5.0 15.7 30.5 2.5 #

39012 20 Apr 1964 24.3 18 14.66 2.7 1.87 0.0 5.5 130.5 5.7 23.4 15.2
39012 1 J un 1964 23.4 9 11.31 3.1 1.25 12.8 6.9 119.1 3.4 14.7 8.1 3.7 #

39012 2 1 J ul 1964 24.6 4 10.13 3.0 1.10 57.3 0.1 67.8 2.1 8.7 14. 1
39012 3 Sep 1965 39 .8 12 13.11 5.1 1.67 93.0 11.9 43.9 4.7 11.7 23.5
39012 28 Nov 1965 25.9 19 12.23 4.8 0.93 0.0 1.1 126.1 6.3 24.2 17.3 3.5 #
39012 22 J un 1966 28.9 9 11.18 4.6 1.15 70.6 2.3 56.7 2.8 9.7 18.0 3.4 #

39012 18 May 1968 24.3 23 14.07 6.3 1.13 6.8 0.7 118.9 5.2 21.5 16.0
39012 14 Sep 1968 102 .0 33 22.70 5.3 1.38 62.0 1.5 64.5 20.9 20.5 20 .3 4.8 #

39012 29 J ul 1969 40 .5 16 9.50 6.5 0.35 125.9 0.0 -0.9 4.0 9.8 32.2 4.0 #

39012 2 Aug 1969 31.5 10 11.98 3.4 0.86 81.2 3.1 46.9 3.9 12.3 23.4
a mean 19.9
g mean 4.2 1.05 3.6

39017 18 Nov 1963 34.8 36 7.56 8.8 1.40 0.0 6.8 131.8 17.3 49.8 48.0 7.9
39017 28 Nov 1963 15.9 23 3.47 7.2 0.18 0.1 0.6 125.5 9.1 57.0 56.8 8.5
39017 23 Mar 1964 13.3 26 2 .94 8.2 0.14 0.0 1.2 126.2 7.8 58.9 58.6 9.5
39017 18 Apr 1964 12.4 27 1.80 15.5 0.12 10.0 4.1 119.1 5.2 41.9 43.3 8.5
39017 21 J ul 1964 66 .4 24 6.29 7.9 0 .02 74.1 0.7 51.6 10.4 15.7 29.4 9.0
39017 24 Sep 1965 37.2 48 2.64 12.4 0.04 86.8 0.0 38.2 9.4 25.4 46.9
39017 22 Dec 1965 19.8 45 3.08 9.7 0.15 6.0 0.3 119.3 13.3 67.3 68 .7 9.9
39017 31 Dec 1965 9.8 18 2.28 11.6 0.27 0.0 3.7 128.7 6.9 70.4 69 .5 9.9
39017 19 Feb 1966 18.4 37 3.43 13.8 0. 11 0.0 5.4 130.4 14.9 81.0 79.7 8.3
39017 11 May 1966 22 .5 32 5.31 9.7 0 .07 4.9 1.3 121.4 11.6 51.6 52.4 8.8
39017 12  Oct 1966 39.2 46 5.41 14.1 0.12 13.3 1.0 112.7 25.2 64.3 67.4 8.9
39017 9 Dec 1966 18.6 15 5.62 8.4 0.24 0.0 2.0 127.0 12. 1 64.8 64.3 9.6
39017 17 Jan 1969 9.5 16 2.23 7.8 0.22 0.0 2.6 127.6 6.2 65.1 64.4 9.3
39017 22 J an 1969 11.1 5 3.36 9.0 0.26 0.0 2.3 127.3 6.7 60.3 59 .7 8.4
39017 12  Mar 1969 2 1.0 23 5.64 7.0 0.54 0.0 6.9 131.9 13.0 61.8 60.0
39017 16 May 1969 27.6 15 7.11 11.6 0.07 32.3 3.5 96.2 13.6 49.2 56.3 8.5
39017 24 Apr 1970 37.4 34 6.37 15.7 0.07 6.3 0.7 119.4 19.6 52.3 53.6 9.0
39017 22 J an 1971 18.2 29 3.04 9.4 0.34 4.1 5.1 126.0 11.3 61.9 61.6 8.5
39017 29 J an 1971 29.6 35 5.44 10.2 0.21 0.0 1.2 126.2 18.6 62.9 62 .6 8.4
39017 18 Dec 1967 18.7 14 3.80 10.0 0.09 0.2 0.6 125.4 9.8 52.2 52.0 9.0
39017 9 J ul 1968 82.6 26 16.10 8.6 0.17 75.9 4.3 53.4 36.8 44.6 56.2 6.6
39017 15 Sep 1968 28.6 28 2.86 17.6 0.05 41.0 8.0 92.0 15.2 53.0 61.2
39017 1 Nov 1968 26.1 10 9.10 7.5 0.23 1.6 4.4 127.8 17.3 66.3 65.6 6.0
39017 21 Dec 1968 9.5 6 3.83 9.4 0.41 0.0 0.0 125.0 6.1 63.7 63.7 10.5
39017 17 J ul 1975 51.5 3 0.20 10.0 0.02 134.6 0.7 ·8.9 0.2 0.3 31.0 10.8
39017 9 Dec 1977 16.4 25 1.85 11.5 0.15 31.7 2.9 96.2 8.3 50.4 57.5
39017 23 Jan 1978 11.3 17 2.01 7.3 0.18 0.0 1.9 126.9 5.8 51.4 50.9
39017 27 Jan 1978 12.4 29 1.87 13.5 0.11 0.0 1.9 126.9 7.1 57.3 56.8
39017 27  Mar 1979 13.5 17 2.49 3.8 0.51 0.4 5.5 130.1 5.8 43.0 41.6
a mean 56.5
g mean 9.8 0.15 8 .7

39018 22 Oct 1966 15.9 9 8.64 20.3 3.11 0.9 1.5 125.6 4.2 26.4 25.7
39018 27 Feb 1967 22.2 27 10.62 37.7 2.99 0.0 2.6 127.6 7.1 32.0 30.9
39018 18 Dec 1967 20.6 15 10.16 13.5 2.76 0.1 0.2 125.1 4.4 21.4 20.8
39018 4 Feb 1968 20.9 27 9.99 25.5 2. 17 0.4 0.4 125.0 6.5 30.9 30.4
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Appendix A Flood event analysis

Catch Date p D 0, LAG BF SMD API5 CW/ R/0 PR SPR Tp(O)
mm h m's' h m's ' mm mm mm mm % % h

39018 14 Feb 1974 17.6 39 11.60 44 .4 2.9 1 0 .3 1.8 126.5 8.6 49.1 48.5
39018 25 Dec 1974 23.7 64 7.85 28 .5 1.36 0 .0 1.1 126.1 6.4 27. 1 26.3
39018 8 Mar 1975 22 .0 26 13 .53 39.1 2.53 0 .6 5.6 130 .0 10.1 45 .7 44.2
a mea n 32 .4
g mea n 27.8 2 .47

39022 28 Nov 1965 31.5 19 17.50 23.8 2.40 3 .3 1.9 123.6 10.7 34 .1 33 .4 25 .3 #
39022 8 Dec 1965 18.7 26 13.4 1 19.4 2 .98 0 .1 1.1 126.0 6.6 35 .3 34 .1 16 .5 #
39022 9 Fe b 1966 25 .2 39 18 .07 21.4 3.37 0 .0 4 .3 129.3 10.1 40 .0 38 .1 19 .5 #
39022 13 Apr1966 23.3 44 13 .88 33 .6 2.18 0 .2 1.9 126.7 9.3 39 .9 38.6
39022 28 Nov 1970 18.8 11 18 .48 16.0 2.9 1 13.8 2 .1 113.3 10.2 54 .0 56 .5 13 .0 #
39022 17 Mar 197 1 33.1 48 20 .37 20.7 4 .37 0 .7 4.3 128.6 18.2 55.0 53 .7 14 .7 #
39022 26 Apr 1971 17.1 15 20.31 19.7 3.75 7.3 9 .2 126.9 8.8 5 1.7 50 .7 2 1.0 #

39022 10 J un 197 1 57.9 24 25.37 30.3 2 .14 48 .4 7.8 84 .4 16.3 28 .1 33 .7 28. 1 #
39022 14 J un 197 1 25.7 22 13.50 20.3 3.32 15.4 7.5 117.1 6.5 25.3 26.0 17.5 #

39022 18 J un 197 1 35 .7 4 1 24.02 19.7 2 .39 13.6 2.1 113.5 15.7 43.9 46.0 17.5 #
39022 13 Nov 1974 46 .1 37 21.28 23.4 2 .43 20.7 5.4 109 .7 16.2 35 .1 36 .3 31.7 #

39022 17 Nov 1974 32.6 30 38 .45 14.1 4.65 10 .7 10.8 125.1 23.3 71 .5 71.5 18.7 #
39022 18 Jan 1975 20.0 8 19.73 18.0 3.75 0 .0 4 .1 129.1 8. 1 40 .3 38 .4 17 .6 #
39022 20 J an 1975 23.8 30 22 .58 19.5 5 .85 0 .0 11.2 136.2 7.3 30.6 26 .7 18. 1 #
a mea n 4 1.7

g mea n 20 .9 3.17 19.3

39025 15 Oct 1967 38.8 32 17.30 19.1 0 .98 28 .0 9.8 106 .8 8.0 20.5 24.8

39025 30 Oct 1967 14.8 2 1 11.12 7.3 1.89 19.2 6.1 111.9 3.4 23.2 26.2
39025 18 Dec 1967 14.7 17 6.0 1 11.0 1.20 0.0 1.0 126.0 2.5 16.8 16.2

39025 5 Feb 1968 17.2 29 9 .04 14.5 2.11 0.0 6 .9 131.9 3.7 21.3 19.3

39025 13 Feb 1968 11.3 14 7.5 1 8 .4 1.90 0.6 1.4 125.8 2.3 20.2 19.7

39025 24 May 1968 21.4 13 5.65 10.0 0.87 13.2 0 .0 111.8 1.7 7.9 10.8

39025 26 J un 1968 27.4 45 5.93 13.0 0 .54 42 .7 7.1 89 .4 2.6 9.4 17.9

39025 14 Sep 1968 85 .6 73 26.20 19.1 0 .84 44 .4 0 .8 8 1.4 27.6 32.3 36 .5

39025 27 Oct 1968 21.2 33 9.27 11.5 1.16 2.6 0.3 122 .7 3.8 18.0 18.3

39025 2 9 Nov 1968 18.2 56 5.91 10 .1 1.58 0.0 2.2 127.2 4.2 23.0 22 .2

39025 17 Dec 1968 11.5 24 12.47 7 .0 2 .52 0.0 13.0 138.0 6.4 55.4 52 .1

39025 2 1 Dec 1968 17.3 5 18 .73 15.6 3.62 0 .0 6.3 131.3 6.9 39 .6 37 .8

39025 24 Dec 1968 20.0 21 10 .79 15.2 2 .43 0 .0 3.8 128.8 5.8 29 .0 27.8 11.6 #
39025 17 Ja n 1969 13.4 1 11.67 13.5 2 .75 0 .0 4 .7 129 .7 4.4 32 .6 312

39025 12 Mar 1969 23.2 26 21.45 16.1 2.17 0.0 16.0 141.0 11.7 50.4 46 .3 17.4 #
39025 22 J an 1971 23.6 30 23 .28 16.6 4 .51 1.4 7.2 130 .8 9.3 39 .3 37.7 14 .5 #
a mea n 27.8

g mea n 12.4 1.68 14 .3

39026 9 Dec 1966 19.6 24 17.54 26.9 2 .82 0 .0 2 .6 127 .6 7.9 40 .5 39 .6 28 .1 #
39026 8 Ma r 1967 24.1 49 9 .34 14.6 1.52 0 .0 1.5 126 .5 5.8 23 .9 23.1

39026 14 May 1967 31.1 30 10 .89 17.3 1.05 7.3 3 .9 12 1.6 7.6 24 .3 24 .7 13.6 #
39026 27 May 1967 24.6 27 9 .31 18.1 1.33 2.3 2.3 125.0 5.0 20 .4 19 .9 18 .0 #
39026 2 1 Dec 1967 26.5 66 9.66 28 .7 1.89 4 .9 1.4 121.5 8.7 32 .8 33 .3

39026 9 J ul 1968 70.7 26 27.09 28.8 0 .56 45 .9 3.1 82 .2 15.7 22.2 27.5 25.5 #
39026 1 Nov 1968 16.0 17 17.93 26.3 2 .14 0 .0 6.4 13 1.4 8.1 50.4 48 .6

39026 2 1 Dec 1968 14.3 22 11.75 14.7 3.72 0 .0 3 .6 128 .6 3.9 27 .5 26.2
39026 10 Jan 1969 13. 1 32 11.59 23.4 2.76 0.0 1.2 126.2 6.0 45.6 45.1 14 .0 #
39026 12 Mar 1969 25.0 33 25.37 25.0 0 .70 1.2 6 .8 130 .6 15.2 60 .6 59.1

a me an 34 .7

g me an 2 1.7 1.58 19 .0

39036 18 J un 197 1 35 .8 20 0.37 7.4 0. 13 6 .3 4 .7 123.4 1.2 3.4 3.8
a mea n 3.8

g mea n 7 .4 0. 13

39052 27 Feb 1967 14.9 17 4.83 4.9 0.91 0.0 4.4 129.4 4 .9 32.8 28.8 5 .5 #
39052 2 Nov 1967 18.3 18 6 .82 3.1 2 .18 0 .0 8 .0 133 .0 4 .2 22 .8 17.1 3 .4 #
39052 10 J un 1971 52.4 29 10 .66 8.5 0 .45 49 .0 7.8 83 .8 13.2 25.2 29 .4 5.7 #
39052 18 J un 1971 37.2 15 10.73 8.2 0 .57 20 .0 3.2 108 .2 12.2 32 .8 34 .1 8.1 #
39052 27 Aug 1973 15.3 3 4 .55 2 .7 0 .22 112 .6 0 .0 12 .4 1.0 6 .5 29.7
39052 18 Apr 1975 21.3 11 10 .45 3.8 1.06 4 .8 1.4 12 1.6 4 .9 22.8 19.9 3.7 #
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Restatementandapplicationofthe FSR.rainfakunoffmethod

Catch Date P D O, LAG BF SMD APIS5 CWI RIO  PR SPR Tp(0 )
mm h ms ' h m' s' mm mm mm mm % % h

39052 13  Nov  1974 43.0 42
39052 20  Nov  1974 39.2 31
a mean
g mean

39053 15  Sep  1968 127.9 21
39053 20 Feb 1969 23.3 27
39053 13  Nov  1970 60.8 34
39053 18  Jun  1971 33.3 18
39053 10 Feb 1974 43.8 21
39053 14  Feb  1974 26.6 16
39053 20  Jan  1975 31.3 17
a mean
g mean

39092 6  Aug  1956 38.9 13
39092 23  Sep  1958 40.8 14
39092  21  Jan  1962 22.0 20
39092 7  Jun  1963 18.2 6
39092 9  Dec  1966 16.6 14
39092 25  Jun  1967 19.7 8
39092 15  Sep  1968 38.8 21
39092 7  Oct  1968 22.1 22
39092  1  Nov  1968 15.1 19
39092  16  Dec  1968 33.8 17
a mean
g mean

39813 22 Jan  1960
39813 2  Nov  1960
39813 2  Dec  1960
39813
39813
39813
39813
39813
39813
39813
39813
a mean
g mean

29  Jan
4 May
1 Jun

24 Feb
22 Oct
16  Dec
19  Feb
14 Sep

1961

41.1
40.3 42
43.3 35
33.9 27

1961 35.0
1964 312
1966 26.9

44

15
4

18
1966 37.6 19
1968 29.1 27
1969 21.6 21
1968 134.9 19

39814 6  Aug  1960 7.9 2
39814 14 Sep 1960 46.2 14
39814 3  Dec  1960  32.8  13
39814 3  Sep  1961 11.4 2
39814 12 Sep 1961 19.0 11
39814 1  Jun  1964 29.5 4
39814 21  Jul  1964 17.3 2
39814 22  Jun  1966 29.7 8
39814 25  Jun  1967 21.3 5
39814 17  Sep  1967 27.8 4
39814 28 Oct 1968 30.0 23
39814 31  Oct  1968 17.1 5
39814 14  Dec  1969 19.8 9
39814 19  Aug  1970 12.2 9
a mean
g mean

39830 6  Jul  1963 23.1 11
39830 1  Jun  1964 25.4 8
39830 18  Aug  1964 18.7 11
39830 3  Sep  1965 55.4 14
39830 22 Jun  1966 27 .0 7
39830 29  Aug  1966 31.5 16
39830 3  Oct  1966 19.6 10

10.90 5.6
12.13 5.1

4.8

63.36 11.7
21.00 13.4
22.68 8.9
25.73 11.0
28.05 10.1
23.59 7.5
26.48 6.1

9.5

14.82 4.5
11.55 6.1
7.88 4.4

15.81 3.8
5.84 6.7
5.62 3.1
6.53 10.4
5.07 5.1
5.58 6.8
6.35 6.5

5.4

3.48 7.9
3.53 5.0
4.98 8.8
3.81 10.7
3.69 6.3
5.85 4.6
3.59 11.6
3.55 7.3
2.52 7.3
2.65 12.8

16.97 6.6

0.78 8.5
2.46 0.0

0.83

1.45 0.0
1.29 1.1
0.82 48.5
0.97 0.0
2.92 0.0
2.83 0.0
2.48 0.0

1.63

o.47 n .9
0.27 48.0
0.76 0.0
0.35 50.1
0.29 0.1
0.24 58.1
0.37 38.3
0.19 4.9
0.36 0.0
0.34 0.0

0.34

7.7 0.67

2.89 0.6
4.67 1.5
6.24 2.4
2.97 1.8
4.16 0.0
3.76 1.7
9.50 1.1
6.01 1.3
3.71 1.8
7.61 2.2
6.42 2.0
4.69 1.8
5.36 2.6
6.84 1.2

12 3 2.9
2.03 2.0
1.50 3.2
2.56 4.1
1.64 3.1
1.28 2.8
1.42 1.9

0.03 108.6
0.05 98.4
02 1 0.0
0.04 129.5
0.06 128.1
0.22 14.1
0.28 62.1
0.04 81.0
0.06 50.6
0.08 104.2
0.02 6.1
0.05 1.0
0.12 20.2
0.04 138.3

1.6 0.07

6.3 122.8 17.1 39.7 36.9
8.4 133.4 14.5 37.1 32.4

28.5

2.3 127.3 54.1 42.3 29.7
0.3 124.2 15.0 64.3 64.2
3.8 80.3 27.5 45.2 51.1
4.4 129.4 18.0 54.2 52.2

11.0 136.0 24.1 55.0 50.2
10.8 135.8 15.5 58.1 54.7
7.2 132.2 17.0 54.3 51.6

50.5

5.0 52.1
9.2 86.2
6.8 131.8
3.0 77.9
2.1 127.0
4.0 70.9

15.5 102.2
0.0 120.1
4.7 129.7
2.8 127.8

1.3 17.7
0.0 26.6

10.8 135.8
0.0 -4.5
0.9  -2.2

15.3 126.2
5.3 68.2
4.9 48.9

11.3 85.7
1.0 21.8
0.2 119.1
5.2 129.2
1.1 105.9
8.8 -4.5

0.01 77.3 1.1 48.8
0.10 24.5 16.8 117.3
0.04 88.9 6.2 42.3
0.24 104.0 7.3 28.3
0.03 81.3 1.4 45.1
0.07 101.7 0.0 23.3
0.12 73.3 4.3 56.0

15.9 41.0 53.9
16.9 41.5 45.6
11.7 53.1 48.3
13.0 71.2 83.2
8.4 50.8 46.8
5.4  27.2 32.9

21.1 54.4 57.2
7.2 32.7 27.1
6.6 43.5 37.5

14.0 41.4 35.4
46.8

0.65 0.0 5.1 130.1 21.5 52.3 49.1
0.68 0.0 11.1 136.1 19.2 47.7 42.9
0.63 0.0 5.0 130.0 22.5 51.9 48.1
0.67 0.0 4.5 129.5 17.6 52.0 49.4
0.44 6.7 3.1 121.4 12.0 34.3 32.3
1.54 42.9 20.6 102.7 11.2 35.9 38.7
1.26 0.0 5.3 130.3 13.0 48.2 45.1
0.39 39.7 3.9 89.2 18.4 48.9 56.1
0.59 0.0 8.2 133.2 12.5 43.1 38.9
0.29 2.1 0.3 123.2 142 65.6 65.7
1.12 28.1 1.8 98.7 66.9 49.6 43.6

46.4

2.5 32.1
9.7 21.1

19.0 57.9
2.7 24.0

10.4 54.5
11.6 39.3
11.8 68.0
9.0 30.4
7.1 33.1

12.2 44.0
8.3 27.8
4.4 25.8

11.4 57.4
5.4 44.2

3.8 #

4.8

13.0 #

6.0 #
9.5 #

6.0 #
7.9 #

8.1

5.5 #

6.6 #

6.0

5.8 #
4.2 #
5.7 #
5.5 #
5.5 #

6.5 #

8.0 #

5.8

0.8
0.9
1.8

1.8
1.6
1.6
1.2
1.2
1.2
1.5
1.8
1.0

1.3

2.3 10.0 10.4 2.5
4.4 17.3 2.9 2.5
1.7 9.0 10.8 1.8
8.6 15.6 19.9
3.3 12.2 14.2 2.8
2.7 8.7 15.1
2.4 12.4 11.8 2.7
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Appendix A Flood event analysis

Catch Date p D 0, LAG BF SMD APIS CW/ R/0 PR $PR Tp(O)
mm h mes' h m?s ' mm mm mm mm % % h

39830 30 May 1967 9.7 10 1.18 2.8 0.13 14.5 1.6 112.1 1.6 16.2 2.7 2.8
39830 23 J un 1967 26.2 8 1.62 2.4 0.05 60.5 0.0 64.5 3.4 13.0 10.4 2.3
39830 10 Aug 1967 6.8 3 2.36 2.6 0.08 102.0 0.3 23.3 2.6 37.5 52.8
39830 1 Nov 1967 19.9 9 1.95 3.1 0.19 22.0 5.8 108.8 3.9 19.6 8.0 3.5
39830 16 Dec 1968 26.2 14 1.83 3.6 0.18 0.0 5.2 130.2 5.1 19.5 2.5 3.5
39830 25 J un 1967 26.9 5 2.21 2.5 0.11 51.4 8.7 82.3 4.0 15.0 8.6 2.8
a mean 13.1
g mean 2.8 0.08 2 .7

39831 6 J ul 1963 23.8 11 1.25 1.7 0.03 77.3 0.8 48.5 2 .3 9.8 7.7
39831 16  Apr 1964 11.5 9 1.45 1.1 0.04 8.5 4.2 120.7 1.4 12.2 1.1
39831 1 J un 1964 25.6 8 1.70 2.2 0.07 25.6 14.1 113.5 4.6 18.0 2 .5
39831 12 Jun 1964 14.5 8 1.28 1.4 0.02 18.0 0.2 107.2 1.3 9.1 0.7
39831 7 Jul 1965 20.7 10 1.82 1.2 0.02 114.8 0.5 10.7 1.8 8.8 15.8 0.9
39831 2 Sep 1965 15.3 5 1.65 1.4 0.03 120.0 1.9 6.9 1.5 9.5 17.7 1.1
39831 3 Sep 1965 56.6 16 2.34 4.1 0.13 79.7 14.0 59.3 12.1 21.4 17.5
39831 22 J un 1966 26.4 7 2.23 1.0 0.04 81.3 2.2 45.9 3.2 12 .1 11.4
39831 2 1 Aug 1966 11.6 6 1.87 0.8 0.04 94.3 0.0 30.7 1.4 12 .0 15.1
39831 3 Oct 1966 19.7 10 2.06 1.2 0.07 73.2 3.8 55.6 2.8 14.4 12.1
39831 18 Oct 1966 5.4 7 1.52 1.1 0.11 41.1 5.2 89.1 1.2 22 .2 14.3 0.6
39831 18 Oct 1966 10.3 4 2.18 1.5 0.21 35.6 6.7 96.1 2.3 22.2 12.6 0.9
39831 30 May 1967 11.4 10 1.99 0.6 0.08 14.6 1.7 112.1 1.5 13.5
39831 2 J un 1967 3.5 3 2.06 0.7 0.08 15.2 2.2 112.0 1.3 37.2 28.9
39831 25 J un 1967 28.9 5 2.12 0.7 0.15 51.4 9.9 83.5 4.9 17.0 8.7
39831 18 Sep 1967 16.4 5 1.89 1.9 0.03 104.2 0.8 21.6 1.9 11.6 16.8 1.1
39831 1 Nov 1967 19.3 7 1.84 1.0 0.11 22.0 6.2 109.2 3.9 20.3 6.7
39831 10 J ul 1968 14.4 4 1.87 1.0 0.08 90.0 6.1 41.1 1.4 9.9 9.7
39831 13 J ul 1968 14.7 7 1.97 1.8 0.06 61.7 2.5 65.8 2 .0 13.5 8.4
39831 16 Dec 1968 29.1 17 2.02 3.3 0.12 0.0 5.2 130.2 7.9 27.3 10 .9
39831 6 Aug 1970 17.0 3 2.49 1.3 0.11 120.0 5.4 10.4 2 .2 12.8 21.3
39831 20 Aug 1971 16.0 3 2.67 1.6 0.10 78.2 5.9 52.7 2.5 15.8 14.7 1.4
39831 23 J un 1967 26.2 8 1.69 1.0 0.06 60.9 0.0 64.1 2.8 10.6 4.9
a mean 12 .9
g mean 1.3 0.06 0.9

39990 12 Jan 1990 1.3 0.2
39990 14 Apr 1990 0.5 0.4
39990 3 Oct 1990 0.4 0.6
39990 30 Oct 1990 0.3 0.4
39990 25 J un 199 1 0.4 0.7
39990 22 Sep 1991 0.6 0.9
39990 26 Sep 1991 0.5 0.6
39990 30 Oct 1991 0.4 0.4
g mean 0.5 0.48

39991 13 Mar 1990 0.48 0.7
39991 19 Apr 1990 0.33 0.4
39991 14 May 1990 0.18 0.4
39991 30 J un 1990 0.13 0.3
39991 4 Apr 1991 0.40 0.4
g mean 0.27 0.42

39992 12 Dec 1989 1.1 1.3 #

39992 23 Dec 1989 0.7 0.8 #

39992 8 Jan 1990 1.2 1.3 #

39992 13  Apr 1990 1.0 1.3 #

39992 4 May 1991 1.3 1.3 #

g mean 1.0 1.18

39993 6 Jan 1990 4.6 3.9 #
39993 31 J an 1990 4.5 2.5 #

39993 2 Feb 1990 5.0 5.3 #
39993 10 Jan 1991 6.6 9.8 #

39993 7 Mar 199 1 5.3 3.5 #

39993 19 Nov 1991 7.4 2.4 #

39993 15 Apr 1992 8.4 14.3 #
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Restatementandapplicationofthe FSR. rainfalkunoff method

Catch Date p D 0, LAG BF SMD AP/5 CW/ R/0 PR SPR Tp(O}
mm h m?s' h m's ' mm mm mm mm % % h

39993 29 May 1992 3.3 4.1 #

39993 1 Jun 1992 4.4 4.3 #
g mean 5.3 4.68

39994 15 Feb 1990 6.1 7.5
39994 26 Nov 1990 4.1 7.0
39994 1 Jan 1991 4.9 3.5
39994 23 Feb 1991 10.8 7.5
39994 17 Mar 199 1 13.3 15.0
g mean 7.1 7.30

39995 23 Dec 1989 0.8 0.5
39995 13 Apr 1990 1.1 1.3

39995 21 Jun 1990 1.5 1.1
39995 30 Jul 1990 1.5 2.3

39995 17 Sep 1990 1.5 2.1
g mean 1.2 1.28

39996 4 Jul 1990 4.5 4.8 #

39996 3 Oct 1990 3.7 4.1 #

39996 26 Oct 1990 3.2 2.5 #

39996 24 Nov 1990 4.0 5.5 #

39996 26 Nov 1990 3.8 3.4 #

39996 27 Sep 1991 3.9 3.4 #

39996 29 Sep 199 1 3.2 3.4 #

g mean 3.7 3.76

39997 19 Oct 1989 1.1 0.9
39997 23 Dec 1989 0.7 0.9
39997 7 Jul 1990 1.1 1.1
39997 30 Oct 1990 1.1 0.9
39997 3 Jan 199 1 0.6 0.9
g mean 0.9 0.94

39998 11 Feb 1990 2.3 1.8 #

39998 25 Feb 1990 1.7 1.4 #

39998 1 Jan 1991 4.0 1.8 #

39998 6 Jan 1991 2.9 1.8 #
39998 8 Jan 1991 5.5 7.8 #

g mean 3.0 2.30

39999 21 Dec 1989 9.7 7.5
39999 7 Jan 1990 7.5 6.4
39999 23 Jan 1990 8.1 5.8
39999 3 Feb 1990 8.8 8.6
39999 19 Mar 1990 4.5 2.6
39999 28 Feb 1991 6.6 3.4
39999 3 Jul 1991 8.0 8.3
39999 25 Jul 1991 15.0 15.5
39999 19 Nov 199 1 6.9 5.0
39999 9 Jan 1992 4.7 3.0
g mean 7.5 5.n

40004 11 Mar 1969 36.3 36 38.63 15.1 3.12 4.0 6.2 127.2 23.2 63.9 63.3 18.6 #
40004 6 Jan 197 1 7 .7 29 18.35 2.1 3.56 1.2 0.1 123.9 5.8 75.2 75.5
40004 23 Jan 197 1 30.6 12 48 .00 20.7 3.80 0.0 5.2 130.2 20.9 68 .4 67.1 18.7 #
a mean 68.6
g mean 8.7 3.48 18.6

40006 8 Sep 1965 24.2 8 2.23 7.0 0.25 30.4 2.8 97.4 1.7 7.2 13.2 5.9 #
40006 8 Dec 1965 29.2 25 5.24 14.3 0.35 0.2 1.0 125.8 6.7 23.0 22.1 7.9 #
40006 24 Feb 1966 20.0 22 5.07 11.6 0.66 0.0 3.2 128.2 5.3 26.5 25.0
40006 17 Apr 1966 16.4 17 3.91 7.0 0.54 0.8 4.2 128.4 2.9 17.8 16.2 6.4 #

40006 29 Nov 1966 15.6 8 3.80 8.1 0.50 0.0 3.1 128.1 3.0 19.0 17.5 6.3 #
40006 9 Dec 1966 16.7 21 4.09 11.1 0.60 0.0 2.5 127.5 3.7 22.0 20.7 8.1 #
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Appendix A Flood event analysis

Catch Date p D o, LAG BF SMD APIS CW/ RIO PR SPR Tp (O)
mm h m?s ' h m' s ' mm mm mm mm % % h

40006 25 Jan 1987 12.8 7 4.63 7.2 0.84 0.0 4.0 129.0 3.2 25.2 23.5 6.4 #
40006 20 Feb 1967 14.7 15 3.51 7.3 0.53 0.0 6.6 131.6 3.4 23.1 20.7 7.3 #
40006 27 Feb 1967 17.3 17 4.17 10.3 0.51 0.0 2.2 127.2 4.0 22.9 21.6 6.5 #
40006 9 Apr 1967 22.4 14 4.39 6.1 0.49 3.5 1.0 122.5 3.8 17.0 16.8 6.0 #
40006 25 J un 1967 33.6 5 4.90 7.0 0.46 64.2 8.6 69.4 2.9 8.5 21.5 6.5 #
40006 3 Nov 1967 35.0 20 7.93 13.4 0.57 16.0 6.3 115.3 10.5 30.1 31.9
40006 18 Dec 1967 19.3 13 3.60 6.9 0.42 9.6 0.2 115.6 3.4 17.5 19.1 7.0 #
40006 21 Dec 1968 9.7 8 4.17 6.5 0.90 0.0 6.1 131.1 3.0 30.5 28.4 6.9 #
40006 19 Feb 1969 19.0 36 4.08 24.9 0.45 1.4 0.1 123.7 8.4 44.3 44.2
40006 11 Mar 1969 31.3 44 6.52 10.8 0.73 0.0 8.6 133.6 10.0 31.8 29.1 5.9 #
40006 14 Sep 1968 126.3 16 54.86 7.2 0.72 41.0 1.5 85.5 46 .4 36.7 35.9 6.5 #

a mean 24.0
g mean 9.1 0.54 6.7

" Note that the event of  19 Feb 1969  was not used In deriving the unit hydrograph and losses model pa rameters for
worked examples Involving this catchment.

40007 8 Oct 1960 32.0 26 31.99 14.0 3.24 4 .3 3.5 124.2 12.2 38.1 37.9
40007 25 Oct 1960 30.8 17 62.08 14.5 4.23 0 .0 2.5 127.5 16.4 53.4 52.6
40007 28 Oct 1960 26.4 20 47.08 19.2 7.70 0.0 11.6 136.6 12.4 47.0 43.8
40007 31 Oct 1960 27.8 28 48.63 12.2 12.53 0.0 18.0 143.0 13.0 46.9 42.1
40007 25 Nov 1960 23.4 14 42.97 14.4 7.84 0.0 6.6 131.6 14.6 62.5 60.8
40007 2 Dec 1960 52.1 31 100.80 9.3 7.81 0.0 2.6 127.6 25.7 49.4 45.9
40007 1 J an 1961 30.9 31 40.42 18.7 4.85 0.2 4.2 129.0 19.4 62.8 61.7
40007 29 J an 1961 32.9 24 68.24 15.9 8.90 0.0 8.6 133.6 17.6 53.6 51.2
40007 27 Feb 1961 19.3 10 38.40 11.8 5.98 0.0 6.6 131.6 8.3 43.1 41.1
40007 9 Jan 1962 20.6 14 40.81 13.9 4.72 0.0 7.3 132.3 9.8 47.6 45.5
40007 20 Jan 1962 20.9 19 33.09 10.8 10.69 0.0 6.9 131.9 6.8 32.7 30.5
40007 11  Mar 1963 23.2 24 35.14 12.0 5.04 0.0 7.5 132.5 9.2 39.8 37.5
40007 11 Nov 1963 22.6 13 41.25 12.0 4.99 0.0 4.0 129.0 8.3 36.7 35.3
40007 17 Nov 1963 80.6 53 57.01 14.1 6.11 0.0 4.6 129.6 42.0 52.1 44.7
40007 24 Nov 1963 22.3 30 28.95 14.9 4.80 0.0 1.7 126.7 9.3 41.7 40 .9
40007 9 Feb 1966 26.8 31 41.44 22.8 13.65 0.0 3.4 128.4 7.0 26.1 24.7
40007 17 Jun 1964 42.0 22 43.84 17.6 2.47 8.4 1.7 118.3 12.1 28.8 29.2
40007 27 Nov 1965 28.4 20 43.04 11.9 3.11 0.0 3.2 128.2 10.8 38.0 36.8
40007 2 1 Oct 1966 35.1 2 1 43.94 15.4 3.47 7.2 3.6 12 1.4 13.0 37.1 37.6
40007 27 Feb 1967 28.8 17 45.40 15.3 4.28 0.0 2.1 127.1 13.4 46.6 45.8
a mean 42 .3
g mea n 14.2 5.68

40008 11  Mar 1963 18.8 12 16.32 16.0 3.65 0.0 8.1 133.1 4.8 25.6 22.7
40008 3 Apr 1964 27.1 35 15.88 24.1 2.03 6.7 0.2 118.5 7.9 29.0 29.8
40008 9 Dec 1965 20.3 12 18.04 18.1 2.42 0.0 2.0 127.0 7.4 36.4 35.3
40008 9 Feb 1966 25.3 30 20.23 10.9 4.43 0.0 2.9 127.9 9.2 36.4 35.0
40008 24 Feb 1966 21.1 30 19.35 18.6 3.87 0.0 3.0 128.0 7.0 33.2 31.7
40008 22 Oct 1966 25.5 23 19.30 24.1 3.36 0.0 7.1 132.1 11.1 43.5 41.2
40008 27 Oct 1966 44.0 41 27.78 26.1 3.02 1.0 4.4 128.4 24.2 55.0 52.7
40008 9  Dec 1966 19.6 18 20.51 22.3 4.81 0.0 3.6 128.6 7.9 40.4 38.9
40008 27 Feb 1967 18.6 24 17.51 10.9 3.40 0.0 2.2 127.2 5.6 30.0 28.7
40008 19 Feb 1969 21.8 41 24.54 31.0 2.38 1.2 0.5 124.3 19.3 88.7 89.2
40008 17 Nov 1963 42.0 51 22.47 20.3 5.30 0.0 10.5 135.5 15.0 35.6 31.6
a mean 39.7
g mean 19.3 3.37

40009 9 Jan 1962 28.3 43 27.94 7.3 1.68 0.0 0.1 125.1 20.8 73.4 73.4
40009 20 Apr 1963 17.8 12 22.64 7.2 2.84 2.8 2.1 124.3 6.9 38.6 38.7 7.0 #
40009 18 J un 1964 40.6 38 37.23 7.3 1.48 8.5 3.0 119.5 16.4 40.5 41.5
40009 3 Sep 1965 68.8 26 29.77 9.0 0.45 78.8 0.3 46.5 10.3 14.9 29.6 8.5 #

40009 28 Nov 1965 23.5 16 26.34 7.4 1.54 0.0 2.4 127.4 9.5 40.5 39.8 8.5 #
40009 8 Dec 1965 41.3 38 41.74 15.8 1.82 0.2 1.1 125.9 24.8 60.0 59.2 13.7 #
40009 9 Feb 1966 18.9 17 30.86 7.2 6.39 0.0 9.4 134.4 10.7 56.8 54.4 4.6 #
40009 20 Oct 1966 20.5 13 27.63 9.3 6.72 0.6 11.3 135.7 5.2 25.6 22.8 8 .5 #

40009 27 Feb 1967 26.8 18 34.13 6.9 2.88 0.0 4.9 129.9 13.7 51.3 50.0 7.8 #
40009 9 Apr 1967 28.7 29 25.13 19.7 0.90 3.2 0.7 122.5 9.8 34.1 34.6
40009 19 Feb 1969 25.4 36 24.76 21.4 1.31 1.4 0.1 123.7 16.2 63.9 64.2
40009 17 Nov 1963 71.3 53 39.73 5.5 5.22 0.0 8.4 133.4 40.6 56.9 49.7
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Restatement and application of the FSR rainfall-runoff method

Catch Dente p D 0, LAG BF SMD API5 CW/ R/0 PR SPR Tp{O)
mm h ms' n m' s' mm mm mm mm % % h

40009 23 Jan 1971 24.2 24 32.02 8.4 3.46 4.3 5.1 125.8 14.8 61.0 60.8 7.9 #
40009 18 Nov 1970 25.8 22 24.01 7.5 1.86 22.9 10.1 112.2 8.6 33.5 36.6 8.9 #
40009 18 J un 1971 23.2 15 23.05 9.2 1.63 12.1 4.2 117.1 8.0 34.5 36.4 7.3 #
a mean 46.1
g mean 9.1 2.11 8.0

40010 3 Dec 1961 23.2 47 14.91 18.9 1.00 11.1 1.9 115.8 8.5 36.8 38.8 17.0 #
40010 12 Dec 1961 18.5 13 16.36 19.3 2.80 0.0 1.7 126.7 8.0 43.1 42.4 15.1 #
40010 15 Mar 1963 10.0 6 14.03 14.0 4.75 0.0 3.5 128.5 3.1 30.5 29.2 15.2 #
40010 10 Nov 1963 12.5 13 15.38 16.9 1.28 0.0 3.0 128.0 7.0 56.2 55.3 15.3 #
40010 17 Nov 1963 57.4 53 31.00 20.5 2.93 0.0 2.1 127.1 30.7 53.5 49.5 17.5 #
40010 24 Nov 1963 19.2 31 16.42 16.3 2.82 0.0 1.5 126.5 7.5 39.2 38.5 16.3 #
40010 13 Mar 1964 47.3 47 29.65 18.0 1.16 0.4 4.0 128.6 24.8 52.4 49.5
40010 19 Mar 1964 15.9 25 19.07 23.4 3.27 1.4 4.2 127.8 7.8 48.9 48.0 14.2 #
40010 20 Apr 1964 23.6 41 15.27 17.7 1.73 1.0 4.3 128.3 10.7 45.5 44.4 15.0 #

40010 31 May 1964 40.2 29 14.83 18.1 0.50 31.3 0.0 93.7 8.0 19.9 27.1 13.0 #
40010 18 Jun 1964 28.3 38 19.31 15.8 1.22 8.9 2.4 118.5 10.4 36.9 38.2 11.1 #

40010 13 Jan 1965 15.6 9 15.82 13.7 2.59 2.9 1.8 123.9 6.3 40.1 40.1 13.2 #
40010 20 Nov 1965 22 .7 10 18.38 28.0 2.26 0.0 4.3 129.3 7.7 33.9 32.5
40010 28 Nov 1965 24.2 20 24.91 24.6 1.33 0.0 2.0 127.0 15.1 62.5 61.9 20.1 #
40010 4 Dec 1965 12.0 23 13.70 17.6 2.43 0.0 2.2 127.2 4.7 39.4 38.5 14.1 #

40010 8 Dec 1965 25.6 26 24.75 24.7 1.50 0.2 1.1 125.9 13.2 51.4 51.0 22.4 #
40010 17 Dec 1965 18.0 26 20.34 20.9 7.20 0.0 6.3 131.3 6.7 37.1 35.2 16.5 #
40010 9 Feb 1966 21.6 26 25.44 24.8 2.77 0.0 2.7 127.7 15.3 70.9 70.2 21.1 #
40010 18 Feb 1966 30.1 67 21.67 26.9 1.22 2.4 0.0 122.6 18.2 60.6 61.1 12.9 #
40010 24 Feb 1966 26.5 54 29.91 13.0 3.96 0.0 4.4 129.4 15.2 57.4 56.2
40010 18 Apr 1966 32.0 62 24.00 24.1 2.66 0.8 4.3 128.5 16.9 52.7 51.7 20.5 #
40010 22 Oct 1966 30.6 19 29.30 22.7 1.35 7.2 2.0 119.8 18.5 60.5 61.7 17.9 #
40010 9 Dec 1966 17.8 21 21.63 16.1 2.92 0.0 2.0 127.0 9.0 50.3 49.6 13.7 #
40010 25 Jan 1967 16.1 8 23.25 16.2 4.91 0.0 4.4 129.4 8.8 54.6 53.3 11.4 #
40010 27 Feb 1967 20.3 26 22.11 19.3 1.47 0.0 1.8 126.8 10.9 53.9 53.3
40010 3 Nov 1967 32.4 55 38.13 12.0 5.00 1.4 7.1 130.7 16.2 50.1 48.5
40010 18 Dec 1967 23.8 14 21.67 20.7 0.53 0.1 0.3 125.2 11.6 48.7 48.4 21.5 #
40010 19 Feb 1969 22.6 36 23.25 26.7 2.51 1.4 0.1 123.7 16.0 70.7 71.0
a mean 48.0
g mean 19.2 2.08 15.8

41005 19 Feb 1966 31.2 36 23.97 19.3 3.02 0.0 3.9 128.9 15.9 51.0 49.8 16.1 #
41005 25 Feb 1966 27.3 20 37.69 17.5 5.99 0.0 5.3 130.3 16.3 59.8 58.3 13.6 #
41005 16 Apr 1966 36.0 65 23.06 18.5 3.23 0.8 3.8 128.0 18.8 52.3 51.3 17.5 #
41005 6 Aug 1966 27.7 22 18.83 22.0 2.19 54.1 4.2 75.1 10.1 36.5 48.5
41005 21 Oct 1966 32.7 18 33.24 20.2 1.96 5.1 4.8 124.7 18.7 57.3 57.2 20.5 #
41005 9 Dec 1966 13.2 21 12.21 16.3 2.60 0.0 2.3 127.3 6.2 46.7 45.8
41005 28 Dec 1966 18.1 22 18.08 20.8 2.43 0.0 2.8 127.8 8.4 46.6 45.6 17.0 #
41005 25 Jan 1967 14.4 7 24.80 20.6 7.06 · 0.0 7.7 132.7 7.3 50.5 48.3 20.9 #
41005 27 Feb 1967 26.1 18 28.01 18.7 2.33 0.0 1.6 126.6 12.8 49.0 48.3 19.1 #
41005 8 Mar 1967 17.8 25 14.68 16.1 3.79 1.3 1.0 124.7 7.1 40.0 39.7 15.7 #
41005 9 Apr 1967 24.4 12 16.70 14.5 1.58 0.7 0.6 124.9 6.4 26.1 25.5 13.7 #
41005 3 Nov 1967 45.0 26 84.96 13.6 5.30 1.4 8.8 132.4 25.6 56.9 53.5
41005 6 Feb 1968 18.2 22 22.32 15.4 5.37 0.0 8.9 133.9 7.8 43.0 40.4 17.3 #
41005 15 Sep 1968 66.0 17 48.88 19.8 1.07 53.4 3.6 75.2 19.0 28.8 36.3
41005 25 Sep 1968 23.3 17 20.03 20.6 2.34 0.9 2.6 126.7 9.1 38.9 38.0 17.4 #
41005 1 Nov 1968 12.7 11 17.71 14.9 4.53 0.0 12.6 137.6 5.1 40.5 36.9 15.3 #
41005 20 Dec 1968 20.8 24 21.83 19.9 2.99 0.0 3.6 128.6 9.3 44.9 43.7
41005 21 Dec 1968 19.6 20 22.59 13.6 5.88 0.0 11.1 136.1 8.5 43.6 40.5 15.5 #
41005 15 Jan 1969 13.1 13 17.25 15.5 4.15 0.0 5.1 130.1 5.6 42.4 40.7 16.7 #
41005 17 Jan 1969 14.0 12 21.43 15.2 3.87 0.0 4.7 129.7 9.0 64.6 63.3 16.0 #
41005 27 Jan 1969 17.6 17 17.79 15.2 4.17 0.0 1.4 126.4 6.2 35.2 34.4 16.5 #
41005 19 Feb 1969 28.5 46 19.46 23.8 2.85 1.4 0.3 123.9 13.1 45.9 45.8
41005 12 Mar 1969 26.7 33 30.18 13.3 5.51 0.0 11.7 136.7 13.5 50.4 47.2 17.1 #
a mean 45.2
g mean 17.4 3.31 16.7

41006 3 Nov 1967 45.4 26 42.23 11.9 1.48 1.4 9.7 133.3 33.1 72.9 69.4 12.3 #
41006 6 Feb 1968 22.2 22 24.91 13.3 3.32 0.0 7.6 132.6 13.5 60.8 58.8 15.0 #
41006 14 Sep 1968 31.0 14 9.63 10.1 0.39 55.2 5.4 75.2 4.7 15.2 26.8 12.4 #
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Appendix A Flood event analysis

Catch Date P D O, LAG BF SMD APIS  CWI RIO PR SPR Tp(0)
mm h m?s ' h m' s ' mm mm mm mm % % h

41006 21  Dec  1968 12.3 6
41006 19  Feb  1969 20.8 16
41006 12 Mar 1969 23.8 31
41006 18  Jun  1971 31.0 19
41006 16 Nov 1969 32.4 23
41006 18 Nov 1970 23.3 23
41006 23  Jan  1971 24.5 20
41006 14 J un 1971 43.3 22
41006 18  Jun  1971 30.6 13
41006 8  Dec  1972  22.6  15
41006 10  Feb  1974 39.5 19
41006 14  Feb  1974 27.9 18
41006 17 Nov 1974 21.4 16
41006 20  Jan  1975 32.0 25
41006 1  Dec  1975 26.2 18
a mean
g mean

41007 3  Dec  1960 35.5 27
41007 26  Jan  1961 55.0 67
41007 27  Feb  1961 18.8 41
41007 3 May 1961 27.3 27
41007 17 Nov 1963 60.3 58
41007 13 Mar 1964 58.8 49
41007 31 May 1964 55.0 62
41007 28 Nov 1965 29.4 21
41007 22  Oct  1966  33.2  21
41007 14  Sep  1968 105.9 54
41007 15  Dec  1968 49.5 73
41007 11 Mar 1969 35.1 46
a mean
g mean

41015 30 Oct 1967 17.2 12
41015 17  Dec  1968 34.5 19
41015 21 Dec 1969 16.1 14
41015 6 Nov 1970 30.1 20
41015 22 Nov 1970 19.8 16
41015 6  Feb  1972 16.2 14
41015 15  Sep  1974 19.8 15
41015 19 Oct 1974 13.8 8
41015 26  Sep  1975 37.5 16
41015 28 Nov 1975 14.6 9
a mean
g mean

41020 14  Dec  1969 16.1 5
41020 14 Jan 1970 15.2 15
41020 12  Feb  1970 25.0 12
41020 23 Jan 1971 29.1 20
41020 18 J un 1971 36.2 13
41020 19 Oct 1971 20.0 8
41020 29 Apr 1972 27.4 20
41020 4  Sep  1974 59.6 25
41020 17 Nov 1974 18.8 16
41020 21 Nov 1974 46.3 19
41020 20 Jan 1975 34.8 14
41020 18 Apr 1975 24.4 10
41020 1  Dec  1975 28.2 18
a mean
g mean

41021 14  Dec  1969 15.3 19
41021 4 Mar 1970 20.0 13
41021 18 Nov 1970 23.0 22
41021 14 J un 1971 72.7 32

18.84 11.5
20.99 19.1
31.68 8.6
37.84 15.6
34.23 12.3
21.52 11.1
26.65 14.4
24.55 11.6
36.97 14.8
22.76 13.2
46.60 12.7
39.95 11.1
43.79 10.0
42.54 3.9
32.78 12.1

11.6

1.64 0.0
0.78 1.4
2.58 0.0
0.43 2.0
1.53 45.7
2.17 22.0
1.53 0.0
0.29 38.4
0.40 14.4
2.85 23.4
1.53 0.0
2.62 0.0
3.88 0.0
2.64 0.0
1.13 13.4

1.35

99.71 21.2 12.41 0.0
95.17 37.2 1.58 0.4
61.19 21.0 12.88 0.0
65.82 32.4 0.33 8.2

103.65 18.1 13.29 0.0
97.56 23.5 1.69 6.2
77.80 27.2 0.32 44.5
66.90 29.6 0.01 0.0
82.56 27.4 0.06 39.7

298.73 15.5 6.81 19.3
79.35 37.7 2.31 0.1
76.44 26.2 0.22 8.9

25.5 1.02

0.33 4.7
2.70 3.1
0.26 5.6
0.32 8.4
0.48 6.4
0.34 3.6
0.26 3.3
0.53 2.2
0.41 5.1
0.35 4.2

4.4

9.03 12.2
8.44 13.9
8.65 12.6

14.08 10.3
11.88 12.7
11.00 9.2
5.77 11.2

10.66 10.5
11.96 10.9
19.50 8.8
16.51 9.7
11.63 8.3
10.98 11.6

8.3 133.3
0.0 123.6

11.1 136.1
7.1 130.1

12.1 91.4
8.3 111.3
4.9 129.9

18.6 105.2
6.8 117.4

14.1 115.7
5.5 130.5

11.9 136.9
10.3 135.3
8.9 133.9
4.1 115.7

1.9 126.9 30.9 87.1 86.8 14.0 #
0.5 125.1 49.6 90.2 87.4
6.1 131.1 12.5 66.4 64.8 25.1 #

2.7 119.5 21.5 78.9 80.4 32.2 #

3.8 128.8 53.5 88.8 84.4 21.7 #
0.2 119.0 43.3 73.6 71.6 33.5 #
0.0 80.5 37.6 68.4 76.5
1.9 126.9 20.3 69.1 68.6 32.1 #

2.4 87.7 26.9 81.1 90.6 26.3 #
5.1 110.8 81.1 76.6 71.8
0.0 124.9 42.2 85.3 83.3
7.4 123.5 25.9 73.8 74.2

78.4

0.05 12.9 5.1 117.2
0.87 10.2 8.0 122.8
0.05 9.8 4.9 120.1
0.03 48.3 2.5 79.2
0.08 0.7 5.7 130.0
0.07 0.0 4.8 129.8
0.05 51.3 1.2 74.9
0.16 9.8 13.1 128.3
0.06 37.7 11.8 99.1
0.06 21.4 5.0 108.6

0.08

0.52 11.0
1.09 0.0
0.59 0.2
1.01 0.0
0.35 19.4
0.56  65.2
0.21 21.2
0.30 66.9
1.96 0.0
4.80 0.0
0.92 0.0
0.52 2.4
0.93 10.2

3.0 117.0
5.7 130.7
0.9 125.7
6.8 131.8
4.4 110.0
6.4 66.2
0.1 103.9
8.8 66.9

12.5 137.5
13.8 138.8
10.0 135.0
4.2 126.8
4.1 118.9

8.9 72.6 70.6
11.1 53.6 53.7
15.8 66.5 63.7
18.9 61.1 59.7
14.1 43.5 51.5
10.7 46.0 49.1
19.4 79.0 77.9
18.7 43.1 46.6
18.6 60.9 62.7
10.3 45.6 47.6
32.0 80.9 79.7
21.1 75.5 72.6
19.4 90.6 88.3
22.6 70.6 68.4
17.4 66.3 68.6

62.0

10.8 0.73

1.53 9.2 0.11 11.2 2.2 116.0 10.3 67.4 69.7
1.02 7.6 0.07 0.9 0.4 124.5 7.8 39.2 39.3
1.78 6.1 0.29 0.8 10.4 134.6 9.4 40.9 38.5
1.68 12.1 0.03 31.4 4.1 97.7 212 29.1 30.8

11.5 #

10.6 #

13.0 #
14.0 #
16.0 #

11.5 #
10.9 #
10.0 #

11.0 #

12.2

25.5

0.1 0.8 2.4 4.3 #

1.0 2.8 3.0 3.7 #

0.1 0.9 1.8 4.8 #

0.2 0.8 11.9 3.3 #

0.3 1.7 0.1 4.2 #

0.2 1.2 3.1 #

0.1 0.7 12.9 3.6 #
0.2 1.1 2.4 #

0.2 0.6 6.7 2.2 #
0.2 12 4.9 4.4 #

5.4
3.5

11.3 70.1 72.1
10.5 69.2 67.8
12.5 50.1 49.8
22.5 773 75.7
17.5 48.4 52.0
11.7 58.7 73.3
8.1 29.4 34.4

19.0 31.9 42.5
13.5 71.7 68.6
19.8 42.8 37.5
23.4 67.1 64.6
15.1 61.7 61.2
17.4 61.8 63.3

58.7
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Restatementandapplicofionofthe FSRroinfakunoff method

Catch Date p D o, LAG BF SMD APIS CW/ RIO PR SPR Tp(O)
mm h m s' h m's ' mm mm mm mm % % h

41021 10 J an 1972 28.9 27 1.91 9.5 0.06 3.7 1.0 122.3 14.1 48.7 49.4
41021 24 J an 1972 14.0 11 1.43 6.8 0.06 0.6 4.4 128.8 8.9 63.6 62.7
41021 5 Mar 1972 13.7 5 1.15 18.3 0.11 0.3 4.0 128.7 7.7 56.0 55.1
41021 8 Dec 1972 26.8 16 2.42 9.6 0.36 4.3 21.7 142.4 12.7 47.3 43.0
41021 12 Feb 1973 13.4 16 0.77 10.1 0.05 0.1 0.9 125.8 6.3 46.8 46.6
a mean 48.3
g mean 9.4 0.09

41022 29 Nov 1970 25.5 19 9.99 9.5 0.62 0.0 1.0 126.0 13.3 52.0 51.7 11.5 #

41022 6  Mar 1972 11.9 8 6.79 8.4 1.28 0.0 12.1 137.1 6.0 50.2 47.1 7.0 #
41022 13 Dec 1972 14.7 3 8.64 8.6 2.16 9.7 5.0 120.3 6.3 43.0 44.1 9.3 #
41022 22 Nov 1974 25.0 14 27.45 7.8 9.29 0.0 13.2 138.2 11.6 46.6 43.3 7.1 #

41022 20 J an 1975 34.3 18 29.84 7.2 1.62 35.6 5.1 94.5 21.8 63.6 71.2 7.1 #

41022 8 Mar 1975 14.3 10 10 .09 5.2 1.64 0.4 5.6 130.2 6.6 46.5 45.2 4 .3 #

41022 18  Apr 1975 20.7 15 10.38 7.9 0.77 3.5 2.9 124.4 10.3 49.8 49.9 3.5 #

41022 1 Dec 1975 32.7 18 16.49 6.4 0.69 12.4 3.3 115.9 14.0 42.7 44.9 4.1 #

a mean 49.7

g mean 7.5 1.48 6.3

41025 10 J an 1972 22.2 14 11.71 20.9 0.73 0.0 1.5 126.5 13.1 58.8 58.4
41025 10 Feb 1972 14.6 38 8.62 17.9 1.19 0.2 1.9 126.7 7.9 53.9 53.4
41025 4 Mar 1972 20.6 19 17.50 22.8 1.12 0.0 5.1 130.1 13.1 63.6 62.3
41025 5 Dec 1972 33.3 49 22.29 21.7 3.00 0.0 15.8 140.8 17.6 53.0 49.0

41025 13 Dec 1972 13.5 17 11.99 21.9 3.86 0.0 7.2 132.2 5.9 43.9 42.0
41025 14 Feb 1974 25 .6 30 23.68 15.1 2.30 0.1 5.0 129.9 16.9 66.2 65.0
41025 26 Sep 1974 24.7 29 21.48 19.6 0.83 16.6 4.2 112.6 19.4 78.7 81.8
41025 25 Dec 1974 23.4 26 20.14 20.5 1.94 0.0 4.1 129.1 14.5 61.9 60.8
41025 1 Dec 1975 26.8 17 21.90 19.2 0.81 14.1 3.8 114.7 16.5 61.4 63.9
a mean 59.6

g mean 19.8 1.48

41028 13 Jan 1965 20.1 13 5.39 10.2 0.47 2.9 3.0 125.1 10.6 52.8 52.6 9.0 #

41028 19 Nov 1965 43 .6 16 8.93 7.1 0.55 0.0 3.3 128.3 17.6 40.4 38.3 6.3 #

41028 28 Nov 1965 27.4 2 1 6.59 6.9 0.45 0.0 3.0 128.0 13.1 47.8 46.9 7.1 #

41028 8 Dec 1965 35.3 26 10.40 11.1 0.39 0.2 1.4 126.2 20.1 56.8 56.4 7.1 #

4 1028 22 Dec 1965 23.8 14 7.50 6.8 0.82 0.0 2.1 127.1 12.8 53.7 53.1 7.1 #
41028 19 Feb 1966 33 .3 35 6.19 11.9 0.65 0.0 4.7 129.7 19.6 58.8 57.5 6.0 #

41028 20 Feb 1967 16.0 9 6.17 8.0 0.50 0.0 8.4 133.4 8.7 54.4 52.2 8.0 #

41028 27 Feb 1967 26.8 17 5.63 7.4 0.37 0.0 2.4 127.4 13.7 51.2 50.5 8.2 #
41028 3 Nov 1967 45.5 24 7.70 12.0 0.72 1.4 12.1 135.7 21.6 47.4 43.1 9.5 #
41028 6 Feb 1968 19 .1 11 6.29 8.6 0.57 0.0 8.4 133.4 10 .2 53.5 51.3 8.5 #

41028 11 Oct 1968 26.2 13 6.79 6.8 0.84 0.6 7.0 131.4 12.5 47.8 46.0 8.5 #
41028 12 Mar 1969 19 .5 23 6.65 10.4 0.71 0.0 12.6 137.6 9.9 50.8 47.5 8.6 #

41028 21 Nov 1969 19 .4 20 3.69 9.0 0.18 26.2 5.9 104.7 9.3 48.0 52.9 7.0 #

41028 12 Feb 1970 25.2 12 3.90 9.0 0.29 0.4 0.9 125.5 8.6 34.3 33.9
41028 23 Jan 1971 29.3 18 6.11 8.2 0.75 0.2 5.9 130.7 13.9 47.6 46.0 9.9 #
41028 10 Jan 1972 31.2 15 4.27 11.8 0.16 0.0 2.5 127.5 11.6 37.3 36.4 10.8 #
41028 10 Feb 1974 42 .9 19 8.48 9.1 0.69 0.0 5.9 130.9 23.1 53.9 51.4 9.6 #
41028 21 Nov 1974 40 .9 18 13.62 5.5 3.08 0.0 10.9 135.9 14.5 35.4 32.0 5.8 #

41028 20 Jan 1975 31.7 26 8.27 8.5 0.66 0.0 10.0 135.0 16.3 51.5 48.9 7.5 #
a mean 47.2
g mean 8.7 0.54 7.9

41801 19 Feb 1969 19 .9 26 0.81 8.2 0.02 0.0 2.0 127.0 12.4 62.4 59.1
4180 1 12 Mar 1969 18.2 17 0.94 5.3 0.07 0.0 6.5 131.5 7.0 38.3 25.2 5.1
4180 1 31 May 1969 19 .7 5 1.62 2.5 0.03 41.8 1.2 84.4 3.5 18.0 9.3
4180 1 6 J ul 1969 43 .4 19 1.74 4.3 0.01 94.6 0.0 30.4 7.1 16.3 19.4 3.5
41801 28 J ul 1969 31.2 13 0.75 3.4 0.01 106.5 0.0 18.5 4.5 14.5 21.0 1.7
41801 1 Aug 1969 15.3 5 1.31 1.9 0.02 92.1 1.6 34.5 2.7 17.6 21.2 2.7
41801 2 Aug 1969 19.8 9 0.77 4.7 0.02 80.3 9.4 54.1 3.8 19.3 18.6 3.1
41801 13 Nov 1970 55.6 30 2.76 5.6 0.06 52.5 3.0 75.5 42.6 76.6 88.3
41801 16 Nov 1970 10.3 7 1.77 3.2 0.18 17.6 11.7 119.1 8.5 82.5 88.5 3.1
41801 13 J un 1971 59.8 34 2.93 6.8 0.02 59.0 4.7 70.7 19.9 33.2 29.8 3.6
41801 18 J un 1971 30 .8 12 1.48 4.1 0.05 15.1 6.6 116.5 12.9 41.8 33.7 2.6
41801 22 Aug 1971 21.1 5 2.82 3.6 0.04 61.7 12.5 75.8 9.1 43.1 45.6
41801 9 Nov 1969 23.3 7 1.24 3.1 0.00 98.6 4.9 31.3 4.0 17.3 21.6 3.8
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Appendix A Flood event analysis

Catch Date P D O, LAG BF SMD APIS CWI RIO PR SPR Tp(0 )
mm h ms' h ms' mm mm mm mm % % h

41801 6 Dec 1972 12.5 9
41801 21  May  1973 29.1 6
41801 21 Nov 1974 30.2 17
41801 28 Nov 1975 29.5 8
a mean
g mean

45002 25 Aug 1963 23.3 16
45002 18 Nov 1963 50.7 35
45002 31 Jan 1964 20.8 10
45002 13 Nov 1964 30.8 24
45002 12 Dec 1964 29.0 17
45002 15 Jan 1965 51.2 44
45002 23 Nov 1965 20.9 6
45002 28 Nov 1965 26.0 21
45002 8 Dec 1965 66.2 47
45002 14 Oct 1966 25.5 13
45002 9 Dec 1966 34.9 26
45002 12 Dec 1966 47.5 44
45002 30 Dec 1966 28.9 19
45002 20 Feb 1967 32.8 21
45002 27 Feb 1967 34.8 21
45002 8 Jan 1968 51.0 21
45002 9 Jul 1968 55.1 29
45002 28 Jul 1969 100.3 29
45002 18 Sep 1969 36.8 10
45002 16 Dec 1965 106.9 54
45002 1 Nov 1970 47.2 16
a mean
g mean

45003 5 Jul 1963 40.5 14
45003 10 Nov 1963 23.2 19
45003 15 Jan 1965 24.2 31
45003 19 Jan 1965 25.3 23
45003 28 Nov 1965 25.3 19
45003 8 Dec 1965 29.7 44
45003 1 Jan 1966 21.2 25
45003 22 Oct 1966 28.8 8
45003 28 Dec 1966 24.4 36
45003 16 Feb 1967 25.6 17
45003 20 Feb 1967 21.3 25
45003 30 Oct 1967 29.4 16
45003 8 Jan 1968 31.7 24
45003 10 Jul 1968 51.6 18
45003 24 Dec 1968 28.8 39
45003 28 Jul 1969 110.8 30
45003 30 Sep 1976 58.4 45
45003 30 Nov 1976 29.5 14
45003 21 Feb 1977 33.9 37
45003 2 May 1977 28.4 16
45003 24 Mar 1979 34.3 24
45003 26 Dec 1979 53.0 25
45003 20 Jan 1980 31.8 25
45003 30 Mar 1980 34.6 48
45003 15 Oct 1980 30.0 16
45003 16 Nov 1980 28.7 20
45003 8 Mar 1981 47.5 65
45003 21 Mar 1981 22.9 28
45003 9 Mar 1982 22.3 27
45003 6 Nov 1982 29.3 18
45003 11 Nov 1982 29.1 9
45003 30 Jan 1983 36. 7 28
45003 16 May 1983 26.4 24
45003 14 Dec 1983 28.5 14
45003 18 Dec 1983 59.6 59

2.48 4.1
2.44 2.3
3.02 3.8
2.84 3.5

3.9

21.85 13.1
26.62 13.4
31.35 8.1
60.84 9.6
62.01 9.2
39.12 14.3
50.24 8.4
47.48 12.2
34.29 13.1
65.01 10.0
53.63 11.6
48.43 13.2
71.59 11.0

201.86 8.4
37.77 16.9

115.31 14.7
44.13 9.4
81.62 11.6
44.79 8.2
25.88 9.9
35.25 10.8

142.81 13.9
65.33 7.4
33.34 12.3
41.05 13.0

134.01 8.4
49.95 11.4
38.73 13.9
40.69 10.3
46.16 13.9
69.27 10.6
63.65 11.3
29.60 12.1
51.12 11.4
62.07 16.8

0.06 44.3 8.8 89.5
0.03 23. 1 1.2 103.1
0.15 0.0 11.6 136.6
0.14 14.4 8.7 119.3

0.04

57.80 10.2 10.14
163.30 9.2 50.58
47.92 7.1 7.35
69.96 7.4 6.04

167.45 8.1 41.80
155.56 11.8 45.47
70.71 6.8 13.87

102.84 5.9 31.17
188.51 14.7 32.22
61.53 7.8 11.03

109.80 8.9 23.14
133.76 12.2 40.20
147.10 8.8 41.89
148.83 9.9 36.45
134.16 6.4 26.51
168.66 13.5 29.95
169.32 10.8 16.44
74.02 10.4 3.74
90 .38 5.8 6.63

224.34 8.9 36.42
171.42 13.0 36.40

9.1 20.64

2.9 3.9 126.0
0.0 17.4 142.4
0.0 1.9 126.9

29.9 1.9 97.0
0.0 7.5 132.5
0.0 13.1 138.1
0.2 0.5 125.3
0.0 6.1 131.1
0.1 3.7 128.6
1.0 8.7 132.7
0.0 3.6 128.6
0.0 6.9 131.9
0.0 10.2 135.2
0.0 21.6 146.6
0.0 3.2 128.2
0.0 5.2 130.2

10.5 3.4 117.9
88.6 0.0 36.4
15.8 5.4 114.6
0.0 8.1 133.1
0.0 3.8 128.8

2.86 51.7
6.19 30.1
7.81 0.0
5.03 0.0
6.05 2.4
5.97 0.1
9.27 0.0
3.54 46.8
4.71 0.0
3.27 0.0
9.21 0.0
5.07 22.1
4.86 0.0
3.66 42.0
6.07 0.0
1.43 120.5

12.28 39.3
9.82 0.0

13.45 0.0
2.34 28.0
5.70 0.0
4.55 3.4
5.84 0.0
5.48 0.5
4.45 57.7
4.70 15.6
5.92 0.0
4.49 0.0
7.14 0.5
5.76 0.0
5.71 0.0
4.64 0.0
3.92 2.5
4.58 59.1
6.58 37.4

2.1 75.4
5.0 99.9
9.0 134.0
4.2 129.2
4.9 127.5
2.6 127.5
8.1 133.1
1.4 79.6
3.1 128.1

16.0 141.0
11.2 1362
6.9 109.8
4.1 129.1
4.2 87.2
4.9 129.9
0.1 4.6

16.1 101.8
9.4 134.4

11.1 136.1
2.0 99.0
1.8 126.8
1.1 122.7
4.1 129.1
3.4 127.9
5.0 72.3
7.1 116.5
6.6 131.6
2.3 127.3
5.6 130.1

10.2 135.2
4.3 129.3
4.8 129.8
2.6 125.1
5.9 71.8
8.0 95.6

5.2 41.9 40.6
5.9 20.3 7.7

17.3 57.2 49.6
10.7 36.2 25.3

35.6

4.6 19.8 19.5
26.5 52.2 45.5

3.0 14.3 13.8
4.5 14.7 21.7

13.6 47.0 45.1
27.6 54.0 48.3

3.4 16.2 16.1
6.5 25.0 23.5

37.1 56.1 50.8
4.7 18.3 16.4

11.6 33.3 32.4
18.5 38.9 35.3
11.2 38.9 36.3
17.3 52.6 47.2
10.2 29.3 28.5
27.3 53.6 49.9
15.7 28.5 27.3
8.6 8.6 22.8
4.6 12.4 15.0

65.3 61.1 50.5
24.1 51.1 48.4

33.1

4.9 12 1 24.1
7.0 30.2 36.4
7.9 32.7 30.4

11.7 46.1 45.0
11.2 44.3 43.6
11.6 39.1 38.4
8.7 40.9 38.8

10.5 36.4 47.7
8.9 36.4 35.5

15.2 59.2 55.2
8.9 42.0 39.1

12.1 41.1 44.8
16.0 50.4 49.3
30.2 58.6 65.5
12.3 42.6 41.3
19.4 17.5 38.6
10.5 17.9 20.1
12.6 42.8 40.4
14.1 41.5 38.7
4.9 17.4 23.8

12.0 35.1 34.6
32.0 60.3 58.1
13.1 41.2 40.1
13.4 38.6 37.8
11.4 37.9 51.0
18.4 64.1 66.2
23.7 49.9 46.4
8.7 38.1 37.5
8.0 35.8 34.4

12.6 42.9 40.3
12.2 41.8 40.7
17.6 48.0 46.7
8.0 30.3 30.2

11.7 41.0 54.2
29.6 49.6 53.3

3.6

2.8
3.0

3.1

7.5 #

6.5 #

7.5 #
7.1 #

7.3 #

6.5 #
6.5 #

7.0

12.8 #
12.1 #

10.0 #
10.9 #

10.0 #
11.9 #
11.1 #
10.5 #
9.7 #
14.7 #
11.5 #

9.0 #
11.1 #

9.5 #
9.5 #
9.5 #

9.5 #
7.9 #

11.8 #

11.1 #
11.7 #
11.5 #
14.0 #

10.5 #
10.3 #
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Restatementandapplication of the FSRroinf alkunoff method

Catch Date p D o, LAG BF SMD AP/5 CW/ RO PR SPR Tp(O)
mm h m' s' h ms ' mm mm mm mm % % h

45003 16 J an 1984 24.5 37 42.17 7.8 6.70 3.9 6.3 127.4 9.0 36.6 35.9 11.0 #
45003 25 Jan 1984 64.2 40 109.96 13.0 7.66 0.0 7.2 132.2 37.2 57.9 51.9
45003 6 Apr 1985 28.9 38 31.32 9.7 4.61 0.0 3.6 128.6 10.4 36.1 35.1 10.0 #
45003 25 Dec 1985 60.8 33 130.17 9.2 11.04 21.7 10.5 113.8 32.7 53.8 52.8 8.5 #
45003 1 Dec 1976 18.4 2 1 39.48 11.5 11.80 0.0 20.6 145.6 6.6 35.9 30.7 11.5 #
a mean 41.9
g mean 11.1 5.56 10.7

45004 16 Feb 1967 35.6 30 62.95 9.3 7.75 0.0 8.2 133.2 12.2 34.3 32.1 9.2 #

45004 3 May 1967 48 .4 28 42.02 12.7 2.24 39.6 0.0 85.4 8.4 17.3 25.1 9.8 #
45004 16  Oct 1967 29 .4 32 60.66 13.1 8.80 35.9 8.2 97.3 12.8 43.4 50.2 11.7 #

45004 8 Jan 1968 30.8 27 69.60 7.6 5.19 0.0 3.3 128.3 13.1 42.4 41.5 6.3 #
45004 27 J un 1968 27.3 10 71.61 10.4 2.86 34.6 9.0 99.4 13.8 50.6 56.9 9.9 #

45004 27  Oct 1968 38.9 35 44.22 16.9 2.36 7.0 0.3 118.3 13.6 34.9 36.5 9.5 #

45004 25 Nov 1968 27.3 28 47.58 13.9 4.74 0.1 2.6 127.5 10.7 39.2 38.5 8.5 #

45004 16 Dec 1968 23.9 14 64.65 8.8 6.25 0.0 10.8 135.8 10.9 45.7 42.9 7.5 #
45004 17 Dec 1968 15.6 11 73.00 7.8 7.68 0.0 23.1 148.1 10.5 67.2 61.4

45004 21 Dec 1968 23.1 23 71.01 4.4 8.64 0.0 8.1 133.1 10.6 45.8 43.7 4.8 #

45004 24 Dec 1968 30.6 31 60.59 13.5 8.35 0.0 4.8 129.8 12.9 42.1 40.8 10.3 #

45004 12 Mar 1969 25.7 24 78.35 7.0 9.04 0.6 14.0 138.4 11.3 44.1 40.7 6.5 #

45004 28 J ul 1969 83.4 26 73.34 15.7 1.37 120.1 0.2 5.1 12.0 14.4 37.9

45004 9 J ul 1968 56.9 31 217.91 6.3 4.19 43.2 2.4 84.2 21.6 37.9 44.8
45004 6 Mar 1972 59.9 47 89.32 11.3 10.88 0.0 12 .6 137.6 31.0 51.8 44.9

45004 25 Dec 1985 71.7 36 154.36 10.3 10.22 21.1 12.0 115.9 39.3 54.8 52.0 7.3 #
a mean 43.1

g mean 10.0 5.39 8.2

45009 12 Dec 1966 49.0 27 42.21 8.3 16.75 0.0 12.7 137.7 16.2 33.0 27.7
45009 30 Dec 1966 33.0 19 44.67 6.1 18.01 0.0 15.6 140.6 8.0 24.1 20.2
45009 20 Feb 1967 40.4 25 51.82 6.2 15.10 0.0 15.5 140.5 16.0 39.7 35.6 4.3 #
45009 27 Feb 1967 31.8 11 37.23 6.4 9.21 0.0 3.5 128.5 7.0 22.1 21.2
45009 4 Nov 1967 46.2 13 46 .24 6.8 12.82 0.0 8.3 133.3 12.0 26.0 22.3
45009 22 Dec 1967 30.2 20 33.43 6.4 5.82 0.0 5.9 130.9 6.7 22.1 20.6 5.1 #
45009 8 J an 1968 49.5 21 48.18 9.6 12.37 0.0 6.9 131.9 19.9 40.3 36.4
45009 9 J ul 1968 56 .5 23 43.53 9.5 5.78 11.5 2.7 116.2 9.5 16.9 15.9 3.9 #

45009 28 Oct 1968 33 .7 13 21.56 7.9 5.32 0.0 3.8 128.8 4.7 13.8 12.8
45009 18 Sep 1969 24.9 10 13.38 4.6 1.52 2.8 4.7 126.9 1.2 4.9 4.4
45009 22 Nov 1970 27 .3 19 22.67 5.3 10.69 0.0 4.1 129.1 3.4 12.3 11.3
45009 25 Jan 1971 25 .1 14 32.00 5.0 16.41 0.0 11.6 136.6 4.1 16.2 13.3
45009 18  Oct 1971 39.3 17 28.34 8.5 5.15 56.8 9.2 77.4 7.2 18.4 30.3
45009 6 J un 1972 25 .8 9 19.88 6.4 4.95 0.0 5.8 130.8 3.4 13.2 11.7 5.7 #
45009 11 Nov 1972 52 .7 29 33.00 8.6 4.09 0.1 9.7 134.6 10 .6 20.2 15.1 6.6 #
45009 1  Apr 1973 41.6 15 14.81 8.7 1.28 13.2 1.4 113.2 3.2 7.8 10.1 6.0 #
45009 11 Nov 1974 17.7 13 20.30 5.9 5.71 0.0 5.1 130.1 3.4 19.3 18.0
45009 19 Jan 1975 28.3 23 33.90 5.9 6.59 0.0 4.0 129.0 4.9 17.2 16.2 4.5 #
45009 21 Jan 1975 36.5 22 41.88 6.7 14.19 0.0 12.6 137.6 9.5 26.1 22.9 4.5 #
45009 28 J an 1975 22.1 12 42.62 5.3 13.21 0.0 9.6 134.6 5.4 24.6 22.2 5.2 #
a mean 19.4
g mean 6.8 7.48 5.0

45011 9 Dec 1966 43.9 24 70.29 8.1 8.62 0.0 8.6 133.6 19.9 45.4 42.1 4.0 #
45011 12 Dec 1966 57.5 29 81.96 6.7 12.03 0 .0 14.5 139.5 29.5 51.3 44 .3
45011 30 Dec 1966 41.2 19 100.57 4.6 13.83 0.0 21.8 146.8 23.2 56.3 50.3
450 11 27 Feb 1967 42.7 19 88.69 4.5 10.16 0.0 6.8 131.8 15.3 35.9 33.3 5.6 #
45011 1 Apr 1967 36.7 23 49.28 7.4 2.59 2 .4 2.2 124.8 11.2 30.4 30.4
45011 10 J ul 1968 48.0 16 131.99 3.8 5.57 3.6 4.2 125 .6 14.4 30.0 27.9 2.7 #
450 11 28 J ul 1969 100.7 28 27.18 10.1 1.09 87.2 0.5 38.3 8.4 8.3 22.0 5.5 #
45011 1 Nov 1970 62.0 17 120.71 5.8 11.44 0.0 19.1 144.1 38.3 61.8 53.1 5.1 #
45011 21  Apr 1970 37.7 16 40.68 5.5 3.20 0.0 0.3 125.3 9.9 26.3 26.2 3.2 #
45011 19  Oct 1971 44.8 20 85.98 5.4 7.52 18.1 7.2 114.1 16.8 37.5 38.9
45011 12 Nov 1972 56.6 27 78.93 4.9 9.52 0.5 10.2 134.7 21.6 38.2 32.6 4.5 #
450 11 1  Apr 1973 46.2 14 47.11 5.6 1.84 11.7 1.9 115.2 8.1 17.6 18.4 2.5 #
45011 18  Oct 1974 36.1 18 54.82 4.9 4.51 0.0 2.0 127.0 12.9 35.8 35.3 3.3 #
45011 15 Dec 1974 23.5 27 61.42 7.8 7.65 0.0 3.1 128.1 11.7 49.7 48.9 5.5 #
a mean 36.0
g mean 5.9 5.70 4.0
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Appendix A Flood event analysis

Catch Date p D , LAG BF SMD API5 CW/ RIO PR SPR Tp(O)
mm h ms ' h m's ' mm mm mm mm % % h

46003 16 Aug 1963 21.7 24 73.30 4.2 8.31 6.4 8.8 127.4 4.9 22.6 21.9 3.7 #
46003 4 Sep 1963 27.1 30 68.65 8.2 9.75 0.2 5.5 130.3 6.7 24.7 23.3
46003 3 Nov 1963 31.2 8 130.03 4.4 16.80 0.0 16.7 141.7 9.3 29.8 25.5 4.7 #
46003 4 Nov 1963 32.7 16 128.02 2.3 32.47 0.0 23.1 148.1 5.7 17.3 11.4 2.3 #
46003 18 Mar 1964 28.4 13 115.69 5.8 28.72 0.0 16.6 141.6 10 .0 35.3 31.1 6.0 #
46003 14 J ul 1964 30.7 15 69.26 3.8 5.90 17.0 3.5 111.5 6.6 21.6 24.9
46003 13 Nov 1964 36.1 15 100.34 4.2 3.43 0.0 9.6 134.6 9.1 25.3 22.8 3.5 #
46003 12 Dec 1964 29.6 15 127.17 5.0 20.85 0.0 12.0 137.0 12.0 40.7 37.6 5.1 #
46003 13 Jan 1965 50.5 15 195.84 4.4 17.55 0.0 7.7 132.7 19.0 37.6 33.3 4.0 #
46003 2 Aug 1965 39.6 46 97.38 6.5 8.60 1.2 4.2 128.0 11.0 27.7 26.9 4.5 #
46003 28 Nov 1965 39.6 13 190.45 5.1 18.09 0.0 12.7 137.7 15.5 39.2 36.0 4.4 #
46003 10 J an 1966 49.8 28 129.34 6.5 14.48 0.3 0.4 125.1 15.4 3 1.0 28.7
46003 24 Jan 1966 51.9 20 145.14 8.8 11.27 0.0 2.1 127.1 19.2 36.9 33.8
46003 2 Mar 1966 43.7 12 163.16 5.4 19.60 0.0 4.7 129.7 18.7 42.8 40.4
46003 1 Dec 1966 24.4 12 85.58 4.6 9.92 0.0 9.0 134.0 7.6 31.2 28.9 4.3 #
46003 9 Dec 1966 29.6 19 94.45 5.1 9.66 0.0 4 .0 129.0 10.3 34.8 33.7
46003 25 J an 1967 29.1 16 118.99 3.2 16.95 0.0 10.9 135.9 11.7 40.2 37.4 2.9 #
46003 20 Feb 1967 34.5 17 139.35 5.0 21.30 0.0 21.4 146.4 14.1 40.8 35.4 4.9 #
46003 16 Oct 1967 59.9 22 165.31 9.1 23.52 0.0 13.2 138.2 25.0 41.8 34.8
46003 2 1 J un 1968 52.2 23 116.75 8.2 6.01 9.2 7.1 122.9 15.0 28.7 26.5 4.2 #
46003 24 J un 1968 41.4 17 188.19 6.1 9.94 3.0 12.7 134.7 14.6 35.3 32.2 3.9 #
46003 27 Oct 1968 44 .2 16 137.09 7.9 16.62 0.0 9. 1 134.1 17.6 39.8 36.2 6.0 #
46003 28 J ul 1969 121.7 31 192.44 6.1 4.71 78.6 0.2 46.6 22.1 18.2 27.9 2.5 #
a mean 30.0
g mean 5.4 12.53 4.0

46005 13 Nov 1964 38.1 15 24.81 4.8 0.48 0.0 9.6 134.6 24.5 64.4 62 .0 3.0 #
46005 13 Jan 1965 58.4 17 44.89 3.1 0.93 0.0 7.7 132.7 37.8 64.8 59.4
46005 28 Nov 1965 39.9 13 38.15 3.2 1.28 0.0 12.5 137.5 25.4 63.6 60.5 2.7 #
46005 24 Feb 1966 84.3 17 39.68 2.6 1.55 0.0 11.5 136.5 68.0 80.7 71 .4
46005 14 Oct 1966 23.1 8 25.26 2.2 1.01 1.0 10.4 134.4 15.9 68.8 66.5
46005 28 Dec 1966 48.3 20 31.69 5.2 3.00 0.0 6.4 131.4 28.0 57.9 54.3 5.1 #
46005 25 Jan 1967 38.9 16 37.96 2.2 1.63 0.0 10.9 135.9 26.8 68.8 66 .1
46005 27 Feb 1967 67.9 21 37.24 0.0 1.34 0.0 4.9 129.9 46.6 68.6 62.7
46005 22 J ul 1967 93.6 12 60.64 3.4 0.43 55.6 1.9 71.3 36.3 38.8 44.9
46005 27 J un 1968 38.6 10 39.42 2.7 1.46 0.0 22.5 147.5 35.4 91.6 86.0
46005 21 Dec 1968 34.4 17 30.38 1.0 0.98 0.0 8.5 133.5 22.8 66.4 64.3 3.0 #
46005 13 Dec 1969 49.2 18 31.43 5.1 0.75 0.0 0.7 125.7 29.0 59.0 56.7 3.9 #
46005 8 Sep 1970 32.6 9 38.34 3.7 2.13 0.0 12.6 137.6 24.2 74.2 71.0 2.6 #
46005 12 Nov 1972 44.6 14 8.66 3.1 0.21 0.0 13.3 138.3 9.8 21.9 17.3 4.0 #
46005 4 Aug 1973 109.9 43 50.79 9.0 0.35 50.8 2.2 76.4 93.9 85.4 88.8 2.5 #
46005 13 Sep 1975 49.2 15 25.69 2.4 0.50 28.2 8.7 105.5 25.4 51.7 54.4 3.5 #
46005 10 Nov 1974 48.5 19 43.92 3.6 1.20 0.0 8.3 133.3 38.6 79.6 75.5 3.1 #
46005 3 Aug 1974 43.6 21 13.28 4.0 0.46 28.7 0.9 97.2 13.5 30.9 36.7 2.0 #
46005 12 Feb 1976 51.4 29 23.35 3.2 0.94 0.0 6.7 131.7 39.9 77.7 73.6
46005 5 Oct 1976 56.6 29 17.38 5.3 1.01 0.2 16.2 141.0 27.8 49.1 41.9 3.5 #
46005 14 Oct 1976 104.1 34 17.73 5.8 1.48 0.0 6.3 131.3 50.8 48.8 38.9 3.3 #
a mean 59.7
g mean 3.4 0.92 3.2

46802 9 Mar 1963 59.1 13 19.20 6.0 1.14 0.0 6.4 131.4 36.8 62.3 57.2
46802 17 Nov 1963 45.2 9 23.9 1 1.9 2.28 0.0 8.0 133.0 36.2 80.1 76.7
46802 13 Nov 1964 45.8 13 14.33 4.2 0.15 0.0 0.4 125.4 25.3 55.2 53.6 1.8 #
46802 13 Jan 1965 48.1 11 17.38 2.1 0 .68 0.0 9.5 134.5 30.2 62.8 58.5
46802 16 Nov 1965 47.6 11 24.54 2.7 0.88 0.0 19.8 144.8 27.1 56.9 50.1
46802 28 Nov 1965 36.4 9 22.01 3.5 0.37 0.0 9.7 134.7 26.9 74.0 71.6 2.7 #
46802 29 Dec 1965 38.4 13 13.56 4.3 0.09 0.0 1.9 126.9 24.6 64.1 63.6 1.5 #
46802 24 Jan 1966 45.4 15 16.03 5.2 0.10 0.0 3.7 128.7 33.1 73.0 70.6 2.5 #
46802 24 Feb 1966 62.2 16 17.57 1.6 0.79 0.0 18.4 143.4 44.9 72.2 63.7
46802 2 Mar 1966 49.3 15 16.28 3.6 0.22 0.0 9.0 134.0 34.9 70.7 66.3 2.3 #
46802 18 J an 1967 50.1 15 15.03 6.8 0.07 5.5 1.9 121.4 33.7 67.2 65.8
46802 27 Feb 1967 57.0 20 20.11 0.6 0.69 0.0 6.3 131.3 36.4 63.9 59.1
46802 21 May 1967 38.4 8 17.92 2.7 0.17 3.6 4.6 126.0 19.4 50.6 50.3
46802 4 Sep 1967 35.0 7 20.05 1.8 0.37 0.0 10.2 135.2 20.6 58.9 56.4
46802 10 0ct 1967 60.5 38 17.69 7.3 0.21 0.0 3.9 128.9 41.4 68.5 63.8 2.5 #
46802 24 J un 1968 45.1 17 22.00 3.8 0.09 1.1 17.3 141.2 33.2 73.7 68.2 2.3 #
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Restatementandapplicationof the FSR. rinfalkunoff method

Catch Date P D O, LAG BF SMD API CWI  RIO PR SPR Tp(0)
mm h m s ' h m' s' mm mm mm mm % % h

46802 27 Jun 1968 45.1 10
46802 21 Dec 1968 40.3 7
a mean
g mean

46805 9 Dec 1961 26.8 10
46805 17 Nov 1963 56.4 9
46805 6 Jun 1964 21.7 14
46805 12 Nov 1964 53.8 13
46805 13 Jan 1965 49.9 11
46805 13 Jul 1965 52.1 17
46805 16 Nov 1965 23.2 7
46805 28 Nov 1965 44.1 9
a mean
g mean

47007 12 Jan 1965 28.2 19
47007 10 Nov 1965 38.5 17
47007 28 Nov 1965 35.9 22
47007 17 Dec 1965 48.1 41
47007 22 Dec 1965 26.1 14
47007 28 Dec 1965 33.1 17
47007 24 Jan 1966 38.6 15
47007 24 Feb 1966 30.3 17
47007 2 Mar 1966 26.7 14
47007 6 Aug 1966 53.5 21
47007 22 Oct 1966 44.1 11
47007 20 Feb 1967 24.5 11
47007 27 Feb 1967 36.9 20
47007 24 Jun 1968 33.8 17
47007 27 Jun 1968 53.0 11
47007 12 Feb 1976 31.8 28
47007 30 Nov 1976 30.7 15
a mean
g mean

47008 18 Jun 1971 31.2 14
47008 12 Jan 1972 23.4 9
47008 14 Feb 1972 22.1 11
47008 1 Dec 1972 34.8 25
47008 1 Apr1973 24.5 15
47008 22 May 1973 19.4 19
47008 15 Dec 1973 10.1 18
47008 29 Dec 1973 9.1 9
47008 8 Jan 1974 19.2 9
47008 25 Jan 1974 29.4 28
47008 29 Jan 1974 53.9 28
47008 8 Feb 1974 36.3 21
47008 26 Sep 1974 39.6 22
47008 13 Sep 1975 37.8 15
47008 14 Oct 1976 62.8 47
47008 19 Nov 1977 19.9 38
47008 23 Nov 1977 11.6 24
47008 31 Jul 1978 26.5 15
47008 9 Dec 1979 32.4 34
47008 26 Dec 1979 99.0 44
47008 28 Mar 1980 12.7 28
47008 30 Mar 1980 44.1 49
47008 27 Jun 1980 30.9 17
47008 20 Sep 1980 48.7 32
47008 15 Oct 1980 34.4 20
47008 9 Mar 1981 65.8 65
47008 21 Mar 1981 46.9 31
47008 19 Sep 1981 36.1 14
47008 1 Oct 1981 38.1 40
47008 13 Dec 1981 29.6 23

20.11 2.2 0.59 0.0 28.9 153.9 34.5 76.4 67.8 1.5 #

19.88 1.7 0.67 0.0 10.2 135.2 30.3 75.3 72.6
63.1

2.9 0.34 2.1

5.79 1.7
12.76 1.9
4.61 1.2
5.77 3.5
6.41 1.5
7.64 2.9
5.34 1.7
7.75 3.0

0.51 0.0
0.59 0.0
0.49 2.9
0.25 0.0
0.86 0.0
1.05 0.0
0.57 0.0
0.65 0.0

2.0 0.58

20.08 4.8
18.79 4.2
25.06 4.3
20.81 9.6
21.58 6.1
21.78 6.7
19.11 6.5
20.91 2.9
21.88 6.0
21.95 4.7
22.00 5.7
20.48 4.3
19.46 3.5
19.04 6.9
23.31 7.1
11.15 4.9
13.49 5.4

5.3

58.33 11.9
30.42 5.1
30.32 6.5
38.90 14.1
14.20 7.4
15.32 7.6
11.07 8.0
9.94 6.8

37.45 3.7
41.01 5.7
50.84 9.8
61.12 12.7
75.43 6.7

5.21 8.9
55.67 10.3
17.73 8.0
10.18 5.1
8.43 8.1

31.31 5.6
123.66 9.4

8.28 6.1
42.06 7.3
22.68 5.9
45.79 7.8
44.17 8.1
61.46 12.1
36.33 8.4
32.92 5.8
26.91 7.7
49.37 6.9

2.44 0.0
1.75 0.0
3.70 0.0
5.80 0.0
5.08 0.0
3.12 0.0
2.01 0.0
5.02 0.0
3.80 0.0
0.91 2.6
2.96 0.8
4.37 0.0
2.95 0.0
1.83 0.0
4.88 0.4
1.94 0.0
3.54 0.0

2.99

1.60 41.9
4.17 0.0
4.05 0.0
3.41 0.0
0.94 8.6
0.85 9.8
2.78 0.0
2.23 0.0
6.99 0.0
3.15 0.0
5.31 0.0
4.30 0.0
4.97 0.8
0.24 65.8
3.06 8.4
3.25 9.6
2.73 6.8
0.59 40.0
4.19 0.0
2.14 0.0
1.72 0.0
2.98 1.0
1.79 34.1
2.42 46.1
3.66 3.2
6.54 0.0
3.27 0.0
1.99 33.0
3.38 10.0
4.95 0.3

14.0 139.0
9.3 134.3
4.2 126.3
9.0 134.0
7.5 132.5

50.3 175.3
9.0 134.0

11.4 136.4

4.6 129.6
10.6 135.6
7.7 132.7

16.6 141.6
9.0 134.0
0.8 125.8
1.9 126.9

11.1 136.1
9.4 134.4
4.8 127.2
3.0 127.2

19.3 144.3
2.9 127.9

14.5 139.5
20.2 144.8

5.8 130.8
14.1 139.1

4.6 87.7
16.6 141.6
3.1 128.1
5.6 130.6
2.0 118.4
1.3 116.5
2.6 127.6
1.1 126.1

11.4 136.4
4.2 129.2
9.7 134.7

11.8 136.8
12.5 136.7
7.4 66.6
2.6 119.2
3.8 119.2
3.0 121.2
1.0 86.0
3.9 128.9
0.9 125.9
3.1 128.1
4.6 128.6
2.9 93.8
2.8 81.7
4.9 126.7
9.1 134.1
1.1 126.1

16.2 108.2
5.2 120.2
2.9 127.6

14.0 52.3 48.8
29.7 52.7 47.2
11.1 51.0 50.7
25.1 46.7 41.6
26.9 53.9 49.8
23.5 45.2 30.0
11.3 48.8 46.5
19.8 44.8 40.7

44.4

9.0
8.1

11.6
27.8

9.9
11.1
8.9

11.8
10.4
9.4

10.0
8.4

12.3
9.3

17.6
9.0
7.0

31.8 30.4
21.1 18.1
32.3 30.1
57.8 51.6
38.1 35.6
33.4 32.9
23.1 22.3
39.1 36.1
39.0 36.4
17.5 13.8
22.7 20.6
34.4 29.3
33.4 32.4
27.4 23.5
33.3 25.4
28.4 26.6
22.9 19.0

28.5

19.6 62.9 72.2
9.4 40.0 35.8
8.3 37.6 36.8

20.6 59.1 57.7
3.8 15.5 17.1
4.1 21.2 23.3
2.7 26.3 25.6
1.5 16.4 16.1
9.0 46.8 44.0

12.0 40.8 39.8
29.9 55.5 50.2
26.4 72.8 69.9
25.3 64.0 61.1

1.9 5.0 19.6
35.2 56.1 53.5

6.1 30.5 31.9
1.8 15.7 16.7
2.9 10.9 20.6

11.5 35.4 34.4
60.8 61.4 53.4

2.2 17.5 16.7
21.8 49.4 47.3

7.4 23.9 31.7
19.6 40.2 49.0
19.2 55.9 55.5
36.9 56.1 49.4
23.3 49.6 47.6

9.3 25.8 30.0
15.8 41.5 42.7
16.5 55.9 55.3

1.8 #

1.2 #

2.0 #

1.1 #

1.5 #

1.8 #

1.6

4.1 #
5.7 #

4.0 #
5.0 #

5.1 #

3.7 #

4.3 #
5.5 #
5.5 #

4.9 #

5.5 #
3.7 #

3.0 #

4.5

6.7 #

5.5 #

5.2 #
5.5 #
5.5 #
7.3 #
4.5 #
7.5 #
6.5 #

6.3 #

5.0 #
4.7 #

8.8 #
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Appendix A Flood event analysis

Catch Date p  D
mm h

47008 3 Jan 1983 46.9 36
47008 14  Dec  1983 36.2 12
47008 18  Dec  1983 62.6 59
47008 27 Jan 1985 25.8 14
47008 11 Aug 1985 19.9 18
47008 23  Dec  1985 23.9 24
47008 25 Mar 1981 14.1 15
47008 12 Mar 1981 16.4 22
a mean
g mean

47011 17 Jun 1971 34.5 12
47011 15  Oct  1971 36.2 20
47011 18  Oct  1971 14.1 20
47011 18  Dec  1971 38.3 31
47011 23 May 1972 26.4 9
47011 5 Jun 1972 30.3 18
47011 11 Nov 1972 35.1 21
47011 1 Apr 1973 30.4 13
47011 4 Aug 1973 70.4 43
47011 19 Jan 1975 38.3 29
47011 2 Nov 1975 17.0 11
47011 4 Jan 1974 46.7 27
47011 3 Aug 1975 12.0 4
47011 26 Sep 1974 39.1 22
47011 18  Oct  1974 29.7 15
47011 12 Nov 1974 29.5 21
47011 21  Dec  1974 19.4 10
a mean
g mean

47013 28 Jan 1976 50.7 23
47013 24 Sep 1976 48.6 5
47013 23 Jan 1978 38.9 21
47013 31 Jan 1979 42.4 27
47013 24 Mar 1979 43.1 22
47013 26  Dec  1979 130.5 39
47013 3 Feb 1980 67.7 40
47013 20 Sep 1980 72.7 16
47013 14 Nov 1980 84.7 48
47013 21  Mar  1981 68.7 30
47013 19 Sep 1981 51.3 20
47013 1  Oct  1981 69.1 38
47013 19  Dec  1981 70.6 19
47013 9 Mar 1982 37.3 20
47013 1  Oct  1982 52.2 18
47013 11 Nov 1982
47013 2 Jan 1983
47013 14  Dec  1983
47013
47013
47013
47013
47013
47013

27 Jan
11  Aug
23 Aug
21  Dec
7 Feb

23  Dec

1985

39.6
84.6
52.2 28
40.6 23

1985 34.1
1985 35.0
1985 30.3
1980 57.9
1985 36.4

16
39

14
22
13
54
40

47013 4 Jan 1983 41.5 21
a mean
g mean

48004 17 Jan 1970 36.2 22
48004 11 Feb 1970 28.9 14
48004 21 Aug 1970 46.4 27
48004 6 Nov 1970 31.0 24
48004 18 Jun 1971 39.8 50
48004 12 Jun 1972 38.0 35
48004 1  Dec  1972 34.6 30

O, LAG BF SMD APIS CWI R O PR SPR Tp(0)
m's ' h m's '  mm mm mm mm % % h

41.22 9.2
47.09 7.5
50.10 9.5
31.36 5.0
20.00 4.4
33.64 6.1
32.67 9.9
26.44 6.2

7.4

16.55 3.7
16.94 6.7
12.24 9.6
18.46 4.9
31.73 3.1
22.89 7.1
27.46 4.1
13.65 6.5
26.55 10.1
42.89 4.7

7.28 4.8
40.40 3.2

8.42 0.0
22.25 4.9
16.19 4.2
27.10 6.8
26.13 5.2

5.3

11.45 5.6
6.01 2.6
8.38 2.0
7.47 6.4
4.94 5.5

21.81 4.8
11.69 5.0
13.81 2.8
7.08 7.4
6.82 8.9

11.18 5.0
8.58 5.4

20.54 3.7
7.99 7.6
9.00 6.5
9.10 4.4

10.53 6.3
7.34 5.3
7.15 5.1
7.30 4.0
5.42 5.4
5.99 5.2
8.20 6.0
5.85 7.0
6.54 5.8

5.1

14.00 8.2
8.03 6.9
7.23 13.8
4.26 10.3
3.24 5.2
6.01 13.6
5.88 7.0

4.38 0.0
3.45 10.5
4.84 9.9
4.37 0.0
2.13 46.1
4.73 0.4
4.56 0.4
6.89 0.0

2.86

1.15 15.1
0.67 53.8
0.82 21.8
1.46 0.0
3.46 1.1
2.48 1.7
2.15 0.0
1.20 2.6
0.99 27.9
3.22 0.0
1.03 0.0
4.69 0.0
0.63 78.0
3.40 0.0
2.76 0.0
4.09 0.0
3.64 0.0

1.83

0.36 0.0 3.2 128.2
0.28 84.9
1.01 0.0
0.74
0.72
1.08
0.90
0.57 70.7
0.42 0.9
0.76 0.0
0.29 49.8
0.63 8.5
1.00 0.6
1.09 0.0
0.35 9.7
1.13 0.0
0.75 0.0
0.62 9.0
0.82 0.0
0.56 42.5
0.63 35.0
0.61
1.09
0.76
1.43

0.68

0.0
1.6
0.0
0.0

4.6
0.0

2.05 0.0
1.48 0.0
0.56 35.6
0.52 0.0
0.29 28.6
0.69 3.4
1.05 0.0

1.9 126.9
4.6 119.1
5.0 120.1
2.7 127.7
4.9 83.8
8.5 133.1
7.7 132.3

16.5 141.5

1.3 111.2
7.1 78.3
7.5 110.7
0.2 125.2
5.7 129.6
3.6 126.9
4.9 129.9
1.5 123.9
2.3 99.4
9.6 134.6
4.9 129.9
5.1 130.1
0.3 47.3

12.3 137.3
2.3 127.3
9.0 134.0
5.1 130.1

6.9
13.7
5.0
2.0
2.7

12.3
5.2
0.6
2.1

21.4

47.0
138.7
130.0
125.4
127.7
137.3
59.5

124.7
127.1
96.6

10.9 127.4
2.9 127.3

14.8 139.8
3.4 118.7
6.6
5.2
6.1

131.6
130.2
122.1

7.8 132.8
7.0 89.5
5.5 95.5
3.9 124.3

18.8 143.8
1.4 15.3 138.9
0.0 40.9 165.9

13.2 138.2
3.2 128.2

12.1 101.5
5.7 130.7
1.7 98.1
3.1 124.7
5.2 130.2

21.3 45.4 43.2
17.7 48.8  50.3
39.0 62.3 59.5
10.5 40.6 39.9
4.6 23.3 33.6
9.5 39.7 37.7
6.3 44.8 43.0
5.4 32.9  28.8

40.6

3.8 11.0 14.2
7.2 19.8 31.2
4.2 29.8 33.2
6.1 15.9 15.6
8.1 30.8 29.5
8.3 27.3 26.6
8.3 23.6 222
5.2 17.0 17.0

21.4 30.4 31.7
18.5 48.2 45. 7
2.2 12.9 11.4

25.3 54.2 51.1
2.4 19.7 38.9
8.9 22.7 19.4
7.9 26.5 25.7

14.7 49.7 47.4
9.4 48.2 46.8

29.9

19.3 38.0 34.8
5.4 11.1 28.6

12.3 31.6 28.2
17.0 40.1 38.0
10.1 23.4 22.3
65.0 49.8 38.6
24.9 36.8 29.1
24.8 34.1 45.3
26.9 31.8 25.4
24.5 35.7 30.5
17.9 34.8 39.4
31.4 45.5 40.1
33.2 47.0 41.5
15.4 41.3 37.6
16.9 32.3 31.3
14.3 36.1 34.4
32.4 38.3 30.6
14.7 28.1 26.2
11.4 28.1 25.8
10.2  29.8  38.7
9.4 26.8 34.2
8.4 27.8 28.0

25.9 44.7 36.6
12.0 33.0 29.5
13.8 33.3 22.5

32.7

17.1 47.3 44.0
11.6 40.1 39.3
12.3 26.6 30.8
7.3 23.4 21.9
6.1 15.3 22.0

10.6 27.9 27.9
10.1 29.3 28.0

6.0 #
6.5 #
5.3 #
4.5 #
6.5 #

6.5 #

6.0 #
6.7 #

6.0

3.7 #
7.4 #

3.4 #

4.1 #

7.0 #

6.2 #

5.9 #

5.2

3.1 #
2.3 #
2.5 #
3.5 #
4.0 #
3.8 #

3.8 #
2.9 #

11.2 #
3.3 #
4.0 #
2.3 #
4.5 #
3.5 #
4.0 #

3.5 #

3.5 #
3.9 #
4.0 #
3.0 #
3.8 #
4.5 #

3.6

3.5 #
6.3 #
8.0 #

9.3 #
8.5 #
7.5 #

5.5 #
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Restatementandapplicationofthe FSR.rainf alkrunoffmethod

Catch Date P D O, LAG BF SMD APIS CWI RIO PR SPR Tp(0 )
mm h  m s'  h m' s ' mm mm mm mm % % h

48004 27 Nov 1973 61.8 31
48004 26 Sep 1974 40.8 23
48004 17  Oct  1974 40.4 20
48004 12 Nov 1974 30.2 14
48004 28 Jan 1976 78.8 47
48004 13  Oct  1976 48.7 30
48004 9  Dec  1977 44.7 10
48004 26  Dec  1979 95.3 28
48004 3 Feb 1980 48.8 33
48004 20 Sep 1980 67.2 16
48004 17 Nov 1980 29.9 14
48004 9 Mar 1981 62.7 54
48004 21 Mar 1981 44.8 32
48004 19 Sep 1981 40.5 18
48004 19  Dec  1981 61.1 19
48004 5 Mar 1982 42.4 32
48004 15  Oct  1982 39.9 19
48004 5 Nov 1982 67.3 30
48004 11 Nov 1982 27.7 11
48004 14  Dec  1982 27.0 15
48004 2 Jan 1983 47.9 40
48004 27 Jan 1985 36.4 13
48004 7 Feb 1980 43.8 46
48004 9 Mar 1982 22.5 21
a mean
g mean

48005 25 Apr
48005 28 Jul
48005 1 8 Jun
48005 "6 Aug
48005 "8 Nov
48005 19  Dec
48005 7 Aug
48005 18 Jan
48005 "1 Apr
48005 10 Nov
48005 1 9 Jan
48005 30 Jan
48005 17 Apr
48005 16 Aug
48005 13 Sep

1969 23.7 13
1969 86.1 15
1971 17.1 8
1971 3.5 4

15
7
6

1973 42.0 30

1971 12.6
1971 17.5
1972 22.6

1973 15.4 10
1974 17.8 10
1975 24.1 17
1975 12.4 11
1975 16.4 7
1975 20.3 10
1975 53.0 20

14.85 11.1
14.n 10.2
7.68 8.9

12.32 6.4
13.81 8.6
4.59 10.4
9.86 6.0

23.12 5.9
7.60 11.7

13.75 6.0
7.12 4.8
4.70 9.3
3.87 9.3
3.58 8.4
8.31 2.5
3.27 9.2
3.77 9.3
5.69 4.8
4.60 5.7
4.32 4.3
4.19 6.6
3.79 5.9
6.53 10.7
3.62 11.9

0.59 0.0
1.33 0.7
1.01 0.0
1.57 0.0
0.65 0.0
0.88 13.2
1.16 1.8
2.16 0.0
1.18 0.0
0.56 69.8
1.25 0.0
1.12 0.0
1.07 0.3
0.33 49.7
1.74 0.0
1.11 0.0
1.17 0.0
0.94 0.0
1.63 0.0
1.65 0.3
1.11 0.0
1.11 0.0
1.84 0.0
1.57 0.0

7.6 1.03

2.29 6.2
2.71 7.5
0.55 4.7
1.88 13.7
0.58 5.6
1.56 5.1
1.28 2.0
42 6 5.3
0.59 3.8
2.52 3.1
4.69 4.7
4.42 4.3
2.85 1.6
1.19 4.0
3.69  3.2

0.19 0.0
0.16 3.6
0.13 28.6
0.08 62.0
0.11 28.7
0.31 0.0
0.15 44.6
0.78 0.0
0.20 9.2
0.48 0.0
0.68 0.0
1.17 0.0
0.29 0.0
0.13 96.2
0.15 76.8

1.9 126.9 21.0
11.1 135.4 19.4
3.2 128.2 13.1
9.5 134.5 15.4
4.7 129.7 25.5
4.2 116.0 11.8
9.0 132.2 11.5
2.3 127.3 46.1
8.1 133.1 15.7
4.2 59.4 17.9

14.6 139.6 8.3
14.2 139.2 17.0
1.7 126.4 7.6

14.0 89.3 6.3
3.5 128.5 8.5
2.6 127.6 8.1
5.2 130.2 7.4
8.3 133.3 11.0
5.1 130.1 4.5
5.6 130.3 4.5
3.2 128.2 10.0
5.3 130.3 5.5

14.2 139.2 16.7
11.4 136.4 4.5

3.0 128.0
0.1 121.5
0.7 97.1
4.6 67.6
7.1 103.4
1.1 126.1
6.3 86.7
2.2 127.2
1.2 117.0
2.5 127.5
8.3 133.3
7.0 132.0
2.9 127.9

10.1 38.9
4.4 52.6

2.3
5.1
0.5
1.6
0.7
1.1
0.9
8.4
0.6
2.1
4.5
2.4
1.8
1.3
4.4

34.0 29.6
47.5 44.5
32.5 31.4
51.1 48.7
32.4 25.4
24.2 24.4
25.8 22.6
48.4 40.3
322 28.1
26.7 38.5
27.7 24.0
27.1 19.5
17.0 15.3
15.5 24.1
13.9 9.2
19.1 17.6
18.5 17.2
16.3 9.6
16.4 15.1
16.7 15.3
20.8 18.0
15.1 13.7
38.1 33.4
19.9 17.0

25.7

9.5 7.6
5.9
3.1 8.8

44.5 58.4
5.9 10.0
6.4 4.9
3.8 12.1

20.0 17.7
3.6 4.3

12.0 10.2
18.6 15.5
19.1 16.4
11.1 9.2
6.4 26.7
8.3 22.5

7.3 #
7.0 #
5.7 #
7.2 #
11.3 #

14.9 #
6.0 #

7.0 #
6.0 #
5.3 #

4.7 #
5.5 #
4.9 #

4.7 #

5.7 #

4.5 #
4.3 #
4.5 #
6.5 #
7.0 #

6.3

4.5 #
7.6 #

5.3 #

3.9 #
2.5 #
4.3 #

3.5  #

3.1 #

2.6 #
3.9 #

2.8 #
a mean 16.0
g mean 4.4 0.24 3.8

Note that the events of  18 Jun 1971, 6 Aug 1971, 8 Nov 1971, 1Apr 1973 and 19 Jan 1975  were not used in deriving
the unit hydrograph and losses model parameters for worked examples involving this catchment.

48009 3 Aug 1971 42.2 20
48009 29 Nov 1971 61.9 25
48009 14 Jan 1972 25.8 19
48009 25 Jan 1972 32.5 25
48009 31 Jan 1972 36.5 13
48009 12 Jun 1972 39.8 36
48009 4 Aug 1973 80.3 43
48009 17 Oct 1974 42.6 21
48009 12 Nov 1974 32.3 19
48009 30 Jan 1975 22.3 27
48009 28 Jan 1976 57 .4 24
48009 13  Oct  1976 51.6 30
48009 9  Dec  1977 48.1 10
48009 28 Mar 1978 28.7 31
48009 26  Dec  1979 104.2 28
48009 3 Feb 1980 49.5 33
48009 20 Sep 1980 66.4 16
48009 15  Oct  1980 25.8 17
48009 8 Mar 1981 65.3 67

2.46 28.3
8.70 7.9
6.70 9.3
5.64 6.1
6.76 9.9
4.83 18.8
5.53 18.0
7.47 8.9

10.55 8.4
5.45 8.4
7.84 6.8
5.78 14.5
7.58 7.7
3.77 7.8

21.14 8.4
7.47 12.7
8.50 8.3
4.88 12.7
7.31 9.8

0.54 66.0
1.79 0.0
1.49 0.0
1.39 0.0
1.26 0.2
0.75 5.3
0.27 81.6
0.97 0.0
1.68 0.0
2.01 0.0
0.82 0.0
1.25 13.0
1.50 1.8
1.44 0.0
2.08 0.0
1.36 0.0
0.99 69.8
1.13 1.5
1.90 0.5

4.8 63.8
9.8 134.8
9.7 134.7
6.6 131.6
0.6 125.4
3.0 122.7
7.5 50.9
3.3 128.3

10.3 135.3
10.8 135.8
5.0 130.0
4.5 116.5
9.6 132.8
8.5 133.5
2.6 127.6
8.7 133.7
3.6 58.8
5.6 129.1

12.8 137.3

7.7
24.9
13.3
11.2
11.8
15.1
21.8
15.7
16.4
6.8

15.6
22.4
13.6
6.8

55.6
23.7
19.2
10.7
27.9

18.3 32.7
40.2 33.8
51.5 49.0
34.6 32.9
32.2 32.0
37.9 38.4
27.2 39.7
36.8 35.0
50.7 48.1
30.4 27.6
27.1 22.4
43.5 43.1
28.3 24.3
23.8 21.6
53.4 44.4
47.9 43.5
28.9 40.9
41.6 40.5
42.7 35.2

10.3 #

9.3 #

9.3 #
9.0 #
10.8 #
6.8 #

8.2 #

9.3 #
11.5 #

10.0 #
10.2 #
11.3 #
9.3 #
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Appendix A Flood event analysis

Catch Date p D 0, LAG BF sMD APIS CW/ RIO PR SPR T( 0)
mm h m?s' h ms' mm mm mm mm % % h

48009 20 Mar 1981 42.7 32 5.32 11.8 1.13 0.3 1.6 126.3 16.0 37.5 36.2 9.0 #
48009 1  Oct 1981 48.2 20 4.83 7.7 1.07 7.7 8.2 125.5 12.6 26.2 24.0
48009 19 Dec 1981 62.6 19 13.60 6.6 2.04 0.0 3.6 128.6 21.9 35.0 30.0 7 .5 #
48009 7 Feb 1980 45.0 46 6.99 5.9 2.47 0.0 14.2 139.2 14.9 33.1 28.1 9.4 #
48009 30 Mar 1978 39.7 33 3.85 5.4 1.70 0.0 5.7 130.7 6.9 17.3 15.8 9.2 #
a mean 34.1
g mean 9.6 1.25 9.4

49003 28 Dec 1966 35.8 21 14.10 5.9 1.56 0.0 14.4 139.4 18.8 52.4 48.8 3.7 #

49003 22 Jan 1967 35.9 9 14.32 5.0 1.05 0.0 9.1 134.1 19.2 53.4 51.1 2.8 #
49003 27 Feb 1967 42.0 22 14.74 3.9 0.91 0.0 4.2 129.2 23.1 54.9 53.1 5.8 #

49003 16  Oct 1967 48.9 29 16.99 5.8 1.52 0.0 14.3 139.3 36.6 74.8 69.1
49003 4 Nov 1967 26.1 12 11.38 6.7 1.96 0.0 23.4 148.4 12.3 47.3 41.5

49003 18 Dec 1967 61.6 29 13.70 8.5 0.46 0.0 1.6 126.6 30.9 50.1 45.8

49003 21 Dec 1968 27.8 19 10.14 5.6 0.78 0.0 4.9 129.9 13.5 48.6 47.4 7.2 #

49003 23 Dec 1968 77.8 42 18.93 10.9 0.56 0.0 9.1 134.1 53.3 68.5 60.5 6.1 #

49003 28 J ul 1969 113.5 26 11.52 9.1 0.17 93.8 0.1 31.3 18.2 16.0 30.3 6.2 #

49003 16 Jan 1970 47.5 29 17.72 9.0 0.87 0 .0 12.8 137.8 24.7 51.9 46 .9 4 .5 #

49003 1 Nov 1970 46.9 16 16.52 6.6 0.47 0.0 7.2 132.2 23.7 50.5 47.0 3.7 #

49003 29 Nov 1971 64.6 25 13.00 3.6 4.79 0.0 9.8 134.8 10.5 16.3 9.6 6.3 #

49003 25 Jan 1972 36.4 26 11.43 5.9 0.19 0.0 6.6 131.6 18.9 52.0 50.3 7.2 #

49003 14 J an 1972 26.9 21 10.32 6.0 0.59 0.0 10.0 135.0 17.2 64.0 61.5 5.3 #

49003 11 Nov 1972 34.8 24 10.25 5.8 0.31 0.0 6.1 131.1 16.4 47.1 45 .6 3.7 #

49003 1 Apr 1973 36.0 14 5.78 7.8 0.08 11.9 2.3 115.4 9.3 25.9 28.3 5.7 #

49003 17 Aug 1974 19.5 7 2.90 5.9 0.16 66.0 2.5 61.5 4.4 22.4 38.3 5.7 #

49003 4 Sep 1974 30.5 15 10.99 7.1 0.42 43.3 17.4 99.1 17.7 57.9 64.4 5.1 #

49003 13 Sep 1975 52.9 14 8.13 6.7 0.11 90.2 6.9 41.7 10.6 20.1 38.2 4.9 #

49003 17  Oct 1974 45.8 18 15.79 5.8 0.32 0.0 2.3 127.3 27.8 60.7 58.6 3.5 #

a mean 46.8

g mean 6.4 0.52 5.0

51002 "28 Nov 1973 18.8 14 2.11 5.4 0.38 17.0 7.0 115.0 2.8 15.0 17.5

51002 4 Sep 1974 22.5 13 3.17 5.0 0.92 67.3 22.3 80.0 3.7 16.4 27.6 5.0 #

51002 22 Sep 1974 37.7 22 3.39 5.6 0.54 90.5 6.3 40.8 5.8 15.4 36.4 3.5 #

51002 26 Sep 1974 57.6 24 5.96 7.2 1.22 0.6 12.5 136.9 10.9 18.9 12.6 2.5 #

51002 11 Nov 1974 19.5 11 2.90 4.1 0.84 6.2 6.2 125.0 2.7 14.1 14.1 5.5 #

51002 19 J an 1975 29.0 20 4.11 6.1 0.84 0.0 3.5 128.5 4.6 15.9 15.0 3.9 #

51002 "2 1 Jan 1975 34.3 22 5.54 4.3 1.28 0.0 13.3 138.3 6.4 18.7 15.4
51002 31 J an 1975 13.2 6 3.97 3.0 1.70 0.0 11.7 136.7 1.9 14.7 11.8 3.0 #

51002 2 Apr 1975 14.8 16 1.25 5.1 0.38 68.0 0.6 57.6 1.3 9.1 26.0 5.0 #

51002 1 Dec 1975 51.6 18 7.67 3.7 1.19 15.7 6.1 115.4 8.9 17.3 17.2

a mean 19.4
g mean 4.8 0.83 3.9

• Note that the events of 28 Nov 1973 and 2 1Jan 1975 were not used in deriving the unit hydrographandlosses
model pa rameters for worked exampl es involvingthis catchment.

52004 22  Oct 1966 32.9 10 22.98 8.0 1.58 46.8 1.7 79.9 11.1 33.7 44.8 6 .9 #

52004 20 Feb 1967 13.9 13 21.26 4.2 3.89 0.4 12.8 137.4 6.5 47.0 43.8 5.4 #

52004 16  Oct 1967 33.4 22 19.20 10.4 1.17 32.1 5.7 98.6 12 .3 36.8 43.2 6.2 #

52004 30  Oct 1967 28.9 20 22.09 9.9 1.82 22.0 4 .0 107.0 14 .7 50.8 55.2 8.5 #

52004 27 J un 1968 19.6 9 18.73 6.4 1.36 35.2 6.9 96.7 8.4 42.8 49.7 6.8 #

52004 10 J ul 1968 54.5 21 27.92 6.9 1.21 35.2 6.9 96.7 19.7 36.1 40.0 5.7 #

52004 21 Dec 1968 20.0 7 25.02 7.2 2.93 0.0 5.6 130.6 8.8 44.1 42.5 6.9 #

52004 24 Dec 1968 31.8 31 20.82 11.6 2.56 0.0 4.8 129.8 14.2 44.7 43.3 5.3 #

52004 21 Feb 1969 23.1 14 27.53 14.3 1.40 0.0 11.8 136.8 21.2 91.7 88.9
52004 12  Mar 1969 19.8 15 20.74 6.4 3.07 0.6 11.0 135.4 7.4 37.3 34.5 4.0 #

52004 28 J ul 1969 84.5 21 2 1.82 11.9 0.55 115.9 4.3 13.4 13.2 15.6 36.8
a mean 47.5
g mean 8.4 1.72 6 .1

52005 19 Jan 1965 24.0 12 41.89 9.4 7.37 8.7 6.3 122.6 7.9 32.9 33.3 8.7 #

52005 28 Nov 1965 25.5 19 30.66 8.1 5.74 2.4 3.9 126.5 6.7 26.2 25.6 7.7 #

52005 8 Dec 1965 32.0 46 34.35 14.4 6.03 0.1 2.6 127.5 14.5 45.4 44.7

52005 24 Feb 1966 24.5 21 37.31 11.2 6.12 0.0 6.2 131.2 8.3 34.0 32.3 10.5 #

52005 17 Apr 1966 39.1 53 45 .99 13.4 8.27 1.2 6.8 130.6 15.6 39.9 38.4
52005 20 Feb 1967 17.4 11 33.72 8.6 8.50 0.0 12.0 137.0 6.6 38.1 35.0 9.0 #

FOODESTIMATION HAND8 OOK 211
VOLUME 4



Restatementandapplicationofthe FSRrainfokunoffmethod

Catch Date p D 0, LAG BF SMD AP/5 CW/ RIO PR SPR Tp(O)
mm h m' s' h m's ' mm mm mm mm % % h

52005 30 Oct 1967 30.2 22 26.58 10.2 4.49 22.1 8.1 111.0 7.9 26.2 29.5 10.3 #
52005 8 Jan 1968 32.0 24 42.41 9.5 7.38 0.0 4.1 129.1 11.0 34.3 33.1 9.1 #
52005 9 Jul 1968 68.8 30 111.63 16.4 2.16 23.6 2.6 104.0 39.0 56.7 57.2
52005 27 J ul 1969 111.8 29 74.10 15.7 1.16 120.5 0.0 4.5 16.0 14 .3 35.2 9.3 #
a mean 36.4
g mean 11.3 4.97 9.2

52006 2 Aug 1965 38 .6 17 29.67 10.3 1.12 32.7 1.9 94.2 8.8 22.8 29.9 9.4 #
52006 28 Nov 1965 33 .7 26 41.82 8.4 6.15 0.1 3.8 128.7 12.2 36.3 35.0 10.1 #

52006 22 Dec 1965 18.2 13 33.11 10.6 5.32 0.0 1.6 126.6 7.2 39.5 38.7
52006 29  Dec 1965 15.8 11 34.79 9.5 4.22 0.3 0.3 125.0 7.6 48.2 47.9

52006 24 Feb 1966 33.0 21 45.37 12.4 9.37 0.0 6.9 131.9 13.2 39.9 37 .8 11.1 #

52006 2 1 Oct 1966 30 .6 8 32.65 12.7 4.38 1.6 2.3 125.7 10.4 33.9 33.3 10.8 #

52006 4 Nov 1966 58 .5 20 46.43 9.9 5.39 4.7 0.1 120.4 20.1 34.4 31.7 11.4 #

52006 22 J an 1967 20 .3 24 31.91 11.0 6.08 0.0 5.1 130.1 10.1 49.7 48.2 13.5 #

52006 27 Feb 1967 20 .0 21 32.90 11.4 4.18 0.0 3.3 128.3 9.9 49.3 48.2 12.8 #

52006 3 May 1967 48 .2 18 38.27 10.8 1.96 32.3 0.0 92.7 9.0 18.7 24.2 8.3 #

52006 15 Oct 1967 34.0 36 37.35 18.1 6.22 1.0 10.6 134.6 2° 25.3 10.4 #

52006 9 Jul 1968 53.7 29 35.75 8.4 1.85 25.6 2.8 102.2 10. 18.7 21.0 8.9 #

52006 24 Dec 1968 29.1 29 35.98 14.2 7.01 0.0 4.7 129.7

/e
'.840.4 38.9 11.8 #

52006 12 Mar 1969 19.7 10 39.81 11.1 6.72 0.0 8.9 133.9 6.4 32.4 29.7 12.0 #

a mean 35.0

g mean 11.1 4.37 10.8

52010 22 Oct 1966 26.0 9 40.51 9.7 2.60 1.6 2.8 126.2 11.6 44.7 44 .3 9.5 #

52010 4 Nov 1966 63.4 19 75.59 11.9 1.15 4.7 0.0 120.3 33.4 52.7 49.7 10.5 #

52010 29 Dec 1966 18.3 14 29.82 10.0 3.13 0.0 4.2 129.2 7.9 42.9 41.7 10.2 #

52010 16 Oct 1967 32.0 39 23.24 14.7 3.06 5.2 12.7 132.5 14.2 44.3 42.3
52010 8 Jan 1968 27.9 25 40.41 9.9 3.03 0.0 4.8 129.8 13.4 48.1 46.8 10.7 #

52010 27 J un 1968 21.9 9 35.74 9.2 2.04 10.8 8.3 122.5 9.6 43.9 44.4 9.9 #

52010 10 J ul 1968 46.3 19 76.00 9.7 5.59 23.4 4.4 106.0 32.7 70.7 73.8 10.9 #

52010 24 Dec 1968 24.8 25 28.46 13.3 2.90 0.0 3.9 128.9 12.3 49.5 48.4
52010 12  Mar 1969 21.4 23 21.99 11.0 2.88 0.0 8.1 133.1 7.7 36.1 33.9 9.9 #

a mean 47.3
g mean 10.9 2.72 10.2

52016 4 Aug 1974 47.2 19 0.58 4.5 0.09 106.9 0.1 18.2 0.9 1.9 26.8 2.5 #

52016 26 Sep 1974 40.1 24 1.54 8.2 0.23 64.7 6.8 67.1 4.4 11.0 25.4 3.5 #
52016 21 Nov 1974 12.8 12 1.59 3.9 0.52 0.0 7.3 132.3 1.9 14.5 12.7 4.3 #

52016 26 Dec 1974 15.9 8 1.13 3.7 0.39 0.0 7.0 132.0 1.5 9.3 7.6 3.1 #
52016 26 J an 1975 11.9 14 1.20 3.5 0.45 0.0 3.5 128.5 1.1 9.5 8.6 2.8 #

52016 6 Mar 1975 8.9 5 0.78 4.0 0.26 0.2 3.2 128.0 0.7 7.6 6.8 4.5 #

52016 1 Dec 1975 28.8 27 0.64 6.1 0.09 27.9 7.3 104.4 1.2 4.3 9.4 6.0 #

a mean 13.9
g mean 4.6 0.24 3.7

52020 22 Oct 1966 31.9 9 18.32 2.7 0.57 1.6 2.3 125.7 19.2 60.1 59.9 2.7 #

52020 3 May 1967 69.4 29 27.25 5.6 0.20 32.3 0.0 92.7 29.8 43.0 46.3
52020 14 Oct 1967 17.3 14 7.51 4.3 0.38 0.0 2.0 127.0 6.3 36.6 36.1
52020 16 Oct 1967 32.6 20 13.22 7.0 0.69 0.0 9.9 134.9 19.5 59.8 57.3 3.2 #

52020 4 Feb 1968 19.1 9 6.68 3.6 0.34 0.2 0.3 125.1 5.4 28.5 28.5

52020 10 J ul 1968 47.6 29 16.68 6.2 0.24 25.6 2.5 101.9 15.5 32.5 36.4

52020 27 Oct 1968 31.5 17 9.95 1.8 0.42 0.0 3.3 128.3 14.4 45.6 44.8
52020 21 Dec 1968 18.2 7 15.13 3.3 0.69 0.0 5.1 130.1 15.0 82.2 80.9 2.7 #

52020 24 Dec 1968 33.3 29 9.16 12.2 0.55 0.0 4.7 129.7 22.5 67.5 66.3

a mean 50.7
g mean 4.5 0.42 2.9

53005 1 Aug 1965 27.1 2 1 15.41 9.4 3.86 7.1 8.8 126.7 4.1 15.3 13.8 8.4 #

53005 6 Nov 1965 31.0 27 7.38 13.3 1.32 1.0 0.0 124.0 2.9 9.4 8.5 9.2 #

53005 22 Oct 1966 21.2 8 8.61 8.7 2.13 21.9 1.6 104.7 2.1 10.0 13.9 7.7 #

53005 4 Nov 1966 55.0 18 30.91 12.4 1.06 7.9 0.0 117.1 15.7 28.6 26.8 11.6 #

53005 1 Apr 1967 18.4 21 5.81 11.5 2.07 4.0 0.4 121.4 1.5 8.3 8.0
53005 8 J an 1968 22.8 22 17.16 8.2 4.24 0.0 4.7 129.7 5.5 24.0 22.0 10.2 #
53005 10 J ul 1968 79.5 21 55.45 11.0 2.84 22.1 4.2 107.1 22.7 28.5 26.3 9.5 #

53005 28 Sep 1968 23.7 26 9.64 13.2 2.18 0.2 5.8 130.6 4.1 17.2 14.8 15.6 #
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Appendix A Flood event analysis

Catch Date p D 0, LAG BF SMD AP/5 CW/ R/0 PR SPR Tp(O)
mm h m' s ' h m?s' mm mm mm mm % % h

53005 1 Nov 1968 13.5 8 8.07 7.1 3.48 0.0 5.1 130.1 1.4 10 .7 8.3 8.7 #
53005 25 Nov 1968 21.8 22 10.19 14.4 2.38 0.0 3.4 128.4 3.9 18.1 16.3 7.0 #
53005 16 Dec 1968 15.4 27 9.16 8.1 3.14 0.0 8.1 133.1 2.5 16.3 13.3
53005 21 Dec 1968 18.6 16 17.22 9.9 4.17 0.0 5.5 130.5 5.0 26.7 24.5 6.2 #
53005 24 Dec 1968 20.6 25 13.31 12.3 4.73 0.0 5.6 130.6 5.0 24 .1 21.8 9.1 #
53005 28 J ul 1969 71.1 32 7.68 12.1 0.74 106.1 0.0 18.9 2.5 3.5 23.8
a mean 17.3
g mean 10.6 2.42 9.1

53007 11 Nov 1963 27.4 24 36.5 1 3.2 9.21 0.0 3.1 128. 1 7.0 25 .5 24.3
53007 31 May 1964 29.2 15 36.67 11.0 5.45 4.9 12.7 132.8 7.6 26.1 23.7 13.5 #
53007 29 Dec 1964 9.8 11 28.42 11.4 4.18 16.7 8.0 116.3 6.9 70 .5 72.7
53007 20 J ul 1965 17.0 13 25.46 4.4 2.82 32.8 1.8 94.0 3.3 19.3 26.5
53007 2 Aug 1965 31.6 19 83.55 10.9 6.43 5.9 4.8 123.9 15.5 49.1 49.2 9.7 #
53007 7 Nov 1965 30.0 28 24.86 10.7 2.58 8.7 0.1 116.4 5.9 19.6 21.2

53007 28 Nov 1965 25.8 27 43.65 8.8 6.38 0.1 2.9 127.8 8.5 32.9 31.8 10.2 #
53007 7 May 1966 22.0 19 26.16 10.4 3.75 10.3 6.2 120.9 5.4 24.6 25.2 10.9 #
53007 14 Oct 1966 22.1 10 25.14 10.3 2.99 26.0 2.8 101.8 4.3 19.4 24.7 9.6 #
53007 22 Oct 1966 21.5 8 33.38 11.6 4.83 1.6 2.3 125.7 6.3 29 .1 28.5 10.9 #
53007 4 Nov 1966 56.7 21 86.92 10.1 2.08 4.5 0.1 120.6 21.1 37.2 34.7 10.5 #
53007 27 Feb 1967 23.7 21 32.54 6.5 7.52 0.0 2.8 127.8 7.0 29 .5 28.4
53007 2 Apr 1967 23.9 20 23.22 12.1 3.52 8.0 0.3 117.3 5.0 20.9 22.3 8.1 #
53007 3 May 1967 30.4 16 16.74 11.6 2.37 33.1 0.4 92.3 3.0 10.0 17.6 6.6 #
53007 30 May 1967 17.6 18 19.29 9.3 7.12 10.2 5.6 120.4 3.2. 17.9 18.5
53007 18 Dec 1967 15.4 15 22.38 14.6 3.67 0.0 0.8 125.8 4.7 30.3 29.7
53007 8 Jan 1968 21.6 22 49.91 9.1 6.95 0.0 3.6 128.6 9.9 46.0 44 .9
53007 10 J ul 1968 64.8 20 116.31 8.0 5.07 22.9 6.7 108.8 22.7 35.0 34.4 7.8 #
53007 8 Oct 1968 25.4 17 24.63 10.8 3.08 5.1 0.0 119.9 4.6 18.0 18.7 10. 1 #
53007 1 Nov 1968 14.9 14 24.63 11.2 5.17 0.0 5.1 130.1 3.7 24.5 22.8 10.3 #
53007 24 Dec 1968 21.9 24 37.62 10.3 7.27 0.0 4.0 129.0 8.2 37.4 36.1 9.3 #
a mean 30.3
g mean 9.4 4.48 9.7

53008 20 J ul 1965 41.0 17 18.77 20.9 3.47 45.5 0.0 79.5 4.8 11.7 22.3
53008 28 Nov 1965 2 1.3 17 20.75 9.8 6.02 0.1 2.5 127.4 4.2 19.5 18.7

53008 8 Dec 1965 29.0 32 32.63 18.9 7.26 0.0 1.5 126.5 7.0 24.0 23.4
53008 16 Dec 1965 57.8 51 62.37 26.3 11.28 0.0 5.0 130.0 33.7 58.3 53.6

53008 30 Dec 1966 14.9 14 19.47 9.9 6.37 0.0 5.7 130.7 3.3 22.1 20.4
53008 20 Feb 1967 23.5 23 41.32 11.4 10.85 0.0 12.6 137.6 8.1 34.6 31.3
53008 27 Feb 1967 30.7 20 42.75 14.6 7.45 0.0 1.8 126.8 9.6 31.3 30.7
53008 10 J ul 1968 101.3 28 105.34 13.4 5.92 19.4 2.3 107.9 24.0 23.7 19.7
53008 1 Nov 1968 12.2 14 19.04 10.1 6.81 0.0 3.7 128.7 2.6 21.6 20.4
53008 24 Dec 1968 21.1 23 32.99 15.4 8.38 0.0 4.7 129.7 8.2 39.0 37.7
53008 25 May 1969 35.2 23 50.54 10.2 5.01 3.6 4.6 126.0 10.9 30.9 30.5
a mean 28.1
g mean 13.8 6.82

53009 22 Oct 1966 20.3 8 4.02 7.7 1.37 21.9 1.9 105.0 1.8 8.8 12.3 7.3 #
53009 4 Nov 1966 63.1 20 14.48 9.7 2.14 7.9 0.1 117.2 15.3 24.2 21.0 9.0 #
53009 1 Apr 1967 29.5 23 3.80 10.7 1.42 4.0 0.3 121.3 2.2 7.5 6.9 6.3 #
53009 8 J an 1968 24.4 22 8.52 8.9 2.42 0.0 5.7 130.7 5.4 22.2 19.6 8.9 #
53009 10 J ul 1968 64.9 19 29.91 6.9 2.27 22.1 4.8 107.7 15.4 23.7 22.6
53009 28 Sep 1968 23.0 26 4.02 12.5 1.53 0.2 7.5 132.3 3.4 14.8 11.6
53009 1 Nov 1968 15.2 12 4.42 5.8 2.21 0.0 4.2 129.2 1.4 9.2 6.7
53009 25 Nov 1968 21.9 23 4.73 14.2 1.63 0.0 5.4 130.4 3.8 17.5 14.9 7.0 #
53009 21 Dec 1968 15.0 6 9.16 6.7 2.69 0.0 5.1 130.1 3.2 21.4 19.0 5.3 #
53009 24 Dec 1968 18.3 25 6.66 12.0 2.94 0 .0 3.4 128.4 4 .2 23.0 21.0
a mean 15.6
g mean 9.1 1.99 7.2

54004 24 Jan 1960 38.4 17 45.78 15.2 6.06 0.0 3.8 128.8 14 .7 38.2 34.4 10.8 #
54004 27 Jan 1960 32.1 28 38 .09 11.3 7.24 0.0 17.9 142.9 14 .4 44.9 38.2 12.1 #
54004 17 Nov 1960 17.8 9 22 .40 13.8 5.10 0.0 1.3 126.3 7.9 44.5 4 1.9 11.0 #

54004 3 Dec 1960 34.7 2 1 45 .36 18.4 3.19 0.0 0.5 125.5 19.1 55.0 53.5 13.0 #
54004 9 Dec 1965 23.8 27 29.83 10.7 5.49 0.0 2.3 127.3 10.0 42.2 39.1 9.8 #
54004 22 Dec 1965 20.1 20 23.65 16.8 5.47 0.0 1.4 126.4 10.0 49.6 47.4 12 .5 #
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Restatementandapplicationofthe FSR.rainf odl}runoffmethod

Catch Date p D 0, LAG BF SMD API5 CW/ RIO PR SPR Tp(0)

mm h m? s' h m' s' mm mm mm mm % % h

54004 18 Feb 1966 40.5 63 32.18 20.2 4 .23 1.0 0.3 124.3 22 .0 54.3 52.8
54004 29 Aug 1966 42.4 19 25.33 8.2 5.58 62.2 6.0 68.8 7.4 17.5 26 .0
54004 9 Dec 1966 15.7 15 24.36 12.8 7.25 0.0 4.0 129.0 6 .5 41.3 37.7 12.5 #

54004 8 Mar 1967 23.8 22 22.88 12.1 4.23 0.0 2.0 127.0 8.8 37.1 33.6 10.5 #

54004 10 J ul 1968 54 .4 15 42.35 19.0 3 .36 10.7 4.8 119.1 2 1.1 38 .7 34.4

54004 12 Mar 1969 29.2 26 35.85 17.1 3.04 5.0 3.3 123.3 16 .3 55 .9 55 .1 12 .5 #

54004 5 May 1969 36 .2 12 34.19 13.6 3.55 20.4 0.5 105.1 12 .9 35 .7 37 .6 14 .5 #

54004 3 Aug 1969 31.1 6 20 .35 7.0 2 .60 74.2 3.5 54 .3 3.6 11.6 24 .0

a mean 39.7

g mea n 13.4 4 .51 11.8

54006 10 J ul 1968 36.4 21 19.37 30.4 2.82 10.0 5.8 120.8 5.8 15.8 11.2

54006 12 Mar 1969 28.3 25 20.07 24 .5 2.88 0 .0 2.4 127.4 6 .7 23 .7 18 .3 24.2 #

54006 5 May 1969 35 .7 13 21.6 1 20 .0 2.83 19.4 4.5 110.1 6 .1 17.0 15.2 20.5 #

54006 2 Aug 1969 28.7 22 18.04 19.3 2 .95 65 .8 9.9 69.1 5.2 18.1 26 .7

54006 27 Ja n 1960 44 .9 25 30.57 24 .0 5 .80 0.2 5.8 130 .6 13.1 29 .1 22.1 25.7 #

a mean 18.7

g mea n 23.3 3.30 23.4

54010 2 1 J an 1959 22 .1 26 37.02 19.7 9.54 0 .0 8.7 133.7 9.2 4 1.6 39.2
540 10 23 Ja n 1960 34.0 35 49 .61 18 .6 5.06 0 .0 4.8 129 .8 13.1 38.6 37 .1

540 10 27 J an 1960 27 .0 28 47.64 15.3 5 .28 0 .0 3.9 128.9 11.0 40 .6 39 .4

54010 17 Nov 1960 18.8 9 34 .49 19.3 4 .88 0.0 1.9 126.9 7.8 4 1.4 40 .7

54010 3 Dec 1960 30.2 24 52 .81 17.5 5.26 0.0 1.7 126 .7 13.9 46 .0 45 .4

540 10 9 Ja n 1961 15 .3 19 33 .51 22.7 4.91 0 .0 2.4 127.4 6 .6 43.2 42 .4

54010 14 May 1967 29.3 32 43.56 14.1 1.92 7 .3 6 .4 124.1 13.1 44.8 44.8
54010 10 J ul 1968 85 .2 48 82.66 12 .7 1.89 45 .9 1.3 80.4 20 .9 24 .5 28.7

54010 12 Mar 1969 24 .9 33 33.86 2 1.0 3.52 1.2 3.3 127.1 9.8 39 .4 38 .6 20.8 #

a mea n 39 .6

g mea n 17.6 4 .20 20 .8

54011 20 Jul 1965 2 1.9 22 7.51 11.5 0.92 68 .4 1.7 58.3 2.8 12 .9 27.8

54011 8 Sep 1965 34 .8 15 8 .69 15.0 1.10 47.1 1.4 79.3 4.2 12.2 2 1.8 12 .9 #

54011 25 Sep 1965 25.3 37 11.83 2 1.8 2 .70 0.0 5.2 130.2 5.8 22.9 20. 1

54011 28 Nov 1965 18.5 15 15.07 15.6 1.09 0 .0 2.1 127.1 7.1 38.2 36.7 13.5 #

54011 8 Dec 1965 20.2 19 30.27 11.9 2 .05 0.0 1.8 126.8 11.0 54 .5 53.6

54011 22 Dec 1965 15.5 22 11.70 14.9 1.62 0 .0 1.4 126 .4 4 .9 31.4 29.8 10.8 #

54011 3 1 Dec 1965 17.7 5 1 16.37 12.8 2 .19 0 .0 2 .4 127.4 7.1 40 .0 38.5 12.0 #

540 11 8 May 1966 20.8 3 1 12 .96 22 .9 0.96 6 .4 4.3 122 .9 4.1 19.5 18 .4 11.8 #

54011 20 Feb 1967 11.0 7 15.29 13 .8 1.11 0 .0 6.8 131.8 4.9 44 .6 42 .1 13.5 #
54011 8 Mar 1967 27.0 30 18.17 14.2 1.02 0.0 2.1 127.1 9.0 33.2 3 1.5 11.0 #
540 11 27 May 1967 13.2 10 16 .11 14.3 2 .68 0.0 7.9 132.9 4.4 33 .0 29 .9
54011 10 J ul 1968 5 1.0 26 36.97 16 .8 1.53 53.2 2.7 74.5 15.2 29 .8 38 .7 16 .0 #

54011 5 May 1969 3 1.3 13 38 .04 12 .4 0 .97 26 .0 2.0 101.0 11.8 37 .7 42.7 11.5 #
54011 25 May 1969 16.6 6 34 .16 10 .3 3.31 · 3 .6 16.0 137.4 10 .8 65 .1 6 1.8

540 11 28 Nov 1970 27 .6 37 14.61 11.1 0.66 1.1 1.8 125.7 7.5 27.0 25.5 10.8 #

540 11 12 J an 1972 22.2 26 19.99 12.4 1.01 0 .0 5.9 130 .9 8.5 38.2 35 .7 13.5 #

540 11 3 Feb 1972 2 1.6 45 18.76 15.9 3.92 0 .0 2 .9 127.9 4.4 20 .2 17 .9 10.5 #

a me an 33.7

g mean 14.2 1.48 12.2

54016 2 1 Apr 1962 13.6 16 10. 16 22 .5 2.94 0.4 2 .8 127.4 3.4 25.2 24.3 22.0 #
54016 29 Mar 1963 12.7 22 7 .42 24 .6 1.92 4 .9 3 .0 123. 1 32 25 .2 25 .4

54016 25 Nov 1963 29.0 36 11.31 31.6 2 .13 47.5 1.6 79. 1 7.1 24.6 35 .8 30.0 #

540 16 12 Dec 1964 25.2 20 6 .98 25.1 1.03 42 .3 1.6 84 .3 3.4 13.6 23.4 23 .0 #

54016 8 Mar 1967 21.5 34 10 .01 28.1 2 .50 3.2 0.2 122.0 6.0 27.8 28 .3

54016 16 Oct 1967 36 .8 48 10.25 27.1 1.76 43.8 3.5 84 .7 7 .0 19.1 28 .8 24.0 #

54016 27 May 1968 15.5 28 11.30 19.7 3.56 9.1 18 .3 134.2 3.7 23.8 2 1.2
a mea n 26.7

g me an 25.3 2. 12 24 .6

54019 29 Mar 1963 31.7 38 36.55 33 .1 2.34 10.1 3 .8 118.7 14.4 45.3 46 .3
540 19 17 Nov 1963 35.0 44 12.72 38 .2 1.19 6.5 0 .3 118.8 7.7 22.1 22.6
54019 23 Mar 1964 18.1 26 16.8 1 37 .5 2.66 1.4 1.2 124 .8 7 .7 42.6 42.0

54019 29 Nov 1965 20.8 34 20.65 40 .5 4.65 0 .0 2.6 127.6 5.3 25 .5 23.9

54019 8 Dec 1965 21.3 32 22 .08 40 .4 3 .11 0 .0 1.9 126.9 9 .2 43 .1 42 .0 41.0 #
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Appendix A Flood event analysis

Catch Date p D
mm h

54019 22 Dec 1965 22.4 48
54019 18 Feb 1966 24.8 62
54019 29 Aug 1966 64.9 34
54019 12 Oct 1966 43.7 92
54019 9 Dec 1966 21.6 56
54019 27 Feb 1967 18.2 17
54019 8  Mar  1967 23.1 49
54019 14 May 1967 36.2 50
54019 27 May 1967 18.9 26
54019 10 Jul 1968 74.3 24
54019 1 Nov 1968 36.7 18
54019 12 Mar 1969 27.2 36
54019 5 May 1969 36.2 12
a mean
g mean

54020 25 Nov 1963 22.5 22
54020 23 Mar 1964 26.5 26
54020 8 Mar 1967 30.5 34
54020 15 Oct 1967 41.3 56
54020 5 May 1969 32.6 52
a mean
g mean

54022 12 May 1968 52.9 11
54022 24 May 1968 34.2 17
54022 25 Jun 1968 20.1 4
54022 26 Jun 1968 39.6 14
54022 2 Jul 1968 31.4 18
54022 19 Sep 1968 68.9 32
54022 28 Sep 1968 39.7 26
54022 2 Oct 1968 40.0 17
54022 22 Nov 1968 34.1 15
54022 26 Nov 1968 30.0 24
54022 19 Dec 1968 33.6 29
54022 19 Jan 1969 31.5 13
54022 30 Mar 1969 42.5 9
54022 10 Apr1969 39.8 11
54022 14 Apr 1969 28.0 13
54022 25 Apr 1969 33.5 13
54022 2 Jun 1969 32.8 13
54022 10 Sep 1969 31.2 20
54022 21 Sep 1969 19.3 7
54022 19 Feb 1970 32.1 16
54022 5 Apr 1970 36.3 15
54022 22 Apr 1970 51.5 19
54022 15 Aug 1970 54.5 23
54022 10 Sep 1970 49.0 21
54022 27 Oct 1970 61.5 23
54022 1 Nov 1970 60.5 16
a mean
g mean

54027 29 May 1979 39.4 12
54027 27 Dec 1979 59.2 23
54027 23 Mar 1986 15.3 8
54027 30 Jul 1986 15.5 13
54027 25 Aug 1986 42.5 12
54027 13 Sep 1986 17.9 11
54027 19 Oct 1986 22.8 6
54027 4 Apr 1987 26.0 15
54027 5 Jun 1987 23.9 8
54027 8 Jun 1987 12.9 11
54027 30 Dec 1987 8.3 3
54027 1 Sep 1988 21.1 9
54027 18 Oct 1988 21.3 7

O, LAG BF SMD  APIS  CWI  RIO  PR SPR  T (0)
m s ' h m?s' mm mm mm mm % % h

24.35 36.3
24.69 51.1
16.13 59.6
20.16 50.5
24.84 36.8
22.25 37.0
17.78 41.7
39.04 36.1
202 4 45.9
98.59 29.0
35.05 34.5
32.29 36.2
38.90 31.4

9.22 17.0
10.46 13.8
9.07 20.8
7.49 17.0

10.61 18.7

6.14 0.0
1.89 1.3
0.61 75.2
1.38 12.2
5.60 0.0
2.98 0.0
2.03 2.4
2.15 1.6
4.05 1.3
2.09 28.8
7.87 0.0
2.92 1.0
1.46 33.7

39.1 2.56

2.85 33.0
2.54 0.0
2.30 3.2
1.76 35.2
2.54 5.2

17.3 2.37

8.07 3.7
1.56 3.8
4.52 2.5
7.65 2.1
3.44 2.7
7.46 4.9
6.58 1.8
6.95 1.6
4.56 3.8
3.53 3.2
5.10 4.1
7.36 4.0
8.05 3.9
5.54 3.5
4.19 3.9
3.60 2.7
4.31 3.6
2.56 1.8
5.46 2.7
5.73 4.5
4.61 2.5
9.04 3.5
8.71 4.0
9.26 2.7
9.90 5.3

11.24 3.8

19.18 5.8
16.99 8.4
4.52 4.0
3.56 4.4
7.25 3.2
2.35 1.3
3.51 1.8
9.31 6.5
4.82 2.3
3.23 5.3
4.06 2.4
3.10 2.8
5.04 1.3

0.50 3.6
0.14 12.7
0.53 0.0
0.77 0.0
0.46 0.8
0.21 1.0
0.76 0.3
0.98 0.0
0.27 0.0
0.53 0.0
0.40 0.0
0.76 0.0
1.16 0.0
0.54 0.0
0.46 0.0
0.46 0.0
0.42 6.7
0.13 28.3
0.40 0.0
1.14 0.0
0.33 1.2
1.15 0.0
0.33 2.0
0.74 0.0
1.10 0.0
0.79 0.0

3.2 0.51

4.34 2.9
2.16 0.0
3.02 6.0
2.17 93.9
1.50 73.2
1.40 59.2
1.25 76.4
4.49 0.0
2.29 60.7
2.19 46.6
2.96 0.0
1.29 66.5
1.83 35.7

1.3 126.3
0.3 124.0
0.1 49.9
0.9 113.7
2.7 127.7
1.3 126.3
1.7 124.3
6.1 129.5
4.0 127.7
2.2 98.4
3.9 128.9
4.3 128.3
1.0 92 .3

4.6 96.6
1.3 126.3
0.6 122.4
4 .4 94.2
5.3 125.1

9.3 130.7
0.0 112.3

12.2 137.2
18.4 143.4
13.3 137.5
1.2 125.2

13.4 138.1
12.5 137.5
5.3 130.3

10.6 135.6
6.1 131.1

14.5 139.5
17.9 142.9
15.2 140.2
8.5 133.5
9.3 134.3
1.9 120.2
1.0 97.7
8.3 133.3

16.7 141.7
3.8 127.6

31.3 156.3
3.2 126.2

14.6 139.6
22.5 147.5
31.1 156.1

5.8 127.9
2.2 127.2
2.5 121.5
4.3 35.4
2.9 54.7
0.3 66.1
2.9 51.5
3.1 128.1
6.9 71.2
7.7 86.1
6.2 131.2
7.7 66.2
2.7 92 .0

8.1 36.0 34.9
21.1 85.0 85.6
9.7 15.0 28.3

19.4 44.4 45.5
11.1 51.3 50.2 42.5 #
8.2 45.2 44.3 39.5 #
9.8 42.3 41.9 46.0 #

16.7 46.2 44.6
7.1 37.8 36.4

28.8 38.7 39.3
8.7 23.8 21.8

14.0 51.6 50.4
13.1 36.1 43.5

41.3

4.4 19.4 26.2
6.1 23.0 22.4
6.7 22.0 22.4
6.9 16.6 23.5
9.4 28.9 28.7

24.6

25.2 47.6 43.5
3.6 10.5 13.7
6.2 30.6 27.6

18.3 46.2 41.6
10.6 33.6 30.5
23.6 34.3 29.5
14.3 35.9 32.6
21.1 52.8 49.7
11.9 35.0 33.7
10.7 35.8 33.1
18.3 54.6 53.1
24.5 77.8 74.2
19.9 46.8 41.5
16.3 40.9 37.1
10.0 35.6 33.5
8.8 26.3 24.0

10.5 32.0 33.2
3.3 10.5 17.3
5.8 29.8 27.7

18.6 57.9 53.7
8.5 23.3 22.6

29.3 56.9 46.6
19.1 35.0 31.8
21.6 44.0 38.3
34.9 56.8 47.3
29.8 49.3 37.8

36.7

3 .0
3.7
0.4
0 .3
1.0
0.1
0.2
1.2
0.4
0.2
0.2
0.3
0.4

7.6 5.9
6.3 1.2

23 2.2
1.8 23.2
2.4 18. 1
0.7 14.4
1.0 18.3
4.7 3 .0
1.8 142
1.8 10.5
2.2
12 14.9
1.8 9.0

42.2

2.0 #

2.0 #

1.5 #
2.0 #

1.4 #
1.5 #
2.3 #
1.2  #

1.5 #

1.5 #

1.5 #
1.5 #
2.5 #

3.5 #

1.3 #

1.8 #

2.7 #
1.8 #

1.8

3.8 #
3.0  #
3.0 #

1.5 #
1.5 #
5.0 #

4.5 #
2.5 #
1.5 #
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Restatementandapplicationof the F SRrainfokunot method

Catch Date p D o, LAG BF M D AP/5 CW/ RO PR SPR Tp(O)
mm h m' s' h m' s' mm mm mm mm % % h

54027 7 Nov 1989 28.0 17 4.75 3.0 1.54 57.7 1.2 68.5 0.7 2.4 15.5 2.5 #
54027 20 J un 1990 14.2 9 2.51 3.1 1.14 95.8 5.4 34.6 0.2 1.3 22.9 1.5 #
54027 28 Apr 1991 30.4 26 3.52 6.8 2.10 19.0 0.9 106.9 0.4 1.4 4.9 2.0 #
54027 30 J ul 199 1 24.5 9 3.44 2.6 1.32 46.3 0.8 79.5 0.3 1.1 11.4 2.5 #
54027 3  Apr 1993 12.6 8 2.76 2.9 1.95 13.9 3.8 114.9 0.1 0.9 2.4 2.5 #
54027 4 Apr 1993 15.0 7 3.95 2.3 2.07 5.8 6.7 125.9 0.2 1.5 0.3 3.0 #
54027 9 May 1993 10.7 5 3.33 1.7 2.01 27.0 2.8 100.8 0.1 1.0 6.0 2.5 #
54027 25 May 1993 17.2 5 4.20 2.8 1.90 22.2 22 105.0 0.3 1.5 5.5 3.0 #
54027 8 J ul 1993 23.0 10 4.49 0.2 1.80 53.2 0.0 71.8 0.2 0.9 13.2
54027 19 Nov 1987 29.0 11 10.75 5.7 3.78 0.2 1.3 126.1 1.6 5.4 4.2 7.5 #
a mean 10.1
g mean 2.9 2.04 2.7

54034 2 Feb 1972 23.5 45 8.52 7.1 0.80 0.0 2.4 127.4 10.8 46 .1 45.4
54034 15 Feb 1972 20.4 23 3.79 11.0 0.73 0.2 0.5 125.3 7.4 36.5 36.3
54034 8 Sep 1972 45.8 17 2.22 12.2 0.12 94.4 1.6 32.2 3.0 6.6 28.1
54034 3 May 1973 20.3 39 3.60 6.1 0.68 15.7 2.0 111.3 5.4 26.8 30.1
54034 5 Aug 1973 20.1 16 2.47 11.2 0.20 65.8 2.7 61.9 1.6 8.1 23.7
54034 14 Feb 1974 12.9 13 3.50 11.6 1.06 0.2 2.5 127.3 4.6 35.9 35.2
a mean 33.1
g mean 9.5 0.46

54090 18 Oct 1973 88.2 17 2.41 2.8 0.06 0.0 5.6 130.6 55.8 63.3 55.1 0.6
54090 14 Nov 1973 41.8 14 1.98 1.7 0.09 0.0 22.4 147.4 21.8 52.2 45 .9
54090 14 J an 1974 72.0 28 2.02 2.8 0.08 0.0 10.3 135.3 55.9 77.7 70.0
54090 16 J un 1974 28.4 11 2.15 0.6 0.04 58.3 11.0 77.7 11.4 40.0 51.8 0.4
54090 4 Sep 1974 42.5 22 1.61 5.9 0.08 69.2 16.3 72.1 30.5 71.8 84.2 1.5
54090 21 Dec 1974 33.2 18 1.54 2.8 0.15 0.0 26.5 151.5 16.3 49.0 42.4 0.6
54090 2 1 J an 1975 103.4 24 2.14 2.5 0.10 0.0 22.9 147.9 75.9 73.4 59.5 0.6
54090 24 Sep 1975 89.9 34 1.57 3.1 0.05 94.7 10.1 40.4 60.2 67.0 81.2 0.8
54090 30 Nov 1975 116.6 31 1.94 1.7 0.07 4.4 7.2 127.8 88.5 75.9 65.8 1.0
54090 30 Dec 1975 88.9 28 1.73 5.2 0.04 0.2 1.3 126.1 59.5 66.9 59.8 1.4
54090 11 Feb 1976 84.4 25 1.75 2.1 0.06 0.0 5.3 130.3 64.1 75.9 68.2 0.7
54090 5 J ul 1976 30.3 7 1.18 0.8 0.01 97.1 2.8 30.7 4.2 13.7 37.3 0.9
54090 15 Aug 1977 97.6 4 4.40 1.9 0.07 80.1 4.9 49.8 33.6 34.4 45.5 1.4
54090 9 Sep 1977 73.6 17 1.50 2.8 0.07 0.0 4.1 129.1 47.1 64.0 57.7 1.2
54090 30 Sep 1977 77.9 22 1.74 2.5 0.05 55.8 2.0 71.2 35.4 45.4 53.1
54090 1 Nov 1977 76.9 23 2.51 3.1 0.12 0.3 27.4 152.1 51.9 67.5 55.1
54090 23 Nov 1977 48.7 19 1.68 3.2 0.07 0.0 10.1 135.1 23.1 47.5 42.9 0.6
a mean 57.4
g mean 2.4 0.06 0.8

54999 25 Dec 1990 4.1
54999 26 Dec 1990 3.2
54999 24 Sep 1992 6.2
54999 3  Oct 1992 2.9
54999 20 Oct 1992 5.1
54999 25 Oct 1992 2.9
g mean 3.89

55008 19 Sep 1968 62.9 30 8.91 5.5 0.32 2.4 1.0 123.6 21.3 33.9 30.2 2.2 #
55008 2 Oct 1968 45.7 17 8.92 1.8 1.40 0.0 14.8 139.8 26.3 57.5 52.3 2.0 #
55008 22 Nov 1968 31.6 13 5.23 4.5 0.37 0.0 4.4 129.4 13.2 41.9 40.8 1.5 #
55008 20 Jan 1969 24.5 16 8.99 2.3 1.93 0.0 29.1 154.1 17.2 70.4 63.1
55008 29 Mar 1969 41.5 25 8.24 2.9 0.38 5.9 0.9 120.0 21.3 51.4 52.1
55008 30 Mar 1969 42.3 9 13.34 3.4 1.14 0.0 20.8 145.8 26.1 61.6 55.6
55008 10 Apr 1969 42.0 11 13.19 2.2 0.79 0.0 9.2 134.2 17.9 42.6 39.6 1.5 #
55008 25 May 1969 59.1 25 10.07 3.9 0.46 2.8 4.7 126.9 22.2 37.5 33.5
55008 2 J un 1969 34.4 13 7.91 2.8 0.54 6.7 1.9 120.2 14.0 40.8 42.0 1.2 #
55008 11 Aug 1969 104.4 41 17.24 7.5 0.37 24.4 0.4 101.0 29.5 28.3 26.0
55008 8 Nov 1969 47.6 25 11.42 0.1 1.29 0.0 14.6 139.6 21.9 46.0 40.5
55008 11 Nov 1969 30.8 9 14 .66 1.8 2.67 0.0 34.6 159 .6 15.0 48.7 40 .0
55008 20 Feb 1970 106.4 28 15.82 4.8 1.24 0.0 20.1 145.1 65.6 61.7 48.2 2.2 #
55008 5 Apr 1970 36.4 14 10.03 2.9 0.55 0.3 3.5 128.2 16.1 44.2 43.4 1.8 #
55008 21  Apr 1970 28.3 10 13.53 0.7 2.05 0.5 38.0 162.5 14.8 52.3 42.9 1.1 #
55008 15 Aug 1970 40.0 10 11.71 1.5 1.14 0.0 9.3 134.3 15.8 39.6 37.3 1.5 #
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Appendix A Flood event analysis

Catch Date p D 0, LAG BF SMD API5 CW/ RIO PR SPR Tp(O)
mm h m?s' h m's mm mm mm mm % % h

55008 27 Oct 1970 88.1 32 13.42 6.0 0.90 0.0 17.9 142.9 51.1 58.0 46.8 2.2 #
55008 1 Nov 1970 62.8 15 23.42 2.7 1.39 0.0 28.6 153.6 35.8 57.0 45.8 1.2 #
55008 4 Nov 1970 26.2 8 13.93 2.6 1.37 0.0 23.0 148.0 16.1 61.3 55.5
55008 11 Feb 1971 81.4 22 16.10 4.0 0.46 2.6 0.0 122.4 45.5 55.9 50.5
55008 21 J an 1969 19.2 18 7.72 0.7 2.24 0.0 43.3 168.3 9.6 50.1 39.3
a mean 44.1
g mean 2.3 0.90 1.6

55012 13 Dec 1969 36.0 16 145.94 6.3 12 .67 0.0 1.7 126.7 15.7 43 .6 43.2
55012 18 Oct 1971 64.3 40 227.79 2.9 15.54 48.8 7.5 83.7 32.5 50.6 56.7
55012 9 Nov 1972 33.3 23 92.81 4.1 7.32 24.8 1.5 101.7 11.9 35.7 41.5
55012 5 Aug 1973 78.8 19 298.03 9.4 14.06 23.8 10.5 111.7 44.5 56.5 54.0 8.5 #
55012 9 Feb 1974 79.2 44 192.67 5.5 29.29 0.0 15.5 140.5 47.2 59.6 49.9 6.5 #
55012 12 Nov 1974 40.0 27 139.67 8.3 20.12 0.0 13.4 138.4 19.7 49.3 45.9 5.5 #
55012 19 Jan 1975 27.4 18 111.89 5.2 15.84 0.0 5.2 130.2 13.2 48.3 47.0 3.5 #
55012 12 Feb 1976 43.6 24 120.75 6.7 10.41 0.0 6.4 131.4 25.9 59.4 56.7 4.1 #
55012 13 Oct 1976 57.1 54 94.07 10.5 12.28 15.7 5.7 115.0 30.7 53.7 52.9 5.5 #
a mean 49.8
g mean 6.1 14.25 5.4

55021 20 Dec 1969 26.2 36 33.02 29.0 6.23 0.0 6.9 131.9 14.9 57.0 55.2 30 .0 #
55021 6 Nov 1970 38.8 18 24.01 20.0 5.23 0.8 1.7 125.9 7.5 19.3 18.9 30.0 #
55021 22 Jan 1971 24.2 29 37.21 9.1 16.80 0.0 7.1 132.1 6.1 25.1 23.2 7.5 #
55021 16 Jan 1974 19.4 13 32.01 14.0 17.04 0.0 3.5 128.5 4.5 23.2 22.2 15.5 #
55021 5 Dec 1972 41.5 48 45.16 14.9 18.36 0.0 9.8 134.8 16.4 39.5 36.4
55021 11 Feb 1974 35.7 33 45.96 14.3 27.13 0.0 7.7 132.7 7.4 20.8 18.7
55021 13 Nov 1974 19.8 24 23.82 18.4 8.21 45.7 6.9 86.2 7.5 37.9 47.5
5502 1 1 Dec 1975 26.8 18 11.88 25.6 3.36 72.8 1.7 53.9 4.2 15.8 33.4
5502 1 14 Oct 1976 20.8 22 26.34 20.8 12.68 0.0 5.5 130.5 6.0 29.0 27.5 26.5 #
a mean 31.4
g mean 17.5 10.55 19.4

55022 14 J an 1970 19.0 15 34.64 15.7 8.76 0.0 8.8 133.8 9.2 48.6 46.4
55022 20 Jan 197 1 14.3 17 32.28 13.3 9 .37 0.0 4.6 129.6 8.3 58.2 57.0 14.0 #
55022 17 Mar 1971 31.5 31 26.50 7.4 1.94 0.0 4.2 129.2 13.6 43.1 42.0 14.5 #
55022 12 Jan 1972 28.6 33 26.16 4.7 4.02 0.0 7.5 132.5 12.9 45.1 43.2 13.1 #
55022 15 Feb 1972 39.5 29 33.99 12.4 2.43 0.3 0.6 125.3 18.3 46.3 46.2 11.5 #
55022 16 Jan 1974 23.5 16 33.46 7.6 4.23 0.0 5.4 130.4 12.1 51.5 50.1 12.5 #
55022 29 Jan 1974 24.6 36 25.26 13.6 3.26 0.0 11.1 136.1 11.2 45.7 42.9 6.5 #
55022 13 Nov 1974 28.1 17 40.60 11.4 2.68 0.0 8.8 133.8 15.3 54.6 52.4 14.0 #
a mean 47.5
g mean 10.1 3.94 11.9

55025 6 Nov 1970 33.3 20 22.23 11.1 2.10 0.0 2.3 127.3 8.5 25.5 24.9 6.2 #
55025 11 Dec 1972 19.7 13 43.23 6.7 7.93 0.0 8.4 133.4 6.3 32.1 30.0 5.3 #
55025 8 Jan 1974 13.0 8 32.01 6.4 6.35 0.0 8.5 133.5 5.2 39.9 37.7 5.1 #
55025 13 Nov 1974 32.0 19 41.54 7.8 5.09 0.0 6.1 131.1 10.9 34.1 32.5
55025 26 Dec 1974 19.6 11 28.39 3.4 6.17 0.0 6.8 131.8 4.8 24.4 22.7 5.5 #
55025 11 Feb 1973 20.3 16 22.39 8.4 2.78 0.0 2.2 127.2 5.6 27.4 26.8 4.6 #
55025 14 Oct 1976 35.0 29 27.49 9.6 4.31 0.0 2.8 127.8 10.9 31.0 30.3 5.5 #
a mean 29.3
g mean 7.2 4.54 5.3

55026 20 Feb 1970 58.0 28 153.75 6.6 18.79 0.0 16.2 141.2 41.4 71.4 63.9
55026 1 Apr 1973 60.9 23 113.77 8.4 3.36 14.1 2.0 112.9 20.5 33.6 32.8
55026 5 Aug 1973 74.8 17 251.95 6.0 9.07 25.1 9.7 109.6 41.6 55.6 54.0
55026 18 Oct 1973 49.7 18 91.05 7.5 7.57 1.8 2.4 125.6 20.3 40.9 38.5
55026 1 Dec 1975 71.1 28 113.20 4.2 12.07 8.9 6.3 122.4 38.1 53.6 49.2 4.6 #
55026 12 Feb 1976 50.3 24 108.44 7.2 8.30 0.0 6.5 131.5 31.4 62.4 58.5 6.0 #
a mean 49.5
g mean 6.5 8.70 5.3

55034 18 Oct 1973 76.3 17 5.43 3.4 0.14 0.0 3.1 128. 1 47.5 62.2 55.9 0.9 #
55034 28 Nov 1973 43.2 13 3.16 3.1 0.09 0.0 1.9 126.9 21.8 50.4 48.9 1.6 #
55034 15 Dec 1973 44.4 19 4.59 2.5 0.27 0.0 15.1 140.1 25.2 56.7 51.7 0.9 #
55034 14 J an 1974 57.8 21 5.37 2.8 0.23 0.0 10.5 135.5 36.0 62.2 56.2 1.1 #

FLOOD ESTIMATION HANDBOOK 217
VOLUME 4



Restatement and application of the FSR rainfalhunoff method

Catch Date p D o, LAG BF SMD API5 CWI RIO PR SPR Tp(O)
mm h m' s' h m?s' mm mm mm mm % % h

55034 8 Feb 1974 51.9 13 5.04 1.9 0.17 0.0 5.3 130.3 32.5 62.6 58.7 0.9 #

55034 16 J un 1974 31.8 7 4.62 1.3 0.17 61.3 9.6 73.3 13.6 42.7 55.6 0.9 #
55034 18 0ct 1974 60.0 18 4.55 3.6 0.09 0.0 1.4 126.4 40.2 67.0 63.0
55034 21 Jan 1975 80.3 23 5.33 3.0 0.24 0.0 17.8 142.8 58.4 72.7 62.3 0.6 #
55034 30 Dec 1975 85.0 26 4.74 4.9 0.11 0.2 0.9 125.7 57.6 67.8 61.2 1.0 #

55034 12 Feb 1976 101.9 22 5.67 1.5 0.27 0.0 6.9 131.9 67.8 66.5 56.7 0.9 #
55034 30 J un 1977 99.5 23 3.81 5.9 0.13 29.2 3.7 99.5 53.9 54.2 52.7 1.1 #

55034 9 Sep 1977 80.8 18 4.29 3.6 0.27 0.0 3.8 128.8 45.2 55.9 48.9 1.3 #

55034 30 Se p 1977 67.0 9 3.92 2.5 0.24 1.6 9.9 133.3 27.9 41.6 35.0 1.1 #

55034 19 Nov 1977 65.1 23 4.41 2.0 0.31 0.0 5.4 130.4 39.5 60.7 55.1 1.2 #
a mean 54.4
g mean 2.8 0.18 1.0

56002 18 Oct 1971 53.4 31 89.57 6.0 8.83 6.0 16.0 135.0 15.4 28.9 22.3
56002 12 Nov 1972 35.3 13 42.62 5.9 5.71 19.9 4.7 109.8 6.4 18.1 20.2
56002 11 J an 1974 13.0 10 59.73 2.5 20.80 0.0 21.5 146.5 2.9 22.6 15.7
56002 14 Feb 1974 37.4 15 71.16 4.2 22.73 0.0 8.8 133.8 9.9 26.4 22.8 5.5 #

a mean 20.3
g mean 4.4 12.43 5.5

56003 8 Dec 1965 34.2 50 34.51 8.3 3.23 0.0 2.2 127.2 26.0 76.0 75.5
56003 16 Dec 1965 50.8 50 32.52 7.4 3.93 0.0 7.3 132.3 48.1 94.7 90.5
56003 24 Feb 1966 41.7 13 17.76 4.8 3.78 0.0 4.4 129.4 7.9 19.0 17.2

56003 3 Oct 1966 17.1 8 10.50 5.7 1.13 0.0 4.7 129.7 3.4 20. 1 18.9 3.4 #

56003 9 Dec 1966 28.3 21 17.72 3.2 3.56 0.0 2.1 127.1 11.7 41.2 40 .7
56003 26 Feb 1967 47.3 19 24.39 7.1 3.57 0.0 5.9 130.9 14.9 31.4 28 .1
56003 15 Oct 1967 65.9 57 40.07 5.6 4.05 0.2 6.8 131.6 26.8 40 .6 34.6 3.7 #

56003 23 Dec 1967 11.2 13 16.24 3.5 4.75 0.0 9.0 134.0 4.1 36.5 34.2 2.6 #

56003 26 J un 1968 17.9 20 10.99 4.8 1.30 23.6 4.1 105.5 4.4 24.4 29.3
56003 10 Feb 1974 23.3 24 19.53 12.6 6.65 0.0 14.8 139.8 10.7 45.8 42.1
56003 16 J un 1974 24.2 7 15.47 2.6 0.67 43.2 1.9 83.7 3.3 13.8 24. 1 3.0 #

56003 13 Nov 1974 40.9 28 20.29 8.9 3.93 0.0 9.2 134.2 12.7 31.0 28 .3
56003 30 J an 1975 20.8 14 18.67 4.4 4.08 0.0 6.0 131.0 6.1 29.4 27.9 3.0 #

56003 24 Sep 1975 32.1 24 5.49 5.2 0.41 106.9 1.6 19.7 3.1 9.8 36.1 2.5 #

56003 11 Feb 1976 23.4 23 9.51 6.8 1.66 0.0 2.9 127.9 7.8 33.4 32.7
a mean 37.3
g mean 5.6 2.48 3.0

56004 6 Jan 1971 49.2 43 177.72 12.7 11.57 0.0 0.4 125.4 15.9 32.4 30.1
56004 3 Dec 1972 39.8 34 252.03 19.8 40.58 . 0.0 21.8 146.8 19.5 49.0 43.5
56004 5 Dec 1972 25.8 13 310.92 22.4 64.83 0.0 21.7 146.7 25.7 99.5 94.1
56004 10 Feb 1974 45 .1 26 324.63 6.5 90.74 0.0 17.3 142.3 22.5 49.9 44.1 4.9 #
56004 12 Nov 1974 58.0 20 360.25 10.8 36.53 0.0 9.2 134.2 31.6 54.5 48.8 7.5 #

56004 24 Sep 1975 57.8 31 118.39 6.9 6.45 106.9 1.6 19.7 9.5 16.4 39.3 7.3 #

56004 12 Feb 1976 31.2 18 142.03 7.5 16.86 0.0 2.9 127.9 11.3 36.1 35.3 9.1 #

56004 5 Dec 1972 77.8 40 310 .92 14.9 64.74 0.0 21.7 146.7 35.9 46.1 34.9
a mean 46 .3
g mean 11.5 30.30 7.0

56005 2 J ul 1968 24.3 5 27.18 3.2 6.93 5.2 11.0 130.8 5.3 22.0 18.1
56005 10 J ul 1968 55 .0 14 51.95 6.4 4.60 1.0 7.1 131.1 16.7 30.3 23.8 6.8 #

56005 26 Oct 1968 87 .8 52 41.55 13.5 3.40 2.0 0.5 123.5 37.2 42.4 34.6
56005 26 Nov 1968 35.1 25 24.94 6.1 3.69 0.0 3.9 128.9 9.2 26.2 23.0 4.1 #

56005 21 Dec 1968 34.9 23 32.32 4.6 7.85 0.0 16.7 141.7 12.4 35.5 29.6
56005 6 J an 1971 42 .5 24 36.86 9.6 3.44 0.0 0.3 125.3 17.2 40.5 38.1 3.8 #

56005 6 Nov 1970 57.3 20 31.32 4.8 5.43 1.2 1.8 125.6 15.0 26.1 20.4 5.7 #

56005 24 J an 1975 31.7 11 34.86 5.8 6.97 0.0 10.8 135.8 9.6 30.3 25.6 3.6 #

56005 14 Feb 1974 42.5 14 36.35 4.8 9.44 0.0 10.3 135.3 11.9 28.0 22.4 4 .5 #

56005 10 Oct 1976 30.6 11 46.86 4.1 7.58 14.3 6.3 117.0 12.5 40.7 41.2
56005 13 Oct 1976 30.9 14 40.33 6.0 8.10 6.4 7.1 125.7 15.4 49.8 48.6
56005 17  Oct 1976 41.7 17 49.59 6.8 9.93 2.9 5.8 127.9 18.9 45.4 42.8
a mean 30.7
g mean 5.8 6.04 4.6

56006 11 Dec 1964 8 1.7 39 193.65 8.2 12.40 0.0 9.1 134.1 52 .6 64.4 56.0
56006 13 Jan 1965 44.8 16 226.53 2.8 18.70 0.0 13.7 138.7 28.6 63.9 59.1 4.0 #
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Appendix A Flood event analysis

Catch Date P D O, LAG BF SMD APIS CWI RVO PR SPR  Tp(0)
mm h m' s ' h m s '  mm mm mm mm % % h

56006 8 Dec 1965 69.1
56006 16 Dec 1965 144.6
56006 24 Feb 1966 53.0
56006 26 Feb 1967 64.0
56006 16 Oct 1967 81.0
56006 10 Feb 1974 57.8
56006 12 Nov 1974 68.9
56006 24 Sep 1975 74.9
56006 12 Feb 1976 41.1
56006 2 Feb 1977 40.3
56006 9 Feb 1974 30.6
a mean
g mean

48
52
15
18
18
25
29
32
21
20
15

56011 30 Nov 1975 47.8 26
56011 11 Feb 1976 24.8 18
56011 25 Sep 1976 57.7 22
56011 14 Mar 1977 40.3 31
a mean
g mean

57004 1 Dec 1966 57.3 37
57004 9 Dec 1966 48.0 36
57004 30 Dec 1966 45.5 17
57004 20 Feb 1967 39.6 24
57004 26 Feb 1967 79.6 20
57004 4 Sep 1967 47.9 21
57004 30 Sep 1967 44.8 23
57004 16 Oct 1967 89.0 26
57004 22 Dec 1967 63.9 32
57004 22 Mar 1968 100.6 45
57004 1 Jul 1968 37.0 15
57004 9 Jul 1968 37.4 22
57004 10 Oct 1968 39.5 21
57004 26 Oct 1968 79.0 46
57004 21 Dec 1968 37.6 23
57004 25 Apr1969 37.9 31
57004 10 Aug 1969 64.9 20
a mean
g mean

57005 22 Mar 1968 97.9 44
57005 12 May 1968 33.1 14
57005 26 Jun 1968 39.1 20
57005 2 Jul 1968 41.2 15
57005 10 Oct 1968 49.1 37
57005 26 Oct 1968 83.8 47
57005 17  Jan  1969 42.7 39
57005 11 Nov 1969 40.7 12
57005 15 Jan 1970 53.2 34
57005 1 Nov 1970 51.1 17
57005 18 Oct 1971 64.7 31
57005 5 Dec 1972 62.3 23
57005 5 Aug 1973 79.2 25
a mean
g mean

57006 11 Oct 1968 43.7 12
57006 22 Apr 1970 40.2 18
57006 1 Nov 1970 63.8 15
57006 6 Jan 1971 71.5 23
57006 17 Oct 1971 97.0 39
57006 14 Feb 1972 95.6 31
57006 8 Sep 1972 68.2 22
57006 12 Nov 1972 64.8 18
57006 30 Nov 1972 68.3 30

148.38 4.8
223.56 6.5
193.12 3.3
239.32 5.3
242.66 3.7
142.60 3.5
160.68 6.5
78.31 2.8
76.95 6.7
89.41 3.7

108.61 4.1

4.5 13.63

26.33 9.4 1.14 0.0 2.4 127.4 19.2 40.2 36.8 3.5 #

10.94 8.9 1.50 0.0 3.8 128.8 7.7 31.0 28.9 10.0 #
42.95 6.2 2.79 62.2 17.4 80.2 15.0 26.0 32.6 7.1 #

25.08 2.8 3.14 0.0 7.8 132.8 9.6 23.9 20.4 3.7 #

29.7
6.1

34.88 9.4
27.70 8.0
41.95 8.2
34.19 10.9
76.87 7.2
30.26 8.3
40.29 8.1
93.80 9.0
38.51 9.8
49.69 7.9
31.43 3.6
29.32 6.0
31.25 9.3
33.52 11.8
30.37 6.7
25.11 7.5
32.07 8.1

8.76 0.0
11.02 0.0
16.18 0.0
13.57 0.0
17.05 0.0
33.30 0.0
14.95 0.0
6.22 105.7
6.53 0.0

14.38 0.0
22.99 0.0

1.97

4.48 0.0
3.25 0.0
8.63 0.0
7.31 0.0
8.18 0.0
1.55 0.0
5.81 0.0

10.10 0.0
4.47 0.0
4.07 0.0
5.61 0.0
2.69 8.1
4.43 0.0
3.30 1.6
6.43 0.0
2.18 0.0
2.37 5.7

8.0 4.41

218.87 7.6 29.05 0.0
120.80 6.1 16.26 2.4
142.59 9.4 24.60 1.4
156.64 6.8 46.74 0.0
159.05 9.7 22.63 0.0
199.89 9.7 19.40 1.6
155.60 6.6 32.66 0.0
154.03 5.5 23.40 0.0
2 17.51 10.5 38.92 0.0
224.03 6.2 40.53 0.0
236.23 10.5 16.61 0.0
281.29 10.2 69.39 0.0
211.00 5.8 14.39 19.6

7.8 27.34

65.38 4.4
61.30 4.0
93.76 3.7
89.18 5.1
82.37 6.4
73.51 5.4
61.93 6.0
97.35 2.8
74.46 5.3

10.67 0.0
12.57 0.6
18.50 0.0
4.01 0.0
5.64 0.0
8.21 0.0
1.63 33.7
9.62 0.0
9.32 0.0

3.2 128.2 35.1 50.8 45.2
9.2 134.2 106.9 73.9 59.9
8.1 133.1 30.5 57.5 52.8
8.2 133.2 42.0 65.6 59.4

14.2 139.2 48.0 59.3 49.7
19.7 144.7 27.2 47.1 38.8
16.7 141.7 33.9 49.2 40.3
2.0 21.3 14.4 19.2 39.7
2.6 127.6 15.9 38.7 37.6
3.6 128.6 11.8 29.2 28.1

14.6 139.6 12.9 42.2 38.5
46.5

10.0 135.0
3.1 128.1

12.1 137.1
15.9 140.9
7.9 132.9

12.4 137.4
10.8 135.8
15.9 140.9
4.6 129.6
5.6 130.6
7.2 132.2
1.8 118.7

10.0 135.0
0.0 123.4

15.0 140.0
7.3 132.3
2.7 122.0

7.3 132.3
4.3 126.9

13.9 137.5
16.7 141.7
10.4 135.4
0.2 123.6
9.7 134.7

11.6 136.6
20.1 145.1
43.3 168.3
13.6 138.6
19.9 144.9
10.5 115.9

11.6 136.6
16.0 140.4
28.4 153.4
2.7 127.7

10.2 135.2
2.3 127.3
3.7 95.0
8.3 133.3

17.8 142.8

25.4 44.3 37.9
19.0 39.5 36.1
18.5 40.7 35.5
16.8 42.4 37.8
42.8 53.8 45.5
17.6 36.8 31.0
18.2 40.7 35.9
52.8 59.3 48.2
30.0 46.9 41.0
53.9 53.6 43.8
10.0 27.1 24.3
9.5 25.4 25.9

12.7 32.1 28.7
34.3 43.4 37.3
15.8 42.0 37.6
11.9 31.4 28.6
19.5 30.1 25.6

35.3

49.6 50.7 40.7
10.1 30.4 28.9
15.5 39.6 35.7
9.0 21.8 15.9

22.4 45.7 40.4
41.7 49.8 43.3
22.2 51.9 48.1
12.0 29.6 25.3
25.7 48.3 40.0
23.9 46.8 33.0
33.8 52.3 44.2
31.4 50.4 41.0
18.3 23.1 18.3

35.0

17.6 40.3 35.2
15.4 38.4 33.2
35.2 55.1 43.3
23.4 32.7 25.6
47.3 48.8 37.8
42.4 44.4 35.4
11.2 16.4 172
27.0 41.7 34.3
40.0 58.6 49.0

3.0 #

5.5 #
5.3 #
3.0 #
3.2 #
3.1 #

5.3 #
4.1 #

3.9

5.5

5.1 #
4.1 #

6.0 #

7.7 #

5.2 #
5.7 #
9.1 #

4.7 #

6.9 #

6.8 #
5.1 #
4.7 #
4.6 #

5.7

5.9 #

7.7 #

4.0 #
5.1 #

4.0 #

4.2 #

7.1 #

7.3 #

5.5

1.3 #

1.2 #
2.2 #
1.6 #

3.2 #
2.5 #

1.5 #
1.5 #
1.5 #
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Restatementandapplicationofthe FSRroinfalkunoffmethod

Catch Date P D O, LAG BF SMD API5 CWI RO PR SPR Tp(0 )
mm h m s ' h m's ' mm mm mm mm % % h

57006 3 Dec 1972 48.4 19
57006 4 Dec 1972 75.0 21
57006 12 Dec 1972 57.1 12
57006 1 Apr1973 66.7 19
57006 5 Aug 1973 83.1 26
57006 10 Jan 1974 40.9 9
57006 10 Nov 1974 42.4 17
57006 13 Nov 1974 61.7 24
57006 19 Jan 1975 57.2 21
57006 21 Jan 1975 75.2 20
57006 24 Jan 1975 51.6 13
57006 30 Jan 1975 37.9 20
57006 30 Nov 1975 91.4 21
57006 5 Oct 1976 64.3 26
57006 15 Mar 1977 42.0 13
57006 30 Oct 1977 58.9 24
57006 31 Oct 1977 94.0 23
a mean
g mean

58001 26 Jan 1961 31.6 14
58001 11 Sep 1962 66.7 29
58001 17 Nov 1963 55.4 16
58001 18 Nov 1963 48.5 29
58001 14 Jul 1964 56.8 27
58001 13 Nov 1964 53.1 12
58001 12 Dec 1964 50.3 24
58001 15 Jan 1965 50.6 25
58001 25 Jun 1965 28.8 15
58001 11 Jul 1965 74.1 48
58001 8 Dec 1965 82.5 36
58001 16 Dec 1965 161.2 51
58001 19 Oct 1966 64.7 28
58001 30 Dec 1966 46.0 17
58001 27 Feb 1967 48.3 21
58001 28 Jul 1967 78.6 29
58001 16 Oct 1967 61.8 20
58001 26 Jun 1968 40.9 19
58001 27 Oct 1968 49.8 29
58001 1 Nov 1970 64.7 15
a mean
g mean

58002 26 Feb 1967 71.6 19
58002 30 Sep 1967 43.0 17
58002 2 Oct 1967 43.5 37
58002 16 Oct 1967 97 .6 25
58002 11 Nov 1969 38.4 12
58002 1 Nov 1970 52.8 17
58002 6 Jan 1971 69.7 24
58002 9 Aug 1971 67.2 18
58002 18 Oct 1971 71.7 33
58002 12 Nov 1972 50.3 26
58002 5 Aug 1973 78.1 24
a mean
g mean

58003 15 Jan 1965 40.5 26
58003 1 Dec 1965 17.4 10
58003 8 Dec 1965 49.3 32
58003 16 Dec 1965 92.3 51
58003 2 Mar 1966 27.9 13

62.46 3.8
91.75 4.0
94.37 3.9
60.08 6.1
79.11 4.3
76.32 3.4
64.47 2.8
87.94 2.0
98.89 4.6

108.52 6.5
91.33 3.9
63.25 5.0

113.07 3.5
69.27 7.4
62.04 3.7
64.26 4.9

146.06 7.6

4.4

59.43 3.8
114.48 5.3
107.34 4.9
127.72 5.3
48.84 3.8
62.44 5.3

101.06 4.9
63.51 5.4
45.76 5.1
45.54 5.7
99.57 6.4

149.06 8.4
103.34 5.2
119.87 4.1
94.42 3.0

112.62 8.6
115.92 6.1
110.87 5.1
69.68 5.1

143.82 5.6

5.2

18.16 10.0
18.09 6.2
20.12 7.2
20.97 9.4
17.88 6.8

14.44 0.0
22.58 0.0
19.11 0.0
2.91 0.6
6.28 0.0

10.98 0.0
10.28 0.0
15.26 0.0
9.43 0.0

14.21 0.0
14.71 0.0
13.92 0.0
10.23 0.0
8.26 0.0
7.41 0.4
5.46 0.1

12.48 0.0

9.31

8.44 0.5
6.33 0.0

16.31 0.0
39.52 0.0
8.28 5.5
3.60 0.0

18.51 0.0
17.80 0.0
8.85 0.0
6.68 31.8

15.27 0.0
18.72 0.0
13.13 0.0
23.17 0.0
11.58 0.0
8.73 19.6

17.61 0.0
14.81 1.7
14.73 0.0
27.62 0.0

12.99

3.10 0.0
3.59 0.0
3.26 0.0
4.31 0.0
2.58 0.0

24.5 149.5
32.4 157.4
22.7 147.7

1.2 125.6
16.8 141.8
12.4 137.4
15.9 140.9
22.3 147.3

6.7 131.7
25.0 150.0
25.6 150.6
19.7 144.7
4.7 129.7

16.1 141.1
15.1 139.7
3.2 128.1

26.1 151.1

19.2
37.4
26.2
19.0
24.5
15.3
14.2
27.6
26.3
45.6
22.7
15.0
47.1
36.8
16.8
23.1
64.6

39.6 30.3
49.9 35.6
45.9 36.0
28.5 22.3
29.5 17.5
37.4 32.6
33.4 27.2
44.7 34.3
46.0 40.1
60.6 48.6
44.0 34.1
39.5 33.4
51.5 42.5
57.2 48.5
40.0 34.5
39.2 33.7
68.7 54.8

35.3

0.1 124.6 6.7 21.3 20.2
2.8 127.8 18.5 27.8 21.6

15.4 140.4 11.4 20.6 12.5
53.3 178.3 13.1 27.0 10.6
15.3 134.8 12.4 21.8 14.9
6.9 131.9 9.9 18.7 13.0

23.1 148.1 20.1 40.0 31.2
17.0 142.0 19.5 38.5 31.1
13.6 138.6 9.0 31.1 26.7
19.5 112.7 24.2 32.6 29.4
3.6 128.6 33.7 40.9 33.1

15.6 140.6 123.2 76.4 59.7
16.2 141.2 23.5 36.3 27.2
21.5 146.5 20.7 45.1 37.5
4.9 129.9 15.2 31.4 27.2

19.7 125.1 35.8 45.5 39.1
16.5 141.5 32.8 53.0 44.6
25.2 148.5 13.1 32.1 24.9
15.8 140.8 24.3 48.7 42.0
30.8 155.8 39.7 61.3 49.1

29.8

10.9 135.9 18.2 44.9 41.3
7.2 132.2 7.1 40.7 38.2
2.5 127.5 20.6 41.7 38.3
9.0 134.0 47.8 51.8 41.9
8.8 133.8 9.4 33.8 30.7

1.5 #

1.5 #

1.9 #

2.9 #

2.0 #

2.4 #
1.5 #

2.5 #
2.5 #
1.5 #

1.5 #
4.1 #

1.6 #
2.2 #

1.9

6.0 #

3.5 #

3.5 #

3.5 #
3.7 #

3.8 #

3.7 #
4.9 #
2.8 #

3.8

58002 11 Dec 1964 118.8 35 241.49 5.1 12.23 0.0 11.9 136.9 77.5 65.2 52.6
58002 8 Dec 1965 89.6 33 201.75 6.5 6.16 0.0 3.7 128.7 54.8 61.2 53.3 3.5 #
58002 16 Dec 1965 202.0 54 272.92 4.7 8.36 0.0 9.9 134.9 171.1 84.7 66.4 2.9 #
58002 30 Dec 1966 43.0 17 184.61 4.1 15.50 0.0 17.6 142.6 28.9 67.2 61.8 3.3 #

260.23 5.9 11.60 0.0 9.7 134.7 58.2 81.3 73.9 4.6 #
201.61 4.3 14.94 0.0 12.9 137.9 28.3 65.9 61.7 3.8 #
183.26 4.5 13.89 0.0 27.8 152.8 25.3 58.2 50.1 3.4 #

307.86 6.6 7.67 0.0 16.8 141.8 84.7 86.8 75.0
160.13 5.6 2.17 0.0 11.9 136.9 19.4 50.5 47.4 4.5 #

154.68 4.6 2.51 0.0 20.3 145.3 26.0 49.3 41.5 6.9 #

14122 7.6 0.52 0.0 1.1 126.1 18.0 25.8 20.5 4.1 #

128.04 6.9 4.96 4.6 2.0 122.4 24.6 36.6 32.6 4.5 #

141.13 4.7 11.78 0.0 14.5 139.5 28.2 39.4 30.6 2.9 #
130.97 3.1 9.77 0.0 8.3 133.3 16.3 32.4 27.9 4.3 #

156.82 5.4 7.79 19.6 22 1 127.5 28.1 36.0 29.5 3.5 #

48.3
5.2 6.66 3.9

7.2 #
6.2 #

8.5 #

4.8 #
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Appendix A Flood event analysis

Catch Date p D o, LAG BF SMD APIS CW/ R/0 PR SPR T (0)
mm h m' s ' h m'  s' mm mm mm mm % % h

58003 21  Apr 1966 35.6 25 17.77 5.7 2.64 1.0 3.4 127.4 12.5 35.1 33 .7 3.3 #
58003 19 Feb 1967 38.3 45 19.19 11.0 1.69 0.0 9.8 134.8 11.5 30.1 26.7
58003 18 Dec 1967 35.2 17 18.30 8.6 1.37 0.0 2.0 127.0 11.7 33.1 31.7 7.8 #
58003 22 Dec 1967 35.2 20 18.50 6.7 1.91 0.0 8.2 133.2 12.1 34.5 31.6 7.9 #
58003 8 J an 1968 36.4 23 18.55 5.9 1.85 0.0 5.5 130.5 11.2 30.9 28.6 5.3 #
58003 10 J ul 1968 38.4 25 19.45 8.5 1.57 8.1 2.8 119.7 10.2 26.5 26.8 5.8 #
a mean 33.6
g mean 7.6 2.38 6.1

58006 9 Aug 1971 70.7 23 67.32 9.7 3.17 71.2 3.1 56.9 40.4 57.1 69.2 4.7 #
58006 18 Oct 197 1 74.4 33 65.43 6.2 4.90 6.0 15.2 134.2 46.2 62.1 54.4 4.5 #
58006 9 Nov 1972 46.7 19 42.53 2.5 2.78 20.9 5.5 109.6 12.9 27.6 29.7
58006 12 Nov 1972 51.1 21 59.28 5.5 3.94 15.6 9.8 119.2 23.4 45.7 44.7 2.4 #
58006 1 Apr1973 54.7 27 45.34 6.8 1.76 10.9 3.4 117.5 18.2 33.3 32.2 2.7 #
58006 5 Aug 1973 88.4 23 66.76 4.1 3.48 41.3 22.1 105.8 34.0 38.5 36.5 2.3 #
a mean 44.5
g mean 5.3 3.18 3.2

58008 19 Dec 197 1 20.8 10 20.80 4.4 0.92 0.0 0.8 125.8 8.9 42.7 42 .3 3.6 #

58008 15 Feb 1972 55.8 30 26.00 7.4 1.73 0.1 1.7 126.6 30.9 55.3 51.7 3.5 #
58008 6 J un 1972 34.0 21 24.97 7.8 2.27 5.3 7.6 127.3 11.6 34.2 33.4 4.6 #

58008 9 Nov 1972 20.4 17 29.08 3.8 2.19 41.7 4.2 87.5 14.5 70.9 80.3 2.6 #
58008 12 Nov 1972 47.9 27 47.04 2.2 2.56 17.1 2.5 110.4 23.1 48.3 49.9 3.6 #

58008 30 Nov 1972 51.6 39 32.25 11.1 2.13 0.0 14.8 139.8 37.2 72.0 65.8 5.0 #
58008 12 Dec 1972 33.3 24 33.45 3.5 4.07 0.0 18.5 143.5 22.4 67.4 62.8
a mean 55.2
g mean 5.0 2.09 3.7

58009 11 Nov 1972 38.2 25 17.04 5.3 1.83 16.9 3.1 111.2 9.9 26.0 28.4 4.0 #

58009 12 Dec 1972 15.7 12 15.25 5.1 4.72 0.0 12.9 137.9 4.4 28.0 23.8 4.5 #
58009 22 Jan 1973 14 .6 16 8.99 4.9 1.53 0.0 3.8 128.8 4.0 27.5 25.6

58009 11 Feb 1973 24.2 19 12.49 6.7 2.07 0.0 2.9 127.9 7.3 30.2 28.5 4.9 #
58009 1  Apr 1973 31.2 16 10.20 9.6 0.89 11.1 1.3 115.2 5.8 18.7 20.0 5.9 #

58009 27 Sep 1973 41.2 19 9.41 4.8 0.73 42.9 3.2 85.3 6.4 15.5 23.6 4.8 #
a mean 25.0
g mean 5.9 1.62 4.8

60002 8 Dec 1965 47.1 39 125.89 13.1 33.04 0.0 13.0 138.0 24.1 51.2 46.2
60002 16 Dec 1965 100.3 49 155.00 12.6 26.12 0.0 14.8 139.8 70.5 70.3 58.7
60002 27 Feb 1967 56.6 20 163.03 5.6 18.71 0.0 4.9 129.9 22.6 40.0 35.6 5.5 #
60002 1 Oct 1967 55.1 14 166.04 9.1 27.42 1.6 15.9 139.3 28.6 51.9 45.3 8.5 #
60002 16 Oct 1967 56.5 18 151.68 5.8 36.73 0.0 15.1 140.1 25.8 45.7 38.7 3.9 #
60002 15 Jan 1968 39.7 21 111.70 7.3 24.50 0.0 7.1 132.1 18.1 45.7 43.9 7.8 #
60002 19 Jan 1969 81.1 44 139.77 11.1 24.49 0.0 8.6 133.6 47.4 58.4 50.2
60002 12 Dec 1972 32.1 11 130.46 8.8 38.96 0.0 14.9 139.9 17.2 53.5 49.8
60002 5 Aug 1973 86.5 17 183.46 9.7 14.49 2.7 14.9 137.2 39.4 45.6 35.9
60002 29 Jan 1974 56.8 38 133.35 12.3 21.95 0.0 11.1 136.1 44.4 78.2 72.2
60002 20 Dec 1974 61.5 40 150 .01 9.3 20.50 0.0 8.4 133.4 38.9 63.2 57.2
60002 10 Feb 1974 66 .0 35 141.60 10.5 30.09 0.0 13.1 138.1 42.9 65.0 57.3

60002 30 Jan 1975 31.6 19 132.02 7.7 23.91 0.0 9.5 134.5 20.7 65.6 63.2
a mean 50.3
g mean 9.1 25.35 6.1

60003 2 1 Apr 1966 41.8 25 68.89 13.5 12.88 0.9 7.2 131.3 18.6 44.5 42.2 13.5 #
a mean 42.2
g mean 13.5 12.88 13.5

60006 7 Aug 1972 34.0 13 61.65 3.1 4.71 3.5 9.1 130.6 9.9 29.2 27.8
60006 12 Nov 1972 36.3 10 75.06 1.9 7.86 0.0 6.4 131.4 10.7 29.4 27.8

a mean 27.8
g mean 2.5 6.08

60007 2 J ul 1968 28.0 15 151.64 3.2 35.47 0.9 19.8 143.9 13.9 49.8 45.1 2.1 #

60007 10 Nov 1969 62.9 33 235.14 1.7 18.01 0.0 16.1 141.1 39.4 62.7 54.6 3.0 #
60007 13 Dec 1969 39.0 20 203.04 7.8 20.91 0.0 1.4 126.4 26.8 68.6 68.2
60007 1 Nov 1970 27.5 14 177.11 4.1 50.24 0.0 10.5 135.5 16.3 59.4 56.8
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Restatementandapplicationofthe FSRtinfolkunoffmethod

Catch Date p D 0, LAG BF SMD APIS CWI RIO PR SPR T (0)
mm h m's' h m's ' mm mm mm mm % % h

60007 19  Oct 1971 57.3 26 193.28 7.1 22.22 0.8 5.9 130.1 21.8 38.1 33.5
60007 20 Nov 1971 38.7 2 1 115.47 7.3 8.99 0.0 6.2 131.2 22.6 58.4 56.8
60007 5 Aug 1973 72.2 17 294.05 6.6 8.66 30.4 11.5 106.1 48.9 67.7 67.3
60007 10 Mar 1970 26.5 20 115.72 14.2 9.17 0.0 3.6 128.6 24.3 91.6 90.7
60007 6 Jan 1971 41.8 25 156.9 1 4.3 5.30 0.0 0.1 125.1 21.4 51.1 50.4
a mean 58.2
g mean 5.3 15.65 2.5

6100 1 11 Sep 1962 42.6 38 19.64 9.4 1.68 0.0 5.1 130.1 5.4 12.6 10.4 9.3 #
61001 29 Sep 1962 40.6 29 26.47 6.3 1.62 0.0 6.5 131.5 6.3 15.5 13.5
61001 17 Nov 1963 34.0 26 41.98 10.1 8.54 0.0 7.0 132.0 11.4 33.6 31.8 8.5 #
61001 28 Nov 1963 26.0 46 35.48 5.8 7.80 0.0 4.3 129.3 5.9 22.8 21.7
61001 13 Jan 1965 21.4 20 34.63 4.6 7.29 0.0 7.3 132.3 5.1 23.6 21.7 3.8 #
61001 17 Nov 1965 39.3 46 33.97 10.9 5.09 0.0 0.5 125.5 4.6 11.8 11.6
61001 28 Nov 1965 30.7 32 43.17 4.8 9.81 0.0 4.6 129.6 8.3 27.0 25 .8 5.5 #

61001 16 Dec 1965 34.3 31 52.48 9.4 15.90 0.0 10.4 135.4 13.1 38.1 35.5 7.9 #
61001 21 Apr 1966 35.7 25 48.11 9.1 11.88 1.8 9.2 132.4 11.6 32.4 30.5 7.5 #

61001 12 Aug 1966 36.5 35 41.20 6.9 4.78 0.0 6.9 131.9 8.0 22.0 20.2 8.0 #
61001 27 Feb 1967 38.7 43 53.00 6.9 13.93 0.0 7.8 132.8 12.1 31.2 29.2 6.3 #

61001 29 Sep 1967 37.3 35 43.88 8.0 8.37 0 .0 4.1 129.1 8.5 22.8 21.7 5.7 #
61001 1  Oct 1967 37.3 11 53.10 8.1 11.58 12 10.8 134.6 10.3 27.6 25.2 5.8 #

61001 4 Nov 1967 30 .7 22 54.27 8.0 14.39 0.2 4.4 129.2 12.2 39.7 38.6
61001 26 J un 1968 24 .8 22 25.31 6.6 3.22 25.6 6.8 106.2 3.8 15.3 20.0 5.3 #

61001 16 Dec 1968 33.1 29 34.03 3.9 8.10 0.0 5.5 130.5 7.5 22.8 21.4 5.0 #
61001 20 Dec 1968 25.8 22 36.15 6.2 10.77 0.0 8.9 133.9 5.0 19.4 17.1 5.8 #
61001 21 Dec 1968 15.4 25 40.14 4.7 13.56 0.0 20.9 145.9 4.4 28.4 23.1 5.0 #
61001 24 Dec 1968 26.3 28 44.75 8.2 12.44 0.0 7.1 132.1 9.2 35.0 33.2 6.2 #
61001 17 Nov 1970 22.3 13 50.97 8.3 13.64 0.0 11.9 136.9 7.7 34.4 31.4 7.3 #
61001 18 Nov 1970 24.0 11 53.35 6.0 19.03 0.0 20.0 145.0 7.6 31.5 26.5 8.2 #
61001 20 Nov 1971 34.4 11 54.45 8.6 4.59 0.0 11.1 136.1 11.9 34.7 31.9 7.5 #
61001 29 Nov 1971 4 1.7 22 59.33 7.9 11.39 0.1 2.8 127.7 14.5 34.8 33.4
a mean 25.0
g mean 7.1 8.08 6.4

61003 16 J un 1969 56.1 32 9.99 7.8 0.44 42.5 4.0 86.5 14.9 26.5 33.0 6.0 #
61003 13 Dec 1969 44.5 2 1 17.97 6.8 1.17 0.1 3.6 128.5 16.1 36.1 33.9 3.5 #
61003 9 Aug 1971 65 .3 27 20.15 5.5 1.03 62.0 5.3 68.3 26.0 39.8 49.7
61003 20 Nov 1971 45.0 20 28.11 7.2 1.25 0.0 10.5 135.5 22.9 51.0 47.0 6.3 #
61003 14 Feb 1972 40.6 23 14.86 6.9 1.72 0.2 2.5 127.3 19.2 47.3 46.4 5.7 #
61003 7 Jun 1972 70.4 32 18.63 9.1 2.05 3.6 7.0 128.4 25.8 36.6 30.8
61003 12 Nov 1972 35.8 15 13.06 5.3 1.18 0.0 6.7 131.7 10.2 28.5 26.8 4.3 #
61003 5 Aug 1973 75.5 17 21.91 1.6 0.63 74.5 11.5 62.0 20.3 26.9 37.2
61003 30 Jan 1975 23.4 16 16.75 4.2 2.52 0.0 10.4 135.4 12.5 53.6 51.0 3.5 #
61003 10 Jan 1974 26.6 7 21.67 5.0 2.99 0.0 16.4 141.4 13.3 49.9 45.8 4.5 #

61003 12 Nov 1974 42.7 20 17.48 6.8 1.48 0.0 6.6 131.6 18.3 42.8 40.2 5.9 #
a mean 40.2
g mean 5.6 1.31 4.8

62002 14 Feb 1972 45.1 40 88.35 14.4 23.22 0.0 2.0 127.0 27.8 61.6 59.7
62002 6 J un 1972 53.9 83 86.29 25.0 13.86 0.0 9.2 134.2 31.5 58.4 53.2
62002 11 Dec 1972 37.6 36 97.99 14.4 32.74 0.0 5.6 130.6 25.0 66.4 65.0
62002 4 Aug 1973 93.9 65 82.35 33.7 2.21 22.9 1.2 103.3 28.7 30.6 28.7
62002 4 Jan 1974 83.4 73 172.86 5.7 35.77 0.0 5.0 130.0 45.7 54.8 47.2
62002 9 Feb 1974 52.6 64 141.91 16.1 47.16 0.0 9.6 134.6 28.9 55.0 49.9
a mean 50.6
g mean 15.9 18.44

63998 29 Aug 1990 2.6
63998 19 Sep 1990 2.2
63998 23 Sep 1990 1.9
63998 12 Nov 1990 2.9
63998 19 Nov 1990 1.1
63998 20 Nov 1990 1.0
63998 31 Dec 1990 0.9
63998 1 J an 1991 1.3
63998 9 Jan 1991 0.9
g mean 1.49
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Appendix A Flood event analysis

Catch Date p D 0, LAG BF SMD API5 CW/ RVO PR SPR Tp(O)
mm h m s' h m"s' mm mm mm mm % % h

63999 19 Aug 1990 1.8 #
63999 8 Jan 199 1 3.8 #
63999 24 J un 1991 3.1 #
63999 26 Sep 1991 3.7 #
63999 28 Sep 1991 3.1 #
63999 9  Oct 1991 3.9 #
63999 16  Oct 1991 4.3 #
63999 31 Oct 1991 2.5 #
g mean 3.17

6400 1 14 Sep 1966 24.0 13 203 .55 4.9 23.44 1.2 10.3 134.1 11.6 48.4 46.1 4.8 #
64001 29 Nov 1966 31.9 21 204 .98 6.8 34.36 0.0 12.2 137.2 17.2 53.8 50.7
64001 30 Nov 1966 71.5 49 2 13.95 6.4 53.78 0.0 20.5 145.5 34.0 47.5 37.3
6400 1 8 Dec 1966 79.5 48 269.13 8.6 38.30 0.0 8.7 133.7 46.8 58.9 50.8 4.4 #
64001 26 Feb 1967 60.0 20 310.90 5.8 39.22 0.0 7.1 132.1 37.7 62.9 57.5 3.5 #
64001 17 Aug 1967 36.4 35 168.82 4.5 27.48 2.7 9.0 131.3 17.8 48.9 47.3
64001 16  Oct 1967 63.2 41 289.13 7.3 59.64 0.0 15.2 140.2 41.3 65.4 57.5
64001 22 Dec 1967 99.3 62 270.15 7.0 35.39 0.0 5.6 130.6 56.4 56.8 47.6 4.7 #
6400 1 22 Mar 1968 83.3 55 287.81 8.9 28.40 0.0 8.7 133.7 71.8 86.2 77.7
a mean 52.5
g mean 6.5 36.22 4.3

6500 1 1  Apr 1962 111.7 26 50.76 6.9 0.95 0.0 4.8 129.8 48.6 43.5 33.3 5.1 #
6500 1 25 Aug 1962 75.0 12 51.32 5.3 2.46 5.2 16.8 136.6 29.2 38.9 30.6 4.3 #
65001 29 Oct 1962 64.7 12 44.45 4.4 1.81 0.8 13.2 137.4 19.5 30.2 22.8 4.2 #
65001 10 Dec 1962 74.6 16 39.10 7.5 1.70 0.0 8.9 133.9 29.5 39.6 32.0 5.5 #
65001 14 Apr 1963 89.4 20 53.63 3.7 2.02 0.0 9.0 134.0 32.4 36.2 27.0
65001 24 J un 1963 53.6 14 48.65 5.2 3.45 3.6 22.3 143.7 21.4 39.9 32.4 3.4 #
65001 20 Nov 1963 83.2 14 54.12 2.1 5.97 0.0 6.3 131.3 22.8 27.4 19.5
6500 1 10 May 1964 98.4 30 46.38 5.2 1.86 3.2 10.8 132.6 36.2 36.8 27.1 2.9 #
65001 12 Nov 1964 72.7 13 49.74 5.3 1.82 0.0 7.6 132.6 24.0 33.0 25.9 3.2 #
65001 8 Dec 1964 105.9 17 61.50 5.9 4.04 0.0 50.9 175.9 49.2 46.5 25.3 2.3 #
65001 11 Dec 1964 205.3 34 62.39 5.0 3.28 0.1 15.7 140.6 95.3 46.4 26.4 1.9 #
65001 9 J an 1965 180.6 47 63.57 9.1 2.09 0.0 17.3 142.3 98.2 54.4 35.7 5.7 #
65001 14 Sep 1965 123.3 28 52.79 9.1 0.35 3.2 4.5 126.3 52.9 42.9 32.6 2.9 #
65001 28 Dec 1965 71.6 17 43.81 5.0 1.32 0.0 0.7 125.7 25.3 35.3 30.1 3.2 #
65001 26 J un 1966 106.8 24 51.09 8.2 0.80 2.4 7.7 130.3 45.2 42.3 32.4 3.4 #
65001 15 J an 1968 64.7 22 50.33 2.7 5.50 0.0 29.7 154.7 28.7 44.3 32.6
65001 22 Mar 1968 117.2 34 56.63 11.0 1.52 0.0 12.5 137.5 65.6 56.0 43.4
65001 1 Jul 1968 99.5 51 34.28 11.1 0.53 8.3 2.5 119.2 44.2 44.4 38.0
65001 18 Aug 1968 136.9 23 58.69 10.9 0.45 54.2 4.6 75.4 60.0 43.8 45.1
65001 19 Sep 1968 103.9 32 42.76 8.2 0.98 0.4 0.1 124.7 35.3 34.0 25.8
65001 19 J an 1969 177.9 48 66.35 8.0 2.36 0.2 17.3 142.1 99.8 56.1 37.7
a mean 31.2
g mean 6.1 1.67 3.5

65801 30 Mar 1972 89.6 24 16.00 6.1 0.64 0.0 3.2 128.2 52.8 58.9 51.2
65801 28 Apr 1972 86.3 17 17.00 4.0 0.46 20.0 0.9 105.9 38.9 45.1 43.3 1.6 #
6580 1 2 J un 1972 48.2 11 2 1.00 3.8 0.91 4.7 3.4 123.7 34.7 71.9 70.3
65801 3 J ul 1972 178.2 38 33.00 5.9 0.71 5.3 1.6121.3171.8 96.4 83.1
65801 5 Aug 1972 62.1 23 14.00 4.4 0.79 12.2 8.7 121.5 52.2 84.0 80.9
65801 29  Oct 1972 100.9 27 19.00 5.5 0.77 23.0 8.4 110.4 76.6 75.9 71.6
65801 12 Nov 1972 65.0 25 23.50 5.9 0.86 0.0 11.9 136.9 53.8 82.8 75.5 6.2 #
65801 19 Nov 1972 75.4 22 13.00 5.2 1.22 0.0 5.3 130.3 57.9 76.8 70.0
65801 27 Nov 1972 21.4 13 15.00 3.8 0.90 0.0 3.9 128.9 19.2 89.8 88.8
65801 9 Dec 1972 23.9 7 12.00 2.5 1.54 0.0 9.8 134.8 13.6 56.8 54.3
65801 11 Dec 1972 79.1 14 33.00 2.9 1.60 0.0 10.7 135.7 65.0 82.2 73.7
65801 12 Dec 1972 55.8 10 28.00 3.1 1.99 0.0 36.5 161.5 44.2 79.3 67.1 1.9 #
a mean 69.2
g mean 4.2 0.95 2.7

66002 22 Mar 1968 48.2 36 124.11 7.6 9.79 0.0 6.9 131.9 40.0 83 .0 79.3 8.5 #
66002 24 May 1968 40.5 32 36.44 10.7 3.36 14.0 0.1 111.1 7.9 19.6 22.8
66002 30 Jun 1968 66.3 51 58.51 9.1 3.44 40.0 2.8 87.8 11.9 18.0 22.8 4.3 #
66002 10 Feb 1969 21.7 36 52.43 7.1 9.48 0.0 2.3 127.3 15.3 70.5 69.9
66002 5 May 1969 29.9 21 35.71 5.2 4.82 3.6 3.7 125.1 4.6 15.4 15.4 6 .9 #
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Restatement and application of the FSR rainfalhunoff method

Catch Date p D 0, LAG BF SMD APIS CW/ RIO PR SPR T( 0)
mm h m?s' h m' s' mm mm mm mm % % h

66002 19 Aug 1970 70.7 28 50.46 16.2 3.02 102.7 3.9 26.2 22.6 32.0 51.7
66002 20 Mar 1971 61.1 38 53.77 29.2 3.08 0.6 9.9 134.3 24.4 39.9 33.8
66002 3 J ul 1971 51.6 4 54.26 7.2 2.34 39.5 0.2 85.7 7.6 14.7 22.0
66002 15 J ul 1973 76.8 25 42.74 10.3 0.05 102 .7 21.0 43.3 8.1 10.5 25.3 1.3 #
a mean 38.1
g mean 10.0 2.61 4.3

66004 19 Aug 1970 57.7 31 2.54 9.2 0.57 102.7 4.3 26.6 2.7 4.6 25.8
66004 11 J un 1971 21.5 10 1.38 5.5 0.54 54.4 8.0 78.6 0.6 2.7 14.2 2.1 #
66004 25 Jul 1971 9.4 9 2.64 3.0 0 .57 66.6 13.0 71.4 0.6 6.9 20.2
66004 9 Aug 1971 56.7 26 3.68 11.0 0.64 77.6 0.7 48.1 2.6 4.6 20.5 4.6 #
66004 22 Nov 1971 22.2 8 2.63 1.2 1.47 7.7 7.6 124.9 0.6 2.5 2.4
66004 15 J ul 1973 61.2 34 2.37 10.9 0.52 83.3 7.7 49.4 1.7 2.8 17.8
a mean 16.8
g mean 5.3 0.66 3.1

66006 15 J ul 1973 74.4 25 63.92 13.8 3.19 101.9 18.6 41.7 17.6 23.6 39.1 6.0 #

66006 19 Oct 1973 30.7 28 55.13 29.0 10.48 52.5 8.4 80.9 10.8 35.2 46.2
66006 10 Nov 1974 23.4 16 50.57 6.2 6.21 0 .3 2.6 127.3 7.7 33.1 32.5 3.9 #

66006 1 Feb 1974 24.3 22 48.56 6.8 10.40 0 .1 4.7 129.6 8.7 35.9 34.7

66006 22 Jan 1975 32.5 23 75.34 11.2 9.39 0.0 5.3 130.3 21.5 66.0 64.7

66006 25 Jan 1975 26.2 15 68.81 23.0 9.81 0.0 5.7 130.7 14.0 53.5 52.1
66006 2 Jan 1976 30.4 13 81.79 6.2 16.47 8.3 17.9 134.6 12.8 42.2 39.8

66006 13 Sep 1976 44.7 26 43.02 7.4 7.34 75.2 38.5 88.3 10.0 22.4 30.2
66006 13 Oct 1976 84.6 48 141.17 12.3 8.90 8.7 5.4 121.7 57.8 68.3 62.7 8.8 #
a mean 44.7
g mean 11.1 8.43 5.9

66011 6 J ul 1964 71.6 15 236.74 5.4 6.51 44.4 0.1 80.7 19.3 27.0 33.0
66011 12 Nov 1964 41.2 13 241.45 5.5 10.39 0.0 8.1 133.1 21.4 51.9 49.4 3.8 #
66011 11 Dec 1964 191.5 34 535.23 5.9 26.0 1 0.0 22.3 147.3 147.5 77.0 56.3
66011 8 May 1965 42.6 10 333.01 4.2 20.64 2.0 9.8 132.8 22.5 52.7 49.9
66011 14 Sep 1966 40.6 17 301.86 5.2 15.83 0.0 13.1 138.1 23.2 57.2 53.6
66011 30 Nov 1966 76.4 43 335.68 1.6 27.90 0.0 11.0 136.0 45.0 58.9 50.6 3.0 #
66011 22 Feb 1967 61.8 17 399.48 5.9 17.49 0 .0 4.6 129.6 38.9 63 .0 58.0 4.7 #
66011 27 Feb 1967 71.8 19 520.77 4 .8 35.88 0.0 7.6 132.6 57.9 80.6 73.6 2.2 #
66011 1 Oct 1967 56.8 14 442.82 5.7 25.15 0.3 9.8 134.5 42.1 74.1 68.5 4.5 #
66011 16 Oct 1967 71.4 23 396.79 3.8 43.22 0.2 16.5 141.3 55.3 77.4 68.3 4.1 #
66011 22 Dec 1967 57.9 18 376.91 6.6 19.00 0 .0 2.8 127.8 44 .9 77.6 73.5
66011 13 Jan 1968 97.1 42 412.15 5.6 7.09 0.2 0.2 125.0 96.5 99.4 91.8
66011 22 Mar 1968 122.9 38 449.58 6.1 19.93 0 .0 15.9 140.9 110.9 90.2 76.3
a mean 61.7
g mean 4.9 18.48 3.6

67003 22 Mar 1968 50.2 35 13.39 2.8 1.60 0.0 10.3 135.3 38.0 75.7 70.8
67003 19 Aug 1970 47.1 30 13.31 3.8 0.54 101.1 1.2 25.1 31.2 66.2 89.4 6.3 #
67003 1 Mar 197 1 17.7 19 7.42 7.7 0.52 1.4 2.2 125.8 11.8 66.5 66.3 4.3 #
67003 9 Aug 1971 45.8 24 14.81 10.2 0.27 74.0 1.0 52.0 24.5 53.5 70.2 4.3 #
67003 31 J ul 1972 46.2 27 21.80 7.4 0.17 62.5 0.6 63.1 35.2 76.1 90.0 4.5 #
67003 16 J ul 1973 28.1 8 14.37 3.7 1.10 71.9 0.6 53.7 11.5 4 1.0 58.8 4.5 #
a mean 74.3
g mean 5.3 0.53 4.7

67005 15 Jan 1962 27.4 46 40.00 10.5 6.16 0.2 2.8 127.6 23.6 86.0 85.4
67005 8 Dec 1965 37.0 35 65.40 4.8 10.75 0.0 13.2 138.2 27.7 74.9 71.6
67005 21 Feb 1967 40 .7 21 36.14 6.2 7.73 0.0 7.1 132.1 12.3 30.1 27.9 5.3 #
67005 26 Feb 1967 48 .2 28 30.85 6.8 7.97 0.0 5.4 130.4 14.5 30.1 26.7 4.5 #
67005 14 Oct 1967 53.8 50 27.28 3.7 5.89 0.0 9.6 134.6 15.0 27.9 22.6
67005 28 Oct 1967 26.4 13 24.47 3.4 9.20 0 .8 13.9 138.1 6.7 25.5 22.2 4.9 #
a mean 42 .7
g mean 5.5 7.78 4.9

67008 12 Jan 1968 9.9 31 27.06 10.7 6.24 0.2 0.8 125.6 9.8 99.1 99.3
67008 24 May 1968 38 .6 30 16.69 8.2 2.06 14.0 0.3 111.3 6 .0 15.5 18.2
67008 1 Jul 1968 57.5 50 16.61 2.0 2.69 40.0 2.6 87.6 4.3 7.4 12 .6
67008 1 Nov 1968 24.7 20 12.17 12.6 2.20 0.0 3.1 128.1 4.9 19.8 18.4 9.3 #
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Appendix A Flood event analysis

Catch Date p D Q LAG BF SMD API CW/ R/0 PR SPR Tp (O)•mm h m' s ' h m?s ' mm mm mm mm % % h

67008 10 Feb 1969 20.7 29 29.54 11.6 5.04 0.0 3.7 128.7 13.6 65.6 64.6
67008 25  Apr 1969 19.4 11 12.13 7.8 2.54 5.7 1.5 120.8 2.4 12.2 12.5 6.9 #
67008 29 May 1969 23.3 19 21.23 5.2 6.00 5.6 3.5 122.9 3.9 16.8 16.6 5.6 #
67008 21 J an 1970 3.9 11 15.07 0.9 4.30 0.0 7.2 132.2 1.7 43.1 40.9
67008 5  Apr 1970 18.7 14 17.59 7.9 4.98 1.4 1.7 125.3 3 .3 17.4 16.6 5.5 #
67008 9 Aug 1971 59.0 31 17.44 13.9 1.14 29.3 0.6 96.3 6 .4 10.8 13.7
67008 20 Nov 1971 28.5 21 29.84 12.0 2.92 0.1 5.3 130.2 9.5 33.5 31.7 5.5 #
a mean 31.4
g mean 6.7 3.24 6.4

67010 26 J un 1966 58.4 18 11.46 4.6 0.34 3.6 5.3 126.7 37.2 63.7 59.8 2.8 #
670 10 13 Sep 1966 50.7 15 12.61 2 .7 0.86 0.0 11.6 136.6 23.5 46.3 41.0 2.2 #
67010 29 Nov 1966 52.2 24 11.87 2.3 0.51 0.0 6.4 131.4 24.5 46.9 42.7 3.9 #
67010 22 Feb 1967 72.9 21 11.16 5.1 0.32 0.0 6.7 131.7 33.6 46.1 39.2 3.3 #
670 10 26 Feb 1967 77.9 19 18.02 2.7 0.70 0.0 10.0 135.0 35.6 45.7 37.5 1.1 #
67010 4 Sep 1967 67.3 21 11.74 3.2 0.57 0.0 15.8 140 .8 40.4 60.0 51.5 3.2 #
67010 1 Oct 1967 54.7 13 13.60 2.8 0.73 0.0 16.8 141.8 25.6 46.8 39.6 2.2 #
67010 16 Oct 1967 78.6 22 12.30 6.7 0.95 0.0 23.7 148.7 49.2 62.6 50.9
67010 22 Dec 1967 75.0 14 14.52 4.5 0.77 0.0 6.8 131.8 44.6 59.5 52.4 2.2 #
67010 18  Mar 1968 103.0 29 15.01 7.6 0.36 0 .0 6.4 131.4 60.5 58.7 48.9
67010 19 Sep 1968 94.5 31 10.53 7.3 0.23 4.1 0.1 121.0 42.9 45.4 39.0
67010 2 Oct 1968 31.5 10 11.29 2.4 1.17 0.0 25.1 150.1 20.3 64.5 58.2 2.0 #
a mean 46.7
g mean 3.9 0.56 2.4

68006 8 May 1965 30.3 12 92.81 6.0 4.69 2.6 5.4 127.8 13.0 42.8 41.7 5.0 #
68006 7 Sep 1965 48.1 19 122.98 4.3 6.81 0.0 11.4 136.4 24.0 50.0 44 .9 5.5 #
68006 8 Dec 1965 35.1 23 104.96 8.2 4.06 0.0 7.5 132.5 24.4 69.4 67.5
68006 14 Sep 1966 25.1 7 70.82 7.2 3.19 0.0 6.8 131.8 10.0 39.8 37.6 5.7 #

68006 3 Oct 1967 20.6 19 54.53 4.5 4.35 0.0 7.3 132.3 6.6 32.0 29.6 4.3 #

68006 1 J ul 1968 29.2 11 84.48 5.7 1.32 3.4 4.1 125.7 10.9 37.2 36.5
a mean 43 .0
g mean 5.8 3.65 5.1

68010 21 Sep 1973 31.6 16 8 .89 0.4 0.39 9 1.0 3.9 37.9 5.4 17.1 31.3
68010 17 Aug 1974 3.4 14 1.79 3.0 0.07 88.8 0.3 36.5 0.7 19.4 34.3
68010 4 Mar 1975 16.7 17 4.63 3.2 0.29 0.9 1.6 125.7 4.8 29.0 22 .9
68010 1 May 1974 13.2 17 1.82 0.6 0 .06 38.6 0.2 86.6 0.7 5.5 5.9
68010 21 Mar 1975 14.1 8 0.94 2.2 0.09 5.4 0.1 119.7 1.3 9.0 1.6
68010 20 Nov 1974 31.4 22 5.65 5.7 0.68 0.0 0.6 125.6 16.1 51.2 48.4 3.5 #

68010 7 J un 1974 14.8 9 1.33 1.8 0.10 84.2 4,7 45.5 0.7 4.8 15.3
a mean 22.8
g mean 1.7 0.16 3.5

68014 12 Dec 1964 87.9 33 1.39 5.5 0.09 4.2 1.3 122.1 21.9 24.9 18.6
68014 8 Dec 1965 31.9 23 1.41 4.2 0.12 0.0 3,6 1 28.6 16.5 51.8 50.8 2.0
68014 14 May 1967 19.3 13 1.25 4.1 0.17 3.2 8.0 129.8 9.2 47.7 46.4 2.3
68014 18 May 1967 17.2 18 1.03 5.8 0.05 6.0 2.7 121.7 8.0 46.4 47.1 1.6
68014 1 J ul 1968 31.6 11 1.78 4 .9 0.20 0.1 12.8 137.7 16.3 51.5 48.2 5.7
68014 1 Nov 1968 29.8 12 1.75 5.4 0.11 0.0 7.1 132.1 15.7 52.8 50.9
68014 5 May 1969 32.2 13 1.50 3.3 0.11 9.7 2.5 117.8 13.2 41.1 42.7 2.3
68014 30 May 1969 15.0 3 1.32 1.6 0.21 2.8 8.3 130.5 4.2 28.3 26.6 1.5
a mean 41.4
g mean 4.1 0.12 2.3

69008 27 Feb 1967 14.2 17 3.60 5.1 1.21 0.0 2.8 127.8 3.0 21.3 19.5 6.3
69008 11 May 1967 16.9 5 4.41 2.7 0.46 19.4 0.6 106.2 1.5 8.7 12 .1
69008 24 J un 1967 42.8 30 7.21 9.8 0.16 60.1 1.6 66.5 6.0 14.1 26.6
69008 13 J ul 1967 22.4 15 3.71 5.4 0.22 41.6 0.0 83.4 2.2 9.9 19.0
69008 16 Oct 1967 31.3 40 7.28 9.0 0.96 0.4 7.1 131.7 13.9 44.4 42.2 9.5
69008 1 J ul 1968 33.0 21 10.69 4.6 2.34 0.0 6.5 131.5 10.6 32.2 29.8
69008 14  Apr 1969 27.5 21 23.13 11.0 6.10 2.0 2.1 125.1 25.6 93.2 93.7
69008 18 0ct 1971 45.6 24 28.23 12.0 4.50 66.6 13.9 72.3 31.4 68.8 80.4 7.5
a mean 40 .4
g mean 6.7 1.02 7.7
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Restatementandapplicationofthe FSR. rainfolk-runoff method

Catch Date p D o, L4 G BF SMD AP/5 CW/ R/0 PR SPR Tp(O)
mm h m's ' h m's ' mm mm mm mm % % n

69011 1 J ul 1968 18.7 3 24.09 3.3 5.02 11.3 2.5 116.2 8.5 45.7 46.1
69011 1  Oct 1968 40.6 23 21.18 5.1 2.89 0.0 7.5 132.5 11.9 29.2 23.9 4.1
69011 10 Feb 1969 14.1 27 10.47 10.1 0.68 0.6 2.1 126.5 10 .7 75.7 75.8
69011 14 Apr 1969 26.8 22 16.58 8.1 0.58 2.0 2.3 125.3 9.4 35.0 32.3 4.4
a mean 44.5
g mean 6.1 1.55 4.2

69012 2 J ul 1968 24.0 11 41.33 5.6 10.58 0.0 6.6 131.6 13.4 56.0 53.7 4.8 #
69012 1  Oct 1968 22.5 15 27.60 3.9 11.69 0.0 6.9 131.9 9.3 41.2 38.1 3.6 #
69012 2 Nov 1968 16.9 15 34.94 4.5 11.39 0.0 7.8 132.8 10.9 64.3 62.1 4.5 #
69012 20 Dec 1969 11.8 11 25.24 7.4 11.61 0.0 4.5 129.5 10.5 88.9 88.7
a mean 60.6
g mean 5.2 11.31 4.3

69013 26 Sep 1971 13.0 10 4.81 3.2 0.26 41.1 0.7 84.6 1.5 11.5 13.2 3.5 #
69013 7 J un 1974 14.4 6 2.51 2.1 0.29 70.9 2.5 56.6 0.9 6.3 14.3
69013 22 J ul 1972 24.7 13 4.14 2.6 0.51 54.9 1.7 71.8 2.2 8.8 13.3 4.0 #
69013 21 J ul 1973 31.2 19 13.07 2.0 1.53 27.9 12.6 109.7 8.0 25.6 23.1
69013 9 Aug 1975 7.3 3 1.74 2.9 0.25  116.8 2.5 10.7 0.4 5.0 24.3 3.2 #
69013 25 Sep 1975 30.0 20 6.22 1.3 0.26 130.2 1.0 -4.2 3.0 9.9 33.6
69013 22 Jan 1975 21.2 13 10.47 5.9 1.20 0.0 3.5 128.5 8.9 41.9 37.0
69013 8 Aug 1974 15.9 19 6.25 1.1 0.31 93.0 0.0 32.0 1.5 9.6 24.2 1.3 #
a mean 22.9
g mean 2.3 0.44 2.8

69018 17 Nov 1970 22.5 18 10.51 9.3 0.64 9.1 2.3 118.2 13.8 61.4 62.2
69018 18  Oct 1971 44.6 21 11.35 10.7 0.37 66.9 4.8 62.9 20.9 46.8 58.7
69018 12 Nov 1972 24.0 21 10.76 11.0 1.63 35.5 11.4 100.9 11.9 49.5 53.5
a mean 58.2
g mean 10.3 0.73

69019 16 Jun 1974 9.7 13 2.96 3.7 0.31 74.3 1.0 51.7 1.8 18.6 27.6
69019 2 J ul 1974 18.6 12 2.66 4.5 0.25 91.9 2.7 35.8 3.0 15.9 28.3
69019 1 May 1975 23.4 11 3.58 2.4 0.48 9.1 1.4 117.3 4.6 19.7 12.5
69019 4 J ul 1975 41.1 8 3.98 1.4 0.45 113.8 0.1 11.3 3.2 7.7 24.3
69019 14 J ul 1975 19.3 15 3.42 2.9 0.23 103.6 2.2 23.6 3.8 19.7 35.9 1.2 #
69019 9 Aug 1975 9.4 6 2.18 2.3 0.27 124.7 1.0 1.3 0.9 9.8 29.8 2.1 #
69019 2 Nov 1975 11.1 6 1.85 2.7 0.25 75.0 1.9 51.9 1.5 13.2 21.1 2.4 #
a mean 25 .6
g mean 2.7 0.31 1.8

69020 18  Oct 1971 73.0 23 38.n 13.6 0.88 0.0 9. 1 134.1 31.0 42.5 30.0
69020 26 Jan 1973 19.4 7 15.97 4.0 0.97 0.2 1.8 126.6 5.9 30.5 22.9
69020 3 Apr 1973 22.0 10 15.91 4.1 1.15 0.0 8.5 133.5 6.2 28.4 18.7
69020 16 J ul 1973 35.1 12 32.20 4.8 1.77 37.0 14.6 102.6 10.7 30.4 28.7
69020 5 Aug 1973 45.8 23 37.04 1.9 1.12 19.7 28.3 133.6 15.7 34.3 24 .1
69020 1 May 1975 33.0 15 18.45 3.3 1.28 5.9 2.3 121.4 8.9 27.0 20.0
69020 24 Sep 1975 40.0 26 14.79 3.4 0.88 2.9 0.6 122.7 7.0 17.6 8.6
a mean 21.8
g mean 4.2 1.12

69027 31 Mar 1972 27.9 27 39.50 4 .9 8.13 0.7 14.4 138.7 11.6 41.7 36.3
69027 15 J ul 1973 62.3 24 78.03 11.5 2.04 89.4 9.0 44.6 19.9 31.9 45.4 6.4 #
69027 15 Dec 1973 16.6 17 19.30 7.6 3.14 0 .0 2.3 127.3 4.7 28.3 24 .8 7.4 #
69027 12 Aug 1974 17.1 9 21.61 5.4 2.61 75.9 7.4 56.5 4.0 23.3 37.2 7.1 #
69027 2 Sep 1974 36.7 24 43.04 9.2 3.02 81.4 4.7 48.3 10.5 28.5 44 .8 5.3 #
69027 7 Sep 1974 25.6 14 24.44 5.0 4.18 67.1 7.5 65.4 5.2 20.2 31.6
69027 5 Aug 1973 44.2 15 69.93 7.7 3.61 94.3 8.7 39.4 19.1 43.3 61.6 8.5 #
a mean 40.2
g mean 7.0 3.48 6.9

69031 17 Nov 1970 22.4 19 12.16 4.4 1.59 9.1 2.7 118.6 10.7 47.9 45.8 4 .6 #
69031 20 Nov 1971 24.3 17 12.99 6.4 0.50 13.5 2.5 114.0 11.1 45.5 44.2 5.3 #
69031 15 J ul 1973 35.9 28 13.90 7.3 0.60 79.9 6.4 51.5 12.1 33.6 45.9 4.9 #
69031 7 Dec 1973 27.3 25 16.70 4.9 0.82 0.0 0.2 125.2 13.9 51.0 47.8 3.6 #
69031 8 Jan 1974 14.3 6 14.12 5.3 1.36 0.0 4.3 129.3 7.2 50.0 45.6 5.6 #
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Appendix A Flood event analysis

Catch Date p D o, LAG BF SMD API5 CW/ RIO PR SPR T (0)
mm h m' s ' h m"s' mm mm mm mm % % h

6903 1 4 J ul 1974 30.7 21 12.38 3.1 0.36 85.9 6.9 46.0 8.2 26.7 39.2
69031 20 Nov 1974 22.0 20 13.48 4 .8 0.89 0.0 1.2 126.2 11.9 53.9 50.9 4.3 #
69031 18 Apr 1975 15.4 10 9.89 3.9 0.92 3.2 2.1 123.9 5.8 37.5 32.3
69031 1 Jan 1976 19.4 22 17 .50 4 .6 2.07 27.8 13.4 110.6 10.3 53.0 53.8 4.5 #
a mean 45.0
g mea n 4.8 0.88 4.6

69034 18  Apr 1968 25.5 9 0 .51 3.4 0.03 17.0 1.7 109.7 3.1 12.0 15.8 3.7 #

69034 26 Nov 1968 21.5 16 1.39 2.9 0.11 0.0 5.8 130.8 8.8 40.8 39.3 1.1 #

69034 26 Apr 1969 24 .5 24 0.84 1.7 0.05 2.0 2.6 125.6 5.4 22.0 21.9 12 #

69034 2 J un 1969 38.0 13 2.3 1 3.3 0.11 7.5 2.4 119.9 16.1 42.4 43.7 1.2 #

69034 11 Sep 1969 19.1 14 0.32 3.6 0.02 61.9 1.7 64.8 1.4 7.1 22.2 0.9 #

69034 18 Jan 1972 31.0 23 3.88 3.6 0.08 0.0 5.6 130.6 21.4 69.1 67.7 1.4 #

69034 23 J ul 1972 10.4 3 1.63 0.5 0.16 7.0 12.3 130.3 3.1 30.0 28.7 0.9 #

69034 10 Nov 1974 24.2 22 2 .28 3.5 0 .07 0.0 6.0 131.0 12.3 50.7 49.2 1.1 #

69034 1 J an 1976 35.2 10 5.41 1.4 0.09 0.0 14.4 139.4 17.7 50.3 46.7 0.7 #

a mean 37.2

g mean 2.3 0.07 1.2

69802 21 Jan 1970 16.1 8 6 .65 3.5 0.41 0.0 2.7 127.7 7.5 46.6 45.9 4.1
69802 13 Aug 1971 16.3 12 7 .65 3.8 0.57 9.1 12.7 128.6 10.8 66.4 65.5 2.5
a mean 55.7

g mean 3.6 0.48 3.2

70006 4 Feb 1970 10.2 8 3.42 4.4 0.63 0.0 4.5 129.5 3.4 32.9 28.9 3.5 #

70006 23 Mar 1970 12.0 11 4.94 3.8 0.54 0.8 3.3 127.5 3.1 26.0 22.0 4.0 #

70006 5 Apr 1970 11.5 12 3.11 4.5 0.36 3.6 0.4 121.8 2.0 17.1 13.8 4.1 #

70006 1 Nov 1970 15.5 9 5.92 4.5 0.82 0.0 7.8 132.8 4.3 27.7 22 .5 3.5 #

70006 6 May 1971 13.2 8 4.35 4.5 0.23 71.4 0.1 53.7 1.3 10.2 23.4 1.5 #

70006 10 Aug 1971 52.7 24 23.79 5.0 0.60 85.9 10.5 49.6 17.7 33.5 46.9 3.3 #

70006 13 Aug 1971 18.4 13 8.15 4.3 1.05 76.0 12.5 61.5 6.9 37.4 50.7 3.4 #

70006 20 Nov 1971 20.6 20 8.11 6.7 0.42 31.1 2.5 96.4 10.4 50.6 56.2 3.6 #

70006 7 Dec 1973 3.2 22 2.41 11.6 0.15 0.0 0.2 125.2 1.7 54.4 53.1

a mean 35.3
g mean 5.2 0.46 3.2

71003 5 J ul 1960 109.0 27 9.56 6.8 0.20 76.4 7.9 56.5 48.1 44.1 52.5
71003 1 Nov 1960 46.7 13 10.32 3.8 0.55 0.0 9.5 134.5 22.6 48.3 44.2 3.2 #
71003 3 Aug 196 1 61.2 18 20.36 3.3 0.24 45.9 1.5 80.6 26.5 43.3 50.6 2.2 #

71003 16 Oct 196 1 48.1 13 15.07 4.4 0.36 0.0 3.5 128.5 34.2 71.2 68.4 2.0 #

71003 30 Oct 1961 37.6 21 10.37 2.3 0.71 0.0 6.5 131.5 27.9 74.1 72.5 2.0 #

71003 29 Nov 1961 53.9 15 10.48 4.3 0.60 0.0 10.2 135.2 36.9 68.5 63.1 2.3 #

71003 1  Apr 1962 74.1 22 7.46 6.7 0.28 0.0 2.5 127.5 37.3 50.4 44.5 2.8 #

71003 6 Apr 1962 49.9 25 8.67 4.6 0.36 0.9 8.7 132.8 40.8 81.7 77.5
71003 23 Aug 1962 52.2 22 12.64 2.3 0.57 20.6 10.0 114.4 24.8 47.6 47.7 3.2 #

71003 25 Sep 1963 56.3 25 14.57 3.4 0.36 0.0 18.4 143.4 27.5 48.9 41.1 1.1 #

71003 2 Oct 1963 35.1 11 12.08 3.4 0.65 0 .0 6.3 131.3 28.2 80.4 78.8

71003 7 Jul 1964 56.4 19 6.12 3.2 0.18 32.5 0.2 92.7 15.1 26.7 31.6 3.0 #

7 1003 8 Dec 1964 76.2 14 12.22 3.2 0.66 0 .0 27.1 152. 1 33.6 44.1 31.8 2.7 #

71003 11 Dec 1964 115.3 38 11.83 7.7 0.42 0.0 12.2 137.2 65.6 56.9 44.6 2.2 #

71003 8 Dec 1965 43.6 16 13.89 5.2 2.23 0.0 11.2 136.2 29.3 67.1 63.2 2 .2 #

71003 19 Dec 1966 70.0 20 13.31 4.3 0.52 0.0 7.4 132.4 51.9 74.2 67.5

71003 22 Feb 1967 45.3 10 11.59 4.1 0.43 0.0 5.0 130.0 22.1 48.8 46.1

71003 27 Feb 1967 61.9 17 12.69 4.9 0.53 0.0 7.0 132.0 44.4 71.7 66.0
71003 8 Aug 1967 53.1 5 29.64 2.5 0.64 4.8 4.0 124.2 30.8 58.0 55.5 1.8 #

71003 16 Oct 1967 72.6 23 11.82 5.1 0.60 0.0 22.8 147.8 28.5 39.3 28.4 2.5 #

71003 2 J ul 1968 26.5 15 4.49 3.2 0.38 0.0 5.5 130.5 7.5 28.4 27.0 1.8 #

71003 29 Sep 1968 21.6 10 10.22 1.8 0.82 0.0 12.8 137.8 14.0 64.9 61.7 2.2 #

71003 30  Mar 1969 47.9 18 8.68 2.1 0.67 0.6 4.5 128.9 27.9 58.2 55.3 2.8 #

71003 2 Jul 1968 24.4 15 11.08 2.3 0.82 0.0 19.0 144.0 20.1 82.3 77.6

a mean 54.0

g mean 3.7 0.50 2.3

71004 21 Jan 1970 18.3 25 81.83 3.1 15.78 0.0 1.7 126.7 8.1 44.2 42.6 3.9 #

71004 12 Apr 1970 27.5 18 97.80 5.8 12.00 4.7 0.4 120.7 11.8 43.0 42.8
71004 24 Apr 1970 15.6 23 70.13 11.1 17.23 1.5 6.8 130.3 7.9 50.5 48.3
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Restatement andapplication ofthe FSR roinfolkunoff method

Catch Date p D o, LAG BF SMD API5 CW/ R/0 PR SPR Tp(O)
mm h m' s ' h m's ' mm mm mm mm % % h

71004 11 J un 1970 18.7 3 92.42 3.2 12.02 92.3 0.1 32.8 4.0 21.4 42.2
71004 11 Aug 1974 16.8 22 60.90 5.2 5.42 36.4 12.9 101.5 5.6 33.4 37.6 4.5 #
71004 23 Nov 1974 30.9 46 105.58 4.9 9.48 0.0 1.7 126.7 12.7 41.1 39.3 4.6 #
71004 24 J an 1975 16.6 11 70.82 6.1 11.63 0 .0 6.3 131.3 6.7 40.4 37.4
71004 30 Apr 1975 29.9 26 87.73 5.9 3.61 7.3 1.9 119.6 9.8 32.7 32.3 4.4 #
71004 15 Nov 1975 20.1 34 29.91 5.4 3.30 2.2 0.0 122.8 4.6 22.9 21.2 5.9 #
71004 30 Nov 1975 51.2 24 110.59 6.8 8.84 0.0 6.2 131.2 26.9 52.5 47.7
a mean 39.1
g mean 5.4 8.69 4.6

71008 20 Dec 1969 32.0 40 97.26 4.3 6.23 0.0 10.4 135.4 22.7 70.9 68.3
71008 17 Jan 1970 14.7 18 58.12 7.3 5.04 0.0 1.5 126.5 6.7 45.9 45.5 4.5 #
71008 22 Apr 1970 54.5 31 176.45 5.9 10.34 0.0 6.1 131.1 35.4 64.9 60.4 4.3 #

71008 25 J an 1972 28.2 31 88.37 2.3 8.72 0.0 6.1 131.1 10.6 37.5 36.0
71008 28 Apr 1972 33.4 32 37.83 4.2 2.64 22.7 0.0 102.3 4.8 14.4 20.1 3.4 #

71008 26 Jan 1973 27.2 12 162.65 4.0 8.27 0.1 3.9 128.8 14.2 52.3 51.3 3.5 #

71008 1 Oct 1974 20.5 11 71.25 5.9 4.70 2.2 0.7 123.5 6.0 29.1 29.5 4.8 #

71008 30 Apr1975 30.1 23 54.92 7.6 2.68 9.7 2.1 117.4 7.8 25.9 27.8 4.7 #

71008 14 Nov 1975 24.3 34 56.98 5.6 2.57 1.8 0.5 123.7 7.8 32.3 32.6 4.6 #

71008 30 Nov 1975 64.7 36 125.46 4.3 7.75 0.0 3.1 128.1 29.7 45.9 40.9 4.1 #

a mean 41.2

g mean 4.9 5.24 4.2

71802 19 Dec 1966 38.4 26 131.85 7.5 8.67 0.0 8.5 133.5 31.0 80.8 78.7 6.6 #

71802 17 Aug 1967 62.2 30 125.62 6.1 8.55 3.6 9.3 130.7 43.5 70.0 64.6 6.3 #

71802 16 Oct 1967 52.5 35 148.3 1 5.7 14.96 0.0 17.4 142.4 37.2 70.8 63 .8 5.7 #

71802 19 Mar 1968 62.0 34 122.02 4.8 12.27 0.0 6.4 131.4 41.7 67.3 61.8 6.9 #

71802 22 Mar 1968 90.4 35 154.85 2.4 20.55 0.0 11.0 136.0 60.7 67.2 57.4
71802 31 Mar 1968 44.5 38 138.39 6.7 5.92 0.6 2.4 126.8 39.6 88.9 87.2

71802 12 Sep 1968 48.7 10 127.17 10.3 6.38 7.8 13.6 130.8 29.3 60.1 56.6
71802 30 Oct 1968 54.0 50 133.47 5.8 9.64 1.0 7.9 131.9 36.7 68.0 63 .4 8.1 #

71802 31 Mar 1969 52.0 23 142.41 7.9 6.26 0.0 5.0 130.0 29.8 57.3 53.5
a mean 65.2
g mean 5.9 9.51 6.7

71804 5 J ul 1960 108.5 39 25.16 1.9 0.53 79.4 7.2 52.8 64.4 59.4 68.8 1.8 #
71804 3 Aug 1961 63.1 18 33.13 2.4 0.43 45.9 1.1 80.2 21.0 33.3 40.4 1.2 #

71804 23 Aug 1962 60 .5 23 27.47 0.5 1.06 20.0 9.2 114.2 18.4 30 .4 29.4 1.2 #
71804 25 Sep 1963 63 .4 25 24.15 2.4 0.57 0.0 16.0 141.0 18.6 29.4 21.3 1.5 4

71804 20 Nov 1963 59.3 15 21.85 1.6 0.87 0.0 10.6 135.6 11.6 19.6 13.4 1.5 #
71804 8 Dec 1964 73.7 29 22.84 3.3 0.98 0.0 32.5 157.5 27.6 37.4 24.0 2.0 #
a mean 32.9
g mean 1.7 0.70 1.5

72002 14 Dec 1962 27.0 24 99.48 6.9 4.69 0.0 3.4 128.4 15.7 58.1 57.2 5.3 #
72002 25 Sep 1963 38.2 14 131.13 6.0 8.42 0.0 13.6 138.6 16.8 44.1 40.6 5.3 #
72002 2 Oct 1963 31.5 11 138.87 6.1 10.21 0.0 6.4 131.4 17.2 54.5 52.8 5.1 #

72002 21 Nov 1963 31.2 13 118.24 5.8 9.83 0.0 6.9 131.9 16.5 52.9 51.1 5.1 #
72002 10 May 1964 36 .8 18 134.79 6.0 5.87 3.6 6.7 128.1 20.7 56.3 55.5 4.3 #
72002 8 Dec 1964 39.8 15 142.71 8.1 13.60 0.0 16.8 141.8 24.6 61.7 57.5 5.8 #
72002 9 Jan 1965 61.4 43 120 .75 8.7 9.09 0.0 11.3 136.3 41.6 67.8 61.1 6.5 #

72002 9 Sep 1965 29.6 18 145.56 6.4 12.33 0.0 10.2 135.2 22.4 75.8 73.3 5.5 #
72002 8 Dec 1965 38 .0 41 117.36 8.1 6.32 0.0 6.6 131.6 25.0 65 .9 64.2 5.3 #

72002 16 Dec 1965 41.9 47 121.86 4.9 8.14 0.0 3.3 128.3 27.0 64.5 63.0 5.7 #
72002 26 J un 1966 44 .4 22 139.03 5.1 6.81 9.9 6.2 121.3 25.6 57.7 57.3 3.9 #

72002 1 Oct 1968 68 .9 41 164 .74 9.1 14.45 0.0 10.8 135.8 59.4 86.2 78.8 4.4 #
72002 20 J an 1969 35 .1 21 89.24 5.8 7.83 0.0 1.8 126.8 19.5 55.6 55.1 5.9 #

72002 2 J un 1969 44 .1 14 166 .64 6.6 6.77 8.3 1.1 117.8 26.5 60 .1 60.7 4.5 #
72002 23 Sep 1968 18 .8 11 93.04 3.6 31.84 0.0 21.4 146.4 8.9 47.4 42.0
a mean 58.0
g mean 6.3 9.23 5.1

72006 16 Sep 1970 37.8 14 280 .68 7.3 10.09 20.4 1.9 106.5 18.9 50.0 54.6 6.5 #
72006 31 Oct 1970 15.0 8 258.90 7.8 28.63 0.0 24.3 149.3 11.3 75.3 69.2 7.4 #
72006 11 Feb 197 1 51.6 26 285.25 11.1 7.62 0.8 0.6 124.8 32.0 62.0 59.5
72006 20 Nov 1971 25.5 16 181.98 8.6 12.04 0.3 2.3 127.0 12.1 47.6 47.1 5.4 #
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Appendix A Flood event analysis

Catch Date P D O, LAG BF SMD APIS CWI RO PR SPR  Tp(0 )
mm h m's ' h m's '  mm mm mm mm % % h

72006 18  Jan  1972 26.7 17
72006 3  Jul  1972 54.2 36
72006 11 Feb 1973 17.8 26
72006 15 Dec 1973 24.7 32
72006 30 Apr 1975 19.9 13
72006 24 Sep 1975 64.6 28
a mean
g mean

72818 26  Jan  1973 20.8 9
72818 3 Apr 1973 23.1 7
72818 7 Dec 1973 17.7 10
72818 19  Dec  1973 17.6 15
72818 24  Sep  1974 17.5 14
72818 6  Jan  1975 17.9 8
72818 12  Jan  1975 11.9 6
72818 17 Feb 1975 13.4 6
72818 18 Apr1975 11.8 11
a mean
g mean

72820 4 Apr 1973 66.1 16
72820 4  Aug  1973 16.1 11
72820 5  Aug  1973 49.2 22
72820 9 Nov 1973 77.0 23
72820 12 Nov 1973 53.5 26
72820 15 Dec 1973 28.8 11
72820 2  Jul  1974 18.6 5
72820 15 Jul 1974 20.4 13
72820 8  Aug  1974 29.4 6
72820 7 Sep 1974 24.6 12
a mean
g mean

73005 19 Feb 1970 33.4 18
73005 16  Jun  1972 54.8 15
73005 3  Jul  1972 77.1 39
73005 28 Nov 1972 45.2 18
73005 9 Nov 1973 28.4 21
73005 17 Oct 1974 30.3 17
73005 10 Nov 1974 33.7 14
73005 21 Jan 1975 64.9 23
73005 16 Feb 1975 30.1 23
73005 20 Apr 1975 36.2 24
73005 21 Jul 1975 82.3 33
73005 23  Sep  1975 64.7 18
a mean
g mean

73007 30  Aug  1970 38.4 9
73007 18 Jan 1972 53.1 20
73007 8 Nov 1972 89.2 19
73007 17 Oct 1974 42.3 13
73007 28 Dec 1974 44.1 14
73007 16 Feb 1975 40.9 24
a mean
g mean

73008 21 Apr 1970 66.2 30
73008 23 Nov 1970 38.3 23
73008 20 Nov 1971 27.8 18
73008 17 Jun 1972 36.7 14
73008 3  Jul  1972 50.8 37
73008 1 Dec 1972 27.4 12
73008 12 Dec 1972 18.6 7
73008 3 Apr1973 29.9 9

274 .96 6.7 14.29 0.0
207 .83 6.8 13.68 8.6
152.69 7.7 14.31 0.0
182.58 5.5 17.41 0.0
162.83 6.6 14.87 0.9
492.98 6.8 28.72 0.7

7.4 14.93

12.94 7.8
17.13 5.3
8.04 8.0
9.58 5.8
7.31 9.6
6.88 6.9
6.96 6.2

10.83 5.9
6.57 7.3

6.9 0.70

0.54 4.9
0.07 4.0
0.42  3.2
0.67 4.6
0.34 2.7
0.19 3.2
0.07 4.4
0.45 1.9
0.33 1.8
0.40 1.9

86.82
72.00
92.13
84.92
56.72
34.42
87.69

3.1 0.05

4.6 10.23
6.4 5.95

10.7 7.94
6.2 9.34
9.9 7.12
5.4 5.46

10.9 14.29
148.25 7.6
52.55 7.2
47.10 10.8
74.29 10.9

118.44 7.1

13.22 3.5
23.34 5.3
38.81 4.9
10.77 0.2
30.67 2.4
15.75 7.0

46.38 10.4
27.26 7.2
19.90 9.7
23.97 1.3
25.54 15.8
26.12 5.9
26.13 5.8
25.04 5.2

0.69 0.0
0.87 0.0
0.49 0.0
1.23 0.0
0.54 0.7
0.55 0.0
0.75 0.0
0.77  0.0
0.62 1.6

0.04 0.5
0.00 54.5
0.03 28.7
0.05 22.5
0.05 10.8
0.05 0.0
0.03 79.0
0.06 51.2
0.06 68.0
0.11 62.9

18.53
5.14
8.95

7.8 7.71

2.6 1.16

2.5 127.5
0.8 117.2
2.7 127.7
4.3 129.3
4.4 128.5
4.9 129.2

2.6 127.6
9.7 134.7
0.6 125.6
4.0 129.0
3.8 128.1
0.6 125.6
2.5 127.5
22 127.2
3.9 127.3

7.7 132.2
5.2 75.7
9.6 105.9
3.3 105.8

30.8 145.0
4.5 129.5
4.5 50.5
2.4 76.2
0.4 57.4

17.4 79.5

0.0 23.1
0.8
0.3
5.0
3.1

15.4
7.6
0.0
0.0
0.3
0.0
0.0
0.1
0.6

3.97 73.1
5.23 1.1

1.8
10.6
8.2
3.6
6.3
2.9
5.6

148.1
110.4
117.7
130.0
128.1
126.5
135.6
133.2
128.5
130.7
54.8

129.5

0.70 89.4 0.1 35.7
1.42 0.0 11.3 136.3
1.05 1.5 1.7 125.2
1.42 0.6 1.7 126.1
2.77 0.0 14.2 139.2
0.59 0.1 2.1 127.0

5.79 0.5
8.00 0.0
2.80 0.3
3.89 17.2
3.53 8.2
8.74 0.0

10.94 0.0
3.79 0.4

3.2 127.7
6.9 131.9
2.6 127.3
1.4 109.2
0.5 117.3

14.0 139.0
14.0 139.0
8.4 133.0

16.3 61.0 60.4
28.1 51.9 51.0
14.3 80.6 79.9
15.7 63.7 62.6
12.2 61.4 60.5
53.3 82.5 77.2

62.2

6.0 28.7 27.8
6.3 27.3 24.6
4.3 24.4 23.9
6.1 34.9 33.7
5.4 30.8 29.8
3.3 18.5 18.0
2.7 22.9 22.0
3.8 28.4 27.6
2.7 22.6 21.7

25.4

28.6 43.3
2.3  14.5

19.9 40.4
37.7 48.9
18.9 35.3
5.5 19.0

-0.4 -2.0
7.6 37.5
1.9 6.5

10.8 43.7

16.3 48.7 42.8
12.7 23.2 23.5
27.8 36.0 31.9
19.1 42.3 39.4
15.1 53.1 52.2
5.8 19.1 18.4

13.5 40.0 37.1
29.8 45.9 39.4
8.4 27.8 26.6

22.6 62.5 61.0
22.6 27.5 38.6
26.5 41.0 35.4

37.2

10.2 26.6 48.9
19.1 36.0 30.5
47.6 53.4 46.5
7.4 17.4 16.3

25.4 57.5 52.7
16.6 40.7 39.8

39.1

32.2 48.6 43.5
12.4 32.5 30.7
6.9 24.7 24.1
5.6 15.2 19.1

20.9 41.2 40.7
6.2 22.8 19.2
4.0 21.6 18.0
7.1 23.9 21.8

4.8 #

5.6 #

5.9

7.3 #
4.6 #
8.0 #

3.9 #
8.3 #
7.5 #

5.7 #
5.7 #
4.4 #

5.9

3.3
1.4
0.4

4.2

0.6

0.6

1.2

6.0 #

6.7 #

5.0 #
6.5 #
6.5 #
6.6 #

6.4 #
4.2 #

3.5 #
5.5 #

5.6

3.8 #
3.1 #

3.5 #

3.1 #

3.4

4.1 #
5.1 #

3.7 #
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Restatement and application of the FSR rainfall-runoff method

Catch Date P D O, LAG BF SMD APIS CWI RVO PR SPR T( 0 )
mm h m's' h m's ' mm mm mm mm % %  h

73008 21 Jan 1975 46.4 30
a mean
g mean

73803 27 Nov 1976 25.4 7
73803 1 Jan 1976 18.5 24
73803 21 Jan 1975 56.4 43
73803 21 Dec 1974 31.4 13
73803 6 Sep 1974 42.4 38
a mean
g mean

73804 3 Feb 1966 95. 7 43
73804 25 Feb 1966 50.7 9
73804 21 May 1966 95.6 55
73804 13  Aug  1966 65.7 26
73804 3 Sep 1966 100.8 24
73804 29 Nov 1966 62.9 26
73804 1  Dec  1966 86.2 34
73804 26 Feb 1967 69.7 17
73804 29 Jul 1967 103.6 41
73804 2  Oct  1967 72.6 37
73804 6  Oct  1967 71.3 33
73804 8  Oct  1967 135.9 28
73804 13  Oct  1967 60.6 18
73804 16 Oct 1967 74.7 18
73804 22 Mar 1968 109.5 34
73804 20 Jan 1969 97.0 43
73804 13  Dec  1969 78.0 21
a mean
g mean

74001 .1 Jul 1968 87.5 59
74001 19 Sep 1968 77.4 31
74001 9 Oct 1968 34.6 6
74001 23 Nov 1968 30.6 12
74001 19  Dec  1968 45.1 16
74001 20 Jan 1969 85.6 43
74001 13  Dec  1969 60.1 20
74001 18 Jan 1972 55.7 19
a mean
g mean

75006 10 Nov 1974 53.7 16
75006 19 Jan 1975 36.2 11
75006 13 Jan 1975 45.6 14
75006 26 Jan 1975 58.2 25
75006 30 Jan 1975 57.1 13
75006 24 Sep 1975 71.4 14
75006 2 Jan 1976 40.2 12
75006 27 Nov 1976 35.9 8
a mean
g mean

75007 10 Jan 1974 28.0 14
75007 10 Nov 1974 44.1 17
75007 24 Nov 1974 48.6 24
75007 28  Dec  1974 31.6 12
75007 14 Jan 1975 37.5 16
75007 24 Jan 1975 41.3 13
75007 24 Sep 1975 68.2 18
75007 27 Sep 1975 34.4 15
75007 2 Jan 1976 37.4 11
75007 27 Nov 1976 21.6 8
a mean
g mean

40.97 5.0 8.80 0.0 5.0 130.0 16.6 35.8 32.8 4.3 #

27.8
6.2 5.63

6.06 5.9
6.32 3.5
9.73 5.6
7.24 10.1
7.26 14.3

7.0

50.54 10.1
51.87 6.5
54.91 11.1
73.92 11.3
89.73 7.5
44.35 6.1
46.26 5.6
60.43 6.7
53.76 12.3
54.98 7.7
53.61 7.7

128.72 11.6
54.32 8.0
65.41  7.2
59.50 7.3
54.41 12.6
65.39 8.4

90.74 11.4
47.68 10.5
47.72 3.2
48.79 3.2
59.77 5.4

119.12 6.1
102.78 5.7
154.82 4.2

43.19 4.5
37.09 5.4
37.19 4.4
43.05 4.8
35.91 2.6
33.02 10.6
27.28 4.5
42.15 3.7

40.86 3.7
60.16 5.8
61.20 4.5
45.82 3.7
53.26 5.1
43.03 3.5
42.51 5.3
42.39 4.1
51.39 5.2
21.72 4.7

4.5

1.75 0.0
1.08 0.0
1.75 0.0
2.07 0.0

14.5 139.5
10.5 135.5
10.7 135.7
14.0 139.0

1.91 0.0 20.6 145.6

1.67

3.37 0.0
8.22 0.0
3.23 3.6
3.65 8.3
2.51 0.0
3.69 0.0
7.17 0.0
6.71 0.0
3.13 6.9
8.54 0.0
2.57 0.8
3 .08 0.0
4.56 0.0
6.69 0.8
5.04 0.0
3.22 0.2
3.68 0.2

8.4 4.29

1.96 15.8
2.03 6.3
4.15 1.8
6.61 0.0
3.96 0.0
5.04 0.2
3.62 0.2
6.34 0.0

5.6 3.87

4.77 0.0
2.89 0.0
6.91 . 0.0
4.76 0.0
6.11 0.0
2.47 19.0
3.52 0.0
6.21 0.0

4.7 4.43

4.52 0.0
4.22 0.0
3.03 0.0
4.72 0.0
6.34 0.0
3.42 0.0
2.47 19.2
4.01 13.8
3.22 0.0
3.60 0.0

3.83

13.0
16.9
35.6
21.8
32.7

13.2 138.2 70.7
26.3 151.3 32.0
8.7 130.1 81.6
8.2 124.9 59.5

21.2 146.2 64.7
9.2 134.2 40.5

39.4 164.4 53.4
10.6 135.6 53.9
3.9 122.0 83.0

40.9 165.9 41.8
17.0 141.2 46.4
24.8 149.8 133.9
15.3 140.3 38.7
23.5 147.7 49.8
12.2 137.2 83.2
3.8 128.6 72.4
1.9 126.7 63.0

0.9 110.1 48.6
0.0 118.7 49.4
0.1 123.3 11.7

11.8 136.8 13.5
4.3 129.3 28.5
3.6 128.4 66.1
0.9 125.7 51.1

14.6 139.6 39.1

16.8 141.8 32.0
5.5 130.5 26.6

16.5 141.5 30.0
23.5 148.5 55.1
8.2 133.2 28.7
8.4 114.4 65.5

13.6 138.6 21.9
22.4 147.4 22.7

11.2 136.2
18.6 143.6
5.1 130.1

10.5 135.5
10.2 135.2
9.3 134.3
3.9 109.7

15.2 126.4
13.0 138.0
16.5 141.5

51.2 47.6
91.5 88.9
63.2 57.3
69.4 65.9
77.1 71.1

66.2

73.9 63.1
63.2 54.3
85.4 76.6
90.5 86.2
64.2 50.9
64.4 58 .1
62.0 45.6
77.3 69.8
80.1 72.6
57.6 42.2
65.1 56.0
98.5 81.3
63.9 56.3
66.6 55.5
76.0 64.2
74.6 66.1
80.8 74.6

63.1

55.6 52.6
63.8 59.7
33.7 34.1
44.0 41.0
63.2 60.7
77.2 69.8
85.0 81.2
70.2 63.5

57.8

59.6 52.6
73.4 72.0
65.8 60.2
94.7 85.4
50.2 44.9
91.7 89.3
54.5 50.9
63.3  57.7

64.1

12.5 44.8 42 .0
27.4 62.2 56.3
31.3 64.4 61.1
16.8 53.1 50.5
19.1 50.9 48.3
17.5 42.3 39.4
26.5 38.8 38.0
18.3 53.3 52.9
25.7 68.6 65.3

7 .3 33.6 29.5
48.3

4.3

9.4 #

9.4

6.4 #
6.5 #

5.6 #
7.7 #
8.3 #

9.1 #
8.5 #
5.0 #

5.4 #

6.8

3.3 #
2.4 #

2.5 #

2.7

3.3 #

3.5 #

3.4 #
2.4 #
3.5 #

4.5 #

3.4
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Appendix A Flood event analysis

Catch Date p 0 0, LAG BF SMD APIS CW/ R/0 PR SPR Tp(O)
mm h m's ' h m' s' mm mm mm mm % % h

76005 23 Nov 1970 33.5 20 205.84 12.1 20.79 0.0 3.7 128.7 22.1 65.9 65.0
a mean 65.0
g mean 12.1 20.79

76008 30 Oct 1970 23.7 13 131.92 4.2 16.19 0.0 12.5 137.5 12.4 52.4 49.3 5.0 #
76008 31  Oct 1970 28.5 26 189.99 7.4 14.05 0.0 20.5 145.5 18.5 64.8 59.7 6.5 #
a mean 54.5
g mean 5.6 15.08 5.7

76011 27 Feb 1967 29.8 23 2.12 10.2 0.08 0.0 2.0 127.0 22.9 77.0 76.5
76011 11 Aug 1967 17.2 5 1.06 3.0 0.08 0.4 10.9 135.5 11.6 67.7 65.1 2.5 #
76011 1  Oct 1967 23.4 11 1.16 3.9 0.04 0.6 4.2 128.6 17.1 73.0 72.1 2.8 #
76011 2  Oct 1967 27.4 24 0.90 3.0 0.06 0.0 25.3 150.3 18.9 68.8 62.5 2.2 #
76011 6  Oct 1967 41.0 16 1.50 2.5 0.03 1.0 7.8 131.8 28.8 70.3 68.2 2.0 #
76011 8  Oct 1967 71.4 24 2.69 3.0 0.04 0.0 13.1 138.1 60.0 84.0 75.7 1.0 #
76011 16  Oct 1967 48.4 15 1.75 3.6 0.03 0.2 6.0 130.8 35.2 72.7 69.3 1.8 #
76011 1 Nov 1967 33.4 20 1.34 2.4 0.03 1.0 1.2 125.2 23.6 70.7 70.6 1.0 #

76011 18 Mar 1968 34.8 39 0.92 3.1 0.05 0.0 7.9 132.9 27.6 79.4 77.4 2.2 #
76011 22 Mar 1968 96.4 33 2.18 2.0 0.07 0.0 6.1 131.1 77.2 80.1 71.0
76011 31  Mar 1968 28.6 15 1.24 3.8 0.16 0.0 10.8 135.8 20.2 70.7 68.0 2.0 #
76011 13 Aug 1968 66.0 16 0.87 4.7 0.04 45.1 3.6 83.5 20.4 30.9 36.9 4.2 #

76011 12 Sep 1968 33.9 16 1.37 3.1 0.05 11.2 6.9 120.7 26.0 76.7 77.8 2.2 #
76011 19 Dec 1968 22.4 14 1.08 4.2 0.03 0.0 4.0 129.0 20.8 92.9 91.9
76011 19 Aug 1969 66.5 21 1.84 4.3 0.02 50.1 2.8 77.7 36.5 54.9 62.3 1.5 #
76011 20 Aug 1970 21.7 25 0.60 5.1 0.02 51.6 3.1 76.5 15.9 73.3 85.4 2.2 #

76011 16 Sep 1970 46.3 17 0.97 3.1 0.03 4.3 2.8 123.5 22.7 49.1 47.8
76011 31  Oct 1970 34.6 26 2.11 2.7 0.07 0.0 18.4 143.4 23.9 69.1 64.5 1.8 #
76011 26 Aug 1974 18.6 8 1.14 1.5 0.05 0.4 4.2 128.8 6.7 35.9 35.0 0.9 #
76011 10 Nov 1974 30.6 19 1.92 2.3 0.10 0.0 13.3 138.3 24.5 80.1 76.8 1.2 #
76011 24 Nov 1974 21.1 23 1.14 2.7 0.10 0.0 11.1 136.1 16.3 77.1 74.3
76011 21 Jan 1975 33.2 22 1.59 5.7 0.05 0.0 2.5 127.5 32.4 97.6 97.0
76011 30 Aug 1975 74.4 14 5.98 3.3 0.04 45.4 1.0 80.6 59.9 80.5 86.2 1.0 #
76011 27 Sep 1975 30.4 23 1.22 3.3 0.05 0.0 10.2 135.2 20.4 67.0 64.4 1.6 #
76011 2 Jan 1976 27.2 13 2.32 2.0 0.06 0.0 3.4 128.4 24.4 89.6 88.8
76011 23 Feb 1976 29.7 28 1.39 1.2 0.04 0.0 0.5 125.5 16.6 55.8 55.7
76011 15  Oct 1976 34.6 20 1.85 2.4 0.15 0.0 13.1 138.1 27.5 79.5 76.2 2.2 #
76011 25 Jan 1975 22.6 12 1.43 4.8 0.06 0.0 11.1 136.1 21.7 ·96.1 93.3 1.6 #
76011 24 Sep 1975 34.5 20 1.26 3.3 0.04 0.4 2.2 126.8 26.3 76.1 75.7 1.1 #
76011 25 Jan 1977 24.0 29 1.47 0.0 0.20 0.0 4.0 129.0 23.9 99.7 98.7
76011 6 Sep 1977 24.1 7 1.74 1.9 0.06 0.0 4.2 129.2 14.0 58.2 57.2 1.4 #
a mean 71.7
g mean 3.1 0.05 1.7

76014 28 Dec 1974 20.5 7 52.48 3.0 5.45 0.0 7.0 132.0 13.8 67.5 65.7 3.4 #
76014 10 Jan 1975 15.0 7 20.73 4.9 2.46 0.0 0.8 125.8 7.5 50.0 49.8 4.0 #
76014 25 Jan 1975 27.2 10 74.24 3.6 5.19 0.0 8.3 133.3 22.4 82.4 80.3 2.5 #
76014 27 Sep 1975 29.7 9 112.18 3.8 5.71 33.1 14.8 106.7 27.9 93.9 98 .5 2.4 #
76014 2  Oct 1975 20.2 12 25.55 3.5 3.71 24.3 7.2 107.9 12.0 59.4 63.7 3.7 #
76014 10 Jan 1976 21.5 12 28.19 4.8 3.84 0.0 6.5 131.5 9.6 44.6 42.9
76014 23 Feb 1976 28.4 16 31.57 6.4 1.66 0.3 2.7 127.4 18.8 66.2 65.6
76014 3 Apr 1976 15.7 5 30.85 4.7 2.84 0.8 4.5 128.7 8.9 56.8 55.8 4.6 #
76014 17 Oct 1971 13.2 4 34.98 2.9 5.86 51.4 9.7 83.3 7.6 57.7 68.1 2.9 #
76014 7 Nov 1971 17.5 8 29.35 4.0 3.02 31.9 8.0 101.1 8.2 46.8 52.7 3.0 #
76014 18 Jan 1972 34.1 10 62.73 2.8 2.90 0.0 0.9 125.9 19.9 58.5 58.3 4.0 #
76014 26 Jan 1 972 25.3 13 31.32 0.7 4.38 0.0 3.8 128.8 8.3 33.0 32.0 3.2 #
76014 2 Jun 1972 15.6 13 22.90 5.2 2.17 0.4 5.7 130.3 8.7 55.9 54.5
76014 17 Jun 1972 32.0 12 43.99 5.1 1.54 3.6 0.2 121.6 17.9 55.9 56.7
76014 9 Nov 1972 60.0 15 123.79 5.2 1.80 73.0 2.4 54.4 49.3 82.2 96.2 2.4 #
76014 1 Dec 1972 29.7 10 75.38 2.9 8.90 0.0 11.6 136.6 23.1 77.8 74.9 3.5 #
76014 5 Dec 1972 12.3 6 31.02 4.3 6.26 0.0 11.1 136.1 8.7 70.8 68.0 3.9 #
76014 26 Jan 1973 10.9 10 24.77 0.0 4.41 0.0 3.2 128.2 5.5 50.4 49.6
76014 16 Jul 1973 15.1 3 30.31 3.0 3.47 70.7 7.5 61.8 6.4 42.5 58.2 3.3 #
76014 5 Aug 1973 49.8 10 108.35 3.8 2.38 74.7 5.4 55.7 32.8 65.9 81.0 3.3 #
a mean 63 .6
g mean 3.6 3.49 3.3
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Restatement and application of the FSR rainfalhunoff method

Catch Date p D , LAG BF SMD APIS CW/ RVO PR SPR Tp(O)
mm h m's' h m's ' mm mm mm mm % % h

76805 5 Aug 1973 67.8 14 4.23 2.9 0.24 28.7 7.2 103.5 30.1 44.4 45.2 1.5 #
76805 12 Nov 1973 17.4 15 0.65 5.5 0.08 8.0 1.8 118.8 7.3 42.1 43.6 3.5 #
76805 29 Jan 1974 74.8 31 2.68 3.4 0.28 0.0 8.6 133.6 44.4 59.4 51.9 1.1 #
76805 8 Aug 1974 18.6 7 0.33 2.8 0.06 69.1 0.0 55.9 0.8 4.5 21.8 0.4 #
76805 10 Nov 1974 47.6 16 4.83 2.0 0.32 12.9 9.5 121.6 30.5 64.1 63.1 0.6 #
76805 13 Nov 1974 29.6 10 3.03 5.5 0.24 5.2 9.1 128.9 18.9 63.7 62.7 1.8 #
76805 21 Dec 1974 54.3 12 4.65 2.4 0.45 0.0 19.3 144.3 39.1 72.0 64.3 0.6 #
76805 19 Jan 1975 35.0 13 3.03 0.9 0.32 0.0 5.7 130.7 18.9 54.0 52.6 1.2 #

76805 21 Jan 1975 59.5 17 5.60 4.5 0.27 0.0 11.8 136.8 44.7 75.1 68.6 1.0 #

76805 25 Jan 1975 37.3 12 3.46 2.4 0.28 0.0 8.8 133.8 21.4 57.4 55.2 1.0 #

76805 30 Jan 1975 45.0 13 2.70 2.7 0.35 0.0 5.8 130.8 21.2 472 44.4 22 #

a mean 52.1
g mean 2.9 0.23 1.1

77002 13 Mar 1963 57.7 28 358.80 4.0 37.34 0.0 1.6 126.6 32.1 55.7 51.9 4.6 #

77002 17 Nov 1963 46.4 21 311.03 9.8 30.18 0.2 3.7 128.5 27.5 59.3 56.8 5.8 #

77002 5 Oct 1964 74.9 49 526.39 9.6 14.36 5.4 0.0 119.6 44.2 59.0 54.9 5.0 #

77002 29 Dec 1964 58.3 37 422.72 11.4 13.24 0.0 1.1 126.1 33.3 572 53.5
77002 13 Aug 1966 39.9 22 343.92 9.4 18.89 6.0 8.3 127.3 23.5 58.9 58.3
77002 3 Sep 1966 55.6 21 464.36 3.4 23.45 0.0 11.1 136.1 26.9 48.3 42.4 4.1 #

77002 31 Jul 1967 37.5 14 320.93 5.0 22.38 3.6 14.7 136.1 14.3 38.1 35.3
77002 8 Oct 1967 79.6 23 566.37 4.2 39.62 0.0 11.3 136.3 52.9 66.5 57.8 5.0 #

77002 27 Sep 1977 38.6 39 223.98 12.3 8.99 6.6 3.0 121.4 16.1 41.7 42.6 7.9 #

77002 23 Oct 1977 40.2 27 164.20 10.7 11.35 0.0 3.8 128.8 16.9 42.1 41.0 9.1 #

77002 30 Oct 1977 98.8 50 617.76 8.4 23.54 0.0 3.2 128.2 62.1 62.9 54.3 7.1 #

77002 22 Dec 1977 79.3 53 361.60 6.8 16.05 0.0 2.3 127.3 46.2 58.2 51.7 4.9 #
77002 27 Sep 1978 25.8 22 150.84 7.3 11.33 0.0 10.8 135.8 12.2 47.4 44.7 6.5 #

77002 13 Nov 1978 94.3 70 383.94 6.9 25.00 0.0 9.0 134.0 53.3 56.5 46.9 5.3 #

77002 8 Mar 1979 40.1 44 196.08 7.8 24.49 0.2 10.7 135.5 18.3 45.7 43.0 6.6 #

77002 6 Aug 1979 27.7 25 159.21 11.5 17.27 1.9 13.9 137.0 10.9 39.5 36.5 9.4 #

77002 29 Oct 1979 46.5 46 245.45 11.2 12.19 0.0 2.8 127.8 22.0 47.4 45.0 6.7 #

77002 24 Nov 1979 68.3 28 352.46 8.5 26.14 0.0 5.0 130.0 40.2 58.8 52.9 5.8 #
77002 1 Dec 1979 28.0 29 224.00 6.5 25.96 0.0 5.8 130.8 11.7 41.8 40.3 5.7 #

77002 3 Jan 1980 29.5 17 256.60 6.1 13.82 0.0 0.0 125.0 16.4 55.5 55.5 5.5 #
77002 25 Dec 1979 77.1 46 228.99 8.1 16.57 0.0 1.5 126.5 40.6 52.6 46.6 6.3 #

77002 30 Jul 1980 26.0 5 92.06 8.5 8.63 28.6 10.4 106.8 6.9 26.5 31.0 9.3 #
77002 13 Aug 1980 30.5 17 186.68 6.4 26.04 1.6 15.0 138.4 18.5 60.7 57.3 6.5 #
77002 11 Sep 1980 36.4 29 293.45 5.4 24.67 0.0 14.5 139.5 18.7 51.4 47.8 5.6 #
77002 14 Nov 1980 33.6 18 240.50 6.1 10.96 0.0 1.5 126.5 13.6 40.5 40.1 5.8 #
77002 2 Feb 1981 43.3 46 269.21 4.7 15.61 0.0 4.3 129.3 23.6 54.6 52.5 5.5 #
77002 23 Sep 1981 43 .8 32 308.87 8.7 13.76 2.4 11.1 133.7 20.1 46.0 42.7 6.5 #
77002 25 Sep 1981 77.8 53 426.97 6.3 28.86 0.0 20.2 145.2 48.9 62.8 52.0 4.5 #
77002 8 Oct 1981 58.8 37 313.53 6.8 30.52 0.0 9.6 134.6 34.4 58.5 52.6 5.9 #
77002 22 Nov 1981 41.6 20 382.31 6.4 26.57 0.0 6.8 131.8 22.4 53.9 51.6 4.0 #
77002 30 Sep 1982 31.3 17 59.68 8.4 12.77 0.0 8.3 133.3 5.4 17.2 15.1 7.0 #
77002 11 Nov 1982 33.1 33 263.38 6.3 26.81 0.0 11.0 136.0 17.2 52.1 49.3 5.5 #
77002 24 Jul 1983 21.6 3 66.14 8.2 2.81 45.1 10.1 90.0 2.3 10.7 19.4 8.5 #

77002 3 Oct 1983 43.2 33 175.83 6.8 10.52 19.6 4.4 109.8 16.2 37.4 40.2 7.9 #
77002 11 Oct 1983 37.7 25 226.34 8.2 27.06 0.0 9.0 134.0 18.3 48.6 46.3 6.8 #
77002 26 Nov 1984 46.0 30 273.82 10.2 25.55 0.0 4.4 129.4 25.9 56.2 53.5 5.5 #
77002 21 Mar 1986 47.7 52 249.11 5.8 28.31 0.0 8.5 133.5 25.5 53.5 49.5 5.0 #
77002 25 Aug 1986 24.2 18 85.15 11.2 8.01 6.4 1.2 119.8 7.0 29.0 30.3 11.0 #
77002 9 Mar 1981 29.3 18 247.50 6.7 27.83 0.0 8.2 133.2 14.5 49.4 47.3 5.5 #
77002 22 Nov 1982 47.3 23 361.33 7.3 39.70 0.0 12.1 137.1 27.5 58.1 53.3 8.5 #
77002 17 Jul 1985 38.7 12 317.15 7.2 17.83 0.0 5.7 130.7 15.5 40.1 38.7 6.5 #
77002 17 Sep 1985 66.3 27 315.29 7.7 22.86 0.0 6.5 131.5 36.1 54.4 48.3 6.5 #
77002 20 Sep 1985 99.3 76 527.44 7.7 33.34 0.0 17.8 142.8 74.8 75.3 63.0 5.4 #
77002 19 Dec 1985 88.2 71 408.62 12.4 25.84 0.0 6.7 131.7 63.1 71.5 63.0 6.0 #
77002 24 May 1986 56.2 34 267.49 4.9 24.90 2.8 3.6 125.8 28.8 51.3 47.9 6.7 #
77002 19 Oct 1984 50.1 39 184.34 5.5 24.02 0.0 13.4 138.4 17.2 34.3 28.7 5.5 #
a mean 46.4
g mean 7.3 19.09 6.2

79006 5 Jun 1980 23.2 9 17.72 11.8 1.70 94.1 2.8 33.7 2.0 8.5 31.3 13.5 #
79006 4 Oct 1980 78.5 73 253.15 12.1 16.81 0.0 9.4 134.4 45.5 58.0 49.8 3.5 #

79006 18 Nov 1980 60.6 87 206.82 7.4 21.15 0.0 13.2 138.2 25.6 42.3 35.2 3.2 #
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Appendix A Flood event analysis

Catch Date p D o, LAG BF SMD APIS CW/ RVO PR SPR Tp(O)
mm h m?s' h m' s' mm mm mm mm % % h

79006 11 Dec 1980 58.2 89 222.40 7.1 21.95 0.0 14.4 139.4 26.5 45.5 38.4 3.1 #
79006 5 Mar 198 1 56.6 56 240.98 14.7 6.08 0.0 1.4 126.4 39.2 69.3 65.7 4.7 #
79006 19 Sep 1981 42.7 17 267.08 6.9 16.94 22.4 11.7 114.3 20.8 48.6 50.4 4.4 #
79006 23 Sep 1981 39.8 11 267.70 5.2 25.64 0.0 6.0 131.0 15.7 39.5 38.0 4.5 #
79006 1 Oct 1981 77.4 39 365.08 9.0 24.47 0.0 8.1 133.1 51.8 66.9 59.2 3.5 #
79006 22 Nov 1981 31.3 17 255.35 6.8 25.61 0.0 9.8 134.8 16.2 51.9 49 .4 4.5 #
79006 11 Feb 1982 33.6 10 224.90 4.1 34.43 0.0 12.7 137.7 16.1 47.8 44 .6 3.4 #
79006 23 Sep 1982 51.4 39 238.76 4.9 10.75 0.0 4.1 129.1 19.3 37.6 34.1 4.5 #
79006 27 Sep 1982 57.0 30 259.06 8.7 26.13 0.0 18.6 143.6 33.9 59.5 51.6 6.7 #
79006 30 Sep 1982 47.2 20 230.54 10.7 20.46 0.0 10.5 135.5 29.6 62.8 58.4 7 .1 #
79006 15 Oct 1982 79.6 43 532.90 7.2 19.99 0.0 4.9 129.9 55.7 70.0 62.9 3.5 #
79006 4 Nov 1982 51.2 36 244.90 7.0 20.57 0.0 1.8 126.8 27.5 53.7 50.8 6.0 #
79006 22 Nov 1982 41.3 15 261.08 4.4 41.90 0.0 11.4 136.4 17.2 41.7 38.3 4.5 #
79006 2 Jan 1983 42.6 49 28 1.74 5.4 23.83 0.0 11.7 136.7 21.4 50.3 46.5 4.5 #
79006 14 Oct 1983 75.7 55 318.20 16.6 22.15 0.0 10.1 135.1 48.7 64.3 56.3 10.1 #
79006 29 Oct 1984 31.8 14 189.56 6.6 29.76 0.0 8.0 133.0 14.2 44.6 42.6 6.2 #
79006 26 Nov 1984 62.1 32 332.29 5.7 20.78 0.0 5.0 130.0 29.8 48.0 42.8 4.1 #
79006 10 Aug 1985 27.9 23 106.07 9.0 8.27 2.6 4.0 126.4 9.1 32.5 32.1 6.5 #
79006 18 Sep 1985 37.4 21 209.48 6.3 24.98 0.0 12.5 137.5 21.3 57.0 53.9 3.8 #
79006 9 Jan 1986 106.2 129 276.41 8.1 13.29 0.0 3.6 128.6 66.0 62.1 52.7 5.0 #
79006 8 J un 1986 45.7 45 95.66 7.2 8.19 18.6 0.3 106.7 11.8 25.9 28.9 5.0 #
79006 20 Sep 1985 82.6 62 327.37 12.0 23.03 0.0 13.9 138.9 54.5 66.0 56.3 6.1 #
a mean 46.8
g mean 7.7 17.54 4.9

80003 19 Sep 1981 46.1 23 7.50 0.2 0.34 0.0 15.1 140.1 28.0 60.8 55.4 1.0 #
80003 23 Sep 1981 52.8 11 6.79 2.2 0.36 0.0 9.8 134.8 31.6 59.9 54.8 2.0 #
80003 18 Oct 1981 46.0 26 6.27 0.0 0.23 2.1 1.0 123.9 22.2 48.2 46.9
80003 19 Nov 1981 33.7 27 6.09 5.1 0.17 0.0 4.5 129.5 20.3 60.2 59.1 4.2 #
80003 25 Feb 1982 32.9 17 6.44 0.8 0.32 0.0 14.2 139.2 17.6 53.4 49.9 0.2 #
80003 5 Mar 1982 36.7 22 4.72 1.8 0.23 0.0 5.5 130.5 22.8 62.0 60.6 0.9 #
80003 30 J un 1982 33.3 7 7.76 2.3 0.28 5.0 6.4 126.4 19.4 58.2 57.9 22 #
80003 17 Oct 1982 49.6 23 5.81 4.7 0.28 0.0 11.0 136.0 37.3 75.2 70.3 3.0 #
80003 29 Oct 1982 80.3 58 6.59 7.1 0.21 0.4 1.9 126.5 63.0 78.5 72.1 2.8 #
80003 5 Nov 1982 53.4 34 5.48 3.4 0.25 0.0 6.5 131.5 41.4 77.6 73.2 1.1 #
80003 11 Nov 1982 35.0 21 7.06 2.8 0.39 0.0 11.2 136.2 26.6 76.0 73.2 1.5 #
80003 22 Nov 1982 51.0 16 6.31 3.7 0.29 0.0 10.4 135.4 36.8 72.1 67.1 2.5 #
80003 7 Dec 1982 63.6 22 4.53 5.1 0.22 0.0 6.8 131.8 37.1 58.3 52.5 2.8 #
80003 2 J an 1983 29.0 9 6.52 1.7 0.36 0.0 11.2 136.2 18.7 64.5 61.7 0.2 #
80003 4 J an 1983 24.4 10 6.62 0.6 0.65 0.0 16.4 141.4 16.6 68.1 64.0 0.6 #
80003 23 Jan 1983 34.7 10 6.58 2.6 0.20 0.0 1.1 126.1 17.4 50.2 49.9 1.8 #
80003 13 J un 1983 24.9 26 6.46 0.9 0.21 1.4 5.4 129.0 20.6 82.8 81.8 0.6 #
80003 1 J ul 1983 43.4 14 6.28 0.6 0.22 21.3 2.6 106.3 18.4 42.5 46 .1 0.8 #
80003 17 Sep 1983 31.1 17 7.66 2.3 0.42 2.1 17.7 140.6 19.4 62.3 58.4 1.6 #
80003 26 Nov 1984 58.0 45 6.46 1.3 0.22 0.0 3.3 128.3 42.0 72.4 68.2 12 #
80003 14 Aug 1985 34.8 19 7.65 1.4 0.49 0.0 15.1 140.1 26.0 74.7 70.9 1.5 #
80003 22 Aug 1985 68.8 48 7.51 4.3 0.28 1.1 18.6 142.5 59.7 86.8 77.7 1.5 #
80003 26 Aug 1985 56.4 26 6.88 4.0 0.28 2.8 12.2 134.4 43.2 76.6 71.1 1.5 #
80003 30 Aug 1985 54.8 25 5.67 4.3 0.23 2.3 8.1 130.8 34.7 63.3 58.9 1.5 #
80003 13 Nov 1985 30.6 14 5.85 2.6 0.17 0.4 1.3 125.9 17.3 56.5 56.3 1.1 #

80003 15 Nov 1985 38.3 21 7.18 2.6 0.26 0.0 15.3 140.3 21.8 56.8 53.0 1.0 #
80003 30 Nov 1985 92.8 21 7.31 1.2 0.30 0.1 0.8 125.7 57.4 61.9 54.5 0.9 #
80003 21 Jan 1986 30.3 10 4.92 0.6 0.43 0.0 7.6 132.6 14.3 47.2 45.3 1.5 #
80003 26 J an 1986 24.1 9 5.68 1.5 0.23 0.5 1.6 126.1 15.9 66.1 65.8 0.8 #
80003 19 Apr 1986 50.7 31 5.93 5.6 0.14 2.8 1.9 124 .1 40.8 80.5 78.4 1.5 #
80003 27 Apr 1986 23.5 9 3.85 2.6 0.19 0.0 2.6 127.6 13.5 57.3 56.7 2.0 #
80003 29 Apr 1986 32.0 27 5.74 3.6 0.21 0.6 9.7 134.1 18.4 57.4 55.1 2.8 #
80003 30 J ul 1986 36.8 31 6.24 4.4 0.23 9.6 10.2 125.6 28.6 77.6 77.4 3.5 #
80003 27 Sep 1982 38.8 11 7.31 2. 1 0.45 0.0 5.7 130.7 24.9 64.3 62.9 3.2 #
80003 19 Aug 1985 35.4 22 6.17 2.1 0.34 0.0 17.7 142.7 24.7 69.9 65.5 1.5 #
a mean 62.1
g mean 1.9 0.27 1.4

83002 14 Sep 1965 59.0 28 67.18 7.6 1.67 1.2 1.4 125.2 46.7 79.2 75.7
83002 8 Oct 1967 50.3 20 51.76 2.6 6.93 0.0 24.1 149.1 29.4 58.5 50.1
a mean 62.9
g mean 4.5 3.40
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Catch Date p D 0, LAG BF MD APl5 CWI RIO PR SPR Tp(0)
mm h m' s ' h m?s' mm mm mm mm % % h

84002 11 Dec 1964 48.7 11 14 .94 2.5 0.73 0.0 6.9 131.9 27.6 56.7 52.9 2.9 #
84002 24 J un 1965 35.7 12 14.59 3.0 0.78 0.0 15.6 140.6 22.1 62.0 58 .1 2.5 #
84002 14 Se p 1965 60.4 32 15.48 2.6 0.23 3.0 0.2 122.2 44.0 72.8 69.8 2.0 #
84002 1 Mar 1971 28.6 10 9 .98 4.0 0.44 0.0 6.4 131.4 17.9 62.7 61.1 2.3 #
a mean 60.5
g mean 3.0 0.49 2.4

84008 1 Oct 1967 19.5 8 20.12 3.2 2.53 0.0 4.4 129.4 9.0 46 .1 44.1 2.8 #
84008 8 Oct 1967 37.3 19 28.16 5.0 2.47 0.0 12.2 137.2 27.9 74 .7 71.8
84008 25 Oct 1967 38.1 32 24 .07 10.2 2.12 0.0 8.0 133.0 21.0 55.2 52.6 3.2 #
84008 22 Dec 1967 18.5 23 26.91 4.8 2.13 0.0 3.6 128.6 16.5 89.0 88.9 3.5 #
84008 4 May 1968 66.8 43 35.95 8.8 1.32 2.0 9.1 132.1 44.6 66.8 60.4
84008 2 J ul 1968 47.7 23 24.20 3.2 1.38 53.5 13.3 84.8 16.0 33.6 40.3 3.9 #
84008 21 Dec 1968 19.6 21 17.03 4 .3 1.20 0.0 2.4 127.4 10.0 50.9 49.5 3.5 #
a mean 58.2
g mean 5.1 1.80 3.3

84012 31 Oct 1965 59.5 37 122 .82 6.3 13.78 0.2 13.4 138.2 33.4 56.2 48.1 4.9 #
84012 13 Aug 1966 48.4 19 113.19 6.4 6.33 18.1 4.1 111.0 23.4 48 .4 48.1 4.7 #

84012 17 Dec 1966 48.8 22 166.93 9.1 10.34 0.0 3.2 128.2 33.7 69.0 66.1 6.8 #
84012 19 Dec 1966 29.6 18 112.44 6.9 14.67 0.0 18.8 143.8 18.8 63 .4 58.1 5.9 #
84012 8 Oct 1967 42.5 19 116.29 12.1 10.92 0.0 15.4 140.4 32.6 76.7 72.6
84012 4 May 1968 66.1 43 113.17 6.2 9.68 2.0 5.6 128.6 35.8 54.2 47.5
a mean 56.8
g mean 7.6 10.58 5.5

84022 4 Nov 1971 24.2 15 31.82 6.2 2.76 0.0 22 127.2 9.4 38.7 38.2 3.8 #
84022 18 Dec 197 1 17.9 12 21.56 4.0 2.19 0.1 0.3 125.2 4.2 23.2 23.1 2.7 #
84022 12 J an 1972 24.0 10 50.82 4.2 6.80 0.0 14.7 139.7 10.8 45.0 41.3
84022 11 Dec 1972 32.9 13 53.92 5.0 3.71 0.0 4.7 129.7 14.4 43 .9 42.7
84022 24 Nov 1973 16.6 5 19.48 2.9 2.13 0.0 0.6 125.6 2.7 16.2 16.1 2.8 #
84022 29 J an 1974 76.5 37 52.59 5.3 3.95 0.0 5.7 130.7 33.7 44 .1 37.1
84022 12 Sep 1974 22.9 15 25.08 5.2 1.62 1.1 1.9 125.8 4 .6 20.0 19.8 2.2 #
a mean 31.2
g mean 4.6 2.98 2.8

85002 13 Oct 1967 19.1 12 86.22 4.2 8.98 0.0 6.4 131.4 11.4 59.7 58.1 5.6 #
85002 4 May 1968 40.5 30 104.50 7.3 12.10 0.0 10.8 135.8 26.6 65.6 62 .6 3.5 #
85002 9 Oct 1968 32.2 21 80.47 5.9 3.79 . 4.1 1.5 122.4 16.2 50.4 51.0 4.4 #
85002 11 Oct 1968 31.3 22 103.64 5.8 10.46 0.0 10.6 135.6 17.4 55.7 53.0 3.9 #
e mean 56.2
g mean 5.7 8.10 4.3

96001 8 Nov 1985 39.9 33 119.68 5.9 5.95 0.9 8.9 133.9 35.0 87.7 85.5 3.9 #
96001 10 J un 1986 38.5 21 139.32 4.1 4.09 5.6 3.4 122.8 31.8 82.6 83.2 5.5 #
96001 9 Feb 1987 39.1 70 51.45 10.3 2.86 0.0 2.2 127.2 25.4 65.0 64.4 6.5 #
96001 6 J un 1987 35.7 121 20.73 13.7 0.60 23.0 0.2 102.2 16.0 44.8 50.5
96001 15 J ul 1987 34.9 52 44.24 16.6 1.35 8.4 0.8 117.4 18.9 54.1 56.0 8.5 #
96001 20 Nov 1987 37.3 85 46.65 7.3 4.57 0.0 5.2 130.2 25.6 68.7 67.4 5.7 #
a mean 67.8
g mean 8.6 2.52 5.8

202004 26 Nov 1995 1.35 0.25
202004 8 Jan 1996 1.25 1.625
202004 9 Feb 1996 1.5 2.875
202004 24 Oct 1996 2.0 1.625
202004 26 Oct 1996 2 .0 1.875
202004 3 Dec 1996 8.0 5.75
202004 18 Jan 1997 4.5 4 .375
202004 1  Mar 1997 2.25 1.875
g mean 2.31 1.90

202005 26 Nov 1995 2.5 1.375
202005 8 J an 1996 3.0 3.625
202005 9 Feb 1996 5.25 5.75
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Catch Date p D 0, LAG BF SMD API5 CWI RIO PR SPR Tp(O)
mm h m?s' h m' s' mm mm mm mm % % h

202005 24 Oct 1996 2.0 2.375

202005 26 Oct 1996 1.25 1.125

202005 3 Dec 1996 7.5 4.125

202005 18 Jan 1997 6.5 3.125

202005 1 Mar 1997 2.0 1.125

g mean 3.15 2.40

202006 26 Nov 1995 2.1 0.5

202006 8 Jan 1996 2.25 1.25

202006 9 Feb 1996 1.0 2.5

202006 24 Oct 1996 0.25 0.125

202006 3 Dec 1996 8.5 6.5

202006 18 Jan 1997 2.75 2.125

202006 1 Mar 1997 2.5 2.125

g mean 1.83 12 8

203046 25 Aug 1986 6.6 6.5

203046 14 Nov 1986 3.7 4 .5

203046 15 Nov 1986 5.5 3.5

203046 15 Aug 1987 5.0 4.5

203046 25 Oct 1988 6.0 5.5

203046 3 Dec 1988 1.56 2.5

203046 12 Aug 1989 2.87 3.5

203046 6 Feb 1990 6.5 4.5

203046 27 Oct 1990 3.62 5.5

203046 18 Mar 1991 6.7 2.5

203046 30 Oct 1991 4.0 5.5

203046 22 Dec 1991 3.1 3.5

203046 24 Oct 1992 6.7 5.5

203046 15 Jan 1993 2.3 2.5

203046 23 Jan 1993 4.66 4.5

203046 23 Jul 1993 3.03 2.5

203046 8 Dec 1993 5.34 7.5

g mean 4.21 4.14

203049 25 Aug 1986 3.35 3.5

203049 14 Nov 1986 4.49 3.5

203049 15 Nov 1986 5.0 2.5

203049 15 Aug 1987 5.5 4.5

203049 17 Aug 1987 6.0 3.5

203049 6 Feb 1990 6.25 3.5

203049 18 Mar 1991 4.0 3.5

203049 29 Oct 1991 4.25 4 .5

203049 30 Oct 1991 8.5 8.5

203049 15 Jan 1993 3.1 3.5

203049 23 Jan 1993 3.9 3.5

203049 23 Jul 1993 5.0 5.5

203049 8 Dec 1993 7.1 8.5

g mean 4.91 4.21

203050 27 Dec 1977 3.75 5.5

203050 19 Jan 1978 3.65 3.25

203050 3 Feb 1978 4.25 4.75

203050 14 Mar 1978 5.75 4.625

203050 4 Dec 1978 4.35 3.5

203050 3 Nov 1979 4.30 2.5

203050 27 Jan 1980 2.75 2.5

203050 23 Oct 1980 5.25 3.25

203050 13 Dec 1980 4.35 3.5

203050 14 Dec 1980 3.45 3.5

203050 13 May 1981 3.25 2.5

203050 21 Jul 1981 8.0 4.75

203050 23 Sep 1981 6.05 3.5

203050 23 Nov 1981 3.1 1.325

203050 12 Mar 1982 2.85 1.5
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Catch Date p D 0, LAG BF SMD AP/5 CW/ RVO PR SPR Tp(0)

mm h m s ' h m?s' mm mm mm mm % % h

203050 24 Dec 1984 4.45 2.75
203050 12 Nov 1994 4.0 2.5
203050 10 Jan 1995 5.0 1.5
203050 27 Jan 1995 4.7 1.5
g mean 4.23 2.84

203094 23 Dec 1984 4.0 3.5
203094 7 Sep 1985 4.6 0.5
203094 25 Aug 1986 4.9 1.5
203094 24 Nov 1986 3.0 0.5
203094 4 Dec 1986 4.0 2.5
203094 1 Mar 1987 2.4 3.5
203094 19 Aug 1987 5.0 0.5
203094 1 Sep 1987 2.5 2.5
203094 15 Sep 1987 2.0 2.5
203094 15 Feb 1988 3.25 2.5
203094 27 Nov 1988 4.0 5.5
203094 15 Oct 1990 4.4 2.5
203094 6 Mar 1992 4.57 4.5
203094 24 Sep 1992 6.0 4.5
203094 24 Oct 1992 4.6 3.5
203094 9 Nov 1992 2.25 4.5
g mean 3.66 2.24

203095 23 Dec 1984 3.75 3.5
203095 7 Sep 1985 6.87 1.5
203095 25 Aug 1986 7.11 6.5
203095 24 Nov 1986 4.5 2.5
203095 4 Dec 1986 4.8 2.5
203095 1 Mar 1987 2.4 2.5
203095 20 Aug 1987 7.26 2.5
203095 1 Sep 1987 5.5 4.5
203095 15 Sep 1987 6.5 4.5
203095 15 Feb 1988 4.25 2.5
203095 27 Nov 1988 3.25 2.5
203095 29 Jan 1990 4.25 7.5
203095 15 Oct 1990 5.4 6.5
203095 6 Mar 1992 4.8 5.5
203095 24 Sep 1992 5.4 4.5
203095 24 Oct 1992 2.85 2.5
203095 9 Nov 1992 3.25 4.5
g mean 4.60 3.55

204003 4 Oct 1995 4.75 3.25
204003 6 Oct 1995 4.25 4.5
204003 24 Nov 1995 5.5 4.625
204003 26 Nov 1995 3.5 6.5
204003 9 Feb 1996 3.5 0.625
204003 20 Aug 1996 1.5 0.75
204003 7 Dec 1996 5.5 3.875
204003 7 Mar 1997 3.0 2.25
204003 27 Mar 1997 7.5 8.375
g mean 3.98 2.91

204004 24 Nov 1995 1.75 0.875
204004 26 Nov 1995 1.75 0.875
204004 9 Feb 1996 8.25 8.625
204004 20 Aug 1996 1.5 1.875
204004 22 Aug 1996 1.75 1.125
204004 19 Feb 1997 6.5 5.875
204004 7 Mar 1997 2.25 1.375
204004 27 Mar 1997 4.25 3.875
g mean 2.83 2.14
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Catch Date p D 0, LAG BF SMD API CW/ R/0 PR SPR Tp(O)
mm h m?s' h m's ' mm mm mm mm % % h

205101 19 Mar 1991 1.5 0.625
205101 5 Mar 1992 1.25 0.875
205101 12 Apr 1992 0.75 0.125
205101 14 Apr 1992 1.0 0.125
205101 25 Oct 1992 2.75 1.625
205101 26 Jan 1993 0.5 0.125
205101 5 Oct 1995 1.25 0.125
205101 26 Nov 1995 1.5 0.875
205101 4 Nov 1996 1.25 1.375
205 101 24 Nov 1996 0.75 1.375
g mean 1.13 0.45

205105 3 Jan 1994 2.25 0.125
205105 10 May 1994 1.5 0.125
205105 3 Dec 1994 0.5 0.625

205105 5 Dec 1994 0.75 0.875
205105 13 Dec 1994 1.75 1.125

205105 21 Jan 1995 1.75 0.625
205105 9 Feb 1995 3.0 2.125

205105 16 Oct 1996 1.0 1.125
205 105 31 Oct 1996 1.25 1.325

205105 28 Nov 1996 1.75 2.125

g mean 1.38 0.73

206007 3 Oct 1995 3.5 12 5

206007 5 Oct 1995 3.0 1.625
206007 25 Nov 1995 1.25 0.325
206007 9 Feb 1996 2.25 0.825
206007 11 Feb 1996 2.0 0.125

206007 18 Mar 1996 2.75 0.625

206007 17 Oct 1996 2.75 1.875

206007 5 Nov 1996 2.25 0.125
206007 24 Nov 1996 2.25 2.375

206007 28 Nov 1996 2.5 0.625
g mean 2.37 0.66

236052 5 Oct 1995 5.7 5.125

236052 25 Nov 1995 5.0 4.5
236052 26 Nov 1995 5.25 4.125
236052 8 Feb 1996 4.85 4.75

236052 22 Aug 1996 6.0 3.625
236052 28 Nov 1996 2.0 3.25
236052 7 Mar 1997 2.5 2.125

g mean 4.17 3.79

236053 5 Oct 1995 4.0 4.25
236053 24 Nov 1995 3.0 3.45

236053 26 Nov 1995 2.5 4.375
236053 8 Feb 1996 3.5 2.5
236053 22 Aug 1996 2.0 72 5
236053 28 Nov 1996 2.25 8.125
236053 18 Jan 1997 2.5 0.125
236053 20 Feb 1997 2.25 7.875

236053 7 Mar 1997 2.5 2.25
g mean 2.66 3.02
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Appendix B Background to the FSR rainfall-
runoff method

B. 1 Unit hydrograph and losses model

The 3-parameter unit hydrograph and losses model forms the core of the FSR
rainfall-runoff method. It is therefore no surprise that most of the updates to the
method over the past 25 years have been concerned with improving the model
parameter estimation equations. Some equations have been revised several times.
The most recent updates for the FEH were primarily to use catchment information
available in digital form. Derivation of the new estimation equations for unit
hydrograph time-to-peak are summarised in Section B.2. The new equation for
percentage runoff originates from conversion of the percentage runoff model of
FSSR16 (IH, 1985) to use URBEXT in p lace of URBAN,,, .

Tables B.1 to B.3 present the recommended estimation equations for the
three model parameters, together with a summary of earlier equations that users
might encounter wh en interpreting past flood calculations.

B.2 Derivation of new unit hydrograph time-to-peak
estimation equations

Prior to the FEH, the standard p rocedure for estimating unit hydrograph time-to-
peak on ungauged catchments used a relationship linking Tp (0) to catchment
characteristics abstracted manually from 1:25000 and 1.50000 OS maps and a
map of average annual rainfall. Using the Institute of Hydrology's Digital Terrain
Model (IHDTM) to define catchment boundaries allows catchment descriptors to
be defined with greater subtlety, and to be calculated automatically, from digital
data sets. The equation linki ng  Tp0 ) to catchment information was, therefore ,
reworked to use digital catchment descriptors (Marshall, submitted). The opportunity
was also taken to revise the equations linking Ip0 ) to catchment lag JAG, to give
a single equation that would be applicable to all catchments.

B.2.1 Data

A data set of 204 Briti sh catchments was constructed consisting of Tp0 ) values for
1822 flood events, 1786 of which had associated LAGvalues, and relevant catchment
descriptors. The data set incorporated a greater variety of catchments than were
used for previous analyses.

The Tp (0) and LAG values originated from several sources:

• Events from 102 gauging stations published in the FSR/FSSR16, conv erting
Tp1 )  values to Tp 0) values using Equation 2.5;

• Additional events from these gauging stations;

• Events from 87 further gauging stations;

• Events from 15 small catchments specifically instrumented for IH Report
124 (Marshall and Baylis s, 1994) .

The catchment descriptors consisted of one area index, three drainage path length
indices, two catchment slope indices, two rainfall indices, five catchment wetness
indices and four land-use indices. The descriptors were all calculated within the
IHDTM-derived catchment boundaries.

238 H.A. Houghton-Carr & D.C.W.Marshall
FLOOD ESTIMATION HANDBOOK

VOLUME 4



Appendix B Background to FSR method

Table B.1 Estimation equations for unit hydrograph time-to-peak, Tp

Source Equation ill fse n

FSA (NERC, 1975) Tp(1) =46.6 S10853 RSMD O MSL" ( 1+URBAN, )" " 0.78 1.41 130
Formulated in terms of 1-hour unit hydrograph in
FSA 1.6.5.3; problems in application to small, Tp(1) = 0.9  LAG 0.96 1.15 0 129
permeable and/or part-urban catchments; FSSR6
(IH, 1978a) looking at small catchments and FSSR5
(IH, 1979a) looking at urbanised catchments failed to
find better alternatives.

FSSR16(IH, 1985)
Standardised on  Tp(0)  following  IH Report94 Tp(0 ) = 283 S1085% SAAR, " " MSLP (1 + URBAN,) 0.74 1.48 175
(Boorman, 1985); replacedRSMDwithmore easily-
derivedSAAR;problems remained with application Tp(0 )  = 0.604 LAG" 0.93 1.230%175
to small, permeable and/or part-urban catchments.

/HReport 124 (Marshall and Bayliss, 1994)
From study aimed specifically at small catchments; Tp(0 )  = Tp(0 )Rana (1 + URBAN,a)
data set chosen to include particular combinations ol whereTp(0),aha@ = 283 S10859 SAAR, "  MSI A r/a n/a n/a
catchment characteristics to compensate for andb= 1.0+3.0exp F-(Tp0)a / 7.0) ]
deficiencies in previous data sets; new equation
effectively allows continued use of FSSR16 equation Tp(0)  =  LAGoJM [for AREA< 25  km] 0.98 1.12) 24
for completely rural catchments; effect of urbanisation
is proportionally greater for catchments that naturally
respond quickly.

•  For use with digital data sets (Marshall, 1999)
Equation for  Tp(0)  from manually-derived catchment Tp(0) =4.270DPSBARATPROPWET DPLBAR"(1+-URBEX7T 0.74 1.85 204
characteristics updated for use with digitally-derived
catchment descriptors; equation for Tp(0)  from LAG Tp(0) =0.879 LAGA 0.73 1.48 1786
updated to give one equation applicable to all
catchments.

• current recommendation
( ) not strictly comparable since LAG is itself to be estimated from gauged rainfall and level I flow data

B.2.2 Tp(O) from catchment lag

Linear regression was used to link Tp 0) to LAG,both of which were logarithmically
transformed prior to the regression, leading to:

In Tp(0 ) =  a + b lnLAG (B .1)

which, on exponentiation, yields:

Tp0 ) = e" LAG (B .2)

The data were analysed as 1786 individual events, both in the form outlined
above and in the reverse form, linking LAG to Tp(0) .The two approaches yielded
slightly different equations. Because both variables have estimation errors associated
with them, a compromise equation was derived by averaging the two equations:

Tp0 ) = 0.879 LAG 9 2. 9)

with coefficient of determination r? = 0.73 and factorial standard error fse = 1.48 .
The value of f se means that 68%  of Tp (0) estimates can be expected to lie within
a factor of 1.48 of the true value.
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Table B.2 Estimation models for perecentage runoff PR and standard percentage runoff SPR

Source Equation r see n

FSR (NERC, 1975)
Given in FSA 1.6.5.8; constant additive PR SPR + DPR 0.43 15.09 1447
effect of urban; problems found with where: DPR 0.22 (CWI- 125) + 0.10 (P - 10)
applica tion to small, permeable and/or and: SPR =95.5 SOIL + 12 URBAN, 0.43 15.09 1447
part-urban catchments.

FSSR5  (IH,  1979a) PR P R ( 1.0 - 0.3 URBAN ) + 70 (0.3 URBAN, ) 0.39 15.40 1074
Following from IH Report 63 (Packman, where PR=SPR + DPR
1980); urban adjustment applied after and DPR 0.28 (CWI- 125) + 0. 10 (P - 10) - 1.9 0.39 15.40 1447
SPR (15-51 %) and DPR ca lculated for and SPR =102.4 SOIL
rural ca tchment; provides more realistic
allowance for increased response from
urban areas.

SPR =78.0 - 79.2 BF/ 0.69 9.0109 104
FSSR13 (IH, 1983c)

PR PR, ( 1.0 - 0.3 URBAN,) + 70 (0.3 URBAN. ) 0.46 14.90 1851
•  FSSR16 (IH, 1985) where PR =SPR » DPR, + DPR,
Following from JH Report 94 (Boorman, and DPR, =0.25 (CWI- 125)
1985); problems found in applicat ion to and DPR, =0.45 (P - 40)%7 [for P > 40 mm],
highly impermeable/permeable ca tch- = 0 [t or P < 40 mm]
ments where range of SPR (10-53%) and SPR =10 SOIL1 + 30 SOIL2 + 37 SOIL3 + 47 SOIL4 0.46 14.90 1851
too limited. + 53 SOILS

SPR = 72.0 -  66.5 BF 0.59 8.97 00 166
I H  Report 126 (Boorman et al., 1995)

SPR = SPRHOST " SPR, HOST,From study to derive HOST soil n/a 10.00 170
classification; better reflects variation in i.e. SPR = SPR, HOST,+ SPR, HOST,+ ... + SPR,, HOST,,
SPR (2-60%) between different soil
types.

•  For use with digital data sets (1999) PR = PR, a ( 1.0 - 0.615 URBEXT + 70 (0.615 URBEXT) n/a n/a n/a
Man ually-derived URBAN, s ubstituted i.e. URBAN, =2.05 URBEXT (see 5 6.5.3 )
with digitally-derived URBEXT in
FSSR16 PR model.

current recommendation

) not strictly comparable, since BF/ is itself to be estimated from gauged daily flow data

Table B.3 Estimation equations for baseflow, BF

Source

FSR (NERC, 1975)
Given in FSR 1.6.5.11.

Equation

BF = {0 .000326 (CWI  - 125) + 0.00074 RSMD  + 0.003) AREA

r

0.45

see n

0.02 1447

0.42 0.03 1851
* FSSR16  (IH,  1985) BF = {33 (CWI- 125) + 3.0 SAAR + 5.5}  10-5AREA
Following from IH Report 94
(Boorman, 1985); RSMD replaced
with more easily-derived SAAR.

" current recommendation
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B.2.3 Tp(O) from catchment descriptors

Multiple regression was used to link Tp0 ) to up to six catchment descriptors
(represented here as X,,X,, ...). All the variables were logarithmically transformed
prior to the regression, leading to:

In Tp0 ) = a + b lnX, +c lnX, =  d lnX, +e lnX, (B. 3)

which, on exponentiation, yields:

Tp0 )  - e X,'X, X,'X;  ... (B .4)

Use of a logarithmic transform on an independent variable that can take a
zero value is not possible, so the URBEXT values were replaced by 1+URBEXT
Furthermore , the URBEXTvalues were back-dated to the mean year in which the
flood events were recorded using the urban growth model in $6.5.4 of Volume 5.

The data were analysed both as 1822 individual events and as 204 catchment-
average values, which were computed as geometric means. The two approaches
yielded slightly different best 4-variable equations: models with five or six variables
were not found to give useful improvements. Arguments against both approaches
can be made: an event-based approach biases the analysis towards catchments
ab le to supply the most 'lp(0) values, whilst a catchment-average based analysis
gives the same weight to a catchment with one Tp (O) value as it does to one with
many values. As a compromise , the final regressions were based on catchment-
average Tp0 ) values weighted according to the square root of the number of
events contributing to the respective values. The best 4-variable equation was:

7p0 ) = 4.270 DPSBAR "3° PROPWET - DPLBARS" (1+URBEXYT)-57 (2.10)

with coefficient of determination = 0.74 and factorial standard error  fse = 1.85.
The value of Jse means that 68% of  Tp( O) estimates can be expected to lie

within a factor of 1.85 of the true value . The residuals obtained by subtracting the
modelled values from the observed values of In Tp0 ) show similar regional over-
and underestimation patterns to the FSR (Marshall, 1999).

B.3 FSR rainfall statistics

Estimation of the T-year flood requires input of an appropriate design rainfall.
Subsection 3.2.2 describes the procedure for assessing the point rainfall depth of
the given duration and return period, with reference to the rainfall depth-duration-
frequency relationships presented in Volume 2. This section presents the original
FSR statistics, which may be of use when attempting to reproduce a past flood
estimate .

The T year D-hour point rainfall M T-Dh is determined from the FSR rainfall
depth-duration-frequency relationships, once the duration and . return period of
the design storm are known, by the following procedure :

i Calculate 5 year D-hour point rainfall M5-Dh,

ii Scale point M5-Dh to point M T-Dh.

The steps in the procedure are discussed below , together with relevant comment
on related topics. The procedure is illustrated in Example B.l.
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Restatement and application of the FSR roinfolhunoff method

B.3.1 Calculation of 5-year D-hour point rainf all M5-Dh

The point M5-Dh rainfall is calculated by scaling M5-2d (see Section 1 of Appendix
C) to the app ropriate duration. The scaling factor is read from Table B.4 which
shows percentage values of  (M5-Dh/M5-2d) for given values of  r  (see §1 of
Appendix C) and duration D. In manual calculations this should be done by
logarithmic interpolation on duration. Thus:

M5--DI • M5- Dh M5- 2d
M5- 2d

(B.5)

B.3.2 Calculation of T-year D-hour point rainfallMT-Dh

The point M5- Dh rainfall is calculated by scaling the point M -Dh rainf all by an
appropriate growth factor MT/M5. The growth factor is read from Table B.5 which
shows growth factors for given values of MS and return period . In manual
calculations this should be done by logarithmic interpolation on return period.
Thus:

MS- Dh p oint) M T M5- Dh
M5

B. 6)

In the FSR rainfall frequency estimation procedure, growth factors are independent
of duration and vary only simply with location, there being different tables for
England and Wales (Table B.5a) than for Scotland and Northern Ireland (Table
B.5b).

B . 4 Quick m e t h o d f o r P M F

Following publication of the FSR, there was an urgent requirement to reassess the
design floods of many existing reservoirs. Flood estimation software was not
generally available , and estimation of the PMF by the FSR rainfall-runoff method
required a laborious manual convolution of a triangular unit hydrograph with the
PMP after subtraction of losses, and addition of a baseflow, with options for
allowances for snowmelt and for increased runoff from frozen ground in the
Winter. The quick method for PMF estimation was developed to provide a rapid
and easy-to-use preliminary screening method. The quick method was not intended
be used as an alternative to the FSR rainfall-runoff method. In particular, the quick
method provides only the inflow peak, and does not take into account important
effects caused by the presence of the reservoir. For complex or unusual catchment
configurations e .g . reservoir cascades, the quick method was not recommended
for even initial evaluation.

With flood estimation software readily accessible, the requirement for a
quick method no longer exists. However, for completeness, Table B.6 summarises
the now-redunda nt equations for the quick method for PMF, worked through in
Example B.2.
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Exampl e B.1
Abstraction of T-year D-hour point rainfallMT-Dhfrom FSR rainfall statistics

Catchment: Almond at Craigiehall (19001) (Figure 1 of Appendix C)

Relevant manually-derived catchment characteristics and other information:
M5-2d = 57.0mm, r=  0.25,  D=  13.0 hours ($3.2.1),T,= 81 years ($3.2.2)

Calculating 5-year D-hour point rainfallMS-Dh
MS5-Dh(point ) is calculated by scaling M5-2d to the appropriate duration D.  The scaling
factor (MS-Dh / M5-2d) appropriate to the storm duration and Jenkinson's  r  value is
obtained from Table B.4:

MS-Dh is calculated using Equation B.5:

M5-Dh = (M5-Dh / M5-2d) M5-2d

M5-13h/ M5-2d= 0.66

M5-13h= 0.66 (57.0)
= 37.6 mm

Calculating T-year D-hour point rainfa lMT-Dh
MT-Dh(point ) is calculated by scaling ME5-Dh to the appropri ate retum periodT,Th e
growth factor (MT/M5) appr opri ate to the M5-Dh value and return period is obtained
from TableB.5: M81/M5 = 1.71

MT-Dh(point ) is calculated using Equation B.6:

MT-Dh(point ) = (MT/M5) M5-Dh M81-13h(p oint ) = 1.71 (37.6)
= 64.3 mm

Table B.4 Relationship between percentage values of (MS-given duration)l (M5-2d) and
r (M5-60min)/M 5-2d)

r Duration

60-min 120-min 4-hour 6-hour 12-hour 24-hour 48-hour

0.12 12 18 26 33 49 72 106

0.15 15 21 30 37 53 75 106

0.18 18 25 34 41 56 77 106

0.21 21 28 38 45 60 80 106

0.24 24 32 41 48 63 81 106

0.27 27 35 44 51 65 83 106

0.30 30 38 48 54 68 85 106

0.33 33 41 51 57 70 86 106

0.36 36 44 54 60 73 88 106

0.39 39 47 57 63 75 89 106

0.42 42 50 60 66 77 90 106

0.45 45 53 63 68 79 92 106
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Table B.5 Growth factors (MT/M5) for (a) England and Wales (b) Scotland and Norther Ireland

(a) En glan d and Wales

M5 Partial duration series Annual maximum series
mm 2M 1M M2 M 10 M20 M50 M 100 M1000 M10000

0.5 0.52 0.67 0.76 1.14 1.30 1.51 1.70 2.52 3.76

2 0.49 0.65 0.74 1.16 1.32 1.53 1.74 2.60 3.94

5 0.45 0.62 0.72 1.18 1.35 1.56 1.79 2.75 4.28

10 0.43 0.61 0.70 1.21 1.41 1.65 1.91 3.09 5.01

15 0.46 0.62 0.70 1.23 1.44 1.70 1.99 3.32 5.54

20 0.50 0.64 0.72 1.23 1.45 1.73 2.03 3.43 5.80

25 0.52 0.66 0.73 1.22 1.43 1.72 2.01 3.37 5.67

30 0.54 0.68 0.75 1.21 1.41 1.70 1.97 3.27 5.41

40 0.56 0.70 0.77 1.18 1.37 1.64 1.89 3.03 4.86

50 0.58 0.72 0.79 1.16 1.33 1.58 1.81 2.81 4.36

75 0.63 0.76 0.81 1.13 1.27 1.47 1.64 2.37 3.43
100 0.64 0.78 0.83 1.12 1.24 1.40 1.54 2.12 2.92

150 0.64 0.78 0.84 1.11 1.21 1.33 1.45 1.90 2.50

200 0.64 0.78 0.84 1.10 1.30 1.30 1.40 1.79 2.30

500 0.65 0.79 0.85 1.09 1.15 1.20 1.27 1.52

1000 0.66 0.80 0.86 1.07 1.12 1.18 1.23 1.42

(b) Scotland and Northern lreland

M5 Partial duration series Annual maximum series
mm 2M 1M M2 M 10 M20 M50 M 100 M 1000 M 10000

0.5 0.55 0.68 0.76 1.14 1.30 1.51 1.71 2.54 3.78

2 0.55 0.68 0.76 1.15 1.31 1.54 1.75 2.65 4.01

5 0.54 0.67 0.76 1.16 1.34 1.62 1.86 2.94 4.66
10 0.55 0.68 0.75 1.18 1.38 1.69 1.97 3.25 5.36
15 0.55 0.69 0.75 1.18 1.38 1.70 1.98 3.28 5.44

20 0.56 0.70 0.76 1.18 1.37 1.66 1.93 3.14 5.12

25 0.57 0.71 0.77 1.17 1.36 1.64 1.89 3.03 4.85

30 0.58 0 .72 0.78 1.17 1.35 1.61 1.85 2.92 4.60

40 0.59 0.74 0.79 1.16 1.33 1.56 1.77 2.72 4.16

50 0.60 0.75 0.80 1.15 1.30 1.52 1.72 2.57 3.85

75 0.62 0 .77 0.82 1.13 1.26 1.45 1.62 2.31 3.30
100 0.63 0 .78 0.83 1.12 1.24 1.40 1.54 2.12 2.92
150 0.64 0.79 0.84 1.10 1.20 1.33 1.45 1.90 2.50
200 0.65 0.80 0.85 1.09 1.18 1.30 1.40 1.79 2.30
500 0.66 0.80 0.86 1.08 1.14 1.20 1.27 1.52

1000 0.66 0.80 0.86 1.07 1.12 1.18 1.23 1.42
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Example B.2
Quick method for PMF

Catchment: West Lyn at Lynmouth {IHDTM grid rel.272400 149450)
{Figure 4 of Appendix C)

Relevant manually-derived catchment characteristics:
AREA = 23.5kn, S1085=29.7 mkm S OIL=0.38, URBAN, =0.000,SAAR= 1500mm

The PMF is calculated by the quick method using the equation from IH Report114
{Reed and Field,1992):

PMF= 0 629 AREA"" S1085%% SOIL 97 (44 URBA N.  ) S AAR 03 8
• FSR 4170

PMF 0. 629 (23.5%) (29.7%3 ) (0.38%7 ) (1.0)% (15000+)
=241m?s'

Table B.6  Es timation equations for quick method for PMF

Source Equation r see n

Farquharsonet al.(1975) PMF=0.835AREA R SMD T SOILA (1+URBAN,' S  108581°
Also presented in  IH Report 49
(Sutcliffe, 1978); derived by applying full
method to 80 gauged catchments.

ICE (1978) and ICE (1989)
Rapid method based on Farquharsonet GRAPH
al.(1975); compo site graph
summarising the range of flood peak
intensity expected from impermeable,
rural catchments, together with
adjustment factors for different terrains
or less rare floods.

0.45 0.02 1447

0.42 0.03 1851

IHReport 114 (Reed and Field,1992)
Following from Farquharson et al.
(1975); RSMD replaced with more PMF 0.629AREAS  S1085 0 SOIL 7" (1+ URBAN,)  S AAR,,, 0.42 0.03 1851
easily-derived SAAR; derived by
applying lull method to 187 reservoire d
catchments.

ICE(1996)
Rapid method based on IH Report 114
(Reed and Field, 1992); equation for
flood peak expected from impermeable, PMF= 0.454 AREA 0RT $108508 SAAR,,, ""
rural catchments, together with
adjustment factors giving design flood
inflows as fractions of rapid method
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Restatementandopplicafion ofthe FSR roinf allunoff method

Appendix C Catchment characteristics and
descriptors

C.1 Manually-deriv ed catchment characteristics

Table C.1 provides a summary of the manually-derived FSR catchment characteris-
tics. The summary information includes, for each characteristic, a reference to the
original page or figure in the relevant source document, the scale of the map used
in the abstraction, and a description of the abstraction method. In deriving several
of the catchment characteristics, it was necessary to identify the ma in stream.  If
there was no obvious main stream, the recommendation was to take the stream
draining the largest area.

C.2 Digitally-derived catchment descriptors

Table C.2 provides a summary of the digitally-derived FEH catchment descriptors.
The summary information includes, for each descriptor, a cross-reference to the
relevant section in Volume 5, which should be referred to for a more detailed
explanation.

For multiple reservoir systems and some disparate subcatchment applications,
there may be difficulties in automatic derivation of some digital catchment
descriptors, particularly those required for estimating catchment response time.
For instance, in a two-reservoir cascade, catchment descriptors are readily available
for the subcatchment to the upper reservoir, and for the entire catchment to the
lower reservoir, but not for the direct subcatchment to the lower reservoir.

Direct subcatchment descriptors such as AREA, URBEXT, HOST classes,
SAAR, PROP WET and EMPS can be quickly derived by simple area-weighting:-aAREA,a 7 , AREA,a - AREA (C.1)

where X is the catchment descriptor; the subscripts DIRECT, TOTAL and UPPER
refer to the direct subcatchment to the lower reservoir, the entire catchment to the
lower reservoir and the subcatchment to the upper reservoir, respectively. However,
DPLBAR and DPSBAR are more problematic. Therefore, for calculation of unit
hydrograph time-to-peak, the recommended guidance is to take app ropriate
catchment descripto rs for the main tributa ry or a typical tributary.

C.3 HOST classification

C.3.1 Backgro und

The Hydrology Of Soil Types or HOST classification is the product of a collaboration
between the Institute of Hydrology I H), the Soil Survey and Land Research Centre
(SSLRC), the Macauley Land Use Research Institute (MLURI), and the Department
of Agriculture of Northern Ireland (DANI). Derivation of the classification is
described in detail in IH Rep ort 126 (Boorman et al., 1995). The classification is
available as digital data sets in raster form at 1 km and 100 m resolution. Because
the classification is series-based, many HOST classes may be present within each
1 km or 100 m cell. Therefore , although the classification can be represented as a
map showing only the dominant HOST class (Plate C.1) , this disguises the refinement
of the parent data set.
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Table C.1 Manually-derived ca tchment characteristics

Catchment Reference Map scale
characteristic
(units)

AREA FSA I (296) 1:25K or 1:50K
(km2)

MSL FSA I (296-299) 1 :25K
(km)

S1085 FSR I (286-299) 1:25K
(m km' )

URBAN, FSA 1 (305) 1:50K

SOIL FSA 1 (303-305, 312) 1:625K
FSA Fig 1.4.18
FSSR7 (IH, 1978b)

HOST, ,.... o IH Report 126 1:250K
(Boorman  et al., 1995)

SAAR,, FSA I (305-306) 1:625K
(mm) FSA Fig II.3.1

RSMD FSR I (306-312)
(mm)

Definition & method

M5-2d FSA Fig 11.3.2 1:625K
(mm)

r FSA Fig II.3. 5 1:625K

SMDBAR, , FSA Fig 1.4. 19 1:2M
(mm)

EM-2h FSA Fig II.4.1 1:2M
(mm)

EM-24h FSA Fig 11.4.2 1:2M
(mm)

EM-25d FSA Fig 11.3.4 1:2M
(mm) FSA Tab 1.6.22

Catchment area
Measure using sketched catchment boundary and plan lmeter.

Mainstream length
Set dividers at 4 mm and work upstream on blue line denoting
main channel (channel draining largest area); rememb er to
calibrate dividers : MSL = 0.1 N, wh ere N is no. of steps.

10-85% chann el slope
Determine MSL, then find heights h,andh, at conto urs 10%
and 85% of MSL upstream from starting point:
s 1085 = (h,,- h,) 1 (0.75  MSL).

Urban index, i.e. fraction of catchment in urban development
Measure built-up areas (flesh-coloured) using planime ter:
URBAN, = sum ot built- up areas  / ARA.

Soil index i.e. the weighted sum of the individual soil class
fractions  SOIL1 to  SOILS  from WRAP map
Measure fraction of ca tchment within each soil class using
planimeter:  SOIL = 0.15  SOIL1+ 0.30  SO/L2+  0.40  SOIL3+
0.45  SOIL4+  0.50  SOILS.

Individual soil class fractions HOST, to HOST,
Measure fraction of catchment within each soil map unit using
squared paper overlay; collate HOST classes for each map unit;
calculate fraction of catchment In each HOST class (see §C.3).

Standard average annual rainfall for period 1941-70
Grid point sampling or weighted areas technique.

5-year 1-day catchment rainfall less effective mean  SMD
Find M5-24h using M5-2d and r in Table 4 of Appendix B;
convert M5-24h to M5-1d point rainfall by: M5-1d = M5-24h / 1.11;
calculate ARF by:  A RF = exp (- 0.020 AREA) ; then :
RSMD = ARF  (M5-1d) -- SMDB4AR,

2-day rainfall of 5-year retum period
Grid point sampl ing or weighted areas technique.

Jenkinson's r - the ratio of M5-60min to M5-2d
Grid point sampling or weighted areas technique.

Effective mean soil moisture deficit
Grid point sampling or weighted areas technique.

Estimated maximu m 2-hour rainfall
Grid point sampling or weighted areas technique.

Estimated maximum 24-hour rainfall
Grid point sampling or weighted areas technique.

Estimated maximum 25-day rainfall
Find M5-25d, mapped as % of  SAAR  by grid point sampling
or weighted areas technique; convert to EM-25d using  EM
growth factors.
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Table C.2  Digita lly-derived catchment descriptors

Catchment
descriptor
(units)

AREA
(km2)

DPLBAR
(km)

DPSBAR
(m km' )

URBEX T

HOST,,.....

SAAR
(mm)

PROPWET

EM-2h
(mm)

EM-24h
(mm)

EM-25d
(mm)

Reference

FEH 5 2

FEH 5 3.2.2

FEH 5 3.4.1

FEH 5 6.5

FEH 5 5.4

FEH 5 5.2

FEH 5 5.7.2

FEH  4  Fig 4.1

FEH  4  Fig 4.2

FEH  4  Fig 4.3

Definition

Catchment area
Catchment drainage area derived using an IHDTM-derived boundary

Mean drainage path length
Mean of distances between each node (on 50 m grid) and catchment outlet

Mean drainage path slope
Mean of all intemodal slopes

Extent of urban and suburban land cover (see 5 6.5.3)

Individual soil class fractions HOST, to HOST 
29 

(see Section C.3)

Standard average annual rainfall for period 1961-90

Proportion of t ime when SMD was below 6 mm during period 1961-90

Estimated maximum 2-hour rainfall

Estimated maximum 24-hour rainf all

Estimated maximum 25-day rainfall

In particular applications, especially on small catchme nts, users may wish
to pu rchase the 100 m resolution data set (held by SSLRC, MLURI and DANI), or
manually derive the HOST classes on the study catchment. It may also be worth
investigating whether the soils in that region of the country have been mapped at
a larger scale e .g. the 1 :25K soil maps available for some regions of the UK.

C.3.2 Manual derivation of HOST classes

The p rocedure to determine the p roportions of a catchment in each HOST class
has three steps:

i Determine the fraction of the catchment in each map unit, by overlaying
the catchmen t bounda ry on the appropriate sheet of the 1.250 000 national
soil map . Sufficient accuracy is obtained by using a squared paper overlay
or a planimeter;

ii Collate the component HOST classes for each of these map units fro m
Table C.3. Table C.3 gives the typical percentages of HOST classes found in
associations, and is split into separate lists for England and Wales, Scotland
and Northern Ireland;

iii Calculate the overall fraction of each HOST class in the catchment by
combining the information from ( i) and ( ii) above.
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This procedure is illustrated in Example C.1 (below). Summing the HOST class
fractions provides a check that no errors have crept into the arithmet i c. Where the
catchment contains an unclassified urban area or lake, it may be possible to guess
the underlying association; otherwise it may be necessary to eliminate the subarea
by adjusting the other association amounts e.g. by an area-weighted factor. HOST
class fractions less than 0.5% can be ignored, but it is then necessary to adjust
allocations to ensure that the total of 100% is met, e.g. by adding to the largest
class fraction.

Example C.1
Manual derivation of HOST classes

Catchment: Rhymney at Gilfach Bargoed (IHDTM grid ref. 315050 200250) (Plate C.2)

Map unit

92c + U
311d
611d
631a
654c
713f
721¢
Total

HOST class

4
6
10
15
17
21
24
26
Total

Fraction of catchment
%

7.69
0.65

32.07
2.00
7.83
6.9

42.86
100.00

Component HOST classes
(fraction in map unit)

24 (100.00)
4 (23.08),15 (76.92)
4 (55.56), 17 (33.33), 21 (11.11)
4 (60.00), 15 (40.00)
15 (100.00)
6 (20.00), 21 (26.67), 24 (53.33)
10 (11.11) 26 (88.89)

Components
(fraction of HOSTclass in map unit x
fraction of map unit in catchment)

23.08 (0.0065)+60.00 (0.0200)+55.56 (0.3207)
20.00 (0.0690)
11.11 (0.4266)
76.92 (0.0065)+40.00 (0.0200)+100.00 (0.0783)
33.33 (0.3207)
26.67 (0.0690)+11.11 (0.3207)
100.00 (0.0769) + 53.33 (0.0690)
88.89 (0.4266)

Fraction of
catchment

%

19.17
1.38
4.71
9.13

10.69
5.4

11.37
38.16

100.00
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Orkneys & Shetlands ,f

$

Plate  C.1 Dominant HOST class mapped on a 1 km grid
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285 290 295 300 3 10 3 15 320

675 IHDTM-derived catchment boundary

l. 1 TM -derived draina ge path (shown when
draining an area greaterthan 15 square kilometres)

A Gauging station
km

8,7 }  7

ob

1gegg,- ,plg } l
t

!
285 290 295 300 310 315 320

Figure C.1  Almond at Craigieha/1 (1900 1)

Plate C.2  Overlay of catchment boundary on a soil map, shown at the actual size of the
1:250 000 map (with permission of the Soil Survey of England and Wales)
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Appendix C Catchment characteristics and descriptors

270 275 280 285 290

H D TM-derived ca tchment boundary

IHOTM--derived drainage pa th
(shown when draining an area greater
than 5 square kilometre s)

Subject site

l. Gauging station
km

145

270 275 280 285 290

Figure C.4  West Lyn at Lynmouth and Homer Water at West Luccombe (5 1002)

283 284 285 286 28 7 288 289

aa

435

IHDTM-derived drainage
path (shown when
draining an area
greater than 2 square
kilometres}

l, Gauging station

km

0.5

283 284 285 286 287 288 28 9

Figure C.5  Ballysally Blagh at University of Ulster (203050)
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Restatement and application of the FSR rainfall-runoff method

175 170 ,n 178 181 182

i

IHDTM-derivec:I drainage path

«-· «o «· s q1' ESty #yad
than  1  square kilometres)
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km

'- -;-- - - - - --,- - -- ------- ---
178175
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Figure C.6  Kenwyn at Truro (48005)
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Figure C.7  White Cart Water at Hawkhead (84012)
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Table C.3 Assignment of HOST classes to map units

The following lists give the typica l percentages of HOST classes found in map units. Th e 11st for
England and Wales map units starts overleaf; Scotland follows starting on page 261; Northern
Ireland (where the assignment system is slightly different) follows starting on page 270.

Map units In  England and Wales

Code Map unit Class % Code Map unit Class %

oc China Clay Works 17 100 .00 10 10.53
01 Lake 98 100.00 372 Willingham 10 85.00
Os Sea 99 100.00 11 15.00
Ou Unsurveyed 97 100.00 411a Evesham 1 2 29.41
22 Unripened Gley soils 9 100.00 23 70.59
92a Disturbed soils 1 21 100.00 411b Evesham 2 23 52.94
92b Disturbed soils 2 21 100.00 25 47.06
92c Disturbed soils 3 24 100.00 411c Evesham 3 20 23.08
311a Revidge 15 42.86 23 61.54

29 57.14 25 15.38
311b Skiddaw 15 33.33 411d Hanslope 21 100.00

27 53.33 421a Stow 16 16.67
29 13.33 20 55.56

311c Wetton 1 4 41.86 21 16.67
15 58.14 24 11.11

311d Wetton 2 4 23 .08 421b Halstow 17 10 .99
15 76.92 21 45.05

311e Bangor 27 57.14 24 43.96
29 42.86 43 1 Worcester 21 100.00

313a Dunwell 19 38.89 511a Aberford 2 89.47
22 44 .44 6 10.53
27 16.67 511b Moreton 2 65.96

313b Powys 17 33.33 23 34 .04
22 66.67 511c Panholes 1 90.00

313c Crwbin 4 100.00 6 10.00
34 1 lcknield 1 94.74 511d Blewbury 1 68.75

6 5.26 13 3 1.25
342a Upton 1 4 100.00 511e Swaffham Prior 1 100.00
342b Upton 2 1 100.00 511f Coombe 1 1 77.78
342c Wantage 1 88.89 6 22.22

6 11.11 511g Coombe2 1 100.0 0
342d Wantage 2 1 69.23 511h Badsey1 5 77 .78

9 30.77 7 11.11
343a EImton 1 2 100.00 8 11.11
343b Elmton 2 2 90.00 511i Badsey2 5 78.95

4 10.00 7 10.5 3
343c Elmton 3 2 56.25 10 10.53

23 25.00 511] Stretham 18 50.62
25 18.75 21 49.38

343d Sherborne 2 77 .78 512a Aswarby 2 17.65
23 22.22 13 47.06

343e Marcham 2 100.00 23 17.65
343f Newmarket 1 100.00 25 17.65
343g Newmarket 2 1 84.21 512b Landbeach 5 13.79

5 15.79 7 70.11
343h Andover 1 4 90.00 8 16.09

6 10.00 512c Ruskington 7 100.00
343i Andover 2 4 85.00 512d Grove 8 41.18

6 15.00 10 23 .53
346 Reach 9 100.00 20 23.53
361 Sandwich 5 89.47 25 11.76
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Code Map unit Class % Code Map unit Class %

512e Block 7 29.07 541p Malham2 4 100.00
8 30.23 541q Waltham 4 55.56
9 11.63 6 44.44

10 29.07 541r Wick1 5 75.00
512f Milton 5 20.00 7 25.00

8 80.00 541s Wick2 5 37.50
513 Cannamore 18 70.00 6 15.63

21 15.00 8 10.42
24 15.00 13 36.46

521 Methwold 1 100.00 54 1t Wick3 5 72.22
532a Blacktoft 8 89.47 6 27.78

9 10.53 541u Ellerbeck 5 100.00
532b Romney 8 100.00 541v Rheidol 5 88.89
541a Bearsted1 3 84.21 8 11.11

8 15.79 54 1w Newnham 5 71.43
541b Bearsted2 3 52.94 8 28.57

10 29.41 541x East Keswick1 6 52.94
19 17.65 7 11.76

54 1c Newbiggin 6 65.00 21 35.29
18 35.00 541y East Keswick2 5 15.00

541d Oglethorpe 5 77.78 6 65.00
6 22.22 17 20.00

541a Milford 6 10.53 541z East Keswick3 4 37.50
17 78.95 6 62.50
21 10.53 542 Nercwys 21 62.50

541b Bromsgrove 3 71.43 24 37.50
4 14.29 543 Arrow 7 75.00

18 14.29 10 25.00
541c Eardiston1 3 14.93 544 Banbury 2 83.33

4 67.16 20 16.67
18 17.91 551a Bridgnorth 3 89.47

541d Eardiston2 4 100.00 5 10 .53
541e Crediton 2 22.22 551b Cuckney1 3 55.00

3 77 .78 5 45.00
541f Rivington1 4 66.67 551c Cuckney2 3 52.94

13 33.33 10 23.53
541g Rivington2 4 83.33 16 23 .53

21 16.67 551d Newport1 5 75.00
541h Neath 17 25.00 10 12 .50

18 25.00 18 12.50
21 50.00 551e Newport2 3 26.67

541i Munslow 4 100.00 5 73.33
541j Denbigh1 4 13.33 551f Newport3 5 60.00

17 60.00 18 40.00
18 13.33 551g Newport4 5 100.00
22 13.33 552a Kexby 5 33.33

541k Denbigh2 6 18.60 7 66.67
8 17.44 552b Ollerton 7 40.59
9 17.44 13 19.8 0

17 46.51 18 39.60
54 1l Barton 4 83.33 554a Frilford 3 89.47

18 16.67 13 10 .53
541m South Petherton 3 80.00 554b Worlington 1 50 .00

16 20.00 5 30.00
541n Trusham 4 68.00 16 20.00

17 20.00 555 Downham 5 21.05
22 12.00 10 42.11

5410 Malham1 4 15.00 13 36.84
15 85.00 561a Wharfe 8 88.89
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Code Map unit Class % Code Map unit Class %

10 11.11 571t Efford2 5 36.05
561b Teme 8 80.00 10 11.63

9 20.00 18 34.88
561c Alun 8 81.25 25 17.44

10 18.75 571u Sutton1 5 100.00
561d Lugwardine 8 88.89 571v Sutton2 5 77 .78

9 11.11 6 22.22
571a Rowton 5 53.33 571w Hucklesbrook 5 90.00

18 33.3 3 7 10.00
24 13.33 571x Ludford 5 73.33

571a Ston Easton 2 66.67 6 26.67
4 16.6 7 571y Hamble1 $ 13.33

23 16.67 6 40.00
571b Bromyard 4 15.58 8 26.67

18 84.42 18 20.00
571c Malling 1 11.11 571z Hamble2 6 53.33

2 16.6 7 8 46.67
3 16.67 572a Veld 2 22.22

16 38.89 4 16.67
18 16.67 18 61.11

571d Fyfield1 3 66.67 572b Middleton 18 85.88
16 22.22 24 14.12
18 11.11 572c Hodnet 3 11.76

571e Fyfield2 3 100.00 13 11.76
571£ Fyfield3 3 77 .78 18 64.71

15 22.22 21 11.76
571g Fyfield4 3 70.00 572d Whimple1 5 34 .07

18 20.00 6 29.67
24 5.00 21 36.26
25 5.00 572e Whimple2 3 23.53

571h Ardington 3 23.53 21 76.47
16 64.71 572t Whimple3 21 82.35
24 11.76 24 17.65

571 i Harwell 4 10.00 572g Dunnington Heath 18 71 .43
16 55.00 21 28.57
24 35.00 572h Oxpasture 20 52.50

57 1j Frilsham 1 100.00 23 12.50
571k Moulton 1 80.00 25 35.00

5 20.00 572i Curtisden 3 9.46
5711 Cha rity1 1 40.00 16 9.46

6 60.00 18 54.05
571m Charity2 1 58.82 24 27.03

6 41.18 572j Bursledori 10 17.24
571n Tathwell 1 89.47 13 17.24

18 10.53 18 34.48
571o Melford 1 100.00 25 31.03
571p Escrick1 6 62.50 572k Signor 4 11.24

18 21.88 16 33.71
24 15.63 18 32.58

571q Escrick2 5 20.00 24 22.47
6 60.00 5721 Flint 18 87.50

18 20.00 24 12.50
571 r Hunstanton 1 68.42 572m Salwlck 5 25.00

5 15.79 8 20.00
6 15.79 18 55.00

571s Efford1 5 39.60 572n Burlingham1 5 37.50
6 40.59 18 62.50
8 14.85 5720 Burlingham2 6 15.79
9 4.95 18 63.16
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Code Map unit Class % Code Map unit Class %

24 21.05 611d Withnell 1 4 55.56
572p Burlingham 3 1 30.00 17 33.33

5 30.00 21 11.11
18 40.00 611e Withnell 2 4 83.33

572q Ashley 18 64.71 19 16.67
21 23.53 612a Parc 15 11.76
24 11.76 17 70.59

572r Ratsborough 18 37.50 26 17.65
24 35.71 612b Moor Gate 4 87.50
25 26.79 15 12.50

572s Bishampt on 1 5 21.05 631a Anglezarke 4 60.00
6 26.32 15 40.00

18 36.84 631b Delamere 3 100.00
24 15.79 631c Shirrell Heath 1 3 44.44

572t Bishampton 2 18 44.44 10 22.22
20 11.11 13 16.67
24 27.78 18 16.67
25 16.67 631d Shirrell Heath 2 3 100.00

573a Waterstock 5 11.76 631e Goldstone 3 78.57
6 17.65 4 21.43
7 23.53 631f Crannymoor 5 72.94
8 35.29 10 27.06
9 11.76 633 Larkbarrow 4 50.55

573b Wix 5 23.53 15 49.45
7 64.71 634 Southampton 5 87.01

25 11.76 24 12.99
581a Nordrach 4 100.00 641a Sollom 1 5 31.58
581b Sonni ng 1 5 88.89 10 68.42

18 11.11 641b Sollom2 3 22.22
581c Sonning 2 5 62.50 5 11.11

18 12.50 10 50.00
25 25.00 18 16.67

581d Carstens $ 88.89 641c Holme Moor 5 12.50
6 11.11 7 66.25

5818 Marlow 1 73.33 10 21.25
18 26.67 643a Holidays Hill 3 23.53

581t Barrow $ 55.00 10 11.76
5 45.00 13 11.76

581g Stone Street 1 27.78 18 29.41
3 38.89 25 23.53
5 33.33 643b Poundgate 18 23.53

582a Batcombe 1 18.75 24 64.71
18 81.25 26 11.76

582b Hornbeam 1 1 26.67 643c Bolderwood 5 16.67
5 40.00 24 83.33

18 33.33 643d Felthorpe 7 26.67
582c Hornbeam 2 1 37.50 10 73.33

18 62.50 651a Belmont 4 18.75
582d Hornbeam 3 18 70.59 15 81.25

21 17.65 651b Hexworthy 15 100.00
24 11.76 651c Earle 15 68.75

582e Tendring 5 32.61 27 31.25
8 45.65 652 Maw 15 100.00

24 21.74 654a Hafren 15 86.67
611a Malvern 4 28.57 26 13.33

19 71.43 654b Lydcott 15 88.89
611b Moretonhampstead 4 100.00 26 11.11
611c Manod 17 87.50 654c Gelligaer 15 100.00

22 12.50 711a Stanway 18 20.00
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Code Map unit Class % Code Map unit Class %

24 80.00 25 90.00
711b Brockhurst 1 21 20.00 712d Halls worth 1 24 100.00

24 80.00 7126 Hallsworth 2 24 100.00
711c Brockhurst 2 9 13.33 712f Crewe 24 100.00

24 86.67 712g Ragdale 21 22.22
711d Martock 24 100.00 24 77 .78
711e Wickham 1 20 11.76 712h Foggathorpe 1 24 100.00

24 17.65 712i Foggathorpe 2 24 100.00
25 70.59 713a Bardsey 4 29.41

711£ Wickham 2 20 16.67 21 11.76
23 11.11 24 58.82
25 72 .22 713b Sports mans 9 43 .75

711g Wickham 3 10 15.79 15 18.75
18 10.53 21 18.75
25 73.68 24 18.75

711h Wickham4 25 100.00 713c Fforest 21 10.53
711i Wickham5 18 12.99 24 78.95

20 12.99 26 10.53
24 12.99 713d Cegin 17 11.76
25 61.04 18 11.76

711j Kingston 3 17.65 24 76.47
16 11.76 713e Brickfield 1 24 68.75
18 23.53 26 31.25
24 47.06 713t Brlckfield 2 6 20.00

711k Vernolds 9 21.43 21 26.67
18 21.43 24 53.33
24 57.14 713g Brickfield 3 24 100.00

7111 Claverley 19 25.00 714a Dunkeswell 18 10.53
24 75.00 24 63.16

711m Salop 18 18.75 26 26.32
24 81.25 714b Oak 1 24 100.00

711n Clifton 10 10.53 714c Oak 2 18 33.33
18 21.05 24 66.67
24 68.42 714d Essenden 18 20.00

7110 Rufford 10 45.00 24 60.00
24 55.00 25 20.00

711p Dunkeswick 24 100.00 721a Princetown 15 100.00
711q Pinder 18 22.22 721b Onecote 26 100.0 0

24 77 .78 721c Wilcocks 1 10 11.11
711r Beccles 1 24 100.00 26 88.89
711s Beccles 2 10 15.79 721d Wilcoc ks 2 15 11.11

24 84.21 26 55.56
711t Beccles 3 18 25.00 29 33 .33

21 15.00 721e Wenallt 26 84.21
24 60.00 29 15.79

711u Holderness 18 32.6 1 811a Enborne 8 21.05
24 67.39 9 15.79

711v Gresham 10 15.79 10 63.16
14 63.16 811b Conway 8 23.53
24 21.05 9 76.47

711w Croft Pascoe 4 10.00 811c Hollington 8 11.11
9 20.00 9 88.89

13 20.00 811d Rockcliffe 8 11.11
14 50.00 9 55.56

712a Dale 24 100.00 10 33.33
712b Denchworth 20 14.29 811e Tanvats 9 61.11

23 14.29 10 38.89
25 71.43 812a Frome 10 95.00

712c Windsor 23 10.00 11 5.00
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Code Map unit Class % Code Map unit Class %

812b Wisbech 8 31.25 841e Park Gate 8 22.22
9 68.75 9 77.78

812c Agney 9 100.00 851a Downhol l and 1 9 64.71
813a Midelney 9 83.33 10 17.65

10 16.67 11 17.65
813b Fladbu ry 1 8 15.00 851b Downhol l and 2 9 71.43

9 85.00 10 28.57
813c Fladb ury 2 8 23.53 85 1c Downhol l and 3 9 50.00

9 76.47 10 20.00
813d Fladbury 3 9 88.89 11 30.00

10 11.11 861a lsleham 1 10 80.00
813e Compton 9 100.00 29 20.00
813f Wallasea 1 9 100.00 861b lsleham 2 7 20.00
813g Wallasea 2 8 12.77 10 50.00

9 87.23 11 30.00
813h Dowels 9 100.00 871a Laployd 10 23.53
814a Thames 8 8.89 12 64.71

9 91.11 29 11.76
814b Newchurch 1 8 25.32 871b Hense 3 10.00

9 74.68 10 70.00
814c Newchurch 2 9 100.00 12 20.00
815 Normoor 9 100.00 871c Hanworth 10 70 .00
821a Everingha m 7 26.32 11 30 .00

10 73.68 872a Peacock 9 15 .00
821b Blackwood 7 9.52 11 16.67

10 90.48 25 68.33
831a Yeollandpark 8 17.65 872b Clayhythe 9 15.79

9 70.59 10 63.16
24 11.76 11 10 .53

831b Sessay 9 55.00 25 10.53
10 15.00 873 Ireton 10 100.00
24 30.00 1011a Longmoss 12 100.00

831c Wigton Moor 7 11.11 1011b Winter Hill 29 100.00
8 16.67 1013a Crowdy 1 15 11.11
9 44.44 26 16.6 7

10 27.78 29 72.22
832 Kelmscot 7 12.50 1013b Crowdy 2 29 100.00

9 12.50 1021 Turbary Moor 11 80.00
10 75.00 12 20.00

841a Curdridge 10 80.00 1022a Altcar 1 11 100.00
25 20.00 1022b Altcar 2 11 100 .00

841b Hurst 7 13.33 1024a Adventurers' 1 11 100.00
8 13.33 1024b Adventurers' 2 10 20.00

10 73.33 11 80.00
841c Swanwick 10 100.00 1024c Adventurers' 3 9 23.5 3
841d Shabblngton 7 13.33 10 23.53

8 26.67 11 52.94
9 46.67 1025 Mendham 9 38.89

25 13.33 1025 Mendham 11 61.11

Map Units In Scot land

Code Map unit Class % Code Map unit Class %

Alluvial soils 7 35.00 2 Alluvial soils 10 100.00
8 15.00 3 Organic soils 12 100 .00
9 10.00 4 Organi c soils 29 100.00

10 20.00 5 Aberlour 14 70.00
12 20.00 15 30.00
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Code Map unit Class % Code Map unit Class %

6 Aberlour 13 40.00 44 Balrownie 6 50.51
17 60.00 13 49.49

7 Aberlour 15 50.51 45 Balrownle 15 100.00
29 49.49 46 Balrownie 12 49.49

9 Aberlour 12 35.00 26 50.51
15 65.00 47 Balrown ie 24 100.00

10 Aberlour 15 50.51 48 Balrownie 26 100.00
17 49.49 49 Balrownl e 6 100.00

11 Aberlour 15 50.51 50 Balrownie 12 49.49
29 49.49 26 50.51

12 Aberlour 17 100.00 51 Bargour 24 100.00
13 Aberlour 17 50.51 52 Barncorkrie 16 50.51

29 49.49 24 49.49
14 Aberlour 17 100.00 53 Bemersyde 17 100.00
15 Aberlour 22 75.00 54 Bemersyde 17 100.00

27 25.00 55 Bemersyde 15 100.00
16 Arblgland 18 25.00 56 Benan 6 100.00

24 75.00 57 Benan 6 100.00
17 Ardvani e 5 100.00 58 Benan 24 100.00
18 Arkaig 17 100.00 59 Berri edale 6 100.00
19 Arkaig 14 50.51 60 Berriedale 14 100.00

15 49.49 61 Berriedale 15 70.00
20 Arkaig 13 49.49 29 30.00

17 50.51 62 Berriedale 12 49.49
21 Arkaig 15 100.00 15 50.51
22 Arkaig 15 50.51 63 Berriedale 6 100.00

29 49.49 64 Berriedale 15 80.00
23 Arkaig 15 65.00 29 20.00

29 35.00 65 Berriedale 15 100.00
24 Arkaig 15 100.00 66 Berriedale 4 34.34
25 Arkalg 17 100.00 6 35.35
26 Arkalg 12 35.00 17 30.30

15 65.00 67 Berriedale 6 50.51
27 Arkaig 17 100.00 29 49.49
28 Arkaig 15 50.51 68 Blair 24 100.00

17 49.49 69 Blair 24 35.35
29 Arkaig 12 49.49 26 34.34

15 50.51 29 30.30
30 Arkaig 15 50.00 70 Bogtown 24 100.00

22 25.00 74 Braemore 6 50.5 1
27 25.00 13 49.49

31 Arkaig 15 70.00 72 Braemore 6 35.35
27 30.00 13 34.34

32 Arkaig 12 30.30 14 30.30
15 35.35 73 Braemore 14 100.00
27 34.34 74 Braemore 6 100.00

33 Arkaig 19 100.00 75 Braemore 15 34.34
34 Arkaig 19 50.51 26 35.35

29 49.49 29 30.30
35 Arkaig 19 100.00 76 Brightmony 16 100.00
36 Arkaig 22 49.49 77 Cairncross 6 50.51

27 50.5 1 24 49.49
37 Arran 24 100.00 78 Canlsbay 6 100.00
38 Arran 26 100.00 79 Can isbay 24 85.00
39 As hgrove 24 100.00 26 15.00
40 Ashgrove 24 100.00 80 Canisbay 6 29.29
41 Balrownle 18 100.00 15 20.20
42 Balrownie 24 100.00 24 30.30
43 Balrownie 4 100.00 26 20.20
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Code Map unit Class % Code Map unit Class %

81 Canisbay 15 100.00 115 Co untesswells 17 100.00
82 Canisbay 26 100.00 116 Countesswells 14 100.00
83 Canisbay 24 100.00 117 Countesswells 15 100.00
84 Canonbi e 16 50.51 118 Countesswells 15 50.51

24 49.49 29 49.49
85 Canonbie 24 100.00 119 Countesswells 15 50.51
86 Canonbie 6 100.00 29 49.49
87 Canonbie 26 100.00 120 Countesswells 12 49.49
88 Canonbie 12 49.49 15 50.51

26 50.51 121 Countesswells 17 70.00
89 Carpow 5 100.00 22 30.00
90 Carter 6 30.00 122 Countesswells 17 100.00

14 70.00 123 Countesswells 12 35.00
91 Carter 14 30.00 15 65.00

24 70.00 124 Countesswells 12 85.00
92 Carter 6 30.00 27 15.00

24 70.00 125 Countesswells 17 100.00
93 Carter 15 100.00 126 Countesswells 15 50.51
94 Carter 24 49.49 17 49.49

26 50.51 127 Countesswells 12 49.49
95 Carter 26 50.51 15 50.51

29 49.49 128 Countesswells 17 50.51
96 Corby 17 100.00 22 49.49
97 Corby 5 100.00 129 Countesswells 15 49.49
98 Corby 5 70.00 27 50.51

7 10.00 130 Countesswells 15 70.00
8 5.00 29 30.00
9 5.00 131 Countesswells 15 70.00

10 5.00 27 30.00
12 5.00 132 Countesswells 12 49.49

99 Corby 5 100.00 15 50.51
100 Corby 5 100.00 133 Countesswells 27 100.00
101 Corby 15 100.00 134 Countesswells 17 100.00
102 Corby 7 10.10 135 Countesswells 17 50.51

8 5.05 29 49.49
9 5.05 136 Countesswells 17 100.00

10 5.05 137 Countesswells 22 100.00
12 39.39 138 Cralgdale 15 49.49
15 35.35 17 50.51

103 Corby 5 50.51 139 Craigdale 24 50.51
12 49.49 26 49.49

104 Corby 12 85.00 140 Craigellachie 18 100.00
15 15.00 141 Creetown 17 100.00

105 Corby 5 50.51 142 Creetown 17 100.00
15 49.49 143 Creetown 24 50.51

106 Corby 12 50.51 26 49.49
15 49.49 144 Cromarty 13 100.00

107 Corriebreck 14 15.00 145 Cromarty 18 100.00
17 85.00 146 Cromarty 14 49.49

108 Corriebreck 17 100.00 15 50.51
109 Corriebreck 12 30.00 147 Dar1eith 17 100.00

15 70.00 148 Dar1eith 24 100.00
110 Corriebreck 15 100.00 149 Darleith 24 100.00
111 Corriebreck 12 49.49 150 Dar1eith 17 100.00

15 50.51 151 Dar1eith 19 100.00
112 Corriebreck 17 100.00 152 Dar1elth 15 50.51
113 Countesswells 17 100.00 19 49.49
114 Countesswells 17 100.00 153 Darleith 15 100.00

154 Darleith 15 70.00
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Code Map unit Class % Code Map unit Class %

29 30.00 191 Dumhlll 15 70.00
155 Darleith 15 50.5 1 27 30.00

29 49.49 192 Dumhill 17 85.00
156 Darleith 15 49.49 27 15.00

17 50.51 193 Dumhill 17 50.51
157 Darlelth 12 35.00 29 49.49

15 65.00 194 D urnhill 17 100.00
158 Darleith 19 100.00 195 Dumhill 22 100.00
159 Darleith 15 50.51 196 Eckford 5 100.00

19 49.49 197 Eckford 5 70.00
160 Darleith 15 50.51 12 30.00

29 49.49 198 Eckford 5 70.00
161 Darleith 17 100.00 7 10.00
162 Darleith 17 50.51 8 20.00

29 49.49 199 Eckford 10 100.00
163 Darvel 5 100.00 200 Eckford 5 70.00
164 Darvel 5 70.00 10 30.00

7 5.00 201 Elgin 14 50.51
8 10.00 15 49.49
9 5.00 202 Elgin 6 60.00

10 5.00 13 40.00
12 5.00 203 Elgin 15 100.00

165 Deecastle 4 100.00 204 Ethie 19 100.00
166 Deecastle 4 49.49 205 Ettrick 16 100.00

15 50.51 206 Ettrick 17 100.00
167 Deecastle 4 100.00 207 Ett rick 19 100.00
168 Doune 5 100.00 208 Ett rick 17 100.00
169 Dreghorn 5 100.00 209 Ett rick 13 49.49
170 Dreghorn 10 100 .00 24 50.51
171 Drongan 24 100 .00 210 Ettrick 14 49.49
172 Dulsie 16 100.00 24 50.5 1
173 Dulsie 15 100.00 211 Ettrick 12 70.00
174 Dulsie 12 49.49 17 30.00

15 50.51 212 Ett rick 12 49.49
175 Dulsie 15 100.00 15 50.51
176 Dunnet 15 100.00 213 Ettrick 12 70.00
177 Dunnet 15 100.00 15 30.00
178 Dunnet 17 100.00 214 Ettrick 12 35.00
179 Durisdeer 6 50.51 15 50.00

18 49.49 17 15.00
180 Durisdeer 18 49.49 215 Ettrick 12 85.00

24 50.51 27 15.00
18 1 Durnhill 14 50.51 216 Ettrick 15 70.00

15 49.49 29 30.00
182 Durnhill 15 100.00 217 Ett rick 15 100.00
183 Durnhill 15 50.51 218 Ettrick 15 70.00

29 49.49 29 30.00
184 Durnhill 15 50.51 219 Ettrick 12 25.00

29 49.49 15 25.00
185 Dumhill 12 35.00 26 50.00

15 65.00 220 Ett rick 15 25.00
186 Dumhill 17 100 .00 26 25.00
187 Dumhill 15 70.00 29 50.00

27 30.00 22 1 Ett rick 17 100.00
188 Dumhill 12 30.00 222 Ett rick 19 100.00

15 70.00 223 Ett rick 19 70.00
189 Durnhill 27 100.00 22 30.00
190 Durnhill 15 70.00 224 Ettrick 17 34.34

27 30.00 19 30.30
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Appendix C Catchment characteristics and descriptors

Code Map unit Class % Code Map unit Class %

22 35.35 268 Glenalmond 15 100.00
225 Ettrick 17 70.00 269 Glenalmo nd 15 34.34

24 30.00 24 30.30
226 Ett rick 15 70.00 26 35.35

17 30.00 270 Glenalmond 26 50.51
227 Ettrick 17 100.00 29 49.49
228 Ettrick 15 100.00 271 Glenalm ond 6 100.00
229 Ettrick 15 100.00 272 Glenal mond 15 100.00
230 Ettrick 15 100.00 273 Gleneagles 5 100.00
231 Ett rick 15 100.00 274 Gourdie 6 30.00
232 Ett rick 14 50.51 18 70.00

17 49.49 275 Gourdie 24 51.02
233 Ettrick 14 50.51 26 48.98

15 49.49 276 Gourdie 6 100.00
234 Ettrick 15 65.00 277 Gourdie 6 49.49

29 35.00 ,15 50.51
235 Ettrick 22 100.00 278 Gruline 5 100.00
236 Ettrick 17 100.00 279 Gruline 5 25.00
237 Forfar 16 45.00 12 75.00

18 55.00 280 Gruline 12 30.00
238 Forfar 24 100.00 27 70.00
239 Forfar 16 50.51 281 Hatton 24 50.51

18 49.49 26 49.49
240 Foudland 17 100.00 282 Hatton 6 100.00
241 Foudland 14 100.00 283 Hatton 15 - 100.00
242 Foudland 14 100.00 284 Hatton 15 50.51
243 Foudland 17 100.00 29 49.49
244 Foudland 15 100.00 285 Hatton 6 49.49
245 Foudland 15 50.51 15 50.51

29 49.49 286 Hatton 15 100.00
246 Foudland 15 70.00 287 Hayfield 16 51.02

29 30.00 24 48.98
247 Foudland 15 70.00 288 Hayfield 6 70.00

29 30.00 24 30.00
248 Foudland 12 49.49 289 Hayfield 24 100.00

17 50.51 290 Hayfield 15 100.00
249 Foudland 12 49.49 291 Hindsward 2 4 100.00

15 50.51 292 Hindsward 24 100.00
250 Foudland 17 100.00 293 Hindsward 26 50.51
251 Foudland 17 100.00 29 49.49
252 Foudland 15 50.51 295 Hobkirk 16 100.00

17 49.49 296 Hobkirk 6 100.00
253 Foudland 15 100.00 297 Hobkirk 6 70.00
254 Foudland 15 100.00 14 30.00
255 Foudland 17 100.00 298 Hobkirk 14 100.00
256 Foudland 17 70.00 299 Hobkirk 6 49.49

29 30.00 15 50.51
257 Foudland 17 100.00 300 Hobkirk 6 49.49
258 Foudland 22 100.00 15 50.51
259 Fraserburgh 5 100.00 301 Hobkirk 15 100.00
260 Fraserburgh 5 100.00 302 Hobkirk 15 50.51
261 Fraserburgh 5 70.00 29 49.49

10 30.00 303 Holywood 16 49.49
262 Fraserburgh 10 100.00 18 50.51
263 Fraserburgh 12 100.00 304 Holywood 18 50.51
264 Glenalmond 16 100.00 24 49.49
265 Glenalmond 24 100.00 305 Holywood 6 100.00
266 Glenalmond 24 100.00 306 Holywood 6 100.00
267 Glenaimond 6 100.00 307 Inchkenneth 6 100.00
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Restatementandapplicafionofthe [SR.rainf ak-runoffmethod

Code Map unit Class % Code Map unit Class %

308 lnchkenneth 24 100.00 24 49.49
309 lnchkenneth 24 100.00 350 Kirkwood 24 50.51
310 lnchkenneth 26 100.00 26 49.49
311 lnchkenneth 26 100.00 351 Knockskae 14 100.00
312 lnchkenneth 26 100.00 352 Knockskae 17 70.00
313 lnchkenneth 6 100.00 22 30.00
314 lnchnadamph 4 100.00 353 Knockskae 17 100.00
315 lnchnadamph 4 34.34 354 Knockskae 15 100.00

15 35,35 355 Knockskae 12 35.00
29 30.30 15 65.00

316 lnsch 17 100.00 356 Knockskae 17 100.00
317 lnsch 15 30.00 357 Knockskae 15 70.00

24 70.00 29 30.00
318 lnsch 17 100.00 358 Knockskae 15 70.00
319 lnsch 15 100.00 27 30.00
320 lnsch 15 50.51 359 Lanfine 24 100.00

29 49.49 360 Lanfi ne 24 100.00
321 lnsch 14 49.49 361 Lanfi ne 26 100.00

17 50.51 362 Lauder 6 100.00
322 lnsch 12 30.00 363 Lauder 24 100.00

15 70.00 364 Lauder 6 100.00
323 lnsch 17 70.00 365 Lauder 6 30.30

22 30.00 15 35.35
324 lnsch 17 100.00 24 34.34
325 lnsch 15 70.00 366 Lauder 6 50.51

29 30.00 15 49.49
326 lnsch 17 49.49 367 Lauder 15 50.51

22 50.51 29 49.49
327 lnsch 12 49.49 368 Laurencekirk 6 24.49

15 50.51 17 24.49
328 lnsch 15 30.00 18 51.02

17 70.00 369 Leslie 17 100.00
329 lnsch 17 50.51 370 Leslie 24 100.00

29 49.49 371 Leslie 17 100.00
330 lnsch 17 100.00 372 Leslie 24 100.00
331 Kilmarnock 24 100.00 373 Leslie 22 30.00
332 Kilmarnock 24 100.00 24 70.00
333 Kintyre 24 100.00 374 Lethans 6 100.00
334 Kinty re 26 100.00 375 Lethans 24 100.00
335 Kintyre 24 100.00 376 Lethans 6 49.49
336 Kintyre 26 50.51 15 50.51

29 49.49 377 Lethans 15 100.00
337 Kippen 13 50.51 378 L.ethans 15 100.00

17 49.49 379 Linfem 12 49.49
338 Kippen 24 100.00 15 50.51
339 Kippen 6 100.00 380 Links 5 100.00
340 Kippen 24 100.00 381 Links 5 50.51

· 341 Kippen 6 100.00 10 49.49
342 Kippen 15 100.00 382 Links 12 100.00
343 Kippen 15 65.00 383 Links 5 100.00

29 35.00 384 Links 12 100.00
344 Kippen 15 50.51 385 Lochinv er 14 100.00

29 49.49 386 Lochinver 17 100.00
345 Kippen 15 100.00 387 Lochinv er 17 70.00
346 Kippen 12 30.00 22 30.00

15 70.00 388 Lochinver 14 65.00
347 Kippen 15 100.00 17 35.00
348 Kirkcolm 5 100.00 389 Lochinv er 17 100.00
349 Kirkwood 6 50.51 390 Lochin ver 15 50.51
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Appendix(Cathmentcharacteristics and descriptors

Code Map unit Class % Code Map unit Class %

29 49.49 426 North Mormond 15 100.00
391 Lochinvar 12 49.49 427 Ordley 24 50.51

15 50.51 26 49.49
392 Lochinver 15 50.51 428 Ordley 6 65.00

29 49.49 13 35.00
393 Lochinver 14 15.00 429 Peterhead 24 100.00

17 85.00 430 Peterhead 24 100.00
394 Lochi nver 12 49.49 431 Rackwick 12 49.49

15 50.51 15 50.51
395 Lochinvar 12 34.34 432 Reppoch 6 100.00

15 35.35 433 Reppoch 24 100.00
27 30.30 434 Reppoch 6 49.49

396 Lochinvar 15 70.00 15 50.51
27 30.00 435 Reppoch 15 70.00

397 Lochi nver 17 50.51 29 30.00
29 49.49 436 Reppoch 15 50.5 1

398 Lochinvar 17 80.00 29 49.49
22 20.00 437 Rhins 17 100.00

399 Lynedardy 24 49.49 438 Rhins 24 100.00
26 50.51 439 Rhins 19 49.49

400 Lynedardy 15 50.51 24 50.51
26 49.49 440 Rhins 24 100.00

401 Mauchline 18 100.00 44 1 Rhins 19 85.00
402 Mauchline 24 100.00 22 15.00
403 Mauchline 26 100.00 442 Rhins 24 100.00
404 Mauchline 6 70.00 443 Rhins 17 100.00

14 30.00 444 Rowanhill 18 100.00
405 Millbuie 14 100.00 445 Rowanhill 24 100.00
406 Millbuie 6 30.00 446 Rowanhill 24 100.00

18 70.00 447 Rowanhill 6 100.00
407 Minto 24 100.00 448 Rowanhill 4 85.00
408 Minto 24 100.00 13 15.00
409 Minto 24 100.00 449 Rowanhill 15 100.00
410 Minto 15 49.49 450 Rowanhill 15 50.5 1

24 50.51 29 49.49
411 Minto 15 70.00 451 Rowanhill 6 25.00

29 30.00 14 25.00
412 Minto 15 100.00 15 50.00
413 Mountboy 16 100.00 452 Roy 5 50.51
414 Mountboy 6 30.00 24 49.49

18 70.00 453 Roy 15 30.00
415 Mountboy 24 70.00 26 70.00

26 30.00 454 Sabhail 4 49.49
416 Mountboy 6 100.00 13 50.51
417 Mountboy 15 100.00 455 Sabhail 15 100.00
418 Mountboy 6 50.51 456 Sabhail 15 50.51

15 49.49 29 49.49
420 Nigg 5 100.00 457 Sabhail 13 49.49
421 Nigg 10 100.00 15 50.51
422 Nochty 5 70.00 458 Shawhill 6 100.00

7 10.00 459 Skelberry 14 49.49
8 5.00 15 50.51
9 5.00 460 Skelberry 15 100.00

10 5.00 461 Skelberry 15 100.00
12 5.00 462 Skelmuir 24 100.00

423 North Mormond 24 100.00 463 Skelmuir 26 100.00
424 North Mormond 24 100.00 464 Smailholm 17 100.00
425 North Mormond 6 50.51 465 Sorn 18 100.00

13 49.49 466 Sorn 24 100.00
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Restatement and application of the FSR rainfall-runoff method

Code Map unit Class % Code Map unit Class %

467 Som 24 100.00 507 Strichen 12 49.49
468 Som 6 24.74 15 50.51

15 24.74 508 Strichen 17 65.00
24 25.77 22 35.00
26 24.74 509 Strichen 15 49.49

469 Som 15 50.51 22 50.51
26 49.49 510 Strichen 15 70.00

470 Som 14 49.49 27 30.00
26 50.51 511 Strichen 12 30.30

471 Som 6 50.51 15 35.35
14 49.49 27 34.34

472 Sourhope 17 100.00 512 Strichen 19 100.00
473 Sourhope 24 100.00 513 Strichen 19 30.00
474 Sourhope 19 100.00 29 70.00
475 Sourhope 17 100.00 514 Strichen 19 100.00
476 Sourhope 15 100.00 515 Strichen 22 75.00
477 Sourhope 15 50.51 27 25.00

29 49.49 516 Symington 5 100.00
478 Sourhope 15 50.51 517 Tarves 13 49.49

29 49.49 17 50.51
479 Sourhope 19 100.00 518 Tarves 15 49.49
480 Sourhope 15 65.00 24 50.51

29 35.00 519 Tarves 14 50.51
482 Sourhope 22 100.00 17 49.49
483 Staffin 24 100.00 520 Tarves 17 100.00
484 Staffin 24 100.00 521 Tarves 15 100.00
485 Staffin 26 50.51 522 Tarves 15 50.51

29 49.49 29 49.49
486 Staffin 26 50.51 523 Tarves 12 49.49

29 49.49 15 50.51
487 Stirling 24 100.00 524 Tarves 12 30.00
488 Stirling 24 100.00 15 70.00
489 Stirling 26 100.00 525 Tarves 17 100.00
490 Stone haven 6 30.00 526 Tarves 14 49.49

18 70.00 17 50.51
491 Stone haven 24 100.00 527 Tarves 15 49.49
492 Stonehaven .6 100.00 17 50.51
493 Ston ehaven 6 49.49 528 Tarves 12 49.49

13 50.51 15 50.51
494 Stonehaven 15 100.00 529 Tarves 17 49.49
495 Stonehaven 6 100.00 22 50.51
496 Stone haven 6 100.00 530 Tarves 17 49.49
497 Strichen 14 49.49 22 50.51

24 50.51 531 Tarves 15 50.51
498 Strichen 17 100.00 27 49.49
499 Strichen 15 100.00 532 Tarves 17 50.51
500 Strichen 15 50.51 29 49.49

29 49.49 533 Tarves 17 49.49
501 Strichen 15 50.51 29 50.51

29 49.49 534 Tarves 17 100.00
502 Strichen 15 50.51 535 Thurso 4 30.00

29 49.49 6 70.00
503 Strichen 15 15.00 536 Thurso 24 100.00

17 85.00 537 Thurso 24 100.00
504 Strichen 12 30.00 538 Th urso 24 100.00

15 70.00 539 Thurso 6 100.00
505 Strichen 17 100.00 540 Thurso 12 49.49
506 Strichen 15 50.51 15 50.51

17 49.49 541 Thurso 15 100.00
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AppendixC Catchmentcharacteristics and descriptors

Code Map unit Class % Code Map unit Class %

542 Thurso 15 100.00 563 Tynehead 24 100.00
543 Thurso 15 100.00 564 Tynehead 15 100.00
544 Thurso 12 49.49 565 Tynet 14 100.00

15 50.51 566 Tynet 6 100.00
545 Tipperty 24 100.00 567 Tynet 15 100.00
546 Torosay 17 70.00 568 Walls 29 100.00

22 30.00 569 Walls 14 49 .49
547 Torosay 12 49.49 15 50.51

15 50.51 570 Walls 15 100.00
548 Torosay 15 50.51 571 Walls 15 50.51

29 49.49 29 49.49
549 Torosay 15 50.51 572 Walls 4 30.00

17 49.49 15 70.00
550 Torosay 15 35.35 573 Walls 17 100.00

27 34 .34 574 Whitsome 16 30.00
29 30.30 24 70.00

551 Torosay 19 50.51 575 Whitsome 24 100.00
29 49.49 576 Yarrow 5 100.00

552 Torridon 14 100.00 577 Yarrow 5 100.00
553 Torridon 14 49.49 578 Yarrow 5 35.35

17 50.51 12 64.65
554 Torridon 12 35.00 579 Yarrow 5 70.00

15 65.00 7 10.00
555 Torridon 17 70.00 8 5.00

22 30.00 9 5.00
556 Torridon 15 50.51 10 5.00

29 49.49 12 5.00
557 Torridon 12 49.49 580 Yarrow 5 70.00

15 50.51 12 30.00
558 Torridon 12 34.34 600 Built up area 97 100.00

15 35.35 60 1 Lake 98 100.00
27 30.30 602 Sea 99 100.00

559 Torridon 15 100.00 73 1 Organic soils - 3d 12 100.00
560 Torridon 19 50.51 732 Organic soils -  3e 28 100.00

29 49.49 733 Organic soils - 3de 28 100.00
561 Torridon 17 25.00 74 1 Organic soils - 4d 29 100.00

19 50.00 742 Organic soils - 4e 28 100.00
22 25.00 743 Organic soils - 4de 28 100.00

562 Tynehead 6 50.51 800 Bare rock - X 17 40.00
13 49.49 22 60.00
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Restatement and application of the FSRrainfalkunoffmethod

Map units  in  Northern Ireland

Profile descriptions

Brown earths
Be = brown earths
GBE = gleyed B-horizon brown earths
Sbe shallow brown earths (40-60 cm deep)
Cbe calcareous brown earths (alkaline)
Fbe = brown earths rich in ferric iron

Gleys
Pel
Swg1/G1 =
Swg2/G2 =
Swg3/g3
Swhg/hg

Podzols
Bp
Pod
Pp
Sbp
Sp

Rankers
Br
Fr
Gr
Hr
Pr
Ar

Pelosols (clay-rich, red, calcareous soils, with gley features masked)
surface water gley (Swg1/G1) and groundwater gley (G1) (imp eded drainage)
surface water gley (Swg2) and groundwater gley (G2) (poor drainage)
surface water gley (Swg3) and groundwater gley (G3) (very poor drainage)
surface water humic gley and groundwater humic gley

= brown podzolics
normal podzol (with ea and bs horizons)
peaty podzol (with peaty a/o horizon)

= shallow brown podzolics (40-60 cm deep)
= stag(ranite )opodzol (gleyed above an iron pan middle horizon)

= brown ranke rs (< 40 cm mineral soil)
= ferric rankers (< 40 cm with high ferric iron content)

gleyed rankers (< 40 cm gleyed mineral soil)
humic ranke rs (< 40 cm mainly organic soil)

= podzolic ranke rs (< 40 cm mineral soil with signs of leaching)
rock rankers (mostly rock outcrop)

Profile Origin Class Profile Origin Class

Be Al luvium 8 Gr Basic igneous 14
G1 Alluvium 9 Hr Basic igneous 15
G2 Alluvium 9 Sbe Basic igneous 4
G3 Alluvium 9 Sbp Basic igneous 4
Hg Alluvium 11 Be Basic igneous/ORS mixed till 18
Br Andesite 17 Swg1 Basic igneous/ORS mixed till 24
Sbe Andesite 17 Swg1 Basic igneous/Red Trias
Be Basalt 4 Sandstone mixed till 24
Bp Basalt 4 Be Basic igneous till 18
Br Basalt 4 Bp Basic igneous till 18
Fr Basalt 4 Hg Basic igneous till 26
G3 Basalt 14 Pod Basic igneous till 18
Gr Basalt 14 Sbe Basic igneous till 18
Hr Basalt 15 Sbp Basic Igneous till 18
Pp Basalt 15 Swg1 Basic igneous till 24
Ar Basalt 4 Swg2 Basic igneous till 24
Sbe Basalt 4 Swhg Basic igneous till 26
Swg1 Basalt 14 Swg2 Basalt/Lough Neagh Clay
Swhg Basalt 15 mixed till 24
Br Basalt/Chalk 4 Be Basalt/Mari mixed till 18
Cbe Basalt/Chalk Swg1 Basalt/Marl mixed till 24
Be Basalt/Chalk mixed till 18 Swg2 Basalt/Marl mixed till 24
Cbe Basalt/Chalk mixed till 18 Be Basa lt and Red Trias
Swg1 Basalt/Chalk mixed till 24 Sandstone mixed till 18
Swg2 Basalt/Chalk mixed till 24 G1 Basalt and Red Trias
Swhg Basalt/Chalk mixed till 26 Sandstone mixed till 24
Br Basic igneous 4
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AppendixC Catchmentcharacteristics and descriptors

Profile Origin Class Profile Origin Class

Swg1 Basalt and Red Trias Swg1 ORS Conglomerate/Andesite
Sandstone mixed till 24 Mixed till 24

Swg2 Basalt and Red Trias Be ORS Conglomerate till 6
Sandstone mixed till 24 Bp ORS Conglomerate till 6

Be Basalt/Shale mixed till 21 G2 ORS Conglomerate till 14
Swg1 Basalt/Shale mixed till 24 Hg ORS Conglomerate till 15
Swg2 Basalt/Shale mixed till 24 Sbe ORS Conglomerate till 6
Be Basalt till 18 Sbp ORS Conglomerate till 6
Bp Basalt till 26 Swg1 ORS Conglomerate till 14
Br_C Basalt till 4 Swg2 ORS Conglomerate till 14
Fbe Basalt till 18 Swhg ORS Conglomerate till 15
G1 Basalt till 24 Be Carboniferous Sandstone 4
G2 Basalt till 24 Br Carboniferous Sandstone 4
G3 Basalt till 24 Gr Carboniferous Sandstone 14
Gbe Basalt till 21 Hr Carboniferous Sandstone 15
Hg Basalt till 26 Sbe Carboniferous Sandstone 4
Pp Basalt till 26 Sbp Carboniferous Sandstone 4
Sbe Basalt till 18 Be Carboniferous Sandstone/
Swg1 Basalt till 24 Conglomeratetill 18
Swg2 Basalt till 24 Swg1 Carboniferous Sandstone/
Swg3 Basalt till 24 Dolerite mixed till 24
Swhg Basalt till 26 Swg2 Carboniferous Sandstone/
Swg1 Basalt till (stonefree) 24 Dolerite mixed till 24
Swg2 Basalt till (stonefree) 24 Be Carboniferous Sandstone/
Swg2 Calp/Carbonif erous Limestine mixed till 18

Sandstone mixed till 24 Swg1 Carboniferous Sandstone/
Be Calp 4 Limestone mixed till 24
Br Calp 4 Swg2 Carboniferous Sandstone/
Gr Calp 14 Limestone mixed till 24
Hr Calp 15 Swg3 Carboniferous Sandstone/
Pp Calp 15 Limestone mixed till 24
Swg2 Calp 14 Be Carboniferous Sandstone/Red
Swhg Calp 15 Trias Sandstone mixed till 18
Be Calp till 18 G3 Carboniferous Sandstone/Red
G2 Calp till 24 Trias Sandstone mixed till 24
Sbe Calp till 18 Hg Carboniferous Sandstone/Red
Swg1 Calp till 24 Trias Sandstone mixed till 26
Swg2 Calp till 24 Swg1 Carboniferous Sandstone/Red
Swg3 Calp till 24 Trias Sandstone mixed till 24
Swhg Calp till 26 Swg2 Carboniferous Sandstone/Red
Be Chalk/Gravel 18 Trias Sandstone mixed till 24
Be Chalk 1 Swhg Carboniferous Sandstone/Red
Br Chalk 1 Trias Sandstone mixed till 26
Cbe Chalk 1 Be Carboniferous Sandstone till 18
Hr Chalk 15 Bp Carboniferous Sandstone till 18
Ar Chalk G1 Carboniferous Sandstone till 24
Sbe Chalk $ G2 Carboniferous Sandstone till 24
Be Chalk/Marl 1 G3 Carboniferous Sandstone till 24
Br Chalk/Marl 1 Sbe Carboniferous Sandstone till 18
Swg1 Chalk/Mica Schist mixed till 24 Sbp Carboniferous Sandstone till 18
Be ORS Conglomerate 4 Swg1 Carboniferous Sandstone till 24
Bp ORS Conglomerate 4 Swg2 Carboniferous Sandstone till 24
Br ORS Conglomerate 4 Swhg Carboniferous Sandstone till 26
Gr ORS Conglomerate 14 Be Carboniferous Sandstone/
Hr ORS Conglomerate 15 Basalt mixed till 18
Pr ORS Conglomerate 4 Swg1 Carboniferous Sandstone/
Sbe ORS Conglomerate 4 Basalt mixed till 24
Sbp ORS Conglomerate 4 Swhg Carboniferous Sandstone/

Basalt mixed till 26
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Restatementandapplication of the FSR.roinfalkunoffmethod

Profile Orig in Class Profile Origin Class

Be Chalk till 18 Be Granite till 18
Cbe Chalk till 18 Bp Granite till 18
Pel Chalk till 21 G2 Granite till 24
Sbe Chalk till 18 Pod Granite till 18
Swg1 Chalk till 24 Sbe Granite till 18
Swg2 Chalk till 24 Stp Granite till 26
Br Clogher Valley Limestone 4 Swg1 Granite till 24
Be Clogher Valley Limestone till 18 Swg2 Granite till 24
Sbe Clogher Valley Limestone till 18 Swhg Granite till 26
Swg1 Clogher Valley Limestone till 24 Be Gravel 5
Swg2 Clogher Valley Limestone till 24 Bp Gravel 5
G2 Diatomite 9 Br Gravel 5
Br Dungiven Limestone 4 G1 Gravel 10
Hr Dungiven Limestone 15 G2 Gravel 10
Sbe Dungiven Limeston e 4 G3 Gravel 10
Swhg Dungiven Limestone 15 Hg Gravel 15
Be Dungiven Limestone till 18 Pod Gravel 5
Swg1 Dungiven Limestone till 24 Pp Gravel 15
Swg2 Dungiven Limestone till 24 Swg1 Gravel 10
Swhg Dungiven Limestone till 26 Swg2 Gravel 10
Br Dolerite 19 Swhg Gravel 15
Gr Dolerite 22 G1 Gravel/Basalt mixed till 24
Hr Dolerite 27 Be Gravel/Basalt mixed till 18
Rr Dolerite 22 Swg1 Gravel/Basalt mixed till 24
Be Dolerite till 18 Be Gravel/Carbonif erous
Swg2 Dolerite till 24 Sandstone mixed till 18
Br Felsite 19 Be Gravel/Chal k mixed till 18
Hr Felsite 27 Swg1 Gravel/Chalk mixed till 24
Rr Felsite 19 Be Gravel/Red Trias
Pr Granite 17 Sandstone mixed till 18
Be Granite 17 Be Gravel/Shale mixed till 18
Be Granite (Mournes) 4 G2 Intake 9
Bp Granite (Mournes) 4 G3 Intake 9
Br Granite 17 G2 Lake Shore Alluvium 9
Br Granite (Moumes) 4 G1 Lake Clay 9
G2 Granite (Mournes) 14 G2 Lake Clay 9
Gr Granite (Mournes) 14 Swg1 Lake Clay 9
Gr Granite 17 Swg2 Lake Clay 9
Hr Granite (Mournes) 15 Be Limestone 4
Hr Gran ite 27 Br Limestone 4
Pod Granite (Mournes) 4 Gr Limestone 14
Pp Granite (Mournes) 15 Hr Limestone 15
Rr Granite (Mournes) 4 Rr Limestone 4
Sbe Granite 17 Sbe Limestone 4
Sbe Grani te (Mournes) 4 Swg3 Limestone 14
Sbp Gran ite 17 Be Limestone Gravel 5
Sbp Granite (Mournes) 4 Be Purer Limestone till 18
Swg1 Granite 22 Cbe Purer Limestone till 18
Be Gran ite/Basic igneous G2 Purer Limestone till 24

mixed till 18 G3 Purer Limestone till 24
Sbp Granite/Basic igneous Sbe Purer Limestone till 18

mixed till 18 Swg1 Purer Limestone till 24
Swg1 Granite/Basic igneous Swg2 Purer Limestone till 24

mixed till 24 Swg3 Purer Limestone till 24
Swg2 Granite/Basic igneous Swhg Purer Limestone till 26

mixed till 24 G2 Lough Neagh Clay till 24
Swg1 Granite/ORS mixed till 24 Swg2 Lough Neagh Clay till 24
Swg2 Granite /ORS mixed till 24 Be Lake Sand 7
Be Granite/Red T rias Sst till 18 G2 Lake Sand 10
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Appendix C Catchment characteristics and descriptors

Profile Origin Class Profile Origin Class

G2 Marine Alluvium 9 G3 Mica Schist till 24
G3 Marine Alluvium 9 Gbe Mica Schist till 18
Br Marl 19 Hg Mica Schist till 26
Be Marl till 18 Pod Mica Schist till 18
Hg Marl till 26 Pp Mica Schist till 26
Pel Marl till 24 Sbe Mica Schist till 18
Swg1 Marl t ill 24 Sbp Mica Schist till 18
Swg2 Marl t ill 24 Swg1 Mica Schist till 24
Hr Millstone Grit 27 Swg2 Mica Schist till 24
Ar Millstone Grit 27 Swg3 Mica Schist till 24
Be Mica Schist 17 Swhg Mica Schist till 26
Bp Mica Schist 17 G1 Organic Alluvium 11
Br Mica Schist 17 G2 Organic Alluvium 11
Gr Mica Schist 22 G3 Organic Alluvium 11
Hr Mica Schist 27 Be ORS 4
Pr Mica Schist 17 Br ORS 4
Ar Mica Schist 19 Gr ORS 14
Sbe Mica Schist 17 Hr ORS 15
Sbp Mica Schist 17 Pr ORS 4
Swgt Mica Schist 22 Ar ORS 4
Swh g Mica Schist 27 Sbe ORS 4
Be Mica Schi st/Basalt till 18 Sbp ORS 4
Swg1 Mica Schist/Basalt till 24 Swhg ORS 15
Swg2 Mica Schist/Basalt till 24 Be ORS/Carboniferous
Swhg Mica Schist/Basalt till 26 Sandstone mixed till 18
Be Mica Schist/Carboniferous Swg1 ORS/Carboniferous

Sandstone mixed till 18 Sandstone mixed till 24
Bp Mica Schist/Carboniferous Swg2 ORS/Carboniferous

Sandstone mixed till 18 Sandstone mixed till 24
Hg Mica Schist/Carboniferous Swh g ORS/Carboniferous

Sandstone mixed till 26 Sandstone mixed till 26
Sbe Mica Schist/Carboniferous Be ORS/Limestone mixed till 18

Sandstone mixed till 18 Swg1 ORS/Limestone mixed till 24
Swg1 Mica Schist/Carboniferous Swg2 ORS/Limestone mixed till 24

Sandstone mixed till 24 Be ORS/Mica Schist till 18
Swg2 Mica Schist/Carboniferous Swg2 ORS/Mica Schist till 24

Sandstone mixed till 24 Swhg ORS/Mica Schist till 26
Swg3 Mica Schist/Carboniferous Be ORS till 18

Sandstone mixed till 24 Bp ORS till 16
Swhg Mica Schist/Carboniferous Bp ORS till 18

Sandstone mixed till 26 G2 ORS till 24
Be Mica Schist/Chalk mixed till 18 G3 ORS till 24
Swg2 Mica Schist/Chalk mixed t ill 24 Hg ORS till 26
Swg1 Mica Schist/Dungiven Pod ORS till 18

Limestone till 24 Sbe ORS till 18
Pod Mica Schi st/Dungiven Sbp ORS till 18

Limestone t ill 18 Swg1 ORS till 24
Pod Mica Schist/Dungiven Swg2 ORS till 24

Limestone t ill 24 Swg3 ORS till 24
Pp Mica Schist/Dungiven Swhg ORS till 26

Limestone till 26 Br Red Trias Sandstone 4
Bp Mica Schist/Granite mixed till 18 Hr Red Trias Sandstone 15
Swg1 Mica Schist/Granite mixed till 24 Ar Red Trias Sandstone 4
Swg2 Mica Schist/Granit e mixed till 24 Sbe Red Trias Sandstone 4
Swhg Mica Schist/Granite mixed till 26 Be Red Trias Sandstone/
Be Mica Schist till 18 Basalt mixed t ill 18
Bp Mica Schist till 18 Swg1 Red Trias Sandstone/
G1 Mica Schist till 24 Basalt mixed till 24
G2 Mica Schist till 24
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Profile Origin Class Profile Origin Class

Swg2 Red Trias Sandstone/ Pp Shale 27
Basalt mixed till 24 Rr Shale 17

Swhg Red Trias Sandstone/ Sbe Shale 17
Basalt mixed till 26 Sbp Shale 17

Swg1 Red Trias Sandstone/Calp Swg1 Shale 22
mixed till 24 Swg2 Shale 22

Swg2 Red Trias Sandstone/Calp Be Sand 5
mixed till 24 Bp Sand 5

Be Red Trias Sandstone/Chalk Br Sand 5
mixed till 21 G1 Sand 10

Swg1 Red Trias Sandstone/Chalk G2 Sand 10
mixed till 24 G3 Sand 10

Be Rhyollte 4 Pod Sand 5
Pp Rhyolite 15 Pp Sand 15
Sbe Rhyolite till 18 Swg1 Sand 10
Swg2 Rhyolite till 24 Swg2 Sand 10
Swhg Rhyolite till 26 Swhg Sand 15
Be Red Trias Sandstone/ Be Shale/Granite mixed till 18

Limestone mixed till 18 _Bp Shale/Granite mixed till 18
Swg1 Red Trias Sandstone/ G2 Shale/Granite mixed till 24

Limestone mixed till 24 Swg1 Shale/Granite mixed till 24
Swg2 Red Trias Sandstone/ Swg2 Shale/Granit e mixed till 24

Limestone mixed till 24 Be Shale ORS mixed till 18
Swg1 Red Trias Sandstone/LNC till 24 Swg1 Shale ORS mixed till 24
Be Red Limestone till 21 Swg2 Shale ORS mixed till 24
G2 Red Limestone till 24 Be Shale till 18
Swg1 Red Limestone till 24 Bp Shale till 18
Swg2 Red Limestone till 24 G1 Shale till 24
Be Red Trias Sandstone/Shale G2 Shale till 24

mixed till 18 G3 Shale till 24
Gbe Red Trias Sandstone/Shale Sbe Shale till 18

mixed till 18 Sbp Shale till 18
Swg1 Red Trias Sandstone/Shale Swg1 Shale till 24

mixed till 24 Swg2 Shale till 24
Swg2 Red Trias Sandstone/Shale Swhg Shale till 26

mixed till 24 Br Yoredale Sandstone 4
Be Red Trias Sandstone till 6 Gr Yoredale Sandstone 14
G1 Red Trias Sandstone till 14 Hr Yoredale Sandstone 15
G2 Red Trias Sandstone till 14 Pp Yoredale Sandstone 15
Hg Red Trias Sandstone till 15 Swg3 Yoredale Sandstone 14
Hr Red Trias Sandstone till 15 S whg Yoredale Sandstone 15
Sbe Red Trias Sandstone till 6 Swg1 Yoredale Sandstone/Clogher
Swg1 Red Trias Sandstone till 14 Valley Limestone mixed till 24
Swg2 Red Trias Sandstone till 14 Swg2 Yoredale Sandstone/Clogher
Swhg Red Trias Sandstone till 15 Valley Limestone mixed t ill 24
Be Shale 17 Be Yoredale Sandstone t ill 18
Bp Shale 17 Pod Yoredale Sandstone till 18
Br Shale 17 Swg1 Yoredale Sandstone till 24
G3 Shale 22 Swg2 Yoredale Sandstone till 24
Gr Shale 22 Swg3 Yoredale Sandstone till 24
Hr Shale 27 Swhg Yoredale Sandstone till 26
Pod Shale 17
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Appendix D Reservoir routing
D. 1 Formulation of routing problem

The underlying concepts of the reservoir routing problem and its solution, which
are formulated in this appendix, are based on IH Report 114 (Reed and Field,
1992). The routing problem is to determine the resulting outflow hydrograph q
and the water level h during passage of a flood. The maximum water level,
excluding wave effects, is of particular interest. A flood arrives in two forms: as an
inflow hydrograph i at the reservoir edge , representing flood runoff from the
gathering grounds, and as direct rainfall p onto the reservoir surface . The volume
of flood water temporarily stored in the reservoir at time  t is S, defined in terms of
water level above a convenient datum h, (e.g. the sill of the lowest outflow device).

The modelling of the passage of a flood through a reservoir is relatively
straightforward . Except for very special configurations, the passage is indifferent
to hydraulic conditions at the inlet or approach conditions at the outlet. The
moderating effect of the storage on an incoming flood can be represented by the
geometrical relationship between storage and water level (the S-h relationship)
and that by which the water level controls the discharge from the reservoir (the
q-h relationship , sometimes referred to as the rating). This mathematical treatment
is generally referred to as 'level-pool' flood routing. The assumption of a level
pool is, of course, something of an approximation, as wind and seiche effects can
produce pronounced differences.

The inflow i and outflow q are expressed in m3 s·1, with water level h in m
and storage S in m.To keep the formulation simple , the lake area A is taken in m?
and the rainfall p in m s ' , although these are unfamiliar units for these variables.

The principle of conservation of mass yields the equation:

dS  .  A- = t + D- q
dt

Since area is simp ly the rate of change of storage with level:

dSA =
dh

Equation D.l can be rew ritten as:

«(#$,)- 1+4 - s

D. 1

(D .2)

D. 3)

A preliminary to solving the routing problem is to eliminate A and q in favour of
h, using an area-level equation A = A(h) and the rating equation q  =  q (h)
respectively.

D.1.1 Area-level relationship

The area-level equation represents the bathometry of the lake and the topography
of the lake shore . Where the shore is steep it may be adequate to treat. the
reservoir as having a fixed area regardless of water level. The next simplest treatment
is to consider that the lake area A increases linearly with water level from some
base area a, at datum level h, at a growth rate a,:

(D .4)
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Only in exceptional cases will this equation fail to represent the area variation
adequately, for example an engineered balancing pond where the slopes change
abruptly and are better represented by an exponential relationship :

D. 5)

Some formulations of the reservoir routing problem prefer to work in terms
of the storage-level relationship , rather than the area-level relationship. The main
advantage of using an area-level formulation is that it simplifies the solution scheme,
particularly when explicit allowance is to be made for rain falling directly on the
reservoir. Furthermore, it is intuitively easier to check that an area-level relationship
has been defined correctly.

D.1.2 Disch arge-level relationship

The rating equation represents the various controls on discharge from the reservoir.
In practice, there may be more than one overflow weir and, in some circumstances,
a piped or culverted discharge may also need to be represented . The solution
procedure adopts the following formulation:

[for h . < h < h  ]
min max

(D .6)

where C is a rating coefficient. More usually, a set of equations is required to
represent different behaviour in different water level ranges, or to represent more
than one outlet device e .g . a main spillway and an auxiliary spillway . The
formulation builds as a summation of several Equations D.6:

(D.7)

The formulation can be used to represent one or more outflow devices w ith
multi -stage ratings by appropri ate choic es of hz , and b,-

In many situations b,, , will be equal to the datu m level h, and b, will be
unlimited i.e. infinite . The exponent e is commonl y 1.5 for open structures with
crest control, such as a broad-crested weir; for a drowned orifice it is 0.5. For a
weir, the rating coefficient Cwould usually be the product of effective weir length
(in m) and a discharge coefficient (a typical value of which is about 1.8 m ?s ) .
For a submerged orifice discharging freely, it would be the product of the cross-
sectional area (in m2) and another coefficient of discharge (a typical value of
which is about 0.6 m ' s '); note that the water level is measured relative to the
orifice centre. Flow behaviour in culverts is dependent on many factors, and to
represent discharge performance in detail it is necessary to refer to a specialised
text such as French's Open -Cha nnel Hy dra ulics. The CIRIA guide to the design of
flood storage reservoirs also discusses outlet controls and their rating equations
(Hall et al., 1993).

D.2 Solution scheme

Insertion of Equations D.4 and D.7 into Equation D.3, with appropriate limits
retained on the terms in the summation, yields:

(a  + a (h - )y d » i + a p - 2 C h - b ) )
0 1 O db O 0

(D .8)
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Given knowledge of the inflow hydrograph  i,  the rainfall rate p and the
initial water level, it is possible to solve Equation D.8 for successive time steps to
obtain the water level graph during passage of the flood.

D.2.1 Stand ard case

Equation D.9 present s a finite difference representation of Equation D.8: h,and h,
are the water levels at the start and end of the modelling interval At ; i, , i, and q,,
%are the inflow and outflow rates at these times; a,denot es the fixed area (m 2)

for direct rainfall calculations.

On rearrangement, this gives Equation D.10, where pAt is denoted by P,
and 0.5 i +i,)At  is denote d by I . This equation is solved for  h,  by an iterative
solution, for which the Newton-Raphson method proves suitable. A suitable initial
approximation for h, is h, = h, .

(D.10)

D.2.2 Tran sition case

A difficulty in the solution process arises when the water level at the end of the
time step is such that one or more terms in the summation cease to be active . This
transition is tracked by checking that the water levels at the beginning and end of
the time step lie within the same range of the q-b relatio nship . When such a
condition is detected, a different numerical scheme is used to solve Equation D.8.
This is formulated to seek not the water level at the end of the standard time step ,
but the time within the time step at which h transcends the current range of the
q-h relationship.

A transition arises when the water level h, at the end of the modelling
interval At lies outside the range of the rating relationship presently in force . In
these circumstances, the finite difference representation of the routing equation is
rewritten to determine the time Tat which the transition water level h, is reached
within the modelling interval. The relevant equation is Equation D.11, where i, =
i, + , - £T /At , which in turn yields a quadratic equation in terms of T(Equation
D.12) . The solution that lies between Oand At is selected.

In the special case whe re i, = i,, T is obtained from Equation D.13.

b,-- b,
= p +

T

2

2 Ch,  - b,) + 2 C h, - b,)

2

T° + (2 6,+a, D) - 2 Ch ,- b, + 2 C h , - b,O T
+ ( h,- b, ) (2a,+a, h,+b,))l = 0

D. 11

(D.12)
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T =
b , - b,) (2a,+a,b, +b, )l

2 6 +4,p)  - ( 2 Cb, - b, + 2 Cb , - b, ) )
D. 13)

The standard solution scheme is then restarted, in the new water level range, from
part-way through the time step , using the q-h relationship which applies above
(or below) the transition water level  h, .

D.3 ROUTER reservoir routing software

In IH Report 114, the solution scheme reproduced here is coded up as the FORTRAN
program ROUTER. The reservoir routing module within the Micro-FSR (IH, 1991a;
1996) computer package is based on ROUTER, but differs from it in three respects:

• Micro-FSR provides user-friendly data entry screens which carry out some
of ROUTERs functions and checks, prior to execution of the hydrograph
routing.

•  ROUTERpermits the reservoir area used for direct rainfall calculations to be
specified independently from that used in the reservoir routing; in Micro-
FSR, the reservoir area is defined only once.

• Micro-FSR uses the exponential form of the a-h relatio nship in order to
provide additional flexibility for balancing pond design, where it is usual to
leave undefined either the reservoir area or the rating coefficient of an
outflow device , and to calculate the area or coefficient required to produce
an outflow peak to match a specified target (see $9.3.4).
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Index
afforestation 144-146
agricultural drainage 144-145
all-year PMP 59, 68-71
analogue catchment see under donor catchment
ANSF see under baseflow 32
antecedent conditions

in design event method 36-40
observed flood case 89, 93-94, 157, 163-166
PMF case 71-74, 78-80, 123
T-year flood case 40, 47, 50

antecedent precip itation index 71-74, 163-168
antecedent rainfall 160-163
antecedent snowmelt 78-80
API5 see under antecedent p recip itation index
area

catchme nt 16, 133-134, 138, 246-248
reservoir 120-121
subcatchment 133-134

AREA see under catchment area
area- stage relationship 275-276
areal reduction factor _

observed rainfall case 97
PMP case 70
T-year rainfall case 44, 97

ARF see under areal reduction factor
arithmetic mean 27
attenuatio n 119-120
average non-separated flow see under baseflow 32

balancing ponds 118, 141-143
baseflow 8, 12-13, 32-35, 123, 139, 144-145, 167, 172, 240

catchment descript o rs 33-34
index 15, 27-29, 145-146
local data 33-35
observed flood case 33, 94-97, 177-237

PMF case 80-83, 123
separation see under hydrograph separation
T-year flood case 49-51, 55
BF see under baseflow
BFI see under baseflow index
BST/ GMT adjustment 157

cascade of reservoirs 122-123, 246
catchment

area 16, 133-134, 138, 246-248
avera ge rainfall 115, 160-163
average unit hydrograph 21, 170-176
centroid 16, 167
descriptor s 15

baseflow 33-34
percentage runo ff 28-31
time-to-peak 22-24

donor 15-16, 113-116, 121-122, 175
lag 15, 21-23, 145, 167, 238-239
permeable 27-28, 114-115, 132, 134, 139-141, 144, 156
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response times 41, 64, 121, 138-139, 143-146, 168
small 114
urbanisation 16, 115
wetness index (CW 26-27, 47, 71-74, 93-94, 123, 157, 163-168

ce ntroid
catchme nt 16, 167
of flow peaks 21, 167
of rainfall 21, 167

co mputational mode lling see under hydrodynamic modelling
confluences 132-134
constant proportional loss model 25, 96, 168
continuous simulation modelling 11, 40
convolution 17, 169
critical duration 41, 120-121, 141-142
cubic spline interpolation 84
CWI see under catchment wetness index

D see under duration
D,,, see under critic al duratio n
data 157-160

flow 159
rainfall 159
soil moisture deficit 159-160

data interval 16-17, 20-21, 43, 46, 66, 70-71, 120, 127, 138, 159, 172-176
da ta transfer see under local data
deconvolutio n 168-172
decreasing proportio nal loss model 96, 168
deforestation 144-146
depth

in design event method 36-40
observed rainfall case 92, 161
PMP case 66-71, 78
snow 75-78
T-year rainfall case 43-45

design event method 36-40
direct response runoff see under rap id response runoff
d isparate subcatchments 132-138, 141, 246
donor catchment 15-16, 113-116, 121-122, 175
DPLBAR 121, 246, 148
DPR 26-27, 168, 172
DPR, 26-27, 168, 172
DPR, 26-27, 168, 172
DPSBAR 121, 246, 248
duration

critical 41, 120-121, 141-142
in design event method 36-40
long 121
observed rainfall case 92
PMP case 66
reservoir system 119-120, 122-123, 126-127
snowmelt 78
T-year rainfall case 41-43, 55

dynamic pe rcentage runoff see under DPR
T see under  time interval

effective rainfall 16-17, 19-20, 168-170
effects of

afforestation 144-146
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agricultural drainage 144-145
deforestatio n 144-146
opencast mining 143
urbanisation 24, 138-143

EMa see under PMF antecedent conditions
EMP 59, 66-74, 246
EM-2h 59, 247-248
EM-24h 59, 247-248
EM-25d 59, 247-248
estimated maximum precipitation see under EMP
event analysis 12-13, 156-157, 166, 177-237
explicit rainfall allowance 121

FEH rainfall statistic s 41, 92
field drainage see under agricultural drainage
flood

event analysis 12-13, 156-157, 166, 177-237
frequency curve 9, 36-37, 97-99
hydrograph

observed flood case 97
PMF case 82-83
T-year flood case 52, 54-55

observed case 13, 88-100
peak

observed flood case 88-89, 97
PMF case 83
T-year flood case 54-55

PMF case 58-59, 63, 80-84
return period

observed flood case 97-99
PMF case 84-87
T-year flood case 43-44

routing
leve l-pool flood routing 117, 142, 275-278
hydrodynamic modelling 138

storage ponds see under balancing ponds
T-year case 47-54, 137
vo lume 142-146

flow data 159
flow peaks, centroid of 21, 167
frequency curve

flood 9, 36-37, 97-99
rainfall 92, 97

frozen ground 65-66, 132
FSR rain fall sta tistics 41, 241-244

geometric mean 21, 33
GMT/ BST adjustment 157

HOST 30-31, 246-2 50, 256-274
hydraulic modelling see under hydrodynamic modelling
hydrodynamic modelli ng 138
hydrograph

inflow 119, 275
observed flood case 97
outflow 119, 275
PMF case 82-83
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rapid response runoff 32-34, 167-170
observed flood case 97
PMF case 82-83
T-year flood case 52, 54-55

separation 11-12, 17, 28-29, 32, 167-170
T-year flood case 52, 54-55
total runoff 32-34, 167-170

observed flood case 97
PMF case 82-83
T-year flood case 52, 54-55

hydrological day 89 , 157
hyetograph

observed rainfall case 92-93, 96-97
PMP case 66-71, 78, 82-83
T-year rainfall case 47, 52, 54-55

implicit rainfall allow ance 121
indicator variable 125
inflow hydrograph 119, 275
instantaneous unit hydrograph 17, 19-20

time-to-peak 6-7, 17, 19-26, 170, 172-173, 238-241
IUH see under instantaneous unit hydrograph

Jenkinson's r 247
joint probability probl ems 36-40, 75, 133

lag
catchmen t 15, 21-23, 145, 167, 238-239
mean reservoir 120, 123, 125-127
reservoir 119-120, 122-123
translation 123, 127, 134

LAG see under catchment lag
land-use change 132-146

afforestation 144-146
agricultural drainage 144-145
deforestation 144-146
opencast minin g 143
urbanisation 24, 138-143

leve l-pool flood routing 117, 142, 275-278
local data 15-16, 113-116, 121-122

baseflow 33-35
percentage runoff 31-32
time-to-peak 24-26

location of urbanisat ion 115, 140-141
loss model 96, 168

const ant proportional 25, 96, 168
decreasing prop ortional 96, 168

mainstream 121, 246
length 247

mean reservoir lag 120, 123, 125-127
melt see under snowmelt
Micro-FSR software 118, 278
MORECS 160
MRLAG see under mean reservoir lag
MSL see under mainstream length
MT-Dh see under T-year rainfall
M5-2d see under T-year rainfall
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net rainfall see under effective rainfall
notable event see under observed flood , observed rainfall

observed flood 13, 88-100
antecedent conditi ons 89, 93-94, 157, 163-166
baseflow 33, 94-97, 177-237
hydro graph 97
peak 88-89, 97
percentage runoff 27-28, 94-96, 177-237
retu rn period 97-99
time-to-peak 21-22, 177-237
unit hydrograph 97

observed rainfall/ sto rm 13, 88-100, 160-163
areal reduction factor 97
depth 92, 161
duratio n 92
hyeto graph 92-93, 96-97
pro file 92-93, 161
return period 92, 97

opencast mining 143
outflow hydro graph 119, 275
outflow-stage relationshi p 276

P see under rainfall depth
percentage runoff 7-8, 12- 13, 25-32, 64-66, 168, 172, 238, 240

adjustment for urbanisation 27, 172
catchment descriptors 28-31
dynamic 26-27, 168, 172
local data 31-32
observed flood case 27-28, 94-96, 177-237
PMF case 80-82
rural 27, 172
standard 25-32, 65-66, 168, 172, 177-237, 240
T-year flood case 49-51

performance of FSR rainfall-runoff metho d 112-116
perm eable catch ment 27-28, 114-115, 132, 134, 139-141, 144, 156
PMF (probable maximum flood) 58-59, 63, 80-84

antecedent conditions 71-72, 78-80, 123
baseflow 80-83, 123
hydrograph 82-83
peak 83
percentage runoff 80-82
quick method 242, 245
return period 84-87
time-to-peak 64
unit hydrograph 64, 82-83

PMP (probable maximum precipitation) 59-63, 66-80, 127
all-year 59, 68-71
areal reduction factor 70
depth 66-71, 78
d uration 66
EMP (estimated maximum precip itation) 59, 66-74, 246
hyetograph 66-71, 78, 82-83
profile 66-71, 78
summer 59, 66, 68-71
winte r 59, 65, 68-71

point rainfall 44, 70, 97
PR see under percentage runoff
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PR , see under percentage runoff, rural
probable maximum flood see under PMF
probable maximum precip itation see under PMP
profile

in design event method 36-40
observed rainfall case 92-93, 161
PMP case 66-71, 78
T-year rainfall case 39-40, 45-47

PROPWET 241, 246, 248

r see under Jenkinson 's r
radar see under weather radar
rainfall

antecedent 160-163
catchment average 115, 160-163
centroid of 21, 167
data 159
depth

observed rainfall case 92, 161
PMP case 66-71, 78
T-year rainfall case 43-45

duration
observed rainfall case 92
PMP case 66
T-year rainfall case 41-43, 55

effective 16-17, 19-20, 168-170
explicit allowance 121
frequency curve 92, 97
hyetograph

observed rainfall case 92-93, 96-97
PMP case 66-71, 78, 82-83
T-year rainfall case 47, 52, 54-55

implicit allowance 121
observed 13, 88-100, 160-163
PMP 59-63, 66-80, 127
point 44, 70, 97
profile

observed rainfall case 92-93, 161
PMP case 66-71, 78
T-year rainfall case 39-40, 45-47

return period
observed rainfall case 92, 97
T-year rainfall case 43-44, 92, 97

statistics
FEH 41, 92
FSR 41, 241-244

T-year rain fall 41-47, 127
MT-Dh 97, 241-242

M5-2d 241-242, 247
50% summer 45-46, 55
75% w inter 45-46, 55

total 25, 168
variability 132-133, 135-138
volume 168

rapid response runoff hydrograph
observed flood case 97
PMF case 82-83
T-year flood case 52, 54-55

32-34, 167-170
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rational method 56-57
reservoir

area 120-121
area-stage relatio nship 275-276
cascade 122-123, 246
duration 119-120, 122-123, 126-127
flood estimation 117-131

single reservoir 119-125
multiple reservoir 119-131

inflow 119, 275
lag 119-120, 122-123
mean lag 120, 123, 125-127
multiple reservoir 121-123, 246
outflow 119, 275
outflow-stage relationsh ip 276
routing see under level-pool flood routing

single reservoir 122
storage 117, 275-276
subcatchment 121, 123
water level 117, 275
response time s 41, 64, 121, 138-139, 143-146, 168
return period

observed flood case 97-99
observed rainfall case 92, 97
PMF case 84-87
snowmelt 75
T-year flood case 43-44
T-year rainfall case 43-44, 92, 97

RLAG see under reservoir lag
RLS software 172
ROUTER software 278
RSMD 247
runoff 32-34, 167-170
rural percentage runoff 27, 172

S see under snow depth , sto rage
S-curve 21, 25, 173-176
SAAR see under standard average annual rainfall
SCURVE software 176
seasonality of flooding 140
semi-distributed approach 115, 132-138, 141
separation method 11-12, 17, 28-29, 32, 167-170
short-cut method 54-57
simulation mode 9, 13, 88-100
small catchment 114
SMa (antecedent snowmelt) 78-80
SMp (event snowmelt) 78-79
SMD see under so il moisture deficit
SMDBAR,, 247
snow depth 75-78
snowmelt 40, 74-80, 132

antecedent 78-80
duration 78
rate 75-76
return period 75

software
Micro-FSR 118, 278
RLS 172
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ROUTER 278
SCURVE 176
SUPER 172

SOI L 247
soil indices

HOST 30-31, 246-250, 256-274
SO IL 247
WRAP 247

soil moistu re deficit 71-74, 163-168
data 159

SPR see under standard percentage runoff
stage-area relationship see under area-stage relationship
stage-outflow relationship see under outflow-stage relationship
standard average annual rainfall (SAAR) 161, 246-148
standard percentage runo ff (SPR) 25-32, 65-66, 168, 172, 177-237, 240
storage 117, 275-276
storm

depth
observed rainfall case 92, 161
PMP case 66-71, 78
T-year rainfall case 43-45

duration
observed rainfall case 92
PMP case 66
T-year rainfall case 41-43, 55

hyetograph
observed rainfall case 92-93, 96-97
PMP case 66-71, 78, 82-83
T-year rainfall case 47, 52, 54-55

observed 13, 88-100, 160-163
PMP 59-63, 66-80, 127
profile

observed rainfall case 92-93, 161
PMP case 66-71, 78
T-year rainfall case 39-40, 45-47

return pe riod
observed rainfall case 92, 97
T-year rainfall case 43-44, 92, 97

T-year 41-47, 127
subcatchment 121, 123

area 133-134
dispara te 132-138, 141, 246
reservoir 121, 123

summer
PMP 59, 66, 68-71
50% summer profile 45-46, 55

SUPER software 172
$1085 247

T-year flood 47-54, 137
antecedent conditions 40, 47, SO
baseflow 49-51, 55
hydrograph 52, 54-55
peak 54-55
percentage runoff 49-51
return period 43-44
short-cut method 54-57
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time-to-peak 54-55
unit hydrograph 52, 54-55

T-year rainfall 41-47, 127
areal reduction factor 44, 97
depth 43-45
in design event method 36 4 0
duration 41-43, 55
hyetograph 47, 52, 54-55
MT-Dh 97, 241-242
M5-2d 241-242, 247
profile 39-40, 45-47
return period 43-44, 92, 97
50% summer 45-46, 55
75% w inter 45-46, 55

target outflow peak 142
TB see under unit hydrograph time base
T, see under flood return period
time

delay 123, 127
inte rval 16-17, 20-21, 43, 46, 66, 70-71, 120, 127, 138, 159, 172-176

time-to-peak
catchment descriptors 22-24
instantaneous unit hydrograph 6-7, 17, 19-26, 170, 172-173, 238-241
local data 24-26
observed flood case 21-22, 177-237
PMF case 64
T-year flood case 54-55
unit hydrograph 6-7, 17-26, 170, 172-173, 238-241

total rainfall 25, 168
total runoff hydro graph 32-34, 167-170

observed flood case 97
PMF case 82-83
T-year flood case 52, 54-55

Tp(0) see under instantaneous unit hydrograph time-to-peak
Tp AT) see under unit hydrograph time-to-peak
T, see under rainfall return period
translation lag 123, 127, 134
triangle method 161
TRRL method 11
T. see under snowmelt return period

un it hydrograph 12, 13, 16-26, 169-170
and losses model 5-8, 11-17, 88, 238-241
catchment average un it hydrograph 21, 170-176
con volution 17, 169
data inte rval 16-17, 20-21, 43, 46, 66, 70-71, 120, 127, 138, 159, 172-176
deconvolu tion 168-172
instantaneous unit hydrograph 17, 19-20
obse rved flood case 97
ordinates 21
peak 19, 21
PMF case 64, 82-83
T-year flood case 52, 54-55
theory 16-21
time-to-peak

inst ant ane ous unit hydrograph 6-7, 17, 19-26, 170,' 172-173, 238-241
unit hydrograph 6-7, 17-26, 170, 172-173, 238-241

time base 19, 21
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Restatementandapplicationofthe FSR rinfol}runoff method

Up see under unit hydrograph peak
URBAN, 27, 41, 247
urbanisatio n 138-143

adjustment to percentage runoff 27, 172
critical duration 141
effects o f 24, 139-141
location of 115, 140-141

URBEXT 24, 27, 41, 44-45, 55, 241, 246, 248

vo lume
flood 142-146
rainfall 168

water day see under hydrological day
water level, reservoir 117, 275
weather radar 63, 159-160
wetting-up period 71-74
winter

PMP 59, 66, 68-71
75% winter profile

WRAP 247
45-46, 55
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