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SYNOPSIS

4 design procedure is described for flood estimation for rural catch-
ments smaller then 250km? in eastern New South Wales using flood data from
28/, catchments and the statistical interpretation of the Rational Method.
While flood estimates for smell rural catchments provide the primary design
data for structures ¥nvolving an overall average expenditure of about $180
million for the whole of rustralia as at 1979, currently used procedures are
generally based on judgment and experience. However, gufficient streamflow
records are now available in many regions of Australia for the derivation
of design procedures and data that will more accurately reflect actual flood

characteristics. :
The project described in this report had two aims:-

{a) to develop a practical design method for eastern New South Wales
pased on all available streamflow data; and

() to develop a methodology that could also be applied in other regions
in Australis.

The approach using the statistical interpretation of the Rational Method
was chosen as the gerivation of data exactly matches the way in vhich the
method is used in design, the approach is an efficient form of regional
flood frequency analysis, and application of the method is simple and
familiar to most designers. o

The flood magnitudes of various return pericds were obtained by fre-
quency analysis of maximum monthly floods recorded on 284 catchments in
castern New South Wales and adjacent areas in Victoria and Queensland.

Most catchments were smaller than 250km® and had at least ten years of
records. The flood data were carefully checked to ensure the greatest
possible accuracy of the data base. Rainfall intensities were obtained
from the generalised procedures in the 1977 "australian Rainfall and Runoff",
which must also be used in application of the method, Critical rainfall
duration was determined by a formule to{h) = 0,764°%- 3%, derived from data
from ninety-six catchments. Runoff coefficlents for each return period

were then derived as the ratio of flood magnitude to rainfall intensity.
Ten-year coefficients G(10) were mapped for eastern New South Wales and
contours of design velues drawn. No significant relationships with other
catchment characteristics could be found, and the scatter of the derived
values from the design values giveni by the C(10) contours were shown to

be consistent with the sampling errors inherent in the basic data. Average
frequency factors were derived for each of three regions to enable

evaluation of design runoff coefficients for return periods up to 100 years.-

Use of the derived procedure was shown to provide much more accurate
flood estimates than the method in "Australian Rainfall and Runoff", and
should lead to average annual savings of approximately $12 million per year
in structures on small catchments in eastern New South Wales.

For arid and semi-arid western New South Wales, insufficient streamflow
data are available for the development of firm design relationships.
However, an approximete design method was developed based on estimates of
bankfull discharge at sixty-eight sites.
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1. BACKGROUND AND APPROACH

1.1 SCOPE

This report describes the development of a procedure for estimation of
design floods for small ungauged rural catchments. Design data are derived
for New South Wales, but the methodology could also be applied to other
regions. The approach used is based on the statistical interpretation of
the Rational Method of flocd estimation. To define this study area more
¢learly the meaning and relevance of the terns 'design flood estimation',
lamall catchment! and 'rural catchment' are discussed below.

1.1.1 Design Flood Estimation

This is the estimation of the magnitude of the peak flow rate at & site
on a particular stream, which is expected to be equalled or exceeded an
average number of times in a given time interval. The important word to note
is taverage' in that it implies two fundamental assumptions when using design
flood estimates to size a water-carrying structure.

These are:-

(a) the average frequency of occurrence will be the same in the
future as in the period of observed flows; and

(b) the use of estimated flood magnitudes for average frequencies
of occurrence will be a useful design criterion for achieving
optimum economic and/or socio-political objectives in the
sizing of particular hydraulic structures.

The necessity for these assumptions results from the random nature of the
oceurrence of extreme flood events. The actual occurrence of floods is highly
irregular, and it is quite possible that two flocd events with an average
return period of say 50 years could occur in any one year, although the
probability of this happening is low. The true average frequencies of
occurrence of the statistical population of floods at a site will only be
realised over s long period of time. If spatial correlation is absent or
low, the frequency of floods actually occurring in a limited period of time
over & number of catchments is more likely to approach the average or expected
frequency than for a single catchment. In design for small catchments, the
economic 1life of structures is limited and the problems of the random actual
oceurrence of floods cammot be avoided. Design based on average frequencies
of occurrence estimsted from observed data, as outlined in the above assump-
tions, is generally recognised as being the best practical approach.

1.7.2. Small cabchments

Flood estimation methods such as the Rational Method are generally
considered to be only applicable to small catchments. However, the real
criterion is not catchment size, but the need to keep small the effects of
factors not explicitly considered in the methods. The two main factors of
this type are the volume of temporary storage of water on the catchment during
the flood, and the variation of rainfall intensity in time and, to a lesser
e§tent, with area. The variation of flood peaks with these factors is mini-
mised when the cabchment area is small, but they are also influenced by the
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slope of the catchment, the hydraulic roughness of the streams, the pattern
of the stream network and other minor factors. The real criterion would lesd
to a small characteristic response time of flcods on the catehment. However,
an examination of response times in this project has shown that not all small
catchments have low flood storage, and that some larger catchments have low
storage.

Despite the effects of these other characteristics, catchment size has the
greatest influence on flood response and has been generally accepted as the
primary practical criterion. Something of a tradition has developed that small
catchments are those with areas less than 25 kn®. The general limit of
catchment size has been extended to 250 km? in this study for two reasons.
Firstly, the statistical form of the Rational Method and other procedures used
in this study take some account of the average effects of storage and non-
uniformity of rainfall, although in a rather empirical fashion, and examination
of the results has indicated no bias resulting from use of the larger catch-
ments. Secondly, this was necessary to obtain suitable data frem a sufficient
number of catchments, A number of catchments larger than 250 km® have had
to be used in the study in locations where no other suitable gauged catchment
was available to indicate flood characteristics. However, it is recommended
that the results of the study should be applied to catchments less than
250 km? in area.

7.17.3  Rural catchments

Catchments in virgin condition are rare, and the great majority have some
form of man-introduced characteristics such as:-

- roads and tracks

- storages on the main streams
- small storages on the catchment (e.g. farm dams) B
~ urban areas

~ industries (e.g. mining, electrical power generation)
- clearing and grazing

- agriculture

~ forestry

Except where there are major water storages or where urban development
covers an appreciable area of the catchment, the available evidence indicates
that the effects of these introduced characteristics on major flood events
is small {e.g. Baron, Pilgrim andCordery 1980). Also clearing, graszing
and agriculture, and even swall storages and forestry, can be considered as
typlcal of current rural conditions in a region. Rural catchments are there-
fore considered here to be all of those catchments where there are no large

storages, appreciable areas of urban development, or other atypicel land-use
practices.

1.2 CURRENT PRACTICE AND EXPENDITURE

Pilgrim and Cordery (1980) present the results of a survey of the design
flood estimation practices of local government authorities throughout,
Australia. Of the 216 rural respondents, the majority were from New South
Wales and Victoria. The method used in the great majority (84%) of cases
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was the Rational Method, while those authorities not using this method base
their design on observed or estimated ficod levels or on judgment. Of the
manuals of practice describing the use of some form of the Rational Methoed,
the State msin roads aubthorities' manuals were used by the largest number
of respondents, while about half of that number used "Australian Rainfall
and Runoff"* (Institution of Engineers, Australia 1977, subsequently referred
to as ARR}. Tor New South Wales, both ARR and the manual of the New South
Wales Department of Mein Roads {1976) base design flood estimates on the
general Rationsl Method formula:-

Q(Y) =

Q = peak flood flow rate (m®/s)
return period (years)

F.O(Y) . T(%e,Y) A (1.1)

where

=
I

¥ = factor to adjust for the units used
ard is 0.278 for Q(w®/s), I(mm/hr),A{km?)

C = runoff coefficient (dimensioniess)
A = area of catchment (km?)

I = gverage rainfall intensity for a given
return period and duration equal to the
time of concentration 't.': ?mm/hr)

Wide variations can occur in the estimated values of the parameters
and in the resulting flood estimates when using current design procedures
with the Rational Method, or with other flood estimation procedures. Pilgrim
(1978) and Cordery and Pilgrim (1980) illustrate these problems with examples
of variations of fourfold and greater in runoff coefficients estimated for
the one set of conditions by different manusls, and even greater variations
in estimates of time of concentration using different formulae (see also
French, Pilgrim and Laurenson 1974). Different experienced designers using
the one manual were found to derive a wide range of flood estimates in a
given situation, the maximum estimate being ten times larger than the lowest
estimate. Added to these inconsistencies, the procedures used in practice
for estimaeting runoff coefficients and times of concentration are generally
based on judgment and not on observed data.

The likely errors involved in use of current design manuals is also
i1llustrated by the comparison of estimates using ARR and observed flocd data
in this study (Section 9.1). Differences of 200% are common and can be as
high as 1000%. Floods estimated from the various manuvals tend to underestimate
observed floods near the coast and to overestimate floods at inland locations
in New South Wales. .

The examples of Polin (1978) and Polin and Cordery (1979, 1980) and the
data in this study (Section 9.2), indicate the considerable economic effects
of the above errors and inconsistencies. This is of major importance on sn
overall national basis, as the average annual expenditure on works sized by
design flood estimates on small rural catchments in Australia is about
$180 million {Cordery and Pilgrim 1980). This is double the average expend-
iture on all major structures on larger catchments, and suggests that a large
amount of public money is being spent inefficiently.

It is apparent that the present approach to the estimation of design
floods on small rural catchments using a variety of handbook procedures is in-
adequate, There is s great need for the derivation of design values from




observed flood data, specified in a manner that will lead to objective ang
consistent estimates by different designers,

1.3 AIM OF THE PROJECT

wasi-

In view of the above considerations, the twofold aim of the project

a) To derive a method of design flood estimation for small
rural catchments in New South Wales for practical use,
based on observed flood data; and

b) To develop a methodology for design flood estimation for
small rural catchments that could be utilised in other

regions

Two major constraints were iden

these objectives.

data. This applied particularly to

of Australia.

tified for the practical development of

The first was imposed by the availability of observeg

flood data which were basic to the

project. As it was desired to make the most efficient use of available data,
and a large volume of design rainfall data was already published in ARR,

it was decided to use an approach based on both rainfzll and runoff data,
such as the Rational Method, rather than a conventional regional flood fre-
quency method based on runoff data alone.

The second constraint was that t
suited to the needs of the ordinary d
similar in form to the familiar Rational Method

he method should be simple to apply and
esigner. Preferably, it should be

te encourage its adoption in

practice. It was also necessary to use only those forms of rainfall and
catchment data that would be available to and eagily extracted by the ordinary

designer,

1.4 APPROACH TO DEVELOPMENT OF DESIGN METHOD

T.4.1 Statisticsl interpretation of the Rational Method

The basic approach adopted in this project was to use the statistical
or probabilistic interpretation of the Raticnal Method, as used in a previous

study by French et al. (1974).

interest, the runoff coefficient
of that return period derived fro
intensity of the same return peri

by a rearrangement of equation (1.1):-

Runoff coefficients derived in this mann
in which they and the Rational Method it
As noted earlier, the bagic philosophy adopted in the project was to develop
a method based on cbserved data that suit
that would be relatively simple to apply

in design practice

The runcff coefficients derived b
deterministic nature and should not be

C{Y) = Y)/(F.A.I(%,Y))

resulting from a specific rainfall. Rather,

the flood and rainfall fréquency curves at a
the design method is in the form of the Rational Method, it is conceptually

er exactly correspond with the way
self are used in design practice.

edthe needs of the designer and
in order to encourage its adoption

For a given catchment and return period of

C(Y) is found as the ratio of the flood peak
m observed data to the design rainfall :
od and the design duration. It is calculated °f

(1.2)

y the above approach are not of a
used for estimating the flood peak

they represent the ratios of
given return. period. Although

o
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a type of regional fleood freguency procedure with one of the independent
predictor variables being average rainfall intensity for the particular loca-
tion, design return pericd and critical duration.

The design duraticn of rainfall could be considered as the conventional
time of concentration or simply as a standard response time of the catchment.
Tn the statistical interpretation of the Rational Method, the physical meaning
of the duration of the rainfall is not of fundamental importance, as long
as it can be determined directly in the design situation and leads to con-
sistent design values of the runoff coefficient. Five variations of the
basic approach have been developed and tested in this project, using five
different procedures for evaluating the design rainfall duration. Two cther
regional frequency procedures rather different to the statistical Rational
Method have also been developed and tested. The recommended design method
has been selected on the basis of the comparison of these seven procedures.

1.4.2 Reliability of flood magnitudes from observed dats

The runcff coefficients derived using equation (1.2) are only as reliable
as the input data used to calculate them, and hence are dependent on ihe
reliability of both the flood frequency curves derived from observed data
and the frequency curves of design rainfall. Of these, the reliability of
the flood freguency curve is of primary imporitance in that its reproduction
is the objective of the designer in using a design flood estimation methed.
Consequentily, a deliberate decision was made at the start of the project that
about half of the available time should be spent on obtaining flood data
and flood frequency curves of the highest possible accuracy. In terms of
practical results, refinement of analysis in deriving the design procedure
could not compensate for deficiencies in the data.

1.4.3 Rainfall intensities

Equation (1.2) shows that the derived runoff coefficients are directly
dependent on the rainfall intensities used in their derivation. If the
designer is to reproduce the observed flood values, it is essential for the
runoff coefficients to be derived by means of the same rainfall data as the
designer will use in calculating the flocds. In practice, local rainfall
data are rarely available, particularly for small catchment design, and
generalised data are used. For Australia, this is generally the data in
ARR, as shown by the survey reported by Pilgrim and Cordery (1980). The
rainfall data in ARR have therefore been used in deriving the design data
in this report. However, seversl different types of rainfall data are given
in that publication, and this problem is discussed further in Section 5.Z.

There are several reasons for inconsistency in estimates of average
rainfall intensity to be used for derivation of runoff coefficients at a given
location, and these will affect the reliability and accuracy of the derived
runoff coefficients. These are:

- Tresponse time of a given small catchment quite different to those
of surrounding catchments; :

- strong local rainfall gradients, so that the generalised rainfall
data give a poor estimate of the rainfall on some small catchments;

-~ flood runoff produced cn only part of the catchment so that the
appropriate rainfall durstion may be much shorter than that estimated
by a general formula.




For the development of a design procedure for general use, it is unlikely
that these inaccuracies can be gxplicifily allowed for. It is also unlikely
that a designer would hsve detailed data available on these aspects, or that
he would be able to use such dsta in ordinary design even if they were
available. The effects of these inaccuracies on the developed design methods
are discussed in general terms in Sections 5.5and 8.1 and Appendix J.

To4od Bankfull discharges in western New South Wales

While the design procedures outlined above could be developed for eastern
New South Wales, this was not possible for the semi-arid and arid western
half of the State where only short flow records are available from a few
small catchments. Although the need for a design procedure is not as great
in this region as in eastern New South Wales, there is still a need for
design data. Accordingly, an approximate procedure based on estimated bankfuil
discharges was developed to indicate the magnitudes of flood events of a
characteristic return period. This procedure is described in Chapter 11.

1.5 CATCHMENTS USED IN THE STUDY

Observed flood data were obtained for 290 suitable gauged cabchments
from the authorities listed in Table 1.1

Table 1.7: Authorities Operating Gauging Stations used in the Study.

Region Authority Humber of Gauging
- Stations
Eastern Water Resources Commission of N.S.W. 215
New Scuth Wales Metropolitan Water,
Sewerage and Drainage Board, 7
Snowy Mountains Hydro-Electric
Authority 12
University of New South Wales 13
Soil Conservation Service of
New South Wales 2

Near N,.S.W. - QLD - Queensland Water Resources
Border Commission 16
VIC - State Rivers and Water Supply
Commission 19

Arid Zone NT - Dept. of Traasport
and Works
University of New South Wales
Water Resources Commission of N.S.W.
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The largest portion of these data was obtained from the Water Resources
commission of New South Wales. This authority grestly assisted the project
by supplying the processed data in a form suitable for the analysis, and

by its cooperation in scheduling of data processing to meet the needs of

oject.

the 8? %he total of 290 gauged catchments, 28/ were used in developing the
design procedure for eastern New South Wales, which is defined as the ares
between the coast and the line joining the towns of Mungindi, Nyngan, Condo-
bolin, Narrandera and Tocumwal. All of the available catchments were used
in developing the method described in this report to provide the best poss-
ible data base, rather than omitting some to provide an independent check on
a procedure derived from a smaller data base. Most of the catchments

{249) are sctually located within the above area, but Table 1.1 indicates

that sixteen are in Queensland close to the border of New South Wales, and nine-

teen in Victoria, although some of these are rather remote from the border.
The remaining six gauged catchments lie in the arid zone, three being loca-
ted in western New South Wales while three are near Alice Springs in the
Northern Territory.

Fifty five of the 290 catchments were added late in the study and most
of these fifty five have areas greater than 250 km?, They were added %o
provide at least approximate data in regions where there was a deficiency
of information from smaller catchments. The data for these additicnal
catchments were extracted mainly from the report series 'Survey of Thirty
Two River Valleys' (NSW Water Conservation and Irrigation Commission,
various dates), and were not subjected to as rigorous analysis as those
from the other catchments. ‘

The distribution of catchment sizes for the 284 catchments in or adjacent
to eastern New South Wales is presented in Figure 1.1. Less than 10% have
areas less than 10 km?. Figure 1.1 also shows that 91 catchments have areas
greater than the desired upper limit of 250 km®. As noted above, these
catchments were used in regions where little or no other data were avail-
able to indicate general flood runoff potential,

Figure 1.2 presents the distribution of lengths of record of the 284
gauging stations, and shows that the great mesjority of stations have record
lengths between 5 and 30 years. The greatest number is in the 10 to 15
years range, For this project a general lower limit of 10 years was adopted.
However, where no other data were available, shorter record lengths {7 to
10 years) were accepted as providing indicators of flood magnitudes for the
lower return periods up to 10 years.

A list of the 290 gauging stations used in the study is given in
Appendix A, together with various characteristics of the catchments,
Detailed information on each of the catchments, their physical and flood
characteristics, and their analysed data, are given in the supplementary
report to this projeet (MeDermott and Pilgrim 1980G)., This report is of
limited availability, but copies are held by libraries of most water-related
authorities in Australia.
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2, FLOOD FLOW FREQUENCY

The primary importance of the accuracy of flood frequency estimates on the
peliability of derived runoff coefficients, as discussed in Section 1.4.2,
requires the careful consideration of decisions relating to flood data extra-
cbion, treatment and processing. With this in view the following aspects

were investigated:-
- Use of the partial series as opposed to the annual series of
flood peaks

- The time period or interval between events to adopt to ensure
flood event independence where the partial series is used

- Methods fortreating missing data

- A suitable probability distribution for fitting the partial series
of flood peaks

- The number of events to use when fitting a probability distribution
to data from a partial series

- The use of flood records from a daily read station.
Based on these investigations a procedure was formulated for the calculation
of a flood frequency curve which was then applied to each gauged catchment.
The reliability and suitability of the flood data were then re-examined
with a view to defining a subjective reliability index for the flood frequency
curve from sach catchment.
2.1 TREATMENT OF DATA,

2.1.1 The importance of good data

Errors in the observed flood data obtained from the authorities listed
in Table 1.1 or in the computed flood frequency curves would be directly
reflected in the design method developed from these data. As a result of
this primary importance of data quality, about half of the time available
in the project was spent on careful investigation of the recorded flood
data, as noted in Section 1.4.2.

Flood data are obtained from two types of stations; continuous water
tevel recording stations and daily read (at 9 am,) stations. The latter
of these two types is much less suitable than the former, in that some of
the large peaks might have been missed, especially where the catchment is
small and has a fast response time. These stations would be completely
unsuitable if it were not for intermediate observations made by the gauge
readirs. which often provide the maximum water levels reached by the largest
events,

Two forms of data were available from the authorities listed in Table 1.1.
For the majority of the gauged catchments, data were provided in the form
of summary printouts which gave the highest instantaneous peak flow rate
recorded in each month of record, or in some cases the highest stage reached
if t@e rating data were insufficient or unprocessed. Flocd data for the
remainder of the stations were available in the form of the original water
level recorder charts or the menually-read records. Wherever possible
anomalous data in printouts were checked using the original charts and any
unprocessed recorder charts were computed.



2.1.2 Adoption of the partial series

From the continuous record of flow rates, twe series of flood events
can be extractbed for use in flood frequency analysis. These are the ammual
series, consisting of the maximum instantaneous discharges for each year
of record, and the partial series, consisting of all independent peak flows
above some particular base magnitude regardless of the number of such floods
occurring each year, The partial series was selected as appropriate for
analysis in this project, based on three main considerations:-

a) The partial series gives better estimates of flood magnitudes for
flows of return periods of 10 years and less. The theoretical
difference is presented in Figure 2.1 but observed data differences
can be considerably larger than this theoretical relationship
indicates (Beard 1974).

b) The rainfall frequency data in ARR which have been used in the
derivation of runoff coefficients for this project are effectively
from partial series (Pierrehumbert 1972, 1974).

¢) In practice, damage and inconvenience caused by surcharging of
structures can occur more frequently than once per year.

2.1.3 Use of maximum monthly flows

To extract the partial series of flood events from a station record,
the establishment of criteria for independence of events is required. The
independence of one event from adjoining events preceding or following it
is related to the response and recession times of floods on the catchment,
and hence is related to the characteristics of the individual catchment. It
alsc depends on the duration of the rainfall events causing the runoff.

The actual eriteria for independence are thus complex and difficult to

define in a mamner which is unambiguous and covers all possible contingencies, b

Even by computer, it is alsoc a long and laborious procedure to apply the
eriteria to a long streamflow record to extract the independent partial .
series events. BSuitable criteria and their appication to small catchments
have been discussed by Potter and Pilgrim (1971).

As a practical compromise based on the data forms available, the maxi-
mum pesk flow rate occurring in each calendar month of record was extracted
for each station. This means that where a number of large independent events
occurred in the one month, only the largest one would be considered for the
partial series. It was noted however, that monthly maximum peak flow rates
that were high enough to warrant extraction were generally rare events,
and as such were rarely accompanied by ancther large independent event in
the same month. The largest flood in each month was also usually independent
of floods in adjoining months. Computer printouts of daily flows were
generally scanned to check this, and occasional events were discarded
where it was apparent that events in adjoining months were not independent.
In such cases, the next highest event in the particular month was adopted.

A point of practical significance in support of the use of monthly maximum
peaks is that in the event of damage caused by structure surcharge, there
would most 1likely be-a period of one month or more between the time of

surcharge and the time of repair of any damage. Thus any other smaller flood

occurring in this period would probably have a relatively small effect.

it
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2.1.4,  Use of the log Pearson Type ITI distribution

The events in each partial serles were first ranked in order of magni-
tude and excesdance probabilities were than assigned to them by means of
the Califeornia formula recommended in ARR:-

Exceedance Probability P

where

m/ (W+1) (2.1)

rank (highest = 1)
record length in years

m
N

In an N-year record the highest peak thus has a return period of

(N+1) years.

These values of flow rate and exceedance probability can then

be plotted on appropriate axes. Forthe partial series however, no appropri-

ate provability distribtution and hence probability seale have been established.

In general the partial series has been considered %o fit an exponential
distribution {(Linsley, Kchler and Paulhus 1958, Todorovic 1978).
To reduce inconsistencies involved in fitting a flood frequency curve

by eye,

it was decided to standardise the fitting process by using an

appropriate frequency digtribution. The purpose in using this distribution
was not to force an assumed parent distribution onto the data but to obtain a
curve fitted objectively to the data. Various investigators (Benson 1968,
U.S. Water Resources Council 1977, Cameron, Ward and Irish 1975) have found
the log-Pearson type III distribution (subsequently referred to as LP3)

to be more flexible and hence a more accurate curve-fitting' technique than
other recognised distributions.

Although normally used for the amnual series, the LP3 distribution was
nere selected as a reliable and objective curve-fitting technique for the
partial series.
the maximum likelihood method and the method of moments. Due to the wider
use of the method of moments ( ARR 1977) and the availability of a computer
program this method was chosen. The program was based on that developed by.
the U.S. Geological Survey (Thomas 1968)., More detailed discussion of the
mathematical formulation of the LP3 distribution is given by Matalas and
Wallis (1973) and Boyd (1978). For practical purposes the means of appli-
cation of the LP3 distribution to calculate flood magnitudes of a given
return period has been arranged in the form below {ARR):-

There are two metheds for fitting the LP3 distribution,

X{¥) = M + K(Y).SDEV {2.2)

If the logarithms (base 10) are used as inputs, then,

X{Y)

n

1

the logarithm of flood event magnitude of return pericd
Y years,

mean of the logarithms of the floods in the data series,

standard devistion of the logarithms of the floods in the data
series,

a multiplying factor which is a fumction of the skew co-
efficient (G) of the logarithms of the data series and the
return period (Y) - see Harter {1969) and ARR.

T A et S = - o,



The return periocds for which flocd estimates were required were 1, 2,

5, 10, 20 and 50 years, with consideration given to the 100-year return
period where appropriate. The maximum return.period for which a flood was esty
mated from the fitted LP3 frequency curves depended on the length of record,
For record lengths of 14 years or less and 15 to 24 years, the maximum returp
periods were 10 and 20 years respectively. For record lengths greater than

25 years, the once in 50 year flood magnitude was calculated and the once

in 100 year flood megnitude was estimated as a rough indication of the
population value. _

The Pearson type III distribution becomes the normal distribution when
the skew coefficient equals zero. The distribution of the skew coefficients
of the logarithms of the highest N peak flows for the 290 catchments is
shown in Figure 2.2 The coefficients were positive for the majority of
gauging station records and covered a wide range of values so that the LP3
distribution was more appropriate than the normal and Gumbel distributions
which have zero and constant skew coefficients respectively.

Use of regional skew coefficients was not attempted due to skew coeffic-
ient dependence on record length 'N' (Kirby 1974). In addition Boyd (1978),
using flcod data from Wew South Wales stations, found large variability in
skew coefficlents and hence any possible regional tendencies could not be
ascertained. For these reasons the skew coefficient as calculated from the
observed flood data was used for the derivation of the flood frequency curve
for each station.

s b

2.1.5 Number of floods in each partial series

When fitting an LP3 distribution to an annual flood series, the numbsr
of events in the series is fixed at the number of years of record (N), and
the mean, standard deviation and skew coefficient are defined unambiguously.
With the partial series however, the number of events in the series is only .
determined by the base flow above which events are selected. The statistical :
parameters and hence the fitted distribution thus depend on this base flow :
and the number of events included in the series. An extensive investigation |
was carried out to determine the optimum number of events to be used in fiti- -
ing the distribution. The investigation and its results are described in
detail in Appendix B. It was found that when the number of events exceeded
N, the number of years of record, the fitted curve diverged from the plotted
positions of the highest floods, which are the values of greatest interest.
It was therefore concluded that the highest N floods should be used in
fitting the LP3 distribution to determine the flood frequency curve.

2.1.6 Treatment of missing data

Streamflow data frequently contain gaps during which records are missing i
for a variety of reasons. With the partial series, the manner in which
these pericds of missing data should be treated is unclear. A further
extensive study of this problem was carried out, and is described in deteil
in Appendix C. The results are summarised below, {

Seven different methods were investigated for treatment of missing data.
Thegse were tested by their ability to approximate the original series when ;

_several events were eliminated in a random memmer from both recorded and

synthetic data series. - One of the methods tested was that recommended in :
ARR (page 108), where a whole year is eliminated from consideration if it is E
likely that a significant flood cccurred in any pericd of missing data in |
that year. It is of interest that this method was significantly worse than
any of the other procedures tested.




1, 2, On the basis of the investigation, the policies recommended for the
urn treatment of missing data at any particular station fall into the following
»d was esti three categories:-

record.
um return Case 1: Where a nearby station r?cord exists covering the missing
+ than period, and a good relation between the flood peaks on the

onee two catchments can be obtained;
he ;

. Policy - Use this relation and the nearby station record to fill in the
on when ; missing events of interest.
ficients

is ; Case 2: Where a nearby station record exists covering the missing period,

of : and the relation between the flood peaks on the two catchments
he LP3 : is such that only the occurrence of an event can be predicted
utions ' but not its magnitude;

coeffic- Policy - For record lengths less than 20 years, ignore the missing data
a {(1978), and include the missing period in the overall period of record.
ity in For record lengths greater than 20 years, subtract an amount
ot be ; from each year with missing data proportional to the ratio of
rom the : phe number of peaks missed to the total number of ranked peaks
cy curve in the year.

Case 3: Where no nearby station record exists covering the missing period,

or where no relation between flood peaks on the catohment exists;

humber : Policy - Ignore the missing data and include the missing period in the
}, and : overall period of record.
zuously.
Ls'on}y These recommendations are dependent on the assumption adopted in the
atistical investigation that the occurrence of periods of missing data is of a random
> flow ¢ nature and is unrelated to the occurrence of flood events.
bigation B

én_fltt- : 2.1.7  Record length not a whole number of yesrs.
ad in
ccooded The length of record (N) for most stations was often not a whole number

plotted of years but a whole number plus a number of months, such that:-
terest. ; s 1 i
in g N=N"+235 (2.3)

d vhere N = record length in years (real number)
. N’= whole years of record (integer)
s missing '; n = additional months of record (less than twelve)
ich
s : _ From the results of the investigation of the treatment of missing data,
detail i it was decided that where there were six or more additional momths of record
g {n > 6), the record length N should be taken as being equal to (N’ +1) and
ing data. | the missing (12 - n) months should be ignored, as long as N’ was greater
s when ] than or equal to ten years. Otherwise the record length was considered to
and ; &qual the real number value given by equation (2.3). For these ctations
sd in ; there was then the problem of how many whole data points (N or N°) should be
if it is E used in fitting the LP3 distribution to the partial series. A concept
-4 in ; similar to that used by Jennings and Benson (1969) was used to construct the
se than | flood frequency curves for these stations. The procedure followed is set




out below:-

(i) Calculate the flood frequency curve by fitting the LP3 distributi
to the top (N” + 1) flood events. i

(ii)  For particular flood magnitudes, calculate adjusted probabilities

as
p- P‘x[—-——-——N ) (2.4)
where
P = adjusted exceedance probability
P’ = exceedance probability calculated from (i).
(i11) Re-caleculate return period appropriate to each flood magnitude;
Y =1/P (2.5)
where Y = return period in years, and

P is derived from equation (2.4)

2,1.8 Once in one year flood

The once in one year return pericd flood was adopted as the lower limit
of interest to designers. On log-normal probability paper, however, the
cne year reburn period is not defined. As the flood megnitude of this retum
periocd was calculated mainly for lower limit definition and not for direct
use in design, and to avoid replotting of the lower section of the flood
frequency curve on semi-log paper, an approximate procedure was used. The
approach utilizes the results derived by Shane and Lynn (1969) based on the
compound Poisson distribution, that:-

where Q(Y) = flood magnitude of return period Y years,
QNth = the magnitude of the Nth ranking flood event,

Q

Substituting for Y equal to one year and Y egual to two years and rearranging
gave the relationship below for calculaticn of the once in one year flood
magnitude: -

the mean of the highest N flood event magnitudes.

‘ it
% 7% X031 gy, + 0.69 (2.7)

where Q1 & Qp are the one and two year return period flood magnitudes
respectively and Qyiy, and § are as above for equation {2.6).
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2,2 DATA PROCESSING AND EVALUATION

Before processing could begin the extensive data base of observed flows had
to be obtained from the sources listed in Section 1.5. The efficient
realisation of this primary step was achieved as a result of the help and
cooperation extended by these authorities, in particular the New South Wales
Water Resources Commission.

2.2.1 Data processing

Of the total 6260 years of station records processed, 3908 years were
from continuously recording instruments and 2352 years were daily read
records. For the continuous records 3657 years were in the form of printout
summary listings and 251 years were in unprocessed chert form. Originally
it was intended to reject all daily read records. However, this would have
entailed a large reduction in the data base, and it was decided to consider
the rejection criteriamore closely.

A dsily read record lists gauge heights taken at 9 am. each morning at
a particular stream gauging site. After processing several daily read
station records, study of these records revealed the following general
points:i-

&) For catchments larger than about 25 km?, the highest stage reached b
the largest events (larger than the once in one year event magnitude{
have in the majority of cases been recorded in the form of intermed-
iate readings.

b) For catchments smaller than 25 km?, the répidity of hydrograph rises
and recessions makes the recording of intermediate heights unreliable
and hence provides a basis for rejection of station record.

¢) Where a large peak has occurred but no intermediate record of maximum
stage reached is available, then this month should effectively be
treated as missing data, and the policies recommended in Section 2.1.6
followed.

With the large number of intermediate flcood stages recorded by gauge
readers, it was decided to include stations with daily read records, treating
flood periods with only 9 am. readings as missing records and examining the
records from the smaller catchments carefully. With the inclusion of daily
read stations there were three types of data used; continuously recorded,
daily read and a mixture of the two. The methods used to process each of
these types are described below.

a) Continuous records
“ For each station, the period of record was defined and the maximum
monthly flows larger than a base magnitude were extracted, the base being

selected so that more peaks than the number of years of record (N) were

obtained. Missing periods were noted along with anomalous values, such as
where the printout summary listed the average flow for the day as equal to
the maximum peak flow rate reached by the event. The occurrence of this

latter anomaly was relatively common and would have required the checking
of a large number of original recorder charts. An average ratio of flood
peak to daily average flow was calculated for such stations and used as a
guide to judge which of these anomalous events would be likely to be high
enough to renk in the partial series.
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The original charts for only these events were then checked for the true
peak, and in this marmer the gmount of chart checking was greatly reduced.
The number of missing periods requiring checking was also reduced by using
nearby station records (where available) to indicate whether pesks had
actually occurred in the periods, but not their magnitudes. All of the
relevant anomalies and missing periods were then checked using the origina)
recorder charts and data filled in where appropriate. The remaining un-
explained anomalies and gaps in the record were then itreated as missing
data as in Section 2.1.6, Peak flows were also extracted from the original
charts for pericds where the records had not been processed by the gauging
authorities. The resultant partial series of flows was then ranked and
the LP3 distribution fitted to obtain the floocd frequency curve for the
station.

b) Dailv read records

For each station, the period of record was defined and all maximum monthly
instantaneous peaks above an appropriate base magnitude were extracted. '
If the highest N peaks were all from intermediate readings then these dats
were ranked and the LP3 distribution fitted to obtain the fiocod frequency
curve, If the proportion of intermediate readings in the highest N peaks was
greater than 85%, the record length was taken as N years and these intermed-
iate readings were taken as the data points and fitted with the LP3 distribu-
tion. The resulting exceedance probabilities corresponding to the particular
event magnitudes were then reduced by the procedure of Jemnings and Benson
(1969), similar to that described in Section 2.1.7, to obtain the flood
frequency curve. Where the proportion of intermediate readings in the N
highest peaks was less than 85%, the record length was reduced by a prop-
ortional amount (as in the proportional reduction methed of Appendix C) of
the year in which the nen-intermediate value occurred. That is, for each
year in which cne or more of these values occurred, the effective record
length was considered to include only that proportion of the year equal to
the proportion of the total large floods for the year for which intermediate
readings were available.

c) Mixture of daily read and continuously recorded dats

For each station, the lengths of daily read record (N.) and continuous
record (Ng) were determined. When N, was larger than N., €ach type of record
was treated separately and processed as in (a) and (b) above to obtain the
ranked highest N, peaks, where Ny is the sum of the two record lengths,
Where Np was larger than Np, the highest Ng floods were first extracted
from the continuous record. All floods larger than the smallest of these
Ng values were then extracted from the daily read record, their number being [
denoted as n. The floods under consideration were then taken as the N, floods |
from the continucus record and the n flocds from the daily read record, The |
procedure then depended on whether n was greater or less than N, Ifn was [
greater, the total effective record length was adopted as N, = (Nz + Np), ,
and the N, highest floods were analysed. Where n was less £nan Np; the total §
effective record length was taken as N = (No'+ n), and all (Ns + n)} floods [
were analysed, However, if intermediate readings were available for every
flood in the daily read period, the record length was taken as (Ny + Np),
as all floods in the entire period of record then would have been direcitly
recorded. ' .
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2,2.2 Compilation of processed data.

Details of the data extracted for all of the catchments used in this
roject have been compiled in a companion volume to this report, ‘Flood Data
and Catchment Characteristics', (McDermott and Pilgrim 1980). For each
catchment, this gives information on the flow record and lists the extracted
f1loods forming the partial series, the statistical parameters of the fiood
series used to fit the LP3 distribution, flood magnitudes of various return
periods estimated from the fitted distribution, and various physical charact-
eristics of the catchment.

2.2.3 Evaluation of reliability of the data

Some degree of error is inevitably involved in all flow data, and the
errors in flood magnitudes on small catchments may be large. Primary causes
of these errors are listed below, together with indicators used in this
study to gauge their likely importance.

(i) Sampling error; that is the sample of flood flows is not
representative of the population of flood flows.
Indicator - record length.

(ii) Rating curve extension error; for example where the extension of
the rating curve reguired for the larger floods is over more than
one log-cycle. .
Indicator - amount of extension required.

(iii) Missing events; errors are likely where a high percentage of any
type of record is missing, even with continiocusly recorded data,
ere only daily readings are available, it is likely that some evenls
will be missed, especially if intermediate readings have not been
recorded.
Indicator - amounts of missing record and daily read records.

In addition to these errors in the flood data, inclusion of some of the catch~
ments in the study may be of questionable validity as a result of:-

{iv)  Presence of man-introduced features which could appreciably affect
flood peaks, as discussed in Section 1.1.3.
Indicators - the presence of such features and their relative
extents.

(v) Size of catchment; areas greater than 250 km? were considered to
be undesirable if data were available from smaller catchments.
Indicator ~ size of catchment.

However, the fact that the above indicators are present does not necessarily
mean that the data from a cetchment actually contain large errors or are
unsuitable. It is not possible to determine the true magnitude of the

errors, and the best that can be achieved is a rather subjective assessment
of reliabiity. It was therefore decided that no station record shoid be rejected
oubtright as unsuitable, but that a reliability index should be devised based
on the above indicators. The assigned value of the index could then be used
in examining the relation of derived runoff coefficients to catchment
location and characteristics, and in later investigation of possible reascns
for outlier values (Appendix K).




The procedure used to assign a reliability index to the flood frequency
curve for each station is deseribed in Appendix D. The index was based on
scores relative to a catchment of maximum reliability which was assumed %o
have a 50 year record of flow and no other error indicators. The reliability
index values were arranged in five class intervals, which are shown for

each catchment in Appendix A and on Map 1 at the back of this report.
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3, GATCHMENT CHARACTERISTICS

3,1 IMPORTANCE OF CATCHMENT CHARACTERISTICS

The physical characteristics of a catchment have an obvious effect on
the floods occurring on it. Hot only do the characteristics affect the
floods, but the flood regime of the catchment is largely instrumental. in
ghaping its form and characteristics, so that there is a fundamental inter-
relationship between the two. While the relation is obvious in the determin-
istic approach of considering floods resulting from particular rainfall
events, it also applies to the probabilistic approach adopted here of rela-
ting floods and rainfalls of the same frequencies.

Measures of catchment characteristics are required in the following three
aspects of a design flood estimation procedure in the form of the Rational

Method:

- area is used directly in the formula;

- estimation of the duration of the design rainfall,
whether it is considered as the time of concentration or simply as
a characteristic response time parameter;

- evaluation of the runoff coefficient for a catchment, or its
deviation from some regional average value.

In view of their importance to the development of a design procedure, con-
siderable time was spent on the extraction of measures of catchment
characteristics, and on investigating the relationship of the varicus
characteristics with one another.

3.2 DESCRIPTION OF CATCHMENT CHARACTERISTICS

The measures considered, and for whichvalues were extracted, were limited
to those that could be readily obtained from available maps. HNot only was
this necessary because of the limited time available for the project, but
alsc because any measures used should be able to be easily derived by the
designer. The characteristics extracted can be divided into natural and
introduced groupings. The former were used direetly in developing design
relationsnips, while the latter were only used in assigning relative relia-
bilities to the flood data and the derived runoff coefficients.

3.2.1 Natural characteristics

{(a) Area (A km?) - the total plan area contributing to flow at a site.

{b) Stresm length (L km) - the length of the main stream measured around
the channel sinuosities from the gite to the catchment divide. The
main stream above a confluence is generally that draining the larger
area,

{c) Stream slope (S m/km) - two measures of stream slope were extracted,
as illustrated in Figure 3.1:

- Average Slope {Sa), the total elevation differnce from source to
cutlet site of the main sbream divided by L; and

- Equal Area Slope (Sg), the slope of a line drawn through the outlet
site and intersecting the longitudinal profile of the main stream
such that the area enclosed above the profile is equal to that
below the profile.




The latter slope should be more representative of the general streap
slope and more closely related to travel times of floods, and was
thus adopted as the primary measure of stream slope in this study,
although both measures were used in investigations.

(d) Perimeter (P, km) - the length of the smoothed catchmwent boundary,
following only general changes in direction and not the small-scale
sinuosities,

{e) Median annual rainfall {MAR,mm).
(f) Soil type.
(g) Vegetation cover.

3.2.2 Introduced characteristics

{a) Storages on main streams.

(b) Small storages on remainder of catchment.
(¢} Percentage of urbanisation,

{d) Cultivation and grazing.

(e) Industry.

3.3 DATA SOURCES

Soil and vegetation cover types were extracted from 'Atlas of Australian
Resources' (Department of National Resources 1977) and are only general
classifications. Median annual rainfalls for the New South Wales catchments
were obtained from the report series 'Survey of Thirty Two River Valleys'
(NSW Water Conservation and Irrigation Commission, various dates), while
those for adjoining areas in other states were obtained from 'Atlas of
Australian Resources', Other characteristics were extracted from State
Mapping Authority maps. Some additional information on introduced charact-
eristics was provided by persomnel of the N.S.W. Water Resources Commission.

The available State Mapping Authority map scales were such that no one
scale (except 1:250 000) covered the whole of N.S.W. As at 1980, the coverage
available is:-

1:25 000 & 1:316B0-From the WSW coast to the line Jjoining Tenterfield,
Boggabri, Bathurst, Goublurn, Cobargo, Bombala. Also,
a finger from Ulladulla to Wagge Waggs.

1:50 000(& 1:63 360)--From the 1:25000 western boundary to the line joining
Collarenebri, Gilgandra, Lake Cargelligo, Euston.

1: 100000 - The remainder of the State.

The maps are available in either printed form on request, in provisional fornm,
or not yet completed. Of the 1:25°000 & 1:31 680 maps, the vast majority
are available in final printed form. Of the 1:50 000 maps about half are
available in final printed form, while for the 1:100000 maps about one
-fifth are available in final printed form. Most of the remaining maps are
available in provisional form excepting the section of the State near the
Queensland border. For the few very small catchments used in this study,
the authorities involved were able to provide more detailed coverage {scales
renging from 1:4000° to 1:12 000).




study,

isbralian
al
chments
eys'

ile

f

te
aract-
ission.
no one
coverage

3,
ilso,

>ining
1.

11 form,
“ity
are

1e

are
the
dy,

R TTRA AT AR TSI T L R

T I

3.4 DATA EXTRACTEION

Latitude and longitude co-ordinates were obtained for each station from
Gauging Stations Annual Returns of the N.5.W. Water Resources Commission
and from 'Stream Gauging Information, Australia, 1974', (Department of
National Resources 1976), and were checked on the largest scale map available.
Catchment areas quoted in the latter document were adoplted after checking
of a large sample of catchments by planimeteringof areas from the largest
scale map available. Stream lengths were measured from the maps and pro-
files plotted for each catchment for determination of the two slope measures.
Other catchment characteristics listed in Section 3.2 were determined from
the relevant maps, and tracings made of catchment shapes and mainstream
positions for general reference.

Values of wvarious characteristics of each of the 290 catchments used
in the study are listed in the supplementary report to the project 'Flood
Data and Catchment Characteristics' (McDermott and Pilgrim 1980).

3.5 PROBLEMS WITE CATCHMENT DATA

3.5.17 Inconsistency in detail of data

The variety of map scales and production dates meant that the extraction
of intreduced characteristics was not always reliable and consistent. For
example less debailed map scales {(1:100 000 & 1:250 000) do not show
cultivated areas while older maps might not show storages which have been
constructed since the map was produced. As a result, not all of the intro-
duced characteristics of relevance may have been extracted for each catch-
ment., :

Detailed local data on soll type, vegetation cover and median annual
rainfall were not available for each particular cattchment, so that the
types and values extracted from general maps represent gross classifications
only. Different survey methods were used to produce the older maps {land
survey) compared with newer maps (photogrammetry). The latter is considered
to be more accurate over large areas. The effects of any resultant
differences on the results of this project, however, are considered to be
negligibie, .

3.5.2 Definition of flat catchments

In areas of lowslope, such as western New South Wales and with small
scale maps, (1:100 000}, there is often a definition problem regarding
catchment boundaries and longitudinal profiles. For example there might
only be one or even no contour crossing the total length of the main stream.
For these stations, slopes were calculated by using the average length
between the two most appropriate contours in the area.

3.5.3 Waterfalls

Waterfalls occur ‘in the sbream profiles of three of the catchments. As
the number was small, the calculated slopes were not adjusted, but the
catchments were notéd for later checking of the consistency of their derived
runoff coefficients. In design, it seems preferable to vertically transfer
the segment of the stream and catclimert sbove the waterfall to give a
conbinuous profile, das the waterfall does not affect the flood travel time.




3.5.4

Different map scales

The derived values of stream length and slope for a catchment will

depend on the map scale used. This results from the increasing sinuosity of

the stream shown on maps of increasing scales, leading to a systematic
inconsistency. Large scale maps will give increased lengths and hence

decreased slopes, with resulting increases in travel time and decrease in

design rainfall intensity. This would in turn lead to differences or

inconsistencies in derived values of runoff coefficients and in estimated
floods in design. The meximum increage in stream length observed in this
study was 80 per cent for a 1: 25 000 map compared with a 1: 250 000 map.

The effect of map scalé on measured elevation differences was also

examined. Differences in the vertical distance from streanm source to outlet
site were found to be less than the contour interval of the smaller scale

map, and to result from lack of definition of elevation. The elevation

differences are thus random rather than systematic as
and are not amendable to adjustment for scale effects

3.6 ADJUSTMENT TO STANDARD MAP SCALE

with stream length

To reduce or eliminate the systematic inconsistencies discussed in
Section 3.5.4 above, adjustment factors were derived to convert stream

lengths and slopes to values corresponding to a standard map scale. This

was chosen as 1:25 000, as it is the largest scale with a wide coverage
of maps, and there will be an increasing availability of maps of this scale
in the future. From maps of different scales, sets of messurements of
stream length were made for 268 catchments. The scales available were
1:25000,  1:50 000, 1:63 360, 1:100 000 and 1:250 000. Plotting of the

data showed the relationship between the lengths from the maps of different

scales to be of the form:-

scl ME x Lch (3.1)
vhere Lscl = stream length meésured from map of larger scale 1:SC1
Lch = stream length measured frbmxmap of smaller scale 1:5C2
and ME = multiplying factor,

The multiplying factor MF was found, from regression, to be related to the

scale ratio SR:-

MF = 1.031 + 0.170 log,, (SR)
where SR = 3C2/sc1

The correlation coefficient (r) obtained for this equation was 0,40, with

{3.2)

a standard error of estimate of 0.10. Although these statistics indicate
that the relation is significant at less than the 0,1% probability level,

considerable scatter was evident in the ddta. * A more logical and realistic
formula very similar to equation (3.2) would incorporate a constant term of

1.0 so that the multiplying factor MF would be equal to 1 when the scale "

ratic SR was equdl to 1 (i.e, taken from the samemap)
of this type adopted for use in this project was:-

MF = 1 + 0.2t log,, (SR)

. A best fit equat

(3.3)
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(Se) gave the relation:-

MF = 1.072 + 0.175 10g10 SR - 0.049 logqy Se (3.4)

sure of stream slope is availablie, Table 3.1 lists values of

y as a result of greater average sinuousity of streams on

Where a mea

nd of higher multiplying factors for the flatter catchments was evi-

A multiple regression for MF including equal area slopes

the multiplying factor MF to convert stream lengths from maps of different

gcales to the value corresponding to the standard scale of 1:25 000, as
ealculated from equation (3.4)

Table 3.1 Multiplying Factors for Calculation of
Standardised (1:25 000) Stream Length, using Fqual
Area Stream Slopes.

Multiplying Factor for 1:25 000 length calculstion,

Map Scale for stream slopes Sy (m/km) as below.

Used to

Measure L 1 3 7 10 50 100
1:250 000 1.25 1.22 1.21 1.20 1.16 1.15
1:100 000 1.18 1.15 1.14 1.13 1.09 1.08
1:63 360 1.14 1.12 1.10 1.09 1.06 1.04
1:50 000 1.12 1.10 1.08 1.08 1.04 1.03

Where no measure of stream slope is available, values of the multiplying
factor calculated from equation {3.3) are listed in Table 3.2.

Table 3.2 Multiplying Factors for Calculation of
Standardised (1:25 000) Stream Length - Neglecting
Stream Slope

Map Scale

Used to Multiplying Factors for 1:25 000
Measure L Length Standardisation

1:250 000 1.21

1:100 000 1.13

1:63 360 1.10

1:50 000 1.08

Although consideration of slope in equation (3.4) and Table 3.1 reduces

the

scatter, the coefficient of multiple determingtion of this relation is still
only 0.43. However, the correlation is significant at the 0.1% probability

level,

A1l stream lengths in this project have been adjusted to the standard
1325 000 scale by mesns of equation (3.4) together with (3.1). In appli-
cation of any derived design relations involving stream lengths, measured

25

values should also be adjusted by equation (3.1) and preferably (3.4), or




alternatively (3.3) if slope is not available. Measured slopes should also
be adjusted by the reciprocal of MF. In using equation (3.4? to adjust the
measured length and slope, MF depends on the stope Sg so that ideally, an
iterative solution would be required. Howsver, this would not be justified
in practice, and a single application of the multiplying factor would be
satisfactory,

3.7 RELATICNSHIPS BETWEEN CATCHMENT CHARACTERISTICS

Previous studies from around the world, and particularly in the United
States, have shown that a high correlation exists between stream length ang
catchment area, and to lesser degree between stream slope and area or stream
length. These relations are of interest in themselves, but they also indicate
that regressions for design rainfall duration or any other dependent variable
using more than one of these characteristics as 'independent' variables are
not really valid. As a large amount of catchment charascteristic data had
been extracted during the project, its availability allowed the derivation of
relationships between characteristics for the catchments in New South Wales
and adjacent areas. The 429 catchments for which the characteristics were
extracted were divided into the general geographical regions of Coastal,
Dividing Renge (including 63 catchments in the Snowy region), Western
Slopes and Western Plains. Regressions were calculated for stream length
on catchment area, stream slope on length, and slope on area. The derived
relations are shown in Figures 3.2, 3.3 and 3.4, and details of the relations
and correlations are given in Table 3.3

The strongest and best-known relationship of catchment characteristics
is between area and length. Hack (1957), Gray (1961) and Leopold, Wolman
and Miller (1964) all derived relations in which meinstream length is a °
function of area to a power of approximately 0.6, Using a stratified sample
of 250 catchments with areas of 0.3 km? to 8 x 10% km?2 selected from several
thousand sets of data, Mueller (1973) derived a similar relation with an
exponent of 0.55. Meynink (1975) obtained an exponent 0.58 for 76 small
Australian catchments. Shreve (1974) claimed that the relastion tended to
vary a little with area, and that the exponent tended to decrease from
0.6 to 0.5 as catchment area increased. Shreve and also Werner and Smart
(1973) were able to verify the form of the relation between mainstream
length and area from channel network theory, -

The regional relationships derived here and shown in Figure 3.2 are very
similar to one another and to the published relations cited above, with .
exponents of 0.57 - 0.58 for most regions and 0.54 for the Western Plains.
The correlation coefficients are also high (0.97 - 0.99) as found for the
published relations. This indicates that the stable relationship between
area and length found in other parts of the world applies equally to
different types of regions in Australia. .

In previous studies, it has also been shown thet over a given region,
stream slope is inversely related to stream length, and herice also to
catchment area, but that the relation varies from one region to another.
Gray (1961) derived relationships forthree different regions in the U.S.A. 3|

Flint (1974) found that slopes of individual stream segments within a catch- ¥
ment were related to varisbles which themselves are related to area, -
although Onesti and Miller (1974) found that this type of relation did not
apply to very small areas with stream orders below four. In this case,
geology and others factors controlled slope. However, it seems that within
a fairly homogeneous region, slope of individual stream segments is related
to drainage area. As overland slope has been found to be correlated with
stream slope (Strahler 1964), this is also related to area.
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wuld also The regional relationships derived here and shown in Figures 3.3

Just the and 3.4 confirm the results cited above. Relationships were derived for

1y, an each region, and although the correlation coefficients (0.66 - 0.84) were

ustified not as high as for the regression of length on area, they are all signi-

1d be ficant at the 0.1% probsbility level, Different relations apply to the
different regions, and as expected, predicted slopes decrease from the
mountainous regions to the plains., This dependence of slope on region
supports the concept ubilised later in this study that runoff coefficients

; can be related to the location of the catchment.
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4. DESIGN DURATION OF RAINFALL

4.1 TIME OF CONCENTRATION AND CRITICAL DURATION

One of the assumplions made in the Rational Method is that the design
duration of the rainfall is egual to the time of concentration of the catch-
ment. Traditionally, time of concentration has been considered to be the
maximum time taken by water to travel from the catchment boundary to the
catchment outlet. This time measure is assumed to be the 'eritiecal duration',
meaning that the use of any other duration would resuit in a lower flood
estimate (see, for example, Cordery and Meynink 1976). This implies that the
use of a shorter duration, although giving a higher design intensity of
rainfall, does not allow the whole catchment area to contribute simultan-
eously to flow at the outlet, while the use of a longer duration allows the
whole area to contribute but with a lower intensity. In design practice,
the time of concentration must be estimated by means of an emplrlcal formuls
or set of recommended values. The Bransby Williams (1922) formula is
recommended by ARR, on the basis of the results of French et al. {1974),
and is discussed further in Section 4.3.

As noted in Section 1.4.1, an alternative concept is to regard the
duration of rainfall as being simply a characteristic respense time of the
catchment. No assumption regarding the time of travel of water from the
most remote point or any other location is necessarily invelved. This
appreach has been used in a design flood procedure by Reich and Hiemstra (1965
The only requirement of such a measure would be that it would lead to consis-
tent derived values of the runoff coefficient in the development of a design
method and consistent flcod estimates in application of the method in
design. The original intention in this project was to adopt this character-
istic response time approach. However, it became necessary to develop =z
formula from values of time of concentration estimated from observed f£lcods,
as described later in this chapter.

A point which has caused confusion in practice is whether the time of
concentration formulae used in design give the total rainfall duration, or

whether they only give chamnel flow time to which an overland flow time
must then be added. In a survey of the design practice for flood estimation
of Australian loecal government authorities, Pilgrim and Cordery (1980) found
that the 216 respondents were almost egually divided as to whether an over-
land flow time should be added. In this study, all formulase for time of
concentration or response time are considered to give the total rainfall
duration, and no overland flow time has bsen or should be added.

4.2 CATCHMENT CHARACTERISTICS FOR USE IN FORMULAE

The common characteristics that have been used in formulae for time of
concentration ave cabchment area (A), length of main stream (L) from the
catchment divide to the outlet, and stream slope (8). Other catchment
characteristics have been used in some formulae, but it is difficult to
obtain satisfactory practical measures of them. As discussed later in
Section 4.4.2 and Appendix F, several characteristics in addition to A, L
and S were used in this study. These were a catchment shape factor, a stream
slopenonuniformity index, a vegetation cover roughness index, median annual
rainfall, and soil type. _

Two other characteristics that would be expected to affeect average .
velocities and times of travel are the form of the channel network and the
hydraulic roughness of ‘the channels. Suitable simple and unique measures of
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the form of the channel network are not available, and most that have been
proposed are related to area (Onesti and Miller 1978). Mannings n would
directly affect the time of travel, but its value is very difficult to
estimate for natural streams. Cordery {1968) used n in design relatiocns
for synthesis of unit hydrographs for sastern New South Wales, but omitted
it in a later version of the procedure {Cordery and Webb 1974). The
vegetation cover roughness index noted above was used to give some indi-
cabion of resistance to flow, but in general it was not possible to consider
the channel network and channel roughness in the study as simple and un-
ambiguous measures are not available.

Stream slope presents a practical problem in that it can be evaluated
in several different ways, as discussed in Section 3.2.1. The simplest
is the average slope Sg defined as the difference in elevation between the

“source of the main stream and the outlet, divided by the stream Iength L.

This was the type of slope used in the Bransby Williams {1922) formula,
although this was not stated in ARR and has led to considerable confusion.
Actually, Bransby Williams used the direct length from source to outlet -
rgtier than the stream length., Quite different stream profiles can have the
same average slope S;, and thus this does not seem to be a good measure

for estimating travel times. The equivalent area slope Se- Section 3.2.1)
has been adopted in this study as a satisfactory compromise between a
realistic measure of effective slope and ease of derivation. It has been
widely used in practice.

4.3 ASSESSMENT OF EXISTING FORMULAE

French et al. {1974) tested eight formulae for estimating time of
concenbration in a previous study of the Rational Method in eastern New
South Wales. This showed that all formulae were of low accuracy, and that
many gave biased results. The Friend (Department of Main Roads, N.S5.W. 1976)
and Bransby Williams (1922)formulae gave the least biased results on the
average. However, the former is complicated, and different designers can
obtain widely different results. On the basis of these findings, ARR rec-
ommended the Bransby Williams formula for use in design. This is

te= 09751 (4.1)
AO.1 SO.2
where t = time of concentration (hours)
L = stream length (km)
& = area (km®)
S = stream slope (m/km)

_ As this formula had been found to be the best available in the previous
investigation, it was selected for testing for suitability for estimating
rainfall duration in this project. As the formula was to be regarded as a
means of estimating a characteristic response time of each catchment, it
was only necessary for the use of the formula to lead to consistent values
of runoff coefficient. Reproduction of measures of time of concentration,
as used in the study of French et al. (1974), would not have been necessary.
However, the use of values of Sy rather than Sy for the slope term in
equation {4.1) led to large values of rainfall duration. This resulted in
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approach outlined in

deviations from average trends.

high values of the derived runoff coeffi

the values.

cients, with many values over one
The highest value was 3.0.
sidered that these high values would lead to resistance in ace

It was con-
eptance of the

Also, the values of runoff coefficients derived by the
Section 1.4.1 showed considerable inconsgistencies and

effects of variations in duration on design rainfall intensities and

derived runoff coefficients and th
50% overestimate of duration,

typically produced a

In view of these
an investigation was
duration.

e results are described in Appendix E.
which was a common magnitude of this variation,

A sensitivity study was carried out on the

A

difference of about 25% in the average rainfall intensity
and hence over 30% in the reciprocsl function, the derived runoff coefficient,
unsatisfactory aspects of the Bransby Williams formula,

carried out to develop alternative formulae for rainfall

4«4 DERIVATION OF FORMULAE FOR DESIGN DURATION OF RATNFALL

bedd

Measures of critical response time

Although the varisble used to estimate the critical rainfall duration

was considered to be a characteristic response time of the catchment

and not necessarily the time of trav

el from the most remote location, the

logical approach to derivation of a formula for estimating the critical

rainfell duration is to use values of

observed floods.

time with duration of

of a typical minimum value for use as
variable that has been su
the base length (usually denoted as C)
(1945) model for synthesis of unit hydropraphs,
time from the end of rainfall excess to
falling 1imb of the flood hydrograph.

time-area diagram is at or near its en
hydrograph (for a very short rainfall excess)

is the case with the flood synthesis method of

The catchment lag,

of rainfall excess and
has also been suggested

In the few cases wher
‘estimated from observed flood data,
has generally been used.
time of rise of the flood hydrograph.
of French et al. (1974), who describe

time of concentration estimated from
e time of concentration has been

some characteristic of the hydrograph
The most common measure is the typical minimum
This was used in the previous study
and illustrate the variation of rise

rainfall excess and flood magnitude, and the selection

the time of concentration.
ggested as an estimate of time of concentration is
of the time area diagram in the Clark
This is also equal to the

the point of contraflexure on the
Where the maximum ordinate of the
d, the minimum time of rise of the
is alsc egual to C.
Cordery and Webb (1974).

This

A second

generally defined as the time between centres of mass

(e.g. Hoyt and Langbein 1955, Linsley et al. 1958,

Although all three measures are highly correlated (
lag is somewhat longer than the other two measures, which were adopted for

this study.

Values of time of
available for 96 small
minimum times of rise
ments were available f
from French et al. (19
Baron et al, (1980).

extracted in this study.

concentration derived from observed flood data were
A1l of these values were effectively
Suitable values for 53 catch-
23 being time of rise values
74) and 30 were Clark C values reported in ARR and by
were minimum times of rise
Details of the 96 values are given in Appendix F,

rural catchments.
of the flood hydrograph.
rom published studies,

The remaining 43 values

the resulting hydrograph of direct storm runoff,
as a measure of the critical duration of rainfall

Bell and Omkar 1969).
Bell and Omkar 1969),
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Derivation of formulae

Relationships were derived between catchment response times and com-

binations of ca
As noted in Sec

tchment characteristics.
tion 4.2, the catchment characteristics used were area A, length

Details are described in Appendix F.

of main stream L, equal area slope S¢ of the main stream, a catchment shape
factor, a stream slope nonuniformity index defined by Sa/se’ a vegetation

cover roughness index, and median annual rainfall MAR. As several of these
yariables are correlated with one another as discussed in Section 3.7, it is
not valid to consider each as an independent variable in regression studies.

Yar

in the developmeni of relationships. .
The 96 catchments for which time of concentration data were available

were divided into the three regions of Coastal, Tablelands and Snowy Mountains.

Regressions of catchment response time on various combinations of catchment

characteristics revealed that differences in relations between the regions

were very small, and could be accounted for by the correlations between chara-

cteristics described in Section 3.7.

pooled and regression relationships were derived for the values from all 96

catchments.

where 1
c

b O

o

76 A
.69

.01 (

time of concentration

0.38

(e
;/be)

L
v Se

0.50

0.40

(r

(r

ious combinations of area, length and slope were used as single variables

Data for the three regions were then

The three relationships adopted for further study were:-

= 0.92) (4.2)
= 0.92) (4-3)
{4.4)

or characteristic response time {hours).

As noted in Appendix F, equation 4.4 is the relation for the Clark C

obtained by Baron et al. (1980).

The regression relation derived in this

study was slightly different, but (4.4) was adopted here to prevent proli-
feration of formulae giving virtually the same results.

The length and slope values for use with these formulae must be the
adjusted values to correspond with the standard map scale of 1:25 000, as
described in Section 3.6

Only the simple measures A, L and S, are used in the above equations
which represent the three relationships using these measures with the highest
The investigation described in Appendix F showed

correlation coefficients.

that the other catchment characteristics accounted for very little additional

scatier, and would be difficult to evaluate in practice.

The equations in-

volving only A, L and Sy were thus adopted, as it was desired to use only
simple and unambiguous relstionships in the design procedure.

4ek.3

Similarity with relations of previous investigators

The above relations are very similar to those derived by several previous
The form of equation {4.2) is the same as those for critical

investigators.

rainfall duration re
Bell and Omkar (1969§

orted by Linsley et al,
and Alexander (1972).

(1958), Hoyt and Langbein (1955),
The exponent 0,38 is identical

with that given by Linsley et al. (1958) while exponents of 0.4, 0.33 anc 0.4

were found by the other three investigators.
in this present study to be a constant virtually unaffected by catchment
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slope, median annual rainfall, catchment shape, slope nonunifermity or
regional divisions. In comparison the coefficients derived by each of the
above investigators excepting Alexander were considered to be functions of
channel storsge characteristics or vegetation cover. In general the tinmes
estimated from the formulae for critical lag would be expected to be slightly
larger than those estimated using equationa%4.2) for minimum-time of hydrograph
rise. Equation (4.3) is similar in form to the Ramser-Kirpich (Kirpich 19%0)
and Bruce and Clark (3966) formulae, The third relation 6;quation 4ud) is that
obtained by Baron et al. (1980) for the base length € in the Clark model for
synthesis of unit hydrographs and is very similar to the regredsion derived in
this study and to the relation for C derived by Cordery and Webb (1974).

hok.h  Use of standard area and one hour duration

An alternative approach to the formulae for critical durstion of rainfall
derived above was developed from a procedure suggested by French et al. (1971),
In this, a stendard catchment area is adopted, a value of 25 km® being used
here, The observed flood flows are adjusted to values corresponding to this
aree. by means of a power relation between discharge and area with an ex-
ponent of 0.7, as suggested by Alexander (1972). This relaticn is

Q o:AO'7 {4-5)

The observed flows are thus multiplied by (25/A0'7)to convert them to values
corresponding to the standard area of 25 lm®. As this standard or reference
area is now the same for all catchments, a single rainfall duration can be
used in equation (1.2) to calculate the runoff coefficient. Equation (4.2)
indicates that this should be 2.58 hours. However, a standard one hour
durgtion was used to simplify the procedure. If the ratic of the one hour
to 2.58 hour rainfalls was constant over New South Wales, this would simply
scale down the coefficient. In fact, the ratio of the rainfalls does vary
to some extent, but the variation is largely location dependent and would
have little effect on the usefulness of the derived runoff coefficients.

The critical rainfall duration for this procedure is thus always one hour.

4.5 APPROACH TO SELECTION OF DESIGN FORMULA

Five methods have been detailed above for estimation of the critical
duration of design rainfall, The Bransby Williams formula is described in
Section 4.3, three formulae listed as equations (4.2), (4.3) and (4.4) were
derived in Section 4.4.2, and a standard one hour duration with adjusted
runoff coefficients has been suggested in Section 4.4.4.

Selection of the formula to be adopted for the design method was based
on two criteria. The first was the goodness of fit of the observed typical
minimum times of hydrograph rise, where appropriate, as described in this
chapter. The second and more important was the consistency of runoff coeffi-
cients derived using each method. Assessment of this second oriterion, and
selection of the design approach, are described in Chapter 7.
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5,  RAINFALL FREQUENCY ANATLYSIS

5.1 SOURCE OF DATA

The most recent and readily available rainfall data source used in design
flood estimation for small catchments is the 1977 tAustralian Rainfall and
Runoff! (ARR). As described previously the runoff coefficients derived in
this project are ratios of pesk rate of flood flow to average rainfall in-
tensity. Rainfall data from ARR were used exclusively as the rainfall data
source in this project as these data are used in practice in the estimation
of design floods. The derivation and application of the derived runoff
coefficients are then consistent, and use of the coefficients with the rain-
fall data in ARR should reproduce the flood flows of selected freguencies
vased on observed data from which the coefficients were derived.

5.2 SELECTICN OF DATA FORM

Twe data forms are svailable for use in ARR. One is based on pluvio-
graph or recording raingauge data and the other primarily on daily rainfall
data. To avoid inconsistency in applicastion it was necessary to choose one
of these forms.

5.2.1 Pluviograph data

Pluviographs or rainfall recorders give a continuous record of cumulative
rainfall depth and as such record the temporal distribution as well as the
amount of rainfall. The pluviograph data in ARR are presented as intensity -
frequency - duration relationships and are derived from the original station
records. Relationships are presented in ARR for 23 pluviograph stations -
in eastern New South Wales. Record lengths of these stations range from 15
to 60 years with a mean of around 25 years. The locations of the stations
are presented on Figure 5.1. :

From each station record the Bureau of Meterology has extracted intensity -
frequency data for a range of durations, representing waximum average intensi-
ties of bursts of rain within storms. These relationships are in the form of
sixth order polynomials of duration, with one set of seven coefficients for
each return period and each station. They cover durations between 6 minutes
and 72 hours, for return pericds ranging from 1 to 100 years.

The pluviograph relation for a given station may be used for sites around
the station which satisfy the following criteria listed in -ARR:-

1. Elevations within 200m

2.  Terrains within a radius of 5 km of each site are similar

3. Annual rainfalls differ by less then 100 mm in areas where annual rainfall
is less than 1000 mm or by less than 10% in wetter areas

4. The aspects.of the general area within 5 km of each site are similar
This means that loeations on both sides of minor watersheds may be
considered to be similar, but locations on opposite sides of major
divides may not.

5. Where the areas under congideration are within 50 km of the coast, the
géstances of each site from the coast should differ by not more than
Iam,

The two sites should not be more then 150 km apart.
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5.2.3 Comparison of rainfall data forms

The two ARR rainfall data forms described above were compared with regarq
to their advantages and disadvantages for application in a design flood
estimation procedure, These are listed below:-

Pluviograph data
(a) Advantages:

{i) easy to use in graphical form, and for thi
use by local government and mein roads aut
states. However, use in the sixth ‘order
difficult.

{i1)  vetter definition of short dqur

(b) Disadvantages:

S reason are in common
horities in several
polynomial form ig often

ation rainfall intengities,

(i) do not cover all of the area of interest in eastern New South Wales
(see Figure 5.1),

(ii)  the procedures are based on only 23
eastern New South Wales,
records and the relations

(iii) discontinuities may oceur
by adjacent pluvicgraphs,

pluviograph stations for
Most of these stations do not have long

hips thus have only a small data base,
at the boundaries of zoneg Tepresented

Generalised data

(a) Advantages:

(i) cover the whole of eastern New South Wales,

(ii)  the brocedures were derived from a large data base of approximately -
1000 stations with record lengt :

hs of up to 140 yearg,
(iii} more detailed variations of rainfall intensity with location,
(b) Disadvantages:

(i) rainfall intensities for durations jess than 2/ hourg were derived

from generalised-relationships found from pluviograph datg using
12 hour rainfall intensities as a base, That is, the procedures
assume the same relationsips between intensity and duration to
hold for daily read station data as were found to hold from

" pluviograph data,
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(1i)  for short duration rainfall intensities, the division of New
South Wales into rainfall zones causesS rainfall intensity dis-
conbinzities to exist at zone boundaries.

5,24 Selection of generalised data

data have been widely used in several States because

The pluviograph
they can be presented as a simple set of graphs, and are thus easy to use in

However, the generalised data from ARR can also be presented in a

ractice. 7
relatively simple form, and simplified procedures are detailed in Section
5.4 below. The disadvantage of discontinuities at zone boundaries in

eneralised data is matched by those at boundaries of zones represented by
adjacent pluviographs. In both cases a linear interpolation scheme can be
used, as described in Section 8.4 and in application of the design method

in Chapter 10. Use of the generalised data form from ARR was adopted for use
in this project and the resulting design method, based on the following

considerations:-

(i) The generalised procedures can be used for the whole of eastern
New South Wales whereas the pluviograph only cover about one
half of this region, ’

(1i)  the generalised procedures are based on a far larger data base
in both space and time,

{iii) for short durations the generalised procedures gave intensities
comparable with those from the pluviograph data at the pluvio-
graph station sites. . 7 i

Verification of this last point was obtained by comparing rainfall intensities
caleulated using both pluviograph based and generalised procedures at a number
of pluviograph station sites. A comparison table of results is presented in
Appendix G and shows generally good agreement Letween intensities calculated
from esch data source. Variations in region, return period and duration had
negligible effect, in general, on the magnitude of differences of intensities.
Similarly, no bias was evident in these differences. In-a very few cases,
intensity differences of up to 50% were observed, However, it is possible
that sampling error alone or combined with local orographic or exposure effects

could cause such differences. .
As differences do exist between rainfall intensities calculated by each

procedure and these differences are random, it is recommended that the
generalised procedures only should be used and not intermixed with the other
procedure when using the design methed for flood estimation developed in

this report.
5.3 TDATA PROCESSIﬂG IN DERIVING DESIGN METHOD

The procedure used for deriving rainfall intensities from ARR for
dgvelopment of the design flood method is deseribed below.. This was simpli-
fied for use in applying the methed, as described in Section 5.4, The
duration range for.which ARR procedures can be used to calculate rainfall
intensity - frequency data at a site is 6 minutes to 72 hours. To calculate
rainfall intensities of various frequencies’ covering this duration range it
was necessary to extract five rainfall parameters from ARE as below (with




ARR references in brackets):-

AFACT - Zone Factor dependent on location
{A in ARR) {Table 2.3 and Figure 2,17)
1(12,2) -

the 12 hour duration, 2 year return period rainfall intensity
in mm/h. (NSW - Figure 2.18)

1(12,50) - the 12 hour duration, 50 year return period rainfall intensity :
in mm/h, (NSW - Figure 2.39) i

1{72,2) - the 72 hour duration, 2 year return period rainfall intensity -
in mm/h, (NSW - Figure 2.20)

I(72,50) -

the 72 hour duration, 50 year return period rainfall intensit
% ¥

1)

All of these parameters depend only on location, and the appropriate location
used for each catchment was the approximate catchment centroid, However,
this Iocation was significantly different from the gauging station location
for only the larger gauged catchments, as a result of the scale of the maps
from which parameters were extracted.

Caleculation of the design duration (to) was the second step using one
of the appropriate catchment response time formulae described in Chapter 4.
The general procedure was then to calculate I(t.,2) and I(te,50) (the
< and 50 year return period, te hour duration rainfall intensities}, and
use these to calculate intensities for other return periods of interest
using Figure 2.46 in ARR. A different procedure to calculate I(ts,2) and
I(te,50) was used for each of the duration ranges 6 minutes to 60 minutes,
1 hour to 12 hours and 12 hours to 72 hours as shown below in Table 5.1

in mm/h. (NSW - Figure 2.

Table 5.1 Summary of Rainfall Intensity Calculations

Duration Range

Rainfall 6 - 60 minutes "1 - 12 hours 12 - 72 hours
Intensity
I(te, 2) WP, x I(12, 2) MP x T(12, 2) (112, 2), 1(72, 2)]
I(te, 50) MF, x 112, 50) MF, x I(12, 50)  £*[1(12,50), 1(72,50)]
where MF, = AFACT | £278 - 3|+ (equation 2.7, ARR)
1 T EE oqu

(equation 2.7 &

MF" 2.8, ARR)

n

49.586
> (AFACT + 1) x lé.BO9 + tc,x 60 + 11.767

f*

I

function given in Figure 2.47 in ARR

Using Figure 2.46 of ARR, these intensities were then used to determine
intensities for return periods between 2 and 100 years. To calculate
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the once in one year rainfall intensity, equation 2.6 of ARR was used:-

I(t, 1) = 0.885 x I(t, 2)/E + 0.1734 x fn ( 1—%*&—1%3—5@)] (5.1)

Reduction of point estimates for application to catchments of specific
size was not used. The differences for catchments up to 250 km? are small,
and neglect of the reduction simplifies the procedure. ~ The effects are
incorporated in the derived runoff coefficients.

The whole procedure can be programmed for a TI 59 programmable calculator,
as deseribed in Appendix H. However, the CDC Cyber 72 computer of the
University of New.South Wales was used for this project as a result of the
large amount of data and the different design duration formulae to be tested.

5.4 CALCULATION OF RAINFALL INTENSITIES FOR PRACTICAL DESIGN

The previous section describes programmed procedures that were used
in the project in the development of the design method. However, for general
use in practical design, a more direct and simple approach is required. This
is described below, and is a re-presentation of the generalised procedure
using daily rainfall data from ARR, which can be used instead of the simpli-
fied version given here. The procedure below covers the practical range of
durations up to 12 hours and return periods between 2 and 100 years for
locations in eastern New South Wales. Figures 5.2 to 5.6 reproduce the
relevant design figures from ARR and present equations 2.7 and 2.8 of that
publication in graphical form for ease of use. The steps in the use of
Figures 5.2 to 5.6 for calculation of a design rainfall intensily are as
follows:-

Step 1 - Obtain latitude and longitude of approximate catchment centroid
{to the nearest minute)

Step 2 - Extract:- zone and zone factor (AFACT) from Figure 5.2;
- 12 hour, 2 year rainfall intensity I{12, 2) mm/h
from Figure 5.3;

- 12 hour, 50 year rainfall intensity I(i12, 50} mm/h
from Figure 5.4

Step 3 - For the duration of interest (t) read off the appropriate
multiplying factor (MF) from either Figure 5.5(a) or Figure
5.5(b). (Note - for durations greater than 12 hours ARR Figure
2,47 can be used).

Step 4 - Calculate the 2 and 50 year return period rainfall intensities
for duration (t) hours:-

I(t, 2) = MF x 1(12, 2 )

& I(t,50) = MF x I(12, 50).

Step 5 - Select an appropriate scale for the intensity axis on Figure

5.6 and plot I(t, 2) and I{t, 50). Draw a straight line through
these points and read off intensities for the return periods of
interest between 2 and 100 years.

As noted in Section 5.3 above, point rainfalls were not reduced to catchemnt
average values in derivation of the design procedure. Consequently, point
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rainfalls only should be used in application of the method, and no reduction
made for the size of the catchment.

Example of Use
Given location of interest:

latitude =320 36"  (32.67)
Longitude = 150° 24' {(150,4°)
and selected duration t = 4 hours
then:-
Step 2 - Zone - B

n

Zone Factor 3.78
1{12,2) = 5.0 mn/h
1{12,50) = 9.8 mm/h

Step 3 - Figure 5.5(b) is appropriate,
and for Zone B, with t = 4 hours,

MF = 1,95
Step 4 - I(t, 2) =1.95 x 5.0
= 9.8 mm/h
and I(t, 50} = 1.95 x 9.8
= 19.1 mm/h
Step 5 - Plotting these two intensities on Figure 5.6 and drawing the

connecting line allows the following rainfall intensities to
be read off:-

Return Period Rainfall Intensity

(Years) {mm/h)

2 9.8

5 12.6

10 14.2

20 16.6

50 19.1

100 21.3

5.5 EXAMINATION OF ERRORS IN THE APPLICATION OF RAINFALL DATA

There are two major sources of error relating to rainfall data in the
derivation of runoff coefficients from observed flood data, and in the use
of the derived runoff coefficients in estimating design floods. The first
concerns the basic assumptions of the Rational Method that the rainfall
intensity is uniform in time and space during the duration of the design
rainfall, and that this critical duration is equal to the time of concen-
tration or characteristic response time of the catchment. Both of these
assunptions are more likely to be fulfilled by small rather than large catch-
ments. However, with the statisbtical interpretation of the Rational Method
where the runoff coefficient represents the ratio of flood peaks to average
rainfall intensities of the same return period, deviations from both of these

assumptions may not be important. This would be the case if in deriving runoff
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coefficients, the observed periods of record from which the rainfall and
flood frequency curves were derived contained the same types of deviations
from the assumed conditions as were likely to occur in the design case. The
average or expected (in the statistical sense) conditions are under consi-
deration here. Under these circumstances, use of the design rainfall data
with the derived runoff coefficients should reproduce the flood frequency
curve from observed floods. While these deviations are thus of much less
importance with the statistical interpretation of the Rational Method than
when it is viewed as a deterministic model, errors are more likely as catch-
ment size increases. A general upper limit of 250 km? was adopted in this
project, largely to provide a satisfactory data base. Any limit is arbit-
rary, and it was not possible in the time available in this project to fully
examine the effect of catchment size on the assumptions regarding rainfall
in the Rationsl Method. Lower reliabilities were assigned to runoff
coefficients derived for large catchments in the reliability index described
in Section 2.2.3 and Appendix D.

The second major source of error is in the rainfall values extracted
from ARR. Errors from this source can be divided inte four typss:-

{i) Intensities given in ARR are not representative of intensities
in the general area. This could result from the rainfall at a
station used in developing the ARR data not being typical of the
surrounding region. However, this type of error would be relatively
unlikely as a result of the large data base of rainfall stations
used in the derivation of the generalised procedure.

(31) Local features of the particular catchment cause its rainfzll to
be appreciably different to that over the general area. This type
of error would be more likely to occur on small than on large
catchments where spatial averaging would occur, Where local
high or low rainfalls are likely, the procedure for regions of strong
rainfall gradients in Section 2.7 of ARR could be used in estimating
design rainfalls. However, these values were not used in the
derivation of runoff coefficients in this projeect.

{iii) Brrors in the derivation of intensitiesfor durations less than 24
hours from daily data. These intensities are based or relationships
derived from pluviograph data for each of the rainfall zones. The
smaller the rainfall duration and thus the greater the difference
from 24 hours, the largerwould the relative error be likely to be.
Larger errors are thus likely with smaller catchments.

(iv) User errors resulting from the difficulty of precisely locating a
catchment on a map where rainfall gradients are high (for example,
the north coast of New South Wales§. In such areas a location
error of 1.5 mm on & map can cause a 25% difference in rainfall
intensity.

These causes of error and their effects were used as guideé in a later study
of runoff coefficient outliers (Appendix J).
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6. APPROACH USED FOR DERIVATION OF RUNOFF COEFFICIENTS

6.4 DESIGN METHOD ALTERNATIVES

In Chapter 4, five formulae for design rainfall durationwere developed.
Before selection of the final design procedure, runoff coefficients were
derived for all of the catchments using each of the rainfall duration
formilae, to provide a further basis for comparison. In addition to the
five procedures using different formulae for estimating rainfall durations,
two other methods using conceptually different approaches for determining
design floods were also developed and tested.

Tn this chapter, the general approach used for derivation of the runoff
coefficients for the first five methods and the corresponding parameters
of the last two methods will be described. The comparison of the seven
procedures on the basis of accuracy and consistency of the derived coeff-
icients and also rainfall durations, and the selection of the adopted design
procedure, are described in Chapter 7. More detailed development of the
design runoff coefficients for the adopted procedure is deseribed in
Chapter 8.

The seven alternative design methods are summarised in Table 6.1. Methods
1 to 4 are direct. applications of the statistical interpretation of the
Rational Method, and runoff ccefficients are calculated by equation (1.2)
with the different formulae for design rainfall duration. A similar approach
is used in method 5, but a standard rainfall duration of one hour is used
and the flood flows estimated from the frequency analysis are transformed
to values corresponding to a standard catchment area of 25 km? by multi~
plication by (25/A)0.7, as discussed in Section 4.4.4. Method 6 is a more
direct form of regional flood frequency procedure and uses a relative flow
coefficient rather than a runoff coefficient, For a given location and
return period in Method 7, the rainfall duration is determined as that value
which would give a runoff coefficient of 0.8, and a flood conveyance factor
is determined based on rearrangement of the Manning formula.

6.2 USE OF 10 YEAR RETURN PERIOD FOR BASIC DESIGN DATA

The flood frequency curve for each station was extended to a return
veriod only a little longer than the period of record. Estimated floods for
return periods above 10 years were thus not available for many of the

catchments. That is, the highest return period for which the whole of the §~
data base could be used was 10 years. Return periods less than 10 years ¢

are below those most commonly used in design. Accordingly, runoff coeffi-
cients and other parameters derived for a return period of 10 years were
adopted as reference values for use in both development of the design proc-

edures and for comparison of the seven alternative procedures. ; :

6.3 MAPPING OF 10-YEAR COEFFICIENTS

Inspection of the 10-year coefficients derived for each of the seven
procedures showed that the values were strongly related to location, and that
mapping would account for much of the variation in the coefficients. is
results from the fact that the effects of several factors influencing/flood
flows are reflected in location, such as soiland rock types, topography
and relief, rainfall intensity, and possibly the most important, thg average
antecedent wetness of the catchment. The last factor depends on average
annual rainfall, temporal distribution of this rainfall, potential {evapo-
transpiration and drainage characteristics of the catchment. Mepping of




the 10 year coefficients was therefore adopted as the means of presenting
the basic design data, as used by French et al, (1974). Although this
accounts for the overall or gross variation in the coefficients derived for
the catchments, it was hoped that deviations of individual values from
generalised contours or isopleths would be able to be related to character-
istics such as soil type, slope and vegetation. This is discussed further
in Chapter 8,

For each method, 10-year coefficients for the 284 catchments were plotted
on base maps of eastern New South Wales and adjoining regions. Contours
or isopleths of best fit were then drawm through these values. Reliability
indices as described in Section 2.2.3 and Appendix D were noted against
each catchment. These are shown on Map 1 at the back of this report, In
drawing the average isopleths, greater weight was given to the stations with
higher reliabilities. Patterns of elevation and relief, average annual
rainfall and 12 hour rainfall intensities were also used in providing

guidance in drawing the isopleths.

6.4 FREQUENCY FACTORS FOR OTHER RETURN PERIODS

For return periods other than 10 years, it would be possible to ‘produce
similar isopleth maps of coefficient values. However, the relative scarcity
of stations for which high return period floods could be estimated with any
certainty and the lack of areal coverage would meke the drawing of maps for
these high return periods diffieult. In additicn, inconsistencies between
maps would be likely as a result of sampling errors of values at individual
stations. In view of these difficulties, the frequency factor appreach used
by French et al. (1974) was also adopted here. For this, the ratio C(¥Y}/C{10)
of the coefficient for each return period to the 10-year value is caleculated
for all of the catchments. For each return period, average values of the
ratio are then determined for all catchments within regions’ or over the whole
area of interest. Alternatively, the ratios could be related to catchment
characteristics if significant relationships can be shown to exist.  The
results derived for the adopted design method are described in Section 8.3




Table 6.1 Summary of Seven Design Procedures and Derived Parameters

METHOD
NUMBER

DERIVED PARAMETER

TIME PARAMETER (h)
USED IN DERIVATION

SOURCE AND REMARKS

1

c(y) =

Q(¥)

¥
0.278 x A x I(t,Y)

" As above

As above

As above

25 vo 7
QY) x ("K_) :

0.278 x 25 x L{1,Y)

21ea]

207

L
Dy x VS

t = 0.975 L
A%.1 g 0.2
a

0.76 A°:3®

= 1,69 (/_Lu> 0°50
3

e

3.01 (MI_J—‘}U.LPO
Se

t=1

D from solution of
1(D,¥) = ¥

0.278 x 0.8 x A
(ie. C(Y¥) = 0.8)

Bransby Willisms (ARR) formula.

From correlation studies
(Appendix G)

From correlation studies
(Appendix G)

Both from correlation studies and
Baron et al. (1980)

From French et al. (1971) using
Alexander's (1972) relation
Q o A0_7

Using Alexander's (1972) relation
Q - KAO.7

From rearrangement of Mannings Eqn:

GF =R¥/*®= V_ = L ; whereD

s e B,

was calculated assuming a constant
runoff coefficient of 0.80.




7. SELECTION OF DESIGN METHOD
7.1 BASIS FOR SELECTION

As noted in Sections 4.5 and 6.1, two criteria were adopted as the basis
for selecting the design methed from the seven procedures developed in the
study. The more important of the two criteria was the accuracy and consistency
of the runoff coefficients or other parameters derived using each procedure,
The second criterion was the accuracy with which the rainfall durstion formulae
fitted the observed minimum times of hydrograph rise. This second criterion
was only appropriate to the first four procedures incorporating a formula
for time of concentration or characteristic response time.

7.2 INITTAL SELECTION

An initial examination of the seven procedures was carried out to select
two methods for further detailed study. Ten year runoff coefficients or
parameters were derived for each of the catchments for each of the procedures.
These were then mapped and isopleths or contours drawm as deseribed in
Section 6.3 The accuracy and consistency of these contour maps were then
assessed visually on the basis of:-

{(a) goodness of fit of contour lines to individual derived values of runoff
coefficients or other parameters;

(b} general smoothness of contour patterns,

For the second eriterion, the goodness of fit to the observed minimum times
of hydrograph rise was judged by the correlation coefficients of the derived
formulae for critical duration of rainfall where they were availsble. No
value was available for the Bransby Williams formula (method 1)}, but the
plotted data in French et al. (1974) show thet the correlation is poor.

For method 4 where the relation of Baron et al. (1980) was adopted rather
than that derived in this study, the correlation coefficient for the latter
rather than that of Baron et al. (1980) was used for consistency.

The results of the comparison of the seven procedures are summarised in
Table 7.1

Table 7.1 Comparison of Performance of Seven Design Procedures

Satisfaction of Criterion

Method Number Runoff coefficient or parameter Minimum time of hyd. ;
: rise - correlation :
(see Table 6.1) {2) (b) coefficient %
1 Poor Fair Low i
2 Good Good 0.92 '
3 Fair Fair 0.92
4 Fair Fair 0.8]
5 Good Good -
6 Good  Fair -
7 Poor Poor -




es.

Although the assessment of the accuracy and consistency of the runoff
coefficients and other parameters was subjective and based only on visval
examination, the differences in the comparison were sufficiently cbvious
to eliminate the four methods 1, 3, 4 and 7 from further consideration.
0f the three remsining procedures, method 6 was then excluded as the contours
of the plotted 10-year parameter showed considerably more irregularity and
direction changes than those of methods 2 and 5. This almost certainly
results from the fact that variations of rainfall intensity with location are
explicitly accounted for in methods 2 and 5, and their runoff coefficlents
do not incorporate these variations. However, the parameter values of
nethod & have to incorporate the effects of varidtions of rainfall intensity
as well as those of the other factors that affect flood magnitude.

As there was no means of subjectively choosing between the remasining
methods 2 and 5, a more detailed and quantitstive study was made of these
two methods.

7.3 FINAL SELECTION OF METHOD 2

Before the detailed comparison of methods 2 and 5, the contour plois of
the 10-year coefficients C{10) for both methods were refined. From the
results of regression and correlation studies on both runoff ccefficients
(Tables IR to I5 , Appendix I) and flood magnitudes (Table I6, Appendix I),
these variabies were found to be significantly related to rainfall intensity
and mean annual rainfall, and tc & lesser degree to catchment elevation
and catchment relief, Underlay maps of each of these characteristics were
then prepared and used as guides in refining the contour meps of runoff
coefficients for methods 2 and 5. The resulting maps are shown as Maps 2
and 3 at the back of this report.

Values of G(10} were then read from the contour maps at each location
for which a value had been derived. Deviation ratios for each site were
then calculated as

Underestimates: MF = CD/CP - (7.1)
Overestimates : IF = GP/CD (7.2)
vhere CD = derived 10-year runoff coefficient

for the location

C, = value of 10-year runoff coefficient predicted
from contour map

MF = ratic by which to multiply Cp to obtain Cp
DF- = ratio by which to divide Cp to obtain Cp

The reciprocal ratios were used to keep all values greater than one.
Frequency distributions of the deviation ratios in different ranges
calculated for 271 of the catchments are listed in Table 7.2, The catch~
ments used comprise all of those in eastern New South Wales, those in
Queensland (all of which were close to the border), and those in Vietoria
close to the border. The deviation ratios shown would also apply to observed
and estimated 10-year pesk discharges at the sites. For method 2, the
contours shown on Map 2 at the back of the report have been amended in some
areas from the contours used in the derivation of the deviation ratios
listed in Table 7.2. However, -these amendments {carried out after later
detailed study) would make little difference to the distribution of the dev-
lations shown in Table 7.2




Table 7.2 Distribution of C(10) Deviations - Methods 2 and 5

Direction of Type of Range of Numbers of catchment
Deviation of devistion deviation values in various ranges
Cp from Cp ratio ratio Wethod 2 TWethod 5
3-5 - -
22 ;o
estimate =Cp/Cp 1.3-1.5 14 12
1,15-1.3 21 %6
1-3.15 88 82
1-1.15 88 84
1.15-1.3 26 32
Over- DF 1.3-1.5 17 12
estimate = P/CD 1.5-2 5 9
2-3 3 5
3-5 - 1
Total ‘ 271 271

The tabulated deviations show that there is little difference between
the performances of the two methods, although method 2 is slightly better,
However, method 2 is easier to use than method 5 and more closely conforms
with the traditiocnal Rational Method., It thus has an advantage in terms of
the aims and constraints of the project outlined in Section 1.3, that the
method developed should be simple to apply, suited to the needs of the
ordinary designer, and preferably be similar in form to the familiar Rational
Method to encourage its adoption in practice. In view of these advantages,
method 2 was adopted as the design procedure to be developed and presented
as the final result of this study.

The runoff coefficients of various return periods derived for each of
the 284 catchments by method 2 are listed in Appendix J.
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8. DESIGN RUNOFF COEFFICIENTS

8.1 TEN-YEAR RUNOFF COEFFICGIENTS
8.1.1 Mapped values

As discussed in Section 7.3, values of C{10) were mapped for eastern
Hew South Wales on Map 2 at the back of this report for the adopted design
procedure with rainfall durations calculated by equation (4.2). The derived
¢{10} values for all of the catchments are listed in Appendix J. As with
the earlier values of French et al. (1974) derived from a much smaller data
base, the values of the coefficients in Map 2 show a wide range from one or
greater near the coast, grading rapidly to low values on the western slopes
at the western limit of the region to which the method applies. This rapid
varistion in runoff coefficients contrasts with the much more uniform values
in current design methods based on judgment and experience. The consequent
error in these methods and their inability te reproduce variations in recorded
flood dsta over eastern New South Wales have been discussed by Pilgrim (1978)
and Cordery and Pilgrim (1980).

The reasons for the rapid decrease of runoff coefficient values away
from the coast is not entirely clear, but the major cause is probably
variation in the average antecedent wetness of the different regions and its
effect on initial losses and hence runoff volumes. The contours on Map 2
are of similar configurastion to the isopleths of average annual rainfall,
and the higher rainfalls near the coast would lead to wetter average con-
ditions and lower initial losses. Intense rainfalls of short duration tend
to occur in long duration general storms near the coast of New South Wales,
while they oceur much more frequently in isclated thunderstorms in inland
regions (Pilgrim 1966). Initial losses are likely to be satisfied in the
former case and to result in much greater runoff. Higher potential evapo-
transpiration in the less humid inland regions would also be likely to
result in lower average antecedent wetness and higher initial losses.

As noted in Section 7.3, the configuration of the isopleths of runoff
coefficient values in Map 2 is also related to those of the rainfall intensity
maps in ARR, and to a lesser extent to patterns of topography and relief.

For catchments smaller than 100 km? in the western part of eastern New
South Wales, recommended design values of C{10) vary to some extent from
those shown on Map 2, This is discussed in Section 8.2, i

While the isopleths on. Map 2 are based on 284 runoff coefficient values
and have been drawn to take account of wariations in average annual rainfall
and runoff, rainfall intensities, topography and relief as discussed above,
they should still be regarded as generalised values. It was not possible
in this project to take account of variations in the above factors and in )
catchment characteristics at the local scale. It would therefore seem reason-
able in a local area to adopt a more detailed variation of runoff coefficients
based on small-scale variations of characteristics. However, the general
trends of coefficients should follow those on Map 2 based on all available
recorded data, It should alsc be noted that as discussed in subsequent
sections of this Chapter, it was not possible to identify the effects of
variations in catchment characteristics on the coefficient values derived
from the recorded data. Despite this, local features such as rock outcrops,
flat areas of alluvium, and sand dunes, might warrant modification of the
mapped isopleths. The only disadvantage of such modifications is that they
would introduce subjectivity into the design procedure whereas the use of
the isopleths is objective.
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Information on historical floods might also be used to modify locally
the coefficient values from Map 2. However, this information should be
used with great care, and generally little is known of the probabilities
of the floods. Once again, the general trends of coefficients should follow
the isopleths on Map 2, as these are based on a large amount of recorded
data.

Map 2 indicates that for much of the south coast of Hew South Wales
and for small regions on the north coast, the 10-year runcff coefficients
are greater than one. The frequency factors derived below in Section 8.2
indicate that for a return period of 50 years, this would apply to most of
the south coast and nearly half of the north coast. While runoff coeffic-
ients of greater than unity are not possible with the deterministic interp-
retation of the Rational Method, they are with the statistical interpretation,
Several factors could account for values greater than one in regions with
high rainfall and runcff:-

(1) The rainfall intensities in the intensity-frequency-duration data
used may be too low, In this regard, it should be noted thai the
generalised data used were derived basically from daily data.

(11) A further reason for low rainfalls may be that in areas of rugged
topography, especially in forested regions, rain gauges are often
located at low elevations in cleared valleys. Data from these
gauges may appreciably underestimate average rainfall over the
entire area,

{iii) The rainfall and flood data used for deriving the respective
frequency curves were in general not observed over identical
periods. There may thus be some consistent bias resulting from
the sampling periods. The peried since 1950 when most runoff dats
were observed has contained some very wet years.

{iv) The design rainfall durations used in determining the design intensi-
ties may have been longer than the durations of intense rainfall
that cauvsed the highest floods. '

(v) Related to (iv), the design approach only utilises the mean rainfall
intensity over the design duration, and ignores variations of intens-
ity that would increase the flood peak.

(vi} Where runoff coefficients are close to unity, random errors in both
the observed rainfall and runoff would be expected to cause up to
half the derived coefficients to be greater than one.

It is not possible to give categorical reasons for the rimoff coefficient
values greater than unity. What is certain is that with the design procedures
adopted in this report, coefficient values greater than one must be used on
parts of the coastal region to reproduce the observed flood frequency data.
This also highlights the fact that to use the method validly and to obtain
the best possible reproduction of the observed floods, exactly the same
procedures and data must be used in applying the design method as were used
in deriving the runoff coefficients. For example, if improved rainfall -~
intensity data were published for a given region, use of these would lead to
less accurste flood estimates. Valid use of the new rainfall data would =~
require rederivation of the runoff coefficients using these rainfalls, -

The coefficient values greater than one also illustrate the fact that
in the use of the Rational Method in design practice, the corcept of the
runoff coefficient as being the fraction of some actual rainfall that runs
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off is fallacious. In all design applications, it is actually the ratio
of peak discharge to average rainfall intensity of the same return period.

8.1.2 Deviationsg from mapped values

Although location accounts for much of the variation in the Cc(10) values,
the mapped contours still deviate appreciably from the derived values as
discussed in Section 7.3. It would be expected that catchment characteristics
such as area, slope and soil type would affect the C(10) values. Character-
istics that are not location dependent should be related to the deviations
from the contours, which represent trend or average values with location.

If relationships could be developed between the C 10) deviations and catch-
ment characteristics, their use would improve the accuracy of the design
procedure. Study of the deviations is described in the following sections.

8.1.3 Outlier values

The extreme outlier values of C(10} deviations for all of the metheds
tested were always from the same catchments. A& careful examination of all
aspects of these catchments and the calculation of their runoff character-
istics was carried out, and is described in Appendix K. The only general
conclusion was that most of the catchments had rating curve extension
problems. However, there was no apparent explanation for the large deviations
for some catchments.

8.1.4 Expected random scatter of C(10) values

Before correlation studies were attempted, the random error in the
¢{(10) values that would be expected to result from the scatter of the
original flood data was investigated. The flood frequency studies were
carried out on a wixed population of record léngths and periods and for a
wide range of catchment sizes. The expected deviations resulting from
sampling error would therefore be large. The 271 catchments used in the
comparison to select the design method in Section 7.3 were also used for
the investigation of random errors. These were all of the catchments in
eastern New South Wales, those in Queensland (21l of which were close to
the border), and those in Victoria close to the border. -

For the Log-Pearson Type III distribution that was used in fitting the
flood frequency curves ARR suggests appropriate confidence intervals, These
were derived from the non-central t distribution (e.g.Resnikoff 1957). Use
was made of this distribution to enlarge the table given in ARR for other
confidence intervals in addition to those given for 5% and 95% probabilities.
Using these data, the number of stations within various ranges of record
length, and the overall average value of 0.230 of the standard deviations
of the logarithms of the flood events for the gauging stations, it was
possible to determine the expected frequency distribution of the deviations
of. the estimated 10-year flood magnitudes from the true values for the 271
stations. This distribution was calculated in the form of the expected
numbers of the 271 catchments for which the deviations fall into various
class intervals. As errors in the flood frequency estimates are transferred
directly into the derived runoff coefficients, these expected numbers of
deviations elso apply to the G(10) values. They are listed in Table 8.1 in
terms of the deviation ratios defined by equations (7.1) and (7.2) in
Section 7.3, where the multiplying factor MF applies to underestimates of
the predicted values Cp from the contours of coefficients on Map 2 at the
back of this report compared with the derived values Cp, and the dividing




factor DF applies to overestimates of the predicted Cp relative to the
derived Cp. The expected numbers of deviations in various ranges of
devigtion ratios are compared in Table 8.1 with the actual numbers of
cabtchments in each deviation range reproduced from Table 7.2. Distribu-
tions of the actual and expected mumbers of deviations are also shown in
Figure 8.1{a) and (b). Part {c) of the figure is discussed in Section 9.1.
As noted for Table 7.2 in Section 7.3, the actual numbers of catchments in
the various deviation ratings were based on a preliminary map of the
contours of C(10) values, which was later amended in some areas to the
configuration on Map 2 at the back of this report. However, these
amendments would make little difference to the distribution of the actual
deviations,

In investigating whether the deviations of the derived from the mapped
values of C(10) could result from sampling errors in the observed flood
series, the hypothesis is that the contours of C(10) values on Map 2 give
the true values. Thus if the observed flood sample at a station gave a
value of Q(10) and hence C({10) that was greater than the true population
value (assumed by the hypothesis in this comparison to be the predicted
value Cp), then the derived Cp would be too high, and the ratio Cp/Cp would
be greater than cne. This would correspond to the underestimate case in
Section 7.3 where Cp is less than Cp and the deviation ratio isa multiplying
factor MF. Thus a sampling overestimate corresponds with an underestimate
deviation ratic and is listed in this way in Table 8.1. Similarly a sample
of observed flecods lower than the true population value corresponds with
the overestimate case and dividing factor DF of Section 7.3.

Tzble 8.1 Expected C{10) Deviations Resulting from
Sampling Error, and Actual Deviations

Direction of Type cof Range of Numbers of values in
deviation of deviation deviation various ranges
CP frem CD ratio ratio Expected from Actual from
sampling theory derived values
35 1 88
MF 2-3 3 3
Under 1.5-2 11 6
-estimate =Cp/Cp 1.3-1.5 19 14
1.15-1.3 37 21
1-1.15 7R 88
1-1.15 83
DF %715—153 %6 %%
Over- 3=l
. =CP/CD T.5-2 1
estimate 2.3 3
Total 271 2

Comparison of the G(10) deviations expected from sampling theory with
the actual deviations as presented in Table 8.1 and Figure 8.1 indicates
that the actual deviations should in most part be expected from considera-
tion of sampling errors in the basic flocd data. Overestimates of the
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deviation ratios however are not entirely accounted for by the under-
estimate sampling errors. This trend probably results more from the assy-
metric shape of the assumed confidence limit distribution used then from
physical factors.

The distribution of expected values in Table 8.1 and Figure 8.1 reflects
the shape of the non-central t distribubtion in that there is a higher
expectation of overestimates of flood samples and hence underestimates of
deviaticn ratio values. The origin and justification for the use of this
distribution to represent confidence limits seems fairly obscure (Beard 1962).
The assumption made to obtain the confidence limits was that the population
of logarithms of f£locd flows was normal or near normal {i.e., skew % zero),
Later work in this field however, has shown that for non-zerc coefficients
(between + 0.5), confidence limits can be expected to be wider (U.S. Water
Resources Council 1977, pp. 9.1, 9.8). The average skew coefficient for
all stations used in this present report was 0.72., Thus the values shown in
Table 8.1 are conservative estimates of expected deviations.

In view of the above considerations and comparisons, there is no stat-
istical reason for rejecting the hypothesis that the contours of €(10)
values from the mapped values could be entirely accounted for by the
scatter inherent in the observed flood data and the freguency curves derived
from them, Reduction of the random variations could only be achieved by
the collection of longer and more accurate streamflow records. This also
means that it 1s really invalid statistically to attempt to extract more
information from the derived ¢{10) values than the mapped contours, such
as to attempt to relate the deviations to catchment characteristics or other
physical variables. Despite this, an investigation was carried out to
determine whether any relations between (10} deviations and other variables
could be found, and this is described below.

8.1.5 Correlations of C(10) devistions

Simple regressions were determined for C{10) deviations on the logarithms
of each of catchment area A, slope Sg, and slope non-uniformity index S,/Se.
A multiple regression on the logarithms of A and S;/Se was also determined.
Details of the regression and correlation coefficients are given in Table
17, Appendix I. All of the regression coefficients were very small, and
the correlations were not significant. Other relationships were alsc examined
with no better results. It therefore seems that the G(10) deviations cannot
be related to any physical variebles with the data currently available. This
confirms the finding in Section 8.1.4 above that the C(10} deviations can be
accounted for by the scatter in the basic flood data. The mapped contours
thus provide the best design information on 10-year runoff coefficients.

8.2 DESIGN VALUES OF C(10) IN WESTERN PORTION OF EASTERN
NEW SOUTH WALES

8.2.1, lack of data for small catchments

On map 2 at the back of this report, a line has been drawn joining, from
nerth to south, the towns of Ashford, Tamworth, Bathurst, Yass, Tumut and
Jingellic. This line is approximatley along the upper Western Slopes. Runoff
coeffiicients have been derived for thirty eight gauging stations on or west
of this line, providing a rather sparse basis for the adoption of design data.
However, a more serious deficiency is that only three of the catchments are
smaller than 100 km®. One of these is fairly large (67 km?, station 410070)
and is situated virtually on the line near Tumut. The second (31 km?, station
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421051) is also virtually on the line near Bathurst and partly urbanised.
The other is very small (0.07 km?, station 410351) in the same region as the
first at the Wagga Wagga Scil Conservation Service Research Station. There
is thus really no data for catchments smaller than 100 km? for most of the
region west of the line on Map 2, and the contours of ¢{10) for this region
strictly apply to catchments larger than this size.

8.2.2 Possible variation of C{10) with catchment size

As data were only available for catchments larger than 100 km® in the
western part of eastern New South Wales, it was necessary to investigate
the likely relation of these values to C(10) values for smaller catchments
in this region. For the whole of the data for eastern New South Wales there
was no significent relation between runoff coefficieént values and catchment
area, as discussed in Sections 8.1.4 and 8.1.5 above., Table I7 of Appendix
I shows that for a regression of the deviation of .derived values from mapped
values of C{10) on the logarithm of area, the regression coefficient is only
0.022, which would be significant at only the 25% probability level. This
indicetes that overall, C(10) is virtually independent of catchment size,
Longer records may indicate some relation.in the future, bub the lack of a
trend probably results from the fact thal although peak discharge per unit
area decreases as catchment size increases, the mean rainfall intensity
also decreases a corresponding amount as design rainfall duration increases.

However in the western part of eastern New South Wales where average
rainfalls are low, there is a greabter expectation that runoff coefficients
would increase as cabchment size decreases for two Teasons, The first is
that floods are more likely to result from isolated thunderstorms in inland
regions in contrast to their frequent occurrence in general rains near the
coast, as discussed by Pilgrim (1966) and noted in Section 8.1.1 above. As
these thunderstorms generally cover only relatively small:areas, a rapid
decrease in discharge per unit area as cabtchment size-increases would be
expected for flood peaks in inland regions. Channel transmission losses
provide the second reason. Although these also occur in humid regions in
New South Weles (Baron et al. 1980), greater losses would: be expected in
drier inland regions where water tables are generally very low. 'This would
also lead to an expected decrease in discharge per unit area and runoff
coefficient values with increase in catchment size. As the derived values
of C{10) west of the line on Map 2 virtually all apply.to cabchments larger
than 100 km?, the data were re-examined to détermine whether they provide
a sagtisfactory basis for design for this region.

Although the line on Map 2 does not closely follow an isohyet of median
annual rainfall (MAR), possible trends in.the relation of C{10):and catchment
size with MAR were first investigated. The C{10) wvalues from the 284 catch-
ments were stratified into seven samples.for the ranges of MAR of less than
700mm, 700-800, 800-900, 900-1100, 1100-1200, 1200-1500 and greaster ithan
1500mm, Plots of C(10) against the logarithm of area showed no apparent
trends for all samples with MAR above 800mm, although there was a slight
apparent increase of C(10) with ares for two of the samples and a decrease
with another sample.  For the sample of forty seven catchments with the
lowest MAR of less than 700mm, there was a small trend of increasing C(10)
values with decreasing area as expected although there was a large scatter.
The catchments in this sample were from various parts of eastern New South
Wales as well as from the western portion of this reglon.
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Relationships for the thirty eight C(10) values west of the line on
Map 2 were then investigated. A plot of C{10) values against logarithm of
area again showed a slight trend of increasing G{10) with decreasing ares,
with values also increasing with MAR, Most catchments with Cc(10) values
greater than 0.3 have MAR values greater than 750mm. However, a plot of
G(10) against MAR showed a wide scatter. As there was no relation between
¢(10) and area for all of the data for New South Wales with all but the low
range of MAR, only those C(10) values for cabtchments with MAR less than
750mm were then plotted against logarithm of area. This is shown in Figure
8.2, where the plotted points are labelled with MAR in cm. Again there is
s trend of increasing C(10) values with decrease of area and increase of MAR.
while the trend with decreasing area is apparent, it depends largely on the
gingle value for area of 0,07 km? that is far removed from the remesinder of
the data. Even though this relation is a true regression model with the
independent veriable taking fixed values without the need to be normally
distributed, the uneven spread of the data and the single low value of area
make the derivation of a regression invalid. It is also evident that deri-
vation of a relationship from the bunched data without the low value would
be invalid.

Unfortunately, it must be recognised as a fact that there is not
sufficient observed data available for the derivation of firm design informa-
tion for catchments smaller than 100 km® west of the line on Map 2. It will
not be possible to rectify this situation for many years until small catch-
ments are instrumented and at least ten years of data are gathered in this
region.

8.2.3 Development of an interim design relation between c(¥)
and catchment size

As an interim measure, design data are developed below on the basis of
the little relevant informestion available. However, these values are
largely subjective and are based on reascnable assumptions and the desire to
incorporate some conservatism by not adopting runoff coefficients with very
low values. These design values are then of different nature to the values
for the remainder of eastern New South Wales, as the latter are based
strictly on observed flood data.

The bankfull discharge relationships for western New South Wales developed
in Chapter 11 were used to provide some indication of the approximate
relationship between C{10) and catehment srea., Similar but more extreme
conditions of the production of floods by small area storms and the occurrence
of channel transmission losses would apply in the west of the State compared
with the western part of eastern New South Wales under consideration here.

In Chapter 11, the Y year discharge Q(Y) was found to vary with (A.85)°%+%°%,

In Section 3.7 and Table 3.3, equal area slope S, was found to be proportional
to A7°%+3 for the Western Plains. Combining these two relations, Q(Y) is
approximately proportional to A°+"*® with some scatter of values.

A relation was then found between rainfall intensity and ared for Zone B
of ARR covering most of the western part of eastern New South Wales. It
is also assumed here that it applies to the linear interpolation zone of
ARR in western New South Wales to which the bankfull relations of Chapter 11
apply. Calculations were based on & typical 12-hour, 2-year rainfall intens-
ity of 4.5mm/h from Figure 2.18 of ARR, but the final exponent of area A
which is of. interest here does not depend on the base value of rainfall
intensity selected. Rainfall intensities were calculated for a range of
durations from 10 minutes to 12 hours, and the catchment areas that would
have these times of concentration were calculated from equation 4.4. & log-log
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plot of these rainfall intensities ang catchment areas was very close to
linear, with intensity proportional to A ®+239, Substituting this and the
relation for QEY) into equation 1.2 gave the relation that C{Y) ig propor-
tional to A7°.28,

The above relation is of a very approximete nature only and is based
mainly on relationships for western New South Wales. In the entire region
east of the line on Map 2, the observed data indicate that runcfr coeffi-
cients are independent of catchment size. The western part of sastern Neyw
South Wales under consideration here may be considered to be a transition
zone between these two regions. An exponent of ares A between the valueg
of .0.28 and zero_has therefore been considered to be appropriate, and c(y)
proportional to A7°+'® has been adopted. As noted previously, this ig really
an arbitrary and subjective relation, and has been adopted as g

reasonable
basis for design in the absence of sufficient observed data to Provide more
definitive information.

8.2.4 Adopted design procedure for the western part
of New South Wales

On the basis of the above considerations, the following design Procedure
has been adopted. Design contours are based generally on those on Map 2,
but these are redrawn on 2 base map of the Divisi i

by (4/100)°+% 1o adjust them to correspond with a catchn
and the contours redrawn. Some smoothing of the contours
carried out relative to those on Map 2. Also, the minimum-valued contour
shown on Map 4 is for C(10) of 0.10, as it seems reasonable and conserva-

tive to adopt this as a minimum design value in view of the limited observed
data.

ent area of 100 km?,
has alge been

n New South Wales can then be considered to lie
between the line noted above in the east and a line in the w

est formed by
the boundary between rainfall zone E and the linear interpolation zone on
Figure 2.17 in ARR. This western boundary approximately joins the towns of
Mungindi, Nyngan, Condobolin Narrandera, and Tocumuwal.

For catchment,g
larger than 100 kn® in this region, the values of C(10)

from Map 4 should be
used for design with a minimum. value of 0.1, It is not worthwhile g

1yin
an area adjustment for catchments larger than 100 km?, as this adjuspp g

Tment
would be relatively small up to the recommended maximum size of 250 kn? for
the design methed.

For catchment areas smaller than 100 kp? in this western region, the
value from the map should be used if it is greater than 0.40. Tr it is lesg
than 0.40, the value from the map should be multiplied by (100/4)0.15 where
A is in km®, but if this adjusted value is greater than 0.40, then 0,40
should be used. However, if this adjusted value is less then 0.20, a design
value of C(10) of 0.20 should be used.
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Adoption of the limiting values of 0.40 and 0.20 above is rather arbit-

rary. Ihe latter has been adopted as conservative design practice, as the
available data are inadequate to justify the use of very low C(10} values
for small catchments. The value of 0.40 has been selected as most of the
catchments with ¢(10) values greater than 0,30 to 0.40 have median annual

" rainfalls greater than 750mm, and the investigation showed that C(10} did not

vary systematically with size for catchments with higher rainfalls, Also,
the one very small catchment {410351) with long records in the western part
of eastern New South Wales has a derived G(10) value of 0.43. Tt is recog-
nised that a discontinuity will occur in runoff coefficient values for small
catchments along many parts of the line marking the eastern boundary of the
wesbern region on Map 4. Where the ¢{10) values read from the map are less
than 0.40, these values will be used for design for catchments east of the
iine. For small catchments west of the line, these values will be adjusted
upwards by the factor (100/A)%+1%, The ceiling of 0,40 will limit the res-
ulting disparity. Within the accuracy of the overall procedure for the
western part of eastern New South Wales, a formal procedure for smoothing
this discontinuity has not been considered to be justified. The values
resulting from the procedure as described should be suitable for design.
However, adjustment of the derived values by the individual designer to
smooth the discontinuity would alsc be satisfactory.

The procedure described above for the selection of design 10-year
coefficients in the western part of eastern New South'Wales must be considered
to be of an approximate nature. It will be difficult or impossible to make
improvements until at least ten years of data are available from a considerable
number of gauged catchments smaller than 100 kn? in the region.

8.3 FREQUENCY FACTORS FOR Y-YEAR RUNOFF COEFFICIENTS
8.3.1 Approaches investipated

As noted in Section 6.4, the general procedure adopted for presenting
design data for runoff coefficients of return periods other than 10 years
was to determine frequency factors C(Y)/C(10), and to relate these systemat-
ically to location or to catchment characteristics. This procedure was
adopted as being most likely to lead to overall consistency of the design
date and to smoothing of sampling errors. Valuesof C(Y) were determined for
every catchment and for return periods ranging from 1 to 100 years, the
maximum value for a particular catchment being egual to or slightly larger
than its length of record. The derived values for the 284 catchments are
listed in Appendix J..

Analysis of the derived C(Y)/C{10) values or factors, dencted herein as
FFy, indicated that there were at least three general approaches to developing
& Systematic method for presenting the design data:-

{a) Determination of average values of FF, for each return period
Y years for the whole region or for séveral zones within the region

of interest.

(b) For each return period, the values of FFy for the individual catch-
ments could be related to one or more physical characteristics by
regression. This would result in a single equation for each value
of Y for the whole region of interest.

(e} Combination of approaches {a) and {(b), with separate regressions of
FF,, on physical characteristics for each return period Y within each
of” several zones.




8.3.2

For the first of the three approaches outlined above, the average and
standard deviation were calculated for all of the FF.
period within each of the five rai
zone boundaries are reproduced in

and Queensland stations which fell in each rain

These three approaches are discusse
then their resulits are compared and
the western part of eastern New Sout
rather than the design values discussed in Se

d in turn in the following sections, ang
the design procedure is adopted. For
derived runoff coefficients
ction 8.1.6 have been used.

h Wales,

Average freguency factors for ZONEes

calculating the average FF_ values.

difference between the ave¥age FF, va

Figure 5.2.

nfall zones in Figgre 2.17 of ARR. These
Values from the Victorian
fall zone were used in
However, there was no significant

lues for zones A and B, and for zZones

values for each return

D and E. The original five zones’were thus grouped into the three zones
{8 +B), Cand (D + E). The differences between these three zones were .

statistically significant.

paper against Y for each zone) and a curve of best fit

zones are listed in Table
lating the averages for th

The calculated average FF, values were plotted on log-normal probability
was drawn by eye,
keeping within one standard deviation confidence limits plotted about each
average valve. The adopted FFy values were taken from these lines of best,
fit to reduce the effect of sampling errors in the individual average values
for each return pericd. The adopted average FF, values for each of the three
8.2, and the numbers bf stations used in calecu-
€ zones and different return periods are shown in
parentheses. The values can only be regarded as reliable up to a2 return

period of 50 years, The 100 -year values, whichinvolve extrapclation of the

flood frequency curves, have been ineluded as rough guides only.

Table 8.2 Average Frequency Factors FFy = c{Y)/c(10)
for Regions in Eastern New South Wales,

Rainfall Zones on Figure 2,17 of ARR are shown in Parantheses.

Key:- n - number of catchments used
¥E calculated average frequency factor _
§ - calculated stendard deviation about FF
FF - adopted frequency factor

Return Central & Sthn Northern Eastern Interior &
Period Coastal (4 + B) _Coastal (C) Nthn Tblds (D + E)
(Years) | n TRy & ¥Ry |n Fty & Ty In Ty 6§ TRy
1 150 62 .28 60052 .59 .26 .60082 .49 .26 .49
150 .72 .29 .70 52 75 W17 73182 63 .20 .62
5 150 .85 .09 .8 52 .88 .11 .88l82 .81 .11 82
10 150 1.00 - 1.00{52 3,00 - 1.00]|8 1.00 - 1.00
20 116 1.12 .13 1.13138 1.07 .09 1.08[60 1,17 13 1.18
50 46 _1.36 .30 1,36 |2 1.22 .22 1.22 133 1.58 7.42 1.48
100 29 1,55 .511.55]18 1.3% 1 1.36126 1.74 .57 1.75
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For approach {b) outlined in Section 8.3.1, average values FF, of
the frequency factors were calculated for each return period for all of the
28/ catehments used for the eastern New South Wales study. The ratio FFRy of

8.3.3 Regression relations for FFY for all catchments

. the individual frequency factor FF¥ to the overall average value ¥Fy was then

determined for each catchment and feturn period. Regression relationships
and correlations were then examined between FFRy and a wide range of physical
variables for each return pericd. The best relationships were obtained by
mwultiple regressions with the three variables logarithm of area A, slope
nonuniformity index Sa/Se, and logarithm of the 12-hour rainfall intensity

I {12, Y¥). Table I8 in Appendix I lists the overall average values FFy,

the regression coefficients, the correlation coefficients %actually coeff-
icients of multiple correlation) and statements whether the correlations
are significant at the 5% probability level for these best relationships for
each of the return periods. In most cases the regression coefficients are
small, indicating a small effect of each independent variable, and the
correlation coefficients are low in each case, indicating that a maximum

of about 10% of the variance in FFRy is explained by the relations. However,
all of the relations are significan¥ at the 5% probability level, so that
their use would be justified in estimeting design values of the freguency
factor FFy for a particular catchment.

%he regression coefficients of the logarithms of the 12-hour rainfall
intensities I{12,Y) are quite large for return pericds of 50 and 100 years,
indicating that this variable does have a relatively large effect on FFR, for
these two return periods. Where the rainfall intensities are high, the Slopes
of the flood frequency curves are relatively low and the floods thus exhibit
relatively low variability. This is also reflected in the average frequency
factors for the different zones in Table 8.2. The relatively high regression
coefficient for log I(12,Y) also means that the shape of the frequency curves
and hence the skew of the logarithms of the floods is related to the rainfall
intensity. For example, skews tend to be relatively low on the North Coast
where rainfall intensities are generally high.

8.3.4 Regional regression relations for FFy

The third approach was a combination of the two previous approaches.
Separate average values FFy were calculated for each of the three regions
of rainfall zones (A + B),'C and {D + E) from Figure 2.17 of ARR or Figure
5.2 of this report. The value of- then applied to the ratio of frequency
factor FFy of a particular catchment to the average value ¥Fy for its region.
Multiple regressions and correlations were then determined for each region
of FFRy on the logarithm of area A, slope uniformity index Sg/Se, and
12-hour rainfall intensity I(12, ¥)}. Details for the three regions are
given in Tables I9, 110 and I11 in Appendix I. In general, regression and
correlation coefficients were low, and the relations were either not or
just significant at the 5% probability level. The signs of the regression
coefficients were alsc inconsistent. Overall, it was concluded that use
of regional regressions could not be justified statistically.

8.3.5 Comparison of approaches

The thres approaches described above provide alternative procedures
for evaluating the fregquency factor FFy (= ¢(Y)/C{10}), and hence the Y year
runoff coefficient G(Y) from the value’of C(10). From the values derived
from the observed floods, the first two methods are valid statistically but

present the date in quite different forms. Statistically, either could be used.
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hand, the zone average values are simple and easy to use. In additicn,
the frequency factors for different return periods in a particular zone are
consistent with one another as a curve of best fit was drawn through a plot

between the different regressions derived for

As noted above, use of the third approach is not justified statistically,

To aid in the selection of the approach to be adopted for the design
method, the performances of the three approaches were compared for the 2
and 50 year return periods. Frequency factors were predicted for each of
the catchments used in the study, and these were compared with the frequency

factors derived from the data. The ratio of these frequency factors was
calculated as

A = DﬂgJa/ﬁﬂEJP | (8.1)
where A = ratio of derived and predicted frequency factors
[?TbaD = value of FFy derived from observed data

it

&Eﬂp

For the 2-year return pericd, data from the 284 catchments were available,
while 105 values were available for the 50-year return period. Means ang
standard deviations of the frequency factor ratio & for each of -the three
approaches and the two return periods are given in Table 8.3,

value of FFy predicted from particular approach

Table 8.3 Comparison of Performance of Three Approaches

for Determining Frequency Factors FFy = C(Y)/C(10)

Approach Procedure Ratio A of derived & Predicted Frequency
(Sect. 8.3.1) Used Factors

2-year Return Prd, 50~year Return Prd,
Mean A Std. Devn. Mean A Std. Devn,
(a) Zone averages 1.025 0.282 1.022  0.234

{b) Overall regression 1.000 0,269 0.996  0.234
on catchment vari-
iables

{c) Zonal regressions 1.023 0,27, 0,997 0.210
onh catchment vari-
ables

The statistics for the three approaches are not significantly different to
each other. The second and third approaches may be slightly more accurate,
but any differences are very small, and there is no reason in the statistics
in Table 8.3 for choosing any one approach in preference to the others. The
choice seems to be between approaches (a) and (b), as the relations in {c)
were not significant,

As the performances of the approaches were equal, the choice was based
on the requirements for a practical design method outlined in Section 1.3.
The regression relationships of approach (b) are rather complex and cannoct
be expressed in a simple graphical form for ease of use. They could thus
hinder the adoption of the entire procedure in design practice. On the other

of the derived values against return period. Consistency is not assured
the various return periods.
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On the basis of these considerations, the first approach using average
frequency factors for each of the three zones (A + B), C and (D + E) was
adopted for the design procedure. However, this was modified for return
periods of 50 and 100 .years where the logarithm of the 12-hour rainfall
intensity 1(12,Y) was shown to have a relatively large effect on FFRy.
gimple relations to adjust the values of FFRy for the effects of this variable
were developed from the average values F¥., and the regression coefficients ¢
in Table I8 of Appendix I, For conveniente, the 50-year rainfall I(12,50)
nas been used in the relations for both return periods, as these values
can be resd directly from Figure 5.4 or from Figure 2.19 of ARR, The re-
gression coefficients for the 100-year frequency factors were adjusted by
average values of the ratio log 1(12,100)/1ogl{12,50) for each zone. Very
emall variations occur in this ratio over each zone. The adopted relations
for FFR, for return pericds of 50 and 100 years give the zone average
values of Table 8.2 for the average rainfalls within each zone, but adjust
the values of FFR, for specific locations for the effects of the rainfall
intensity I(12,500. Where 1(12,50) is high, the frequency factor ratio
FFRy is reduced, reflecting the lower slopes of the flood frequency curves
in areas of high rainfsll.

The frequency factors adopted for design are shown in Table 8.4. TFor
return periods of 1 to 20 years, the values in Tzble 8.2 are reproduced,
while the simple relations using logypI(12,50) have been adopted for return
pericds of 50 and 100 years. Again it should be noted that the 100-year
values provide approximate guides only.

8.4 EXAMINATION OF THE DEPENDENCE OF RUNOFF COEFFICIENTS ON LOCATION

In sections 8.1 and 8.3, the concept has been adopted that both the 10-year
and the Y-year runoff coefficients depend only on geographlcal location.
This was not a fundamental premise of the study, but resulted from analysis
of the large amount of observed data, and as discussed,the fact that signi-
ficant relationships with other physical variables could not be found for
either 10-year runoff coefficients or frequency factors.

It has generally been considered that the value of the runoff coeffi-
cient at a particular location should decrease as catchment size increases.
This is based primarily on consideration of the Rational Methed as a
deterministic model. No evidence for any variation of this type was found
in this study for eastern New South Wales where data were available from a
wide range of catchment sizes. As discussed, no significant correlations
were obbained in the regression studies, and no real trends were evident in
the plots of C(10) against area for the stratified sets of mean annual rain-
f2ll described in Section 8.2.2.

This lack of dependence of runoff coefficient on catchment size was
further investigated by examining the implied variation of discharge with
catchment area for a constant value of runoff coefficient at particular
locations. The approach involved finding a power relation between design
rainfall intensity and catchment area. This type of relation was also used
in developing the design approach for the western part of eastern New South
Wales in Section 8.2.3. For each rainfall zone in Figure 2.17 of ARR, the
average 12-hour, 2-year reinfall intensity was found from figure 2,18 of ARR
as a base for calculations, although the final expenent of area A which is
of interest here does not depend on this base value. Rainfall intensities
were then calculated for each.zone for a range of durations from 10 minutes
to 12 hours, and the catchment. areas that would have these times of con-
centration were calculated from equation 4.2. A log-log plot of these rainfall
intensities and catchment areas for each zene was very close to linear.
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The slope of the line of best fit and thus the exponent of area A varied
with the zone factor AFACT,

Zone A in the south east with the lowest value of AFACT of 2,60 gave

a nearly linear log-log plot with the lowest exponent of A. This yielded
the relation -

T e p™0.20

(8.2)
Substituting this into equation (1.2} gives

Q(Y) @« pf.80 (8.3)

For the highest value of AFACT of 4.70 for Zone D on the Northern

Tablelands, the log-log plot of I against A was not quite linear, but an
average relation was

I « p”0.25 (8.4)
Substituting into equation (1.2) gives
Q(Y) « p®.7s (8.5)
From the slope of the log-log plot at large values of A of about 1000 km?,
I o« p0.27

{8.6)
and Q(Y) « p0.73 (8.7)
From the slope of the log-log plot at small values of A of about
0.1 km?, .
I « A"O,IQ (8.8)
and QY) « .82 (8.9)
Empirical power relationships betwsen flood discharges and area have

frequently been found from observed data. As discussed in Seetion 4.4.4,
Alexander (1972) suggested

Q o« A0-7 (4-5)

Equations (8.3) and (8.5) for the average relations for the zones with the

highest and lowest values of AFACT are in close agreement with equation

(4.5). Also, it has been suggested that the exponent should be higher for
small areas and lower for large areas. This is supported by the general
shape of flood envelope curves, such as those of Creager (Creager, Justin
and Hinds, 1945). The variation of exponent values for Zone D in equations
(8.7) and (8.9) conforms with this trend.

These results show that a constant value of runoff coefficient for all
catchment sizes at a given location yields the expected form of variation
of flood discharge with catchment area., The results thus support the
adopted approach that the design runoff coefficients can be related solely
to location.

The validity of these conclusions is further re-examined in Appendix L
in an extension of the above investigation. The approach used is quite
different to that used in this chapter to develop the design information,
although it uses the same basic dsta. The results are shown to support
the conclusions of location dependence adopted here.

8.5 DISCONTINUITIES AT ZONE BOUNDARIES

Two types of discontinuity problems arise in the adopted design procedure
when the location considered is close to a boundary of the rainfail zZones
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in Figure 2.17 of ARR. The zones are reproduced in Figure 5.2. As ARR
rainfall intensities for durations less than 12 hours change abruptly at
these boundaries, equation (1.2} indicates that the derived runoff coeffic-
jent values should alsc change abruptly at the boundaries. It would have
been possible to draw the ¢{10) contours on Map 2 and 4 at the back of this
report with these discontinuities at the boundaries. However, this was not
done as the overall acuracy of the data was not considered to warrant this
pefinement, and smooth contours were adopted.

A further discontinuity occurs at some of the boundaries with runcff
coefficients and design floods of return periods other than 10 years, This
resnlts from the different frequency factors for zones (A +B),C and (D + E)
adopted for the design procedure. In some cases the effects of the two
discontinuities will tend to compensate one ancther, especially for return
periods greater than 10 years, but in other cases the effects will be
additive.

The practical solution adopted to the problem of these two types of
discontinuities is to assume a linear transition of design flood magnitudes
over a distance of 25 km each side of a zone boundary. The flood at any
location within this 50 km transition strip is found by linear interpolation
between the flood magnitudes at adjacent points in the two zones. This
procedure is detailed and illustrated in Chapter 10.

8.6 ADOPTED DESIGN VALUES

To summarise the design runoff coefficient data adopted from the studies
in this chapter, valuesof the 10-year runoff coefficient C(10) can be
determined from Map 4 at the back of this report. For the region east of
the line joining Ashford, Tamworth, Bathurst, Yass, Tumut and Jingellie,
values of C(10) are read directly from the map. West of this line, design
values of C(10) are read directly from the map for catchments larger than
100 km?, with a minimum recommended value of 0.10, For catchment areas
smaller than 100 km?, the value from the map should be used if it is greater
than 0,40, If it is less than 0.40, the map value should be multiplied by
{100/4)°% 15 yhere A is in km?, but with a maximum value of 0.40. However,
if this adjusted value is less than 0.20, a design value of C(10) of 0.20
should be used. For all regions, some small-scale variations of coeffic-
ients from the values given by the contours may be justified on the basis of
local conditions.

Runoff coefficients for return periocds other than 10 years are obtained
by multiplying the (10} value for the location by an appropriate frequency
factor FF., Values of FF, for the three Zones (A + B), C and (D + E) from
Figure 2.%7 of ARR or Fighre 5.2 are given in Table 8.4.

For all of the runoff coefficients discussed above, the duration of the
design rainfall must be cslculated by equation 4.2.

Flood magnitudes for locations within 25 km of a zone boundary are found
by a linear interpolation procedure between values for the adjacent zones.

The steps in the complete procedure for estimation of design floods,
and examples of its applicaticn, are described in Chapter 10.




Table 8.4

Adopted Design Values of Average Frequency Factors FFy=C(Y)/C(lO)
for Regions in N.S.W.

Region

(ARR Rainfall Zones)

Frequency Factors FFV for Return Periods of:-

1 2 5 10 20 50 100

Central and Southern
Coagtal (A & B)

Northern Coastal (C)
Eastern Interior &

Northern Tablelands
(D + E)

Very approx. only
0.60 0.70 0.8 1.00 1.13 l.75-O.37loglOI(12,50) 2.28-0.7Olog10I(12,50)

0.60 0.73 0.88 1,00 1.08 1.67-0.371og, ;1(12,50) 2.20-0.'701og101(12,50)

0.49 0.62 0.82 1.00 1.18 1.84—0.37logloI(T2,50) 2.42—0.701og101(12,50)
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‘(c) Design discharges estimated by 1977 ARR method

Hatching refers to catchments in coastal
regions.

Figure 8.1 Frequency distributions of deviation ratios of
estimates of 10-year flood magnitudes and runoff
coefficients to actual values for 271.catchments
in and adjacent to eastern New South Wales.
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Note: The figure against each point represents median annual rainfall
' of the catchment in ¢m.
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Figure 8.2 Relation of 10-year runoff ccefficients to area for those
catchments in the western part of eastern New South Wales
with median annual rainfalls less than 750mm.




9, FECONOMIC SIGNIFICANCE OF USE OF THE DESIGN METHOD
9,1 COMPARISON OF RESULTS WITH THOSE OF OTHER METHCDS.
9.1.1 Comparison with 'fustralian Rainfall ang Runoff!

As noted in Section 1.2, the Rational Method is used for the great majority
of design flood estimes on small rursl catchments (Pilgrim and Cordery 1980).
For New South Wales, design date from both ARR and the manual of the Department
of Main Roads (1976) are used in practice. The examples given by Pilgrim
(1978) and Cordery and Pilgrim (1980) show that these and other current design
procedures give runoff coefficients and flood estimates that differ consider-
ably from one another, and that deviate widely from observed floods.

These comparisons are extended in this subsection, where estimates from
ARR and the data derived in this study are compared. In Section 9.1.2,
comparisons with other design methods are discussed, particularly that of
Cordery and Webb {1974). The economic significance of the deviations of
design data from the observed values is considered in the remainder of the
Chapter, and the probable savings that would result from the design procedure
derived in this project are assessed.

The design procedures of ARR were used to estimate floods of various
return periods for the 271 catchments used in the comparison to select the
design method (Section 7.3) and in the study of expected random scatter
(Section 8.1.4). These were the catchments in eastern New South Wales, those
in Queenslsnd {all of which are close to the border), and'those in Victoria
close to the border. Times of concenbration were calculated by the Bransby
Williams formula as recommended in ARR, using the average slope 55 as in the
original method. A major problem in selecting the runoff coefficients from
Figure 7.3 of ARR was the choice of the appropriate design curves specified
in terms of idealised catchment characteristics. The choice was based on
the available information, which was of similar standard to that often
svailable in practical design. The curves for clay and medium soil were
used in all cases. For the majority of catchments, use of the curves for
sandy soil would have led to runoff coefficients of zero. Even the curves
for medium soil would have given zero coefficients in many cases for all
return periods from one to one-hundred years fob all but very small catchments,
and it was often necessary to use the curve for clay and rock regardless of
the actual soil type to obtain a non-zero runoff coefficient. This consti-
tutes a major practical problem with the ARR data, especially for larger
catchments in areas of relatively low rainfall. It was also noted that almost
all of the flood frequency curves constructed from floods estimated from ARR
had lower slopes that those derived from observed floods at the stations
considered. The estimated values also exhibited slightly negative skew
coefficients, whereas most of the flood series derived from observed data
were positively skewed.

The 10-year return period was used for the basic comparison between floods
estimated using ARR and those derived from observed data. Ratios of these
floods were calculated for all catchments., These ratios correspond with those
used for runoff coefficients in equations (7.1) and (7.2) and in Chapter 8.
Reciprocal ratios were used for under-and over-estimates to keep all values
above unity and to indicate comparable spreads of values for under-and over-
estimates. The ratios were calculated as:-

Underestimate - MF = 20 —
Qe (9.1)

Overestimate - DF = Eg V (9.2)
Qo .



where MF = factor by which to multiply Qe to obtain Q.

DF = factor by which to divide Qe to obtain QO.

Qo = 10-year flood magnitude derived from observed data.
and Qe = 10~year flood magnitude estimated from ARR.

A frequency diagram of the numbers of catchments in various intervals of. MF
and DF is shown as Figure 8.1 (c) in the previous chapter. The results have
been shown in that figure to facilitate comparison with the estimates of

the 10-year floods from the design data developed in this project (Figure 8.1
(a)), and with the deviations that would be expected from the sampling errors
in the original observed data (Figure 8.1 (b)). As noted earlier, the design
estimates on which Figure 8.1 (a} were based were derived from a preliminary
map of contours of C(10}, which was later amended in some areas to the con-
figuration on Maps 2 and 4 at the back of this report. However, these
amendments would make little difference to the distribution of the design
estimates. The comparison between the floods estimated by ARR and by the
method developed in this report is biased as a result of the fact that the
latter estimates are for the same catchments from which the design data were
derived. Better results should therefore be expected for these catchments
from the method developed herein. However, comparison of Figures 8.1 {a)

and (c) shows that the accuracy of the method derived in this report is far
better than that of the design data in ARR, which gives grossly inaccurate ,
results. This supports the results in the examples given by Pilgrim (1978)
and Cordery and Pilgrim (1980). The examples in these papers also indicate
that similar poor results would be given by the design data in the manual

of the Department of Main Roads (1976) and other current design procedures.

The shaded area in Figure 8.1 (c) gives the distribution of the deviations
of the ARR estimates for the catchments in the coastal region of New South
Wales. This indicates that the ARR results are not only inaccurate, but
that there is also a bias towards underestimation of observed floods near
the coast. However, this does not occur with all catchments, and there is
a very wide spread of deviations for both coastal and inland regions, with
under-and over-estimates for some catchments in each region,

The above results were extended by estimating the 2 and 50-year floods by
the ARR procedure for 75 catchments with flood records of high reliability
and selected from as many river basins and catchment types as possible. The
overall reliability of each flood freguency curve was represented by a reli-
ability index defined and discussed in Appendix D, and the indices for all
of the catchments used in the study are listed in Appendix A. For the select-
ed 75 catchments, those in coastal river basins had reliability indices of
2 or better, while those on the tablelands and west of the divide generally
had indices of 3 or better. In a few cases it was necessary to select catch-
ments with an index value of 4 to obtain representation of all regions.

Ratios of the 2 and 50-year estimates to the values obtained from the
frequency curves fitted to the observed flood series were calculated by
equations (9.1) and (9.2), as had been done for the 10-year floods. The
muitiplying factor MF and its inverse ratio, dividing factor DF, were again
used to give comparable spreads of under-and over-estimates to aid compari-
son. For the 2 and 10.year estimates, values were available from all 75
catchments, while 59 values were available for the 50-year floods.

Frequency distributions of the deviation ratios are presented in Figure 9.1.
The same ranges of deviation ratio are used as in Figure 8.1. A wide spread
of deviations similar to that for the 10-year floods for the larger sample
of 271 catchments was obtained for each of the return periods.
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the spread was not reduced by restriction of the comparison to
s with relatively reliable records, indicating that the reason for

In fact,

catchment :
the deviabions is the inaccuracy of the ARR design data.

The shaded portions of the frequency histograms in Figure 9.1 represent
fchments in the coastal region. This again demonstrates the bias of

the ca
under-estimation of observed floods near the coast and over-estimation west

of the Divide.

Numbers of catchments and average values of the deviation ratios MF and
DF for the separate groups of under-and over-estimates for each return period
are shown in Table 9.1. The approximate overall averages of 2 and 3 for all
of the under-and over-estimates respecbively again demenstrate the poor
accuracy of the design data in ARR. Although there was a bias towards over-
estimation at all return periods for the particular sample of 75 catchments,
relatively fewer over-estimates occurred at the higher return period of 50
ears. This reflects the fact that the freguency curves of flecods estimated
by ARR had lower slopes than those derived from observed floods, as noted

earlier.
Table 9.1 Average Deviation Ratios of Flood Estimates from ARR

Relabive to Observed Floods for 75 Catchments with Flood Records
of High Reliability

Under-estimates Over-estimates
Return
Period No. of Av. Dev. No. of Av. Dev.
(yrs) Catchments Ratio MF Catchments Ratio DF
2 30 2.01 45 3.62
10 33 1.87 42 2.92
50 30 2.07 29 2.6/

The results presented in this Section indicate that the ARR design data are
of low accuracy, do not reproduce the observed data, and give bigsed estimates
with regard to distance of the location from the coast. Despite the lack of
independence in the comparison of the design methods noted earlier, there is
little doubt that the design data developed in this report are of much
greater accuracy than those in ARR and other current design procedures. The
derived data reproduce all of the available observed flood data with as much
accuracy as is possible in view of the scatter inherent in the available
sample of observed data.

9.1.2 Comparison with other methods

Webb and O!'Loughlin (1981} have compared results of flood estimates by
all available design methods on a selection of thirty six catchments in New
South Wales. The comparison was between the different estimetes rather than
with observed flood data. On this basis, Webb and 0'Loughlin questioned the
aceuracy of the procedure developed in this report.

Several comments are relevant to this criticism. In the comparison, only
an interim version of the procedure developed in this report was used, as
described in Pilgrim and McDermott- (1980). Subsequent revision of the pro-
cedure would reduce considerably the differences between flood estimates by
the procedure and the other methods used in the comparison, especially in
the limited geographical regions in which the comparisons were made. An
incorrect measure of slope was used by Webb and O'Loughlin for the Bransby
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Williams formula for time of concentration in the comparison for the methods
of ARR and French et a. (1974), although the correct measures unfortunately
are not specified in these publications. Use of the correct overall average
slope in these methods would have increased the flood estimates and brought
them closer to the estimates of the method described in this report.

One of the methods recomzended by Webb and 0'Loughlin {1981) on the basis
of their comparison was that of Cordery and Webb (1974). An assessment of
the accuracy of this method was carried out by applying it to-the 271 ecatch-
ments used in Section 9.1.1. Deviation ratiocs of estimated 10-year flood
magnitudes to the observed 10-year floods are shown in Figure 9.2. The
ratios are the same as those used in Section 9.1.1 above, and the ranges
of the ratios in Figure 9.2 are the same as those in Figures 8.1 and 9.1.
Although the distribution of deviation ratios in Figure 9.2 is centred on
unity, there is a wide scatter of results with two pegks. The scatter is
less than for the ARR method in Figure 8.1 (c), but there is a similar
tendency for estimates to be too low near the coast and too high inland.

In concept, the Cordery and Webb (1974) method has the potential for greater
accuracy than most other procedures including regional frequency methods
such as the statistical Rational Method. The unit hydrograph component of
the Cordery and Webb method was based on a considerable amount of data and has
been supported by more recent data {Baron et al, 1980). The problem seems

to be in the evaluation of losses, which were formulsted from a much smaller
data base. Design rainfalls from ARR may also contribute to the inaccuracies,

The inaccuracies of the Cordery and Webb method, and the problems with the
incorrect measure of slope in the ARR and French et al. (1974) methods,
illustrate the fact that the most appropriate basis of assessment of accuracy
is comparison of resulis with observed data, rather than comparison with
results of other procedures. )

The distributions in Figures 8.1, 9.1 and 9.2 based on all avsilable
observed data indicate that the procedure described in this report is of
greater accuracy than other available methods, and that appreciable improve-

ments in accuracy will be unlikely until longer and more numercus stresmflow
records are available, .

9.2 ECONCMIC SIGNIFICANCE OF IMPROVED DESIGN DATA
9.2.1 Introduction

While the comparisons in the previous sections of the accuracies of the
ARR and other procedures and the derived data are of technical interest and
importance, the. costs of the construction and performance of structures
designed by the different approaches are of greater practical importance.
As noted in Section 1.2, the average annual expenditure on works sized by
design flood estimates on small rural catchments in Australia as at 1979
is about $180 million (Cordery and Pilgrim 1979, 1980). CGreater economic
efficiency resulting from more accurate design estimates could thus result
in large savings of publie money, This section attempts to estimate the
costs resulting from the inaceurate design information in ARR and the savings
that could be achieved with the design data derived in this project.
However, considerable assumptions are necessarily involved with the costs
data currently available. In the analysis, it will be assumed that the
optimum return period for design that will give minimum overall costs is e
known. In practice, the design return period is normally selected arbi-
trarily, and it may differ apprecially from the optimum. This problem is
discussed briefly in Section 9.2.7. '
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9.2.2 Costs and damages relations

The general form of the relationship between total costs and design
return period for a given structure is illustrated in Figure 9.3. The total
costs are the sum of the capital costs and the present worth of the expected
flood damage costs over the design life of the structure. In this, the term
nexpected" is used in the statistical sense and damages are weighted by their
probabilities of occurrence in calculating the expected damage curve. Little
definitive information is available on costs. Capitel costs are readily

uantifiable and represent the initial outlay for the design and construetion
of the structure. BEven here, little general information is available.
Expected damage costs have often been considered to be almost impossible

to quantify. However, Polin (1978) and Polin and Cordery (1979) have esti-
mated damage costs for two crossings of small streams in eastern Hew South
Wyales. Although various assumptions werse involved, these estimatbes give

at least the order of expected damages, and indieate that it would be possible
to develop a larger body of data covering a wide variety of conditions that.
would provide a relatively firm basis for economic analysis. The data of
Polin (1978) and Polin and Cordery (1979) have been used here to estimate

expected flood damage costs.

9.2.3 Effect of insccuracy of flood estimates on costs
Figure G.4 illustrates typical over-and under-estimates of design flocd

. discharges by the ARR procedure. The flood frequency curves from observed

£loods and the ARR estimates are shown. For a return period of 10 years,

the ratios of the estimated Qe and Qg from the observed floods for the two
examples on Figure 9.4 are close to the average deviation ratios in Table 9.1.
The diagrams show that the actual return periods ¥’ of the estimated floods

are 63 and 2.4 years. Reference to the general form of the relation between
total costs and return period in Figure 9.3 shows that if the opbtimum return
period had been 10 years, the actual costs of the structures sized on the bas-
is of the estimated floods would be considerably greater than the optimum
costs aimed at in the designs.

Two analyses to obtain semi-quantitative information on costs resulting
from inaccurate estimates of design floods are described in Sections 9.2.4
and 9.2.5 below, The first uses the examples of Polin (1978) and Polin and
Cordery (1979}, while the second is more comprehensive and combines the
damage data of the above authors with capital cost information from the
N.S.W. Department of Main Roads. Both approaches involve various assump-
tions and are thus of only a semi-quantitative nature.

For both approaches, 1t was necessary to use a simple relationship
between flood megnitude and return period. This facilitated computation of
the actual return period ¥’ of the inaccurate estimate Qg of the design flood
of return period Y years. This approximate and simple relation developed

in Appendix M is

1
. _ e 1n
ve{Prie @y 0] (9.3)
where Q(2) = the flood of 2-year return period from the frequency curve

derived from observed floods.

an exponent calculated by equation(M.6) from the observed flood
frequency curve for the station.

it

and n




9.2.4

Examples of Polin {1978)

The second was at the motorway crossin

Coff's Harbour on the north coast of Ne
of 5 knm?,

Based on the economic optimum design flocds given by Polin (1978) and
Polin and Corder

vy (1979), flood estimates were considered that gave under-and
over-estimate deviation ratios equal to th

he class interval divisions used in
Figures 8.1 and 9.1, Equation (9.3} was used to estimate the corresponding
return periods of these flood magnitudes, i
by the above authors were then used to det
that would be required to pass each of the
those for the optimum sclutions are shown

g of Double Crossing Creek north of
w South Wales, with a catchment area

ermine the costs of the structures
flows. The additional costs to
in Figure 9.5. The costs of the
»000 for South Creek and $105,000 for

2 and 3 for under-snd over-estimates by the ARR procedures,

the likely
additiocnal costs indicated

on Figure 9.5 as a result of inaccuracies of floogd
estimates using ARR are very high. In two of the four cases they exceed the

cost of the optimum solutions,

For the design method developed in this project, the average deviation
ratios from Figure 8.1(a) for under- and over-estimates of the 10 year floods
are 1,20 and 1,19, Assuming these are representative of all retur j
Table 9.2 gives the additional costs from Figu
mates deviating average amounts from the actua

period for the ARR procedure and the design methed developed in this project.
Costs are given for the two examples

Table 9.2 Additional costs resulting from aversge deviations of
ARR and derived method flood estimates - Polin's {1978) examples

Design - Under- or South Creek  Double Crossing -
Method Over-estimate Creek
(Av. deviation ratio)

Optimum design - $320,000 $105,000
Under $165,000 $130,000
MF = 2

ARR
Over
OF = 3 $470,000 $ 10,000
Under
MF = 1.20 $ 20,000 $ 10,000
This report Over

$ 40,000
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ps discussed earlier, the error analysis for the design data developed in
this project is not independent as the data are tested on the same catchments
from which they were derived. Despite this, the costs listed in Table 9.2
sndicate that very large costs result from the inaccuracy of the ARR design
data with typical structures, and that these costs would be greatly reduced
py the more accurate design method developed in this project.

9.2.5 Comparison of costs for 174 catchments

_The second comparison of the costs resulting from inaccuracies in the
design methods of ARR and of this report was more comprehensive and involved
174, of the gauged catchments used in the project. The use of this number
out of the total of 284 catchments in eastern New South Wales resulted merely
from convenience in application of the analysis as discussed later. How-
ever, the 174 catchments used in the analysis provide a large sample.

A detailed description of the analysis is given in Appendix N, and only
a summary will be given here. The approach used was. to carry out an approx-
mate economic analysis of structures at the oublets of each of the 174
catehments using generalised cost relationships. Several simplifying
assumptions were also made to facilitate the analysis. As a result of these
generalisations and assumptions, the results can only be considered to be
of an approximate nature, but they indicate the relative costs involved in
use of the design methods.

Data on capital costs of seventeen typical small bridges and- culverts were
supplied by the Department of Main Roads of N.S.W. With costs estimates
given by Polin (1978) and additional estimates of costs of small structures,
2 relationship between capital costs and design discharge was developed.
The relationship is only of an approximate nature and the individual values
show considerable scatter, as many variables affect the cost of a bridge
and its capacity to pass flood flows. These include the allowsble velocities
and afflux at the bridge, the stream cross-section,the overall size of the
bridge,its skew, the type of superstructure and the types.of plers-and abut-
ments. Despite the scatter in the values, the relabionship gives the order
of capital costs, and is considered %o be valid for use in the semi-quantita-
tive analysis described here. The relationship between capital costs and
design discharge was approximated by two linear segments, one for flows less
than 100 m®/s and the other for flows from 100 to 1000 m*/s. These relations,
also given as equations (N.1) and (N.2), were »

Q(Y) < 100 m3/s: CC$ = 1460 Q(Y) (9.5)
where CC$ = capital cost in dollars at December 1979
and Q{(Y)= design discharge (m®/s) of return period ¥ years.

100 m®/s < Q(Y¥)< 1000 m’/s: CC$ = 279 Q(Y) + 118000 {9.4)

Little information is available on costs of expected damages, and as noted

in Section 9.2.2, the data used here were obtained from the two case studies
described by Polin (1978) and summarised by Polin and Cordery (1979). The
following relation {also given as equation N.4) was developed from these data:-

D = 2 | . (9.6)
where D$ = present worth of expected damage costs in dollars at Decenmber

1979 for a structure designed to pass the Y-year fiood.




and B = a parameter depending on the particular site and the optimum
return period.

The total costs for a given site covering a range of floods of various return
periods were then

TC$ = CC$ + D$

(9.7)
where TC$ = total cost in dollars at December 1979,

As the 10-year return period had been used as a base throughout the study,

it was assumed that this was the true optimum return period for each of the
study catchments, This is also the approximate average design value
currently used in Australia for minor bridges and culverts (Pilgrim and
Gordery 1980). For each catchment, the value of B in equation (9.6) and hence
9.7) was found that gave a minimum value of TC$ at a return period of 10

years.

For each of the gauged catchments used in the study, it was assumed that
the value of the 10-year flood derived from the frequency curve of observed
floods was the true value. 10-year discharges were then estimated by the
design methods of ARR and of this report. The latter estimates were again :
based on a preliminary map of ¢(10) contours, but the subsequent amendments H
incorporated in Maps 2 and 4 at the back of this report would make I1ittle :
difference to the results, The estimates of the 10-year discharges
generally deviated from the true values, and their 'true' return periods

estimated from the simplified relation of equation (M.9) of Appendix M,
reproduced above as equation (9.3). The costs of the structures designed
by these inaccurate estimates as well as by the optimum 10-year flood were
then calculated by equation (9.7).

Computations were less complex when all thres discharges for a given
catchment were within one of the linear capital cost ranges elither above or
below 100 m®/s. This occurred with 174 of the catchments, and as these
gave a large and representative sample of structures on small catchments,
the analysis was only carried out for these sites.

Based on the true values of the assumed optimum 10-year floods, the sum
of the total costs of the structures for the 174 structures wag approximately
$34 million, made up of $28 million capital costs and $6 million costs of
expected damages. The additional costs resulting from the inaccuracies of
the discharges estimated by the design methods in ARR and in this project
were $15 million and $2 million respectively. Table 9.3 (which is repro-
duced as Table N1 in Appendix N) expresses these basic and additional costs
in terms of average values per km? of catchment area and per m®/s of the
observed flood frequency discharge. While such unit measures may be over-
simplified in that costs are not linear functions of catchment slze or
discharge, they provide useful and convenient indicators.
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table 9.3 Average Costs of Structures Sized by Different Design
Methods

PRS-

Design Approach Cost per km®>  Cost per m*/s of

of catchment observed flood

area frequency discharge
Basic cost of structure sized $1500 $790
by true 10-year flood.
Additional costs-design by $ 660 $350
ARE
Additional costs-design proced- $ 80 $ 40

ure of this project.

9.2.6  Summary of comparison of costs

The results of the two analyses described in Sections 9.2.4 and 9.2.5
are biased to some extent in that the costs were estimated for many of the
catchments used for the derivation of the design data developed in this
project. In addition, the analyses are of only an approximate nature and
involve several assumptions. Despite these difficulties, the general orders
of magnitude of the two analyses are similar and indicate that the design
procedure developed in this project should lead to large savings compared
with use of the ARR procedures. While the latter was the only currently
availahle method tested, the comparison of flood estimates in Pilgrim (1978)
and Cordery and Pilgrim (1980} indicates that similar results would apply
to other methods with design data based on judgement rather than on observed
data, such as the procedures of the Department of Main Roads of NSW (1976).

The additicnal costs that result from inaccuracies in design flood esti-
mates will obvicusly vary from site to site, as illustrated by the two
examples in Table 9.2 and Section 9.2.4. However, the results of the analyses
described in Sections 9.2.4 and 9.2.5 and summarised in Tables 9.2 and 9.3
indicate that on the average, inaccuracies in flood estimates by the ARR
method increase total costs by nearly 50 per cent of the optimum costs. As
structures are currently designed by the ARR and similar methods, about one
third of present costs would thus be saved if accurate flood estimates could
be made. Corresponding figures for the design method developed in this
report are about 10 per cent for both cost increases and savings. Of more
practical importance, use of the design procedure developed in this project
in place of the ARR and similar methods would result in savings of about
30 percent on present costs.

While the above figures are necessarily approximate, they represent large
savings and expenditures. No specific data are available for eastern New
South Wales, but on the basis of the figures given by Pilgrim (1978) and
Cordery and Pilgrim (1980}, the average annual expenditure in this region
as at December 1979 on waterway crossings of rural roads would be about $30
million, and a further $10 million would be spent on other structures on
small catchments such as spillways of farm dams. These figures are based on
works expenditure and should thus reflect both capital and repair costs.
Other costs of expected damages are not included, but the resulis of the
analyses reported here indicate that these costs are relatively small.
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For the costs of optimum designs for the 174 catchments, the costs of expected
demeges were only $6 million or 18 per cent of the total costs of $34 million,
Exclusion of the repair costs would mean that the other costs of expected
damages would be small, This is also indicated by the economic analyses

of Polin (1978) and Polin and Cordery (1979). However, omission of these
costs means that the above figures tend to be slightly low. Thus replacement
of current procedures for estimating design floods for small structures in
eastern New South Wales by the method developed in this project should lead
to annual savings of about $9 million on road structures and $3 million on
other works. This would be achieved with no loss of safety or reliability,
because the inaccuracies of present methods lead to over- and under-estimates,
both of which increase total costs (see Figure 9.3).

9.2.7 Effect of lack of knowledge of optimum return period

One of the assumptions in the second and more comprehensive of the above
cost analyses merits additional comment., This is the assumption that the
optimum return period is known. In practice, the design return period is
generally selected rather arbitrarily and may be considerably different from
the optimum. It is then possible that an inaccurate flood estimate could be
closer to the true optimum than an accurate estimate and hence lead to lower
total costs,

It seems unlikely that this would greatly affect the validity of the con-
c¢lusions in the preceding section. The 10-year return period is close to an
average value for small structures used at present in Australia. Actual
return periods of estimated 10-year floods cover a very wide range, as illu-
strated by the values of 2.4 and 63 years for the typical examples in
Figure 9.4, so that it is likely that many of the estimated floods deviate
widely from the true optimum values. Also, the results of the first analysis,
which does not involve assumed optimum return periods, are similar to those
of the second analysis, T

Although it seems unlikely that the general conclusions of this study are
affected by lack of knowledge of the true values of the optimum return
periods, investigation of the effects would be desirable. This was not
possible in the time available in this project., :
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10. APPLICATION OF THE DESIGN METHOD
0.1 SCOPE

The design procedure for flood estimation developed in this project is
applicable to eastern New South Wales. The areal coverage of the methed is
shown on Maps 2 and 4 at the back of the report. An approximate method of
flood estimation for western New South Wales is described in Chapter 11,

The design procedure is primarily applicable to catchments up to 250 kn?
in area and for return pericds of one to fifty years. In the statistical
interpretation of the Rational Method, the constraint of smell size of catch-
ments does not apply to-nearly the same extent as with the more traditional
deterministic interpretation. - Also, no significant trend of variation of
runoff coefficients with catchment size was detected in this study. Use of
the procedure with larger catchments might thus be reasonable for preliminar
design, but a limit of 250 kn® for final design is recommended. The lengths
of the flow records for most of the gauged catchments used in developing
the method indicate that it should only be applied for return periods up to
50 years. Freguency factors have been given for a return period of 100 years,
but these should be regarded as approximate only. They may thus be used to
give an approximate estimete, especially in those practical cases where an
estimate is required and no other design data are available., The same caution
with regard to the 100-year return period applies to at least some extent with
all methods of flood estimstion. As discussed in more detail in subsequent !
sections, the procedure is simple to apply and involves similar calculations
to currently-used applications of the Rational Method,

10,2 DESTGN RUNOFF COEFFICIENTS

The derived 10-year runoff coefficients for the 284 catchments in eastern
New South Wales and adjacent regions, and the contours or isopleths of these
coefficients, have been presented in Map 2 at the back of this report, This
figure is useful for indicating the fit of the design isopleths to the derived
values. For convenience of use in practical design, the isopleths have been
redrawn with some adjustments as discussed previously on a 1:2 500 000
standard base map of the Division of National Mepping of the Department of
National Development and Energy. This is presented as Map 4 at the back of
this report, and should be used for selection of 10-year runoff coefficients
in design., Based on local conditions, some small-scale variations of coeff-
icients from the values given by the isopleths may be Justified, TFor the
region west of the line on Map 4 joining Ashford, Tamworth, Bathurst, Yass,
Tumut and Jingellic and extending to the boundary of rainfall zone E and
the linear interpolation zone on Figure 2.17 of ARR, design values of the
10-year coefficient depend on catchment size as well as location, The
procedure for evaluating C(10) is detailed in Sections 8.2.4 and 10./ below.
The design values for this western region must be regarded as being of an
approximate nature,

Frequency factors by which to multiply the 10-year coefficients to obtain
runoff coefficients of other return periods were developed in Section 8,3.
The adopted values were presented in Table 8.4. For convenience, this is
reproduced below as Table 10.1
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Table 10.1 Average Freguency Factors FF
New South Wales

Y

-

= C(¥)/C(10) for Regions in

Region

FREQUENCY FACTORS FFy FOR RETURN PERIODS OF:-

(ARR Rainfall Zones)

2 5 10 20

50 very ;%%rox. only.

Central and southern

coastal (A + B) 0.60 0.70 0.8 1.00 1.13

Northern coasstal (C) 0.60 0,73 0.88 1.00 1.08

Fastern interior and
Northern Tablelands

(D + E)

0.49 0.62 0.82 1.00 1.18

1.75-0.371og101(12,50)
1.67-0.37log101(12,50)

1.84-0.371og101(12,50)

2.28-0.701og101(12,50)
2.20-0.7010g10I{12,50)

2.42-0.7010g101(12,50)




10.3 LOCATIONS NEAR ZONE BOUNDARIES

As discussed in Section 8.5, discontinuities in flood estimates occur at,
the boundaries of the rainfall zones in Figure 2.17 of ARR, reproduced in this
report as Figure 5.2, These discontinuities result from abrupt changes in
rainfall intensities for durations of less than 12 hours and in the frequency
factors ¥Fy in Table 10.1 above., The solution adopted for this problem is
to assume a linear transition of flood magnitudes over a distance of 25 km
each side of a zone boundary. The recommended procedure for s site within
this transition strip is to calculate the flood magnitude assuming that the
location is first in one zone {Z1) and then in the obher zone (Z2). If the
two estimates for a selected return period are Qz; and Q7z, and the site is
actvally in zone Z1, then the design flosd Q may ée calculated asi-

Q=@ *Qz) + D, (9, -q,) (10.1)
2 50
where D L= distance of the catchment centroid from the zone boundary into

zone 71 {km).

An example of the use of this procedure is given in Section 10.5.3,

10. 4 STEFPS IN USE OF DESIGN PROCEDURE

As noted earlier, the steps in the design procedure are similar to those
in currently-used applications of the Rational Method. The steps are set
out below,

(i) Location of approximate catchment centroid is determined from a
topographic map and the catchment area (A km?) determined.
(ii)  Critical duration of the design rainfall (te hours) is calculated

from equation (4.2)
_ 6,38
tc =0.76 A

(iii) Extract parameters for estimation of desigh rainfall:
- zone and zone factor (AFACT) from Figure 5.2:
- 12 hour, 2 year rainfall intensity I(12,2) mm/h from Figure 5.3;
- 12 hour, 50 year rainfall intensity I(12,50) mm/h from Figure 5.4.

Alternatively, these values may be obtained from the original Figures
2.17, 2.18 and 2,19 and Table 2.3 of ARR.

(iv) Calculation of the design rainfall intensity for the critical
duration and the selected return period. Thisis detailed as
steps 3 to 5 in Section 5.4 and involves calculation of the 2 and
50 year rainfalls of the critical duration t hours by

I(t,2) = MF x T(12,2)
and I(%,50) = MF x I1(12,50)

where the multiplying factor MF is read from Figure 5.5 (a) or 5.5 (b).
The rainfall intensity for the design return period is then inter-

polated on Figure 5.6. Alternatively, the corresponding procedures
in ARR may be used. As noted in Sections 5.3 and 5.4, no reduction
of the point estimate of rainfall should be made to the size of the
catchment.
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(b).

o R 4

Determine the 10-year runoff coefficient G(10) for the site from
Map 4 at the back of this report. For the region east of the
line on Map 4 joining Ashford, Tamworth, Bathurst, Yass, Tumut and
Jingellic, values of the 10-year coefficient are read directly from
the map. West of this line, design values are read directly from

the map for catchments larger than 100 kn?, with a minimum recommend-
ed value of 0.10. For catchment areas smaller than 100 km®, the

value from the map should be used if it is grester than 0.40. If

it is less than 0.40, the mep value should be multiplied. by
(100/8)°%+*3 where A is in , but with a maximum value of 0.40.
However if this adjusted value is less than 0.20, a design value of
the 10-year coefficient of 0.20 should be used. These design values
for the western region must be regarded as approximate, and can

be used for the region between the line specified above and the
boundary of the rainfall zone E and linear interpolation zone on
Figure 2.17 of ARR. This western boundary corresponds approximately
to a line joining the towns of Mungindi, Nyngan, Condobolin Narrandera
and Tocumwal.

(vi) For the design return period Y, determine the runoff coefficient ¢(Y)
as C(Y) = FFy. c(10).

where the frequency factor FF, is found from Table 10.1. (or Table 8.4)
for the zone in which the cat¥hment is located.

{(vii) The design flood magnitude Q(¥) m%/s is calculated by the Rational
Method formula (equation 1.1)

Q(Y) = 0.278 c(Y). I{t,¥).A

{(viii) If the catchment centroid is within 25 ¥km of a zone boundary, steps
(ii1) to {vii) are carried out assuming thst the site is in one
zone and then the other, and the design flood magnitude is then
calculated by the linear interpolation equation (10.1).

10.5 EXAMPLES OF USE OF THE DESIGN METHOD

Three examples of the calculationof design flood magnitudes are given
below. The first is for the normal case where the catchment is within a
rainfall zone in the eastern part of eastern New South Wales, and the second
is for the same catchment but for a 50-year return period involving evaluation
of a frequency factor for the runoff coefficient that depends on 1%12,56)
as well as the rainfall zone. The third example illustrates the procedure
where the site is within 25 km of a zone boundary. A fourth example is given
of determination of 10-year runoff coefficients only for small catchments at
a site in the western part of eastern New South Wales, The remainder of the
procedure for calculating the design flood megnitudes in this case would be
identical with those in the cther examples.-

10.5.1 Example 1 - normal design within a zone

It is required to estimate the 20-year design flood for a site on Wild
Cattle Creek in the Clarence River Valley.

(1) Location and catchment area:
Topographic map - Brooklana, scale 1:31 680
Grid reference of site - 868 488
Approximate catchment centroid

93




(iii)

(iv)

{v)

(vi)

{vii)

10.5.2

- latitude 30° 17! {or 30.28°)
- longitude 152° 46! (or 152.77°)
Catchment area - 31.0 km?

Critical duration of design rainfall:

te = 0.76 A%.38
0.76 (31.0)°.38
2.80 hours

Parameters for estimation of design rainfall:
Figure 5.2 - zone C and AFACT = 2.95

Figure 5.3 - I(12,2) = 9.0 mm/h

Figure 5.4 - I{12,50) = 17.0 mn/h

Calculation of design rainfall intensity:
Figure 5.5(a), MF = 2,15 for t = 2,80 h
Then I{2.80,2) = 2.15 x 9.0 = 19.4 mm/h
and I(2.80,50) = 2.15 x 17.0 = 36.6 mm/h

Interpolating on Figure 5.6, I1(2.80,20) = 32.0 mm/h
No reduction of this point estimate should be made for the size of
the catchment.

10~year runoff coefficient C(10):
From Map 4 at back of report,

€(10) = 1.20

Note that the catchment is in a region of high runoff coefficients,
and that the value is greater than one, as discussed in Section 8.1.1,

Runoff coefficient of design return period of Y = 20 years:
Table 10.1, for zone C and Y = 20 years,

FFy = 1.08

Then C(10) = FFy.C(lo)
= 1.08 x 1.20
= 1.30

Design flood magnitude:

Q{(20) = 0.278.0(20).1(2.80,20).A
0.278 x 1.30 x 32.0 x 31.0
359m®/s - say 360 m®/s

Example 2 - as for example 1 in Section 10.5.1 above,

but with a 50~-year return periocd

honon

Steps (i) to (v} are the same as above, except that the rainfall intensity
is I(2.80,50) = 36.6 mm/h

(vi)

Runoff coefficient of design return period of Y = 50 years.

Table 10.1, for zone C, FF 67 - 0.371og101(12,50)

¥ 21,67 - 0.3710g1017.0
167 - 0046
21

b




(vii)

(1)

(ii)
{i11)
1.1,
{iv)
ity (v)
(vi)

10.5.3 Exemple 3 . design for site w

it is required to estimate the 5-
Creek in the Hunter River Valley.

FF,. G{10)
1.5 x 1.20
1.45

Desigr flood magnitude:

Q(50) = 0.278. C(50). 1(2.80,50).4
0.278 x 1.45 x 36.6 x_31.0
458 m®/s - say 460 n®/s

Then G{50)

ionn

i

ithin 25 km of zone boundary
year design flood for a site on Omadale

Location and catchment area:
Topographic map-Ellerston, Scale 1:31 680
Grid reference of site - 300 584

. Approximate catchment centroid

- latitude 31° 52! {or 31.870)
- longitude 151° 18! (or 151.30°)
Catchment area-104 km?

Critical duration of design rainfall:

tg = 0.76R°+%°

0.76 (104)°+%®

LA hours.

Parvameters for estimation of design rainfall:

Figure 5.2 - zone D, but’ very close (5 km) to boundary of zone B.
As the catchment centroid is within 25 km of the zone boundary s
calculations are carried forward for both zone D and zone B.
Figure 5.2 - AFACT = 4.70 (zone D)

= 3,78 {zone B)

Figure 5.3 - 1(12,2) = 5.0 mm/h

Figure 5.4 - 1{12,50) = 9.5 mo/h

galculation of design rainfall intensity:

nonon

Zone D Zone B
Figure 5,5 (a), for t = L.oh4 Dy ME = 2.01 ME = 1,81
1(4.44,2) = 2.0l x50 = 1.81 x 5.0
: - 10.1 mm/h = 9.1 mm/h
1(4—-4—4,50) = 2.0l x 9-5 = 1.8l x 9-5
= 19.1 mm/h = 17.2 mm/h
Interpelating on Figure 5.6,
- 12.9 mm/h = 11.6 mm/h

10~-year runoff coefficient ¢(10):
From Map 4 at back of report,

¢{10) = 0.22

Runoff coefficient of design return period I =
Taple 10,1 for ¥ = 5 years, :

5 years:




(vii)

(viii)

10.5.4

It

(i)

(i)

(iii)

FFy = 0.82 0.86
C(5) = FFy.C(10) = 0.82 x 0,22 0.86 x 0.22
= 0.18 = 0,19

Design flood magnitude for each zone:

For zone D, Q(S%S 0.278.0(5}.1(4.44,8 ).A
0.278 x 0.18 x 12.9 x 104
67.1 m®/s

0.278 x 0.19 x 11.6 x 104
63.7 mn*/s

Interpolation of design flood in boundary zone:

I

For Zone B, Q(5)p

[ |

Zone D Zone B

The distance Dz1 of the catchment centroid from the boundary

into Zone D is 5 km. Equation (10.1) then gives
a(5) = (Q(5)p + Q(5)p) + Dz1 (Q(5)p - Q(5)g)

2 50
(67.1 + 63.7) + 5 67.1 - 63.7)
N 2 50

65.4 + 0.1 x 3.4
65.7 n®/s - say 66 m¥/s

imnn

- 10-year runoff coefficients in the western part of
eastern New South Wales

is required to estimate 10-year runoff coefficients for rursl cateh-
ments of various sizes at Forbes in central New Scuth Wales.

Catchment location:

Latitude 33.4°

Longitude 148,00

10-year runoff coefficient from Map 4:

€(10) = 0.12

Determination of the design C(10) values appropriate to catchments
The criteria

of different sizes is illustrated in Table 10.2 below,

and adjustments are detailed in step (v} of Section 10./

Table 10.2 C(10) Values for Catchments of Different Sizes

At Forbes i

Catchment Multiplying factor Calculated Adopted f

ares (km?) (100/4)°-1% €(10) value _ €(10) value

>100 — - 0.12
10 1.41 0.17 0.20
1.0 2.00 0.24 0.24
0.1 2.82 0.34 0.34
0.01 3.98 0.48 0.40




{iv) Caleulation of discharges:

ocedure for caleulating the design flocd
1th those in the previous examples.

The remainder of the pr
magnitudes would be identical w




11. BANKFULL DISGHARGE ESTIMATES FOR WESTERN NEW SOUTH WALES
11.1 USE OF BANKFULL DISCHARGES

Of the 290 gauged catchments used in the project, 28/ are situated in
eastern New South Wales and in adjoining areas of Victoria and Queensland,
Only three of the gauged catchments are located in the arid western two-thirdg
of New South Wales, and these had short lengths of record, itwo of seven years
and the other of only four years. One of these catchments is near Cobar,
and the other two are at, Fowlers Gap north of Broken Hill. The remaining
three catchments used in the project are near Alice Springs in the Northern
Territory. Although these three catchments provide the best available arig
zone data, having record lengths of eleven, twenty and twenty three years,
they are distant from the border with New South Wales. The available gauged
catchments thus give only an indication of flood potential but do not provige
an adequate basis for the derivation of data on design floods in western
New South Wales,

To obtain a better indication of flood potential over a wider area of
western New South Wales, bankfull discharge estimates were made for seventy
five catchments in the region. Most of the sites are on the Silver City
Highway between Tibooburra and Broken Hill and on the Barrier Highway between
Broken Hill and Cobar, with a concentration of thirty five sites on or near
the Fowlers Gap Arid Zone Research Station operated by the University of New
South Wales 110 km north of Broken Hill. Most of the sites are in undulating
or hilly country. Seven sites are in the sub-humid region on the Mitchell
Highway between Dubbo and Orange. ' .

Bankfull discharge estimates can only give an approximate indication of
the flood potential of a catchment. The principle underlying their application
is that the channel cross-section is formed mainly by flood flows. Frequent
smell flows havelow erosive power, and very large floods have high ercsive
power but oceur so infrequently as to have relatively little effect on the
stream cross-section. There is some 'dominant' flood discharge of intermediste
frequency which has greatest effect on the channel section whioh is con-
veyed just within the stream banks. Studies in humid regions indicate that
this bankfull flow has a return period of about one year (based on the partial
series}. While there is little firm evidence, it is generally considered
that the corresponding return period is higher in arid regions. Investi-
gations of several types of data to indicate an appropriate return for
western New South Weles are described later in this chapter,

For bankfull estimates to be valid, the banks or flood plains must be
in adjustment with the the present flow regime, and the stream must be in
quasi-equilibrium., ARR suggests that for.these reasons, the approach should
be restricted to catchments larger than 50 km2. This restriction was not
adopted here, and over half the sites used had catchment sreas smaller than
this limit. Inspection of the stream cross-sections in the field and the
consistency of results indicate that the use of the smaller catchments is
Justified, although any results based on bankfull estimates must be approxi-
mate, :

The use of bankfull discharge estimates is described briefly in Section
9.6 of ARR. More detailed applications in New South Wales are described by
Woodyer (1968), Woodyer and Fleming {1968) and Pickup and Warner (1970).

A general review and discussion of problems that cen oceur with bankfull
estimates is given by Williams (1978).
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11.2 BANKFULL SITES

As noted above, seventy five sites were used for bankfull discharge
estimates. Of these, sixty eight were located along or near the Silver
city Highway between Tibooburra and Broken Hill and on the Barrier Highway
between Broken Hill and Cobar with a concentration of thirty five sites at
Fowlers Gap. From about half way between Cobar and Nyngen to about 50 km
north-west of Dubbo, no definite channels draining small cabchments are
apparent. This flat countTy near the Barrier and Mitchell Highways is trans-
versed by distributary channels and ansbranches from larger streams. The
remaining seven sites were on the Mitchell Highway between Dubbo and Orange.
These seven sites in the sub-humid region were markedly different to the
sixty eight in the arid zone further west in that their stream cross-sections
tended to be more square or "V" shaped rather than the flat and wide
rectangular shapes observed in western streams. Also, more than one bench
was usually present, whereas only one normally oceurred on the western

streams.

The distribution of the locations of the seventy five sites is listed in
Table 11.1, and the locations are shown on Figure 11.1.

Table 11.1 Locations of Bankfull Sites

Location of Sites . Number
: of sites
On and near Fowlers Gap Research Station 35
On the Silver City Highway between Fowlers Gap and Tiboo-

burrs. 10
Near Broken Hill on the Silver City and Barrier Highways 12
On the Barrier Highway between Broken Hill and Cobar 11
On the Mitchell Highway between Dubbeo and Orange 7

The catchment areas drained by the bankfull sites were measured from
available topographic maps and covered a large range, with all but five
being less than 250 km®, Figure 11.2 shows the distribution of catchment
areas. The median area is about 15 km®.

For the sevenby five bankfull sites, data for fifty five were obtained
during a field trip in this project. Information for fourteen of the sites
at Fowlers Gap was obtained during a previous field trip by D. H. Pilgrim,
1. Cordery and B.H. Nickels of the University of New South Wales, and the
data were extracted from field books and a report of this trip. For the
remaining six sites, information was obtained from field measurements re-

ported by Bell and Vorst (1980).

11.3 ASSESSMENT OF SITE CHARACTERISTICS AND BANKFULL DISCHARGE

As noted above, bankfull levels and site characteristics were assessed
for each station by field inspections. Identification of the bankfull level
is rather subjective and various procedures have been proposed, leading %o
somewhat different levels (Williams 1978). The method used in the site




inspections in this project and in the two other source studies generally
followed the procedure given in-Section 9.6.2 of ARR and in moredetail by
Woodyer (1968?. At many sites in the arid zone, only one or sometimes two
benches were observed, rather than the three that often occur in more humid
areas. The fact that the selected bench levels were in adjustment with the
present stream regime and were not terraces was indicated at many sites by
the presence of flocd debris.

The bankfull discharge at each site was estimated by the Manning formula:

Q = 2x r7/? 52 (11.1)
n
where Qu = estimated bankfull discharge (m%/s)

Ax = cross sectional area of the stream channel for the selected
bankfull stage (m?)

R = hydraulic radius Ay/P (m) where P is the wetted perimeter for the
bankfull stage {m),

8 = slope of the energy grade line (m/m) (note that the units of
slope are different here to those used in the remainder of the
report).

and n = Manning roughness coefficient.

Values of Ay, P and R were obtained by survey -of a typical cross section at
each site, The roughness coefficient n was estimeted by Cowsn's summation
method .described in Chow (1959). The slope of the energy grade line is
probably best approximated by the slope of the bench or berm adopted as the
bankfull level. This is not usually defined for a sufficient distance
along the stream (about fifteen times the width of the section) to obtain
an accurate estimate of slope. In most cases, slope had to be estimated
from the bed of the stream. The choice of the longitudinal section for
this measurement was often difficult as a result of the flat slopes norm-
ally encountered and the variability in the sediment deposition patterns
in the beds of the streams. For many flat streams, the slope was con-
gidered to be better and more consistently defined from topographic maps
than from the field survey of an isclated site. For steeper streams, the
slope measured by survey at the site was adopted. To aid consistency of
estimates from the various sources, the sites at Fowlers Gap used by D,H.
Pilgrim, I.Cordery and B.H. Nickels were visited on the field trip in this
project. -Estimates at several sites were compared to obtain some calibration
of procedures, and satisfactory agreement of estimates was obtained, :
Details of the locations, characteristics and bankfull discharge estimates
for each of the seventy five sites are given in the supplementary report

for this project, 'Flood Data and Catchment Characteristics! {(McDermott and
Pilgrim 19803

11.4 RELATIONSHIP BETWEEN BANKFULL DISCHARGE AND CATCHMERT
CHARACTERISTICS

The approach used for developing design data by mapping runoff coefficients
in eastern New South Wales was not possible in the west of the State. The
sites utilised weére distributed linearly along two highwvays as shown in
Figure 11.1, and gave insufficient gpatial coverage for mapping of isopleths.
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ed runoff coefficients appeared to be related to cabchment area
hose in the east, and the coefficient values for small
always much larger than those for larger catchments near the
This probably results from two factors. Large transmission
om floods as they move downstream in arid catchments

(Renard -and Keppel 1966). Some magnitudes of transmission losses are
discussed by Baron et al. (1980}, The second factor is that floods on the
larger arid catchments probably result from runoff from only part of the
catchment areas.

As runoff coefficients could not be mapped, a different approach was used
for the derivation of approximate design data for western New South Wales.
This involved regression relations between bankfull discharges for the sites
and catchment characteristics. As the sites are in undulating and hilly
country, it is probable that the derived design relations should only be
applied in regions with these characteristics.

Initially, the bankfull discharge estimates for the thirty five sites at
Fowlers Cap were related to the single variable (ASgM), where A is the catch-
nent area (km?), Se is the equal area slope (m/im) of the main stream from
source to site as defined in Section 3,2.9, and m is an exponent. The values
of S, obbained from maps were adjusted to a gtanderd map scale of 1:100000
This is different to the standard scale of 1:25 000 adopted in Chapter 3
and other parts of this report, but was chosen as being most suitable for
practical use as it 1s the most detailed map scale generslly available in
western New South Wales. Measured stream lengths and slopes were adjusted
to values corresponding to the adopted standard scale of 1:100 000 by the
mitiplying factors in Teble 11.2. These are based on the factors in
Table 3.1, but a single factor has been used for all slopes. For all of

the slopes in Table 3.1, the multip%¥ing factors were identical to two
decimal places for seales of 1:250 000 and 1:50 000. Variations occurred for

a scale of 1: 25 000, but maps of this scale are not available in western
Wew Soubh Wales at present, and few if any will be available in the future.
Thus a single average factor is also adequate for this scale. In application
of the derived desigd formula, adjustment .of slopes by. the factors in

Table 11.2 is necessary if they are determined from maps with scales other

than 1:100 000,

Also, estimat
in contrast to b
catchments wers
‘game location.

losses occur fr

Table 1l,2,_Multip1ying Factors for Calculating Stream Length
and Equel Area Slope Corresponding to Standard Map Scale of 1:100 000

Map scale:ﬁséd' : ,Mﬁltiplying Factérs-td obtain values
to measure L corresponding to scale of 1;100 000

- Straam‘Léﬁgth L Equal ared slope Se

1250000 0 L.o6 10.94
1:100 000 1.00 1.00
1:50 00O° 0.96 . 1.05
125000 . . 0.88 ' 113

The values of & &nd Sy were. combined into & single variable as they are
highly correl&ted;asrdiscussed“in:Section 3.7, and. their use as independent
variables would invalidate regression as discussed in that section. The best
value of the exponent was found by trial and error by calculating simple




logarithmic regressions of Qb on (ASeM) for various values of m,
the relation giving the highest correlation coefficient,

This occurred with m approximately equal to 1,0, and the adopted relatioy
for Fowlers Gap was

and adopting

@b = 0.40 (ASy) 0.77 (11.2)

The correlation coefficient was 0,89, and the standard error of
corresponded to a range of x 1.8 to % 1.8,
Insufficient values were available for the derivation of similar relations
for the other regions in Table 11.1. The values from each of the regions
were then combined separately with those for Fowlers Gap and regressions
caleulated for each of the combined sets of date. In each case, the value

of the exponent m was set at 1.0. The resulting regression relations are
summarised in Table 11.3.

the logarithms

Table 11.3 Bankfull Discharge Regression Relations for Combined Regiong

Relation obtained:-

Data set Regions Number B v b
number of sites O = k (48)
used Correl. coeffic.
"k b of logs,
1 Fowlers Gap (only) 35 0.40 0,77 0.89
2 Fowlers Gap and to
Tibooburra L5 0.42 0,74 0.87
3 Fowlers Gap and to
Broken Hill 47 0.50 0,69 0.89
4 Fowlers Gap and Broken
Hill to Cobar 46 0.39 0.74 0.84
5 Fowlers Gap and Cobar
to Orange 42 0.73 0.54 0,70

The differences between the various relations are illustrated more clearly
in Figure 11,3. As expected from general stream characteristics, the only
relation that was significantly different from that for Fowlers Gap data alone

Geographically, these sites are in the eastern part of New South Wales with
a sub-humid climate. As discussed in Section 11.2, the shapes of the stream
channels of these sites were markedly different to those of the channels in
the arid zone. These seven sites were thus excluded from further analysis
for derivation of relations for western New South Wales catchments,

As the relations for the data sets 1 to 4 were very similar, values from
all of the remaining sixty eight sites in western New South Wales were pooled,

and a regression was derived for the combined data. " Once again, the exponent
m was set at 1,0 ]
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The resulting relation was

Qy, = 0.44 (ASe}O'69 (11.3)

The correlation coefficient of the logarithms was 0.85, which is quite high
when the inaccuracies inherent in bankfull discharge estimation and the wide
geographical spread of the sites are considered.

& multiple regression relation was alsoc derived using the logarithmic
values from the sixty eight sites. A representative rainfall intensity was
used as the additional variable. As it is readily available from Figure 2.18
of ARR, the 12-hour duration, 2-year return period intensity I(12, 2%

(um/h) was adopted. The derived relation was

o, - 42 ()0 [1012, 2P (11.4)

The coefficient of multiple correlation of the logarithms was 0.86, so that
the relation explains only a further 2% of the variance than that accounted
for by the simpler equation (11.3). The small magnitude of this improvement
may result from the fact that there is only a small variation from 3.2 to
4.0 mm/h in the value of I{12, 2) over the sixty eight sites. This small
veriation also probably explains the large value of 3.7 for the exponent of
1{12, 2) in eguation (11.x?. The choice of a design relation between
equations (11.3) and (11.4) is not clear. The latter accounts for slightly
more of the variance in the data and should therefore be slightly more
accurate. However, this small improvement is probably meaningless in view
of the approximate nature of the bankfull discharge estimates. Also, it is
not clear that bankfull discharge should depend on the 12-hour, 2~year
rainfall intensity, and it is certainly not logicel that the value of dis-
charge should decrease as the rainfall intensity increases, as implied by
equation (11.4). It is possible that as 1(12, 2) increases from west to
east, the presence of this term in the equation reflects the effects of other
variables related to geographical location rather than the effects of the
rainfall itself. The term indicates that bankfull discharges tend to decrease
from west to east, and this could reflect the effects of different climat-
ological regimes, different soils and vegetation, or decreasing return periocds
of bankfull filow. The equation could thus operate in a logical fashion with
1(12, 2) as a surrogate of other factors, even if the inverse relation of
bankfull discharge and rainfall intensity is not logical.

In view of the smallness of the increase in explained variance, the lack
of clarity of its logical justification, and the additional difficulty in
its use, it seems that the use of equation {11.4) is not really justified.
Tt is therefore recommended that equation (11.3) be used to provide approxi-
mate design data for bankfull discharge for undulating and hilly regions in
western New South Wales.

11.5 FREQUENCY OF BANKFULL DISCHARGE IN WESTERN NEW SOUTH WALES

As noted in Section 11.1, it is thought that the return periods of
bankfull discharges are larger in arid than in humid areas, but very little
evidence is available for selection of appropriate values of return period.
Four types of evidence have been investigated in this project. None is

conclusive, but together they give a useful indication of the appropriste value.
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(a) Three gauged catchments in western New South Wales,
Only three small catchments with streamflow records were available in
western New South Wales, The lengths of records were only four, seven
and seven years, so that large sampling errors are likely in flocd frequency
estimates from their records and the estimates can only beregarded as very
approximate indications. The sampling errors are likely to be worse in the
arid zone with ite high variability than in humid reglons. Despite this,
the return periocds of the bankfull discharges at the three gauging stationg
were estimated from the frequency curves of the partial series of floods,

and these are listed in Table 11.4. The aversge return pericd for the
three stations is 3.0 years. .

Table 11,4 Return Periods of Bankfull Discharges at Three Gauging
Stations in Western New South Wales

Gauging Location Ref. number Catchment Bankfull Return Period
station of bankfull area discharge of Qp
number site (lm?) Qp (m/s) (years)
011001 Fowlers Gap 75 20 41.6 4.7

011315 Fowlers Gap 64 and 65 4.0 5.0 2.6

425016 Cobar 48 15 3.1 1.6
(b) Three gauged catchments near Alice Springs.

Although benkfull estimetes could not be carried cut for the three gauged
catchments near Alice Springs for which data were obtained in this project,
equation (11.3) was used to estimate discharges for these stations. These
were then compared with the frequency curves derived from the partial series
of observed flows at the stations, and return periods corresponding to the
bankfull discharges were determined. These are listed in Table 11.5. The
average return pericd for the three stations is 1.9 years.

Table 11.5 Return Periods of Estimated Bankfull Discharges at Three
Gauging Stations Near Alice Springs

Gauging Catchment, Estimated Return Period
station area Bankfull discharge of @y
number (km?) Qp{m®/s) {years)
006003 3.8 9.6 . 2.9
006009 450 100 1.0
006047 42 27 2.0

(e) Daily inflows to reservoirs at Broken Hill

Two water supply reservoirs are operated by the Broken Hill Water Board

near the city. These are Umberumberka Creek Reservoir and Stephens Cresk
Reservoir. Records of daily inflow volumes to each reservoir have been kept
since 1939 and were available for the thirty seven years to 1975, Bankfull
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discharge estimates were made at sites upstream of Umberumberka Creek Reser-
voir and downstream of Stephens Creek Reservoir, and transferred to the sites
by assuming that peak flow is proportional to catchment area to the power of
0.7 (Alexander 1969). The 24 hour volumes of inflow corresponding to these
bankfull discharges were estimated by assuming the hydrograph shape shown in
figure 11.4 and developed in the UK 'Flood Studies Report! (Natural Environ-
ment, Research Council 1975). The time to peak (T,) was calculated by the
time of concentration eguation (4.2) developed in this study.

Volumes of the bankfull floods oceurring within a 24 hour pericd were
then compared with the observed volumes of daily inflows. The bankfull volume
for Umberumberka Creek was found to have been exceeded fifteen times over
the 37 years of record, and at Stephens Creek thirty four times. The
corresponding return periods of bankfull flow are 2.5 and 1.1 years respect-
ively, with an average of 1.8 years.

(a) Daily rainfalls at Corona.

A record of daily rainfall is available for the 90 year period 1885 to
1974 at Corona near Fowlers Gap, north of Broken Hiil. Pilgrim,Cordery and
Doran (1979) in a study of runoff characteristics at Fowlers Gap showed that
a daily rainfall of 20 mm or greater is likely to produce runoff. Rainfalls
of this magnitude occurred 184 times in the 90 year record at Corona, indi-
cating that the average frequency of runoff events is about twice per year.
For the gauging station on Homestead Creek at Fowlers Gap {station number
011001), the average of the peak flows of the four highest floods in the
seven year record is approximately equal to the estimated bankfull discharge.
The average of the daily rainfalls for these four events was 60 mm. Daily
falls equal to or exceeding this have occurred forty times over the 90 year
record at Corona. This indicates that the return period of bankfull flow
at Homestead Creek is approximately 2.3 years.

A summary of the return periods of bankfull flow indicated by each of the
four types of investigation is given in Table 11.6., The average of the
return periods for each of the four types of investigations is 2.3 years.

An attempt was made to use a fifth type of investigation involving the Cordery
and Webb {1974) method of design flood estimation based on synthetic unit
hydrographs. This method applies to eastern New South Wales and the loss
function was modified in an attempt to apply the method to western regions

of the State. However, the average return period of bankfull flows indi-
cated by the method at eleven sites was 7 years. As this is much larger than
any of the other indicated return periocds, this approach was rejected as
unreliable.

A return period of 2.5 years was thus adopted for bankfull discharge in
arid western New South Wales. As expected, this is considerably higher than
the value of one year (partial series) generally considered appropriate for
humid regions, although values similar to those in western New South Wales
have been reported for the Cumberland Plain south-west of Sydney (Pickup
and Warner 1976).
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Table 11.6 Summary of Indicated Return Periods of Bankfull Discharge
in Western New South Wales

Indicated return
Subject of investigation Site investigated pericd - years

At site Average
(a) Gauging stations in Homestead Ck. (011001), Fowlers

western N.S.W. Gap A7
Nelia Dam (011315), Fowlers Gap 2.6 3.0 ;
Box Ck. (425015), Cobar 1.6 |
(b) Gauging stations Gillen Ck. (006003) 2.7 .
near Alice Springs Todd R. (006009) 1.0 1.9
Charles Ck. (006047) 2.0
{c) Reservoirs near Umberumberka Ck, 2.5
Broken Hill 1
.8
Stephens Ck. 1.1
(d) Daily rainfalls Corona and Fowlers Gap 2.3 2.3 :
Overall average 2.3 |
11.6 FLOOD 'FREQUENCY CURVE FOR USE WITH BANKFULL DISCHARGE
IN WESTERN NEW SOUTH WALES

As for eastern New South Wales, a log Pearson Type I1IT frequency distri-
bution was adopted for the west of the State as an arbitrary but consistent
means of estimating floods of various frequencies. The use of this distri-
bution requires values of the standard deviation SDEV and skew coefficient
SKEW of the logarithms of the partial series floods. For the runoff coeffic-
ients in the east of the state, average frequency factors and hence values of
SDEV and SKEW were adopted in Section 8.2 for each of several regions. This
approach was used rather than relating values for individual catchments to
catchment characteristics, even though both approaches were equally justified.
The same approach of using average values for the whole region was adopted
for western New South Wales, as flood data were available from insufficient
catchments to relate individual values to catchment characteristics,

The statistics of the N highest floods are listed in Table 11.7 for each
of the six gauged catchments in the arid zone for which flood data were
available. N is equal to the number of years of record at each station, - !

With short records, skew coefficients are very unreliable as a result of
sampling errors. As the skew coefficient for Nélia Dam was very different
from the other values, and the station had only four years of record, this
station was excluded from further consideration. For the remaining five
stations, the average values of the statisties of the logarithms were SDEV =
0.320 and SKEW = 0.246., These values can still only be considered as very
approximate, especially the skew coefficient, as a result of the short lengths
of record of the stationg.
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Table 11.7 Statistics of Logarithms of Partial Series Floods
of Arid Zone Stations

Gauging Record Catchment Statistics of logarithms
Station lengths area of highest N floods

Gauging Station

Number N (years) A (km?)

SDEV SKEW
Homestead Ck. 011001 7 20 0.365 0.183
Fowlers Gap
Nelia Dam, 011315 4 I3 0.318 -1.386
Fowlers Gap 7
Box Ck. at 425016 7 15 0,329 -0.025
Cobar
Gillen Ck. 006003 11 3.8 0.247 0.469
Todd R. 006009 23 450 0.252 0.038
Charles Ck. C06047 20 42 0.406 0.565

To increase the sample size, data were also considered from seventeen
stations in eastern New South Wales closest to the arid zone and situated
in undulating to hilly country of similar slopes to those bf the catchments in
the arid zone. The average values of the statistics of the logarithms of
the partial series floods of these stations were SDEV = 0.30L and SKEW = 0.894.
These values are not greatly different from those above for the arid zone
stations. The skew coefficients are somewhat different, but the difference
is not large in comparison with likely sampling errors.

Accordingly, overall average values of SDEV = 0.305 and SKEW = 0.747
were adopted for estimating average frequency factors for the arid zone.
Using these statistics and the log Pearson Type III distribution, Table 11.8
lists frequency factors FFy,, by which to multiply the bankfull discharge of
return period 2.5 years to gbtain discharges of other return periocds. The
maximum return period listed is 20 years, as extrapolation beyond this would
involve large probable errors and would not be justified. Use of any of the
other combinations of SDRV and SKEW noted above would change the frequency
factors by less than one per cent for return periods up to 5 years, and by

up to eight per cent at 20 years.

Table 11.8 Frequency Factors for Bankfull Discharge to Obtain
Floods of Other Return Periods - Western New South Wales

Return Period Y (year%) Frequency Factor FFbY

1 0.42
2 0.84
2.5 1.00
5 1-58
10 2.33
20 ¢ 3.29




11.7 SUMMARY OF APPROXIMATE METHOD FOR ESTIMATION OF DESIGN

FLOODS FOR WESTERN NEW SOUTH WALES

To summarise the results of the investigation of bankfull discharges
described in this chapter, the derived method for estimation of design floods
entails three steps.

These are:-

(a) Estimate the bankfull discharge Qp for the catchment by means of
equation 11.3, viz

Q, = 0.44 (Ase)0'69
The return period of this discharge is 2.5 years.

(b) The frequency factor FIFy  appropriate to the design return period is
determined frowm Table 1I.8, up to a maximum of 20 yesrs.
{c) The design flood discharge is calculated as;
Y) = FF 11.
Q(r) = TRy x G CION
where Q(Y) = flood magnitude (m®/s) of the design return period Y I

years,
FFy, frequency factor from Table 11.8

of
QU bankfull discharge (m?/s).

The procedure is applicable to catchments up to 250 km® in undulating and hilly
areas in arid western New South Wales. It is probably not applicable to very

flat areas with characteristies different to those of the catchments from

which the method was derived. The procedure can only be expected to give :
approximate estimates. It is based on estimates of bankfull discharges and i
of their return periods, and the basic data therefore contain considerable !
uncertainties. However, no alternative design data are available, and the :
procedure provides at least a guide to design floods in the absence of any

other data.

]

11.8 EXAMPLE OF USE OF APPROXIMATE DESIGN METHOD

(a) Location of stream cross séct on of interest
Box Creek at Cobar
Topographic Map:- Cobar !
Scale:- 1:100 000 3
Grid reference of section:- 855185

{b) Catchment characteristics
Approximate catchment centroid:-
Latitude: 310 28! {or 31.470)
Longitudes: 1450 49 {(or 145.820)
Catchment area = 15.0 km® (A)
Main stream slope {equal area) S; = 3.2 m/km, calculated from the
1:100 00O scale map. No adjustment by the factors in Table 11.2
is necessary as the map used is of the standard scale,

{c) Estimetion of bankfull discharge
Ideally the site should be visited to carry out the bankfull estimste
by site survey, as in Section 9.6 of ARR. In the normal case without




a site survey, the bankfull discharge is estimated by
equation (31.3):-

Qp = 0.44 (Ase)o'69

= 0.44 (15.0 x 3.2)
6.4 n3fs

0.69

Estimation of flood magnitudes for other return periods.

As the catchment is in undulating to hilly country, the frequency
factors from Table 11.8 can be used to calculate these flood
magnitudes from the 2.5 year bankfull flow, as listed in Table 11.9

Table 11.9 Bstimated Flood Discharge of Various Return Periods for
Example of Flocd Design Method

Return period Y (years) Estimsted flocd magnitude
Q(Y) (m®/s)

7
A
b

2
5
6
10
15
21
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Figure 11.]1 Locations of 75 bankfull sites in western New South Wales.
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Figure 11.4 Assumed hydrograph shape for floods
with bankfull peak discharges on
Umberumberka and Stephens Creeks.
From U.K. Flood Studies Report
(National Environment Research
Council 1975).




12. CONCLUSIONS
12.1 GENERAL CONCLUSICHNS

A procedure has been developed in this report for estimation of design
floods for small ungauged rural catchments in eastern New South Wales.

The methodology used in developing the procedure would be equally applicsble
to other regions where observed flood data are available for a considerable
number of small catchments. For eastern New South Wales, all available
flocd data were used in the development of the design procedure, involving
streamflow records from 28, catchments. Most were smaller than 250 km?,
although some larger catchments were used where no other data were available,

The procedure was developed to be as simple as possible and to suit
the needs of the ordinary designer. It is based on the statistical inter-
pretation of the Rational Method, and its application follows the familiar
procedures of the Rational Method to encourage its adoption in practice,
However, the methed is conceptually a type of regional flood frequency
procedure with rainfall intensity as one of the independent predictor
variables. As rainfall intensity is one of the major determinants of the
Tlood characteristies of a catchment, +the statistical interpretation of
the Rational Method is an attractive and efficient form of regional flood
frequency analysis.

The design procedure is simple to apply in practice, and the values of
runoff{ coefficient are presented as a map of 10-year coefficients, together
with tabulated frequency factors for various return periods in three geo-
graphical zones. The design rainfalls used in the method are the generalised
data in ARR, presented in map form and based mainly on daily rainfalls,
as these are available for all of the region of interest. Simplified
design graphs are included in the report. Rainfall durations are based on
a new formula for 'time of concentration' or characteristic response time,
derived from observed minimum times of hydrograph rise for 96 catchments in
eastern New South Wales. This formula involves catchment area A(kn®)only,
and is

t, (h) = 0.76 %38
where A is in km? and t, is in hours.

The procedures used in deriving the design runoff coefficients exactly
mirror the steps used in design. It is important that for valid application
of the method, the same design data should be used as were utilised in
developing the method. This will ensure that the estimated floods reproduce
as closely as possible the magnitudes derived from frequency analysis of
all the observed floods. If new rainfall data become available, for example;
it would really be necessary to rederive the runoff coefficients using
these rainfalls. )

As the observed flood data and the flood values obtained by frequency
analysis are of fundamental importance to the design procedure, considerable
effort was expended in obtaining flcod data and flood frequency curves of
the highest possible sccuracy. Almost half of the available time in the
project was spent on this aspect. In terms of practical results, refine-
ment of analysis in deriving the design procedure could not compensate for
deficiencies in the data.

The recommended maximum catchment size for application of the design
procedure is 250 km?. This is larger than the traditional limit suggested
for the deterministic interpretation of the Rational Method, but the problems
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in that approach with larger catchments do not apply to nearly the same
h the statistical interpretation. The results of this study show

eﬁen’& wib L. -
no trend or bias of runoff coefficient values with inereasing catchment
to areas greater than 250 km?, although only a limited number

size, evetl

of large catchments was analysed.
Use of the design method presented in this report should lead to import-

e
ant practical benefits. A very large expenditure is involved in works
sized by design £lood estimates on small rural catchments, For the whole
of Australia, the average amual expenditure has been estimated as $180 million
v as .at mid 1979, while an equivalent figure for eastern New South Wales
2. & would be approximately $40 million. Currently used methods of design are

pased mainly on judgment and experience rather than on observed data as
and this is less than satisfactory congidering

in the method developed here,
the very large expenditures involved., Previous studies have shown that

estimates by these methods are often inconsistent and deviate widely from
observed values. Flood magnitudes estimated from the procedure developed

in this report and from ARR were compared with the values derived from
frequency analysis of observed floods. Although this comparison invelved

some lack of independence, the design data developed herein were shown to
pe of much greater accuracy than those in ARR and other current design
procedures. Analysis of sampling errors jndicated that the derived data
reproduced the observed flood data with as much accuracy as is possible in
view of the scatter inherent in the available observed data.

Tywo economic analyses were carried out on the likely cosbs of the in-
d accuracies involved in design flood estimates. Several assumptions were
involved so that the amalyses were necessarily of an approximate nature.
Both analyses indicated that the inaccuracy of the ARR design method added
about 50 per cent to the optimum costs that would be incurred if error-free
design estimates could be made. The corresponding figure for the method
developed in this report is only 10 per cent. Of more practical importance,
use of the design procedure developed in this project in place of the ARR
and similar methods should result in gavings of about 30 per centon present
costs, or $12 million annually in eastern New South Wales. The full potent-
ial savings would only be realised if the true optimum return period of the
design flood was known in each case. This is not lmown in practice, and

i optimum return periods had to be assumed in part of the analysis. Although

! the enalysis indicates that these assumptions would only affect the magni-

tude of potential savings to a small extent, further research on the
selection of optimum return periods.for the design of individual structures

would be very desirable,
The design procedure discussed above could not be extended to arid and
; ; semi-arid western New South Wales. Only short records were available from
: a few catchments, and channel transmission logses and partial area runcff
would have caused difficulties. However, an approximate procedure for
determination of design floods on small catchments in undulating to hilly

terrain was developed from bankfull flows estimated at 68 sites.

Detailed information on the 290 gauged catchments used in the study,

including the observed floods, flood frequency analyses and estimates,
and physical and rainfall data, are given in a supplementary report (McDermott
and Pilgrim 1980). Information on the 75 bankfull sites in western New South

Wales investigated during the project is also detailed in that repord.




12.2 SPECIFIC CONCLUSIONS FROM THE STUDY
12.2.1 Flood flow frequency

{a) The partial series of flood events was considered to be more
appropriate for use in the study than the annual series, as it gives better
estimates at low return periods. Also, damage and inconvenience cauged by
surcharging of structures are not limited to ammual events, and design
rainfalls are based on pertial series. In practice, the partial series

is difficult to extract from the full record, especially for small catchments
with rapid response and frequenct multiple-peaked flood events. Monthly
maximum floods extracted from computer printouts were found to provide a
good practical approximetion to the partial series.

(b) It is both worthwhile and desirabile to spend considersble time check-
ing and supplementing the recorded data, The derived results cannot be
better than the data base used. Painstaking checking, investigation and
analysis enebled considerable improvement to be msde in the data base used
in this project.

(e} The amount of missing data in the observed flood records was found
to be considerable, warranting the expenditure of major effort to fill

in or otherwise deal with these periods. A detailed investigation provided
guidelines for handling periods of missing data, and showed that consistently
the worst of seven procedures investigated was that recommended in ARR

of eliminating the entire year in which a large missing event is suspected
to have occurred. Where a nearby station record exists and a good relation
between flood peaks on the two catchments can be obtained, the best policy
is to use this relation to estimate missing peeks. Where no relation of
this type is available, the best policy is generally to simply ignore the
missing data and include the missing period in the overall pericd of record.
However, for record lengths greater than 20 years, it is better to subtract
an amount from each year with missing data proportional to the ratio of the
number of peaks missed to the total number of ranked peaks in that year.

(d) Although it is normally used for annual floods, the log Pearson
Type III (LP3) probability distribution provided a useful and simple means
of objectively fitting a frequency curve to the observed data. For the
partial series, the fitted curve is quite empirical.

{e) In using the LP3 probability distribution to fit the partial series
of highest floods for a gauged catchment, it was necessary to choose the
number of floods to be included in the fitting calculations. The results
of an investigation showed that the most appropriate number of floods to
include was N, the number of whole years in the record.

(£) As all flood records involve at least some uncertainties and errors,
no observed records from gauged catchments were rejected outright, even

when record lengths were short and the station rating curve involved con-
siderable extrapolation. Instead, a reliability index was devised and values
assigned for all gauged catchments. The reliability values were used later
in the project in assessing the weight given to runoff coefficients derived
from each catchment in developing the design relationships for the regionm.

{g) The slope of the flood frequency curve was found to exhibit strong
regional dependence. The slopes tended to be flat in the higher rainfall
North Coast area and steep in the drier western regions. However, skew
coefficients of the logarithms of the flows in the partial series varied
randomly about a mean value of 0.72.
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12,2.2 Catcment characteristics

measures have been used for slope of the main stream. The

en for use in this project, defined as the slope

et and intersecting the longitudinal

rofile of the main stream such that the areas enclosed above and below

the profile are equal. This was considered to be more likely to be related
the simple average slope from source to outlet.

to hydrograph response than
1t is also reasonably simple to derive and is thus suitable for use in a

practical design method.

(b) Values of physical charact
length and slope depend on the sca

{a) Many
equal area slope was chos
of a line drawn through the outl

eristics of catchments such as stream
1e of the map from which they are measured.

Use of different map scales is thus unsatisfactory for the derivation of
consistent design values and relations, and for the objective application

of the relations in design practice. To cvercome this problem, a standard
map scale of 1: 25 000 was selected as this was the largest scale of maps
covering much of the area, and maps for much of the remainder of eastern

New South Wales are being prepared. All lengths and slopes used in the
project have been standardised to this scale. Relationships between lengths
and slopes for different map scales were developed from measurements on
different scale maps for 268 catchments. These relationships are thus
available to convert values appropriate to cne map scale to those appro-
priate to another scale.
(e) Relationships between stream lengths, slope and catchment area

were derived from data for 429 catchments in eastern New South Wales. A
strong and consistent relation over the entire region was derived between
stream length and area, and the relation was very similar to those derived
in other parts of the world. Relationships between slope and stream length
and area were different for different regions, but were consistent within
regions. As expecied, predicted slopes decrease from the mountainous
regions to the plains. This dependence of slope on region gives implicit
support to the concept used in the study that catchment response and runoff
coefficients can be related to the location of the catchment.

12.2.3 Design duration of rginfall
{a) In the statistical intepretation of the Rational Method, it is not

necessary for the rainfall duration to equal a physical time of concentration
of travel of water from the most remote point to the outlet of the catchment.
The durabion could equel any characteristic response time of the catchment
that gave consistent values of Tunoff coefficients derived from observed
data, that could be simply predicted from a design formula involving catch-
ment characteristics, and that gave runoff coefficient values that were
meaningful and- acceptable to designers. '

(b) Investigation of existing formulae for time of concentration or other

response bimes indicated that they were unsatisfactory because they led to

widely varying .and inconsistent derived valuesof runoff coefficients, and
these values were sometimes unacceptably high to designers used to coeffic-

jents less than unity. The high values resulted partly from the adoption
of equal area slope as the measure of stream slope.

(c) Data were obtained from 96 catchments in eastern New.South Wales
for the derivation of a new formula for characberistic response time of

flood hydrographs. Some of these data were typical minimum times of rise of
observed hydrographs and the remainder were values of the parameter C in the
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Clark unit hydrograph mecdel. These measures should be similar to one
another and approximate the concept of time of concentration,

(d) From many forms of relations investigated, three formulae were
derived which were simple and gave almost equally good fits to the data
from the 96 catchments. Only area, length and slope were involved in

these formulae, and other variables such as other aspects of topography,
median annual rainfall, and vegetation cover were found to have a negligible
effect. The three formulae were of similar form to many of the publisheqd
relations for various types of hydrograph response times. Although the
three formulae accounted for most of the variation in the data (over 80%

of the variance in the logarithms), some scatter was still evident, and

further investigation of rainfall duration would provide a useful field of
study.

(e) The adoption of the design formula was based on the two criteria of
goodness of fit of the observed values of time of concentration or charact-
eristic response time, and consistency of runoff coefficients derived

using each formula. On these criteria, the formula selected wag

t= 0.7 40-38

where 1t is in hours and A in km®. As the formula involves only areas,

it should only be used in eastern New South Wales where it was derived. 1In
this region, however, it is essential that this formula be used in application
of the design procedure to ensure the best possible reproduction of the
observed flood data. The formula glves the complete rainfall duration for
design, and no allowance for overland flow or other factors should be added.

12.2.4 Rainfall frequency data.

(a) ARR was used as the source of rainfall data. Of the several forms
of data in that publication, the generalised data based mainly on daily
rainfalls were selected for use in this project. These are presented
basically in the form of rainfall meps. The generalised data were selected
as they cover the whole of eastern New South Wales whereas the pluviograph
data only cover about half this region. They are slso simple to use, they
are derived from a much larger data base in space and time, and they give

comparable intensities at short durations with those from the Pluviograph
stations.

(b) Simplified procedures have been included in the report for application
of the generalised rainfall deta.

(c) The generalised rainfall data in ARR must be used with the design

- data in this report for best reproduction of. the observed floog data, as

these rainfalls were used in derivation of the design runoff coefficients.
The use of any improved or more detailed rainfall data would lead to less
accurate flood estimates. For valid use of other rainfall data, rederivation
of the runoff coefficients would be required.

12.2.5 Selection of the design method

{a) Seven design procedures were investigated and compared. Four were
similar in form to the conventional Rational Method, one used a fixed
rainfall duration, and the other two involved regional frequency procedures.
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{b) A1l runoff coefficients or corresponding design parameters were

d in exactly the reverse procedure of those which would be used in
design. Use of the derived parameters should thus give the best possible
reproductioh of the observed flood data.

{c) Derived cosfficients with a return period of 10 years were chosen
as the basic data in each procedure and for comparison of the different
procedures. This was the highest return period for which all of the catch-
ments in the data base could be used, and is high enough to be relevant to
practical design. Coefficients for. other return pericds were related to

10 -year values by ratios or frequency factors.

(a) Inspection of the 10-year coefficients derived for each of the se-

veral procedures showed that values were strongly related to location.
Mapping of the 10-year coefficlents was thus adopted as the basic form of

presentation of the design data.

(e} gelection of the adopted design procedure was based on the two
criteria of goodness of fit of mapped contour lines to individual derived
values of runoff coefficients or other parameters, and: general smoothness

of the contour patterns.

derive

12.2.6 Design runoff coefficients

{a) The 10-year runoff coefficients for the adopted design procedure
are presented as a map of contours or isopleths of values in Map 4 at the
pack of this report. Based on local conditions, some small-scale variations
of coefficients from the values given by the contours may be justified.

The coefficient values are generally high near the coast, in some locations
being greater than unity, which is possible with the statistical inter-
pretation of the Rational Method. The values decrease rapidly away from

the coast, and are low on the western siopes at the limit of eastern New
South Wales covered by the study. .The patterns of the contours reflect
variations in average annval rainfall, rainfall intensities, and topography

and relief,

{v) Although the mapped contours showed a good general agreement with
the individual derived 10-year coefficients, considerable deviations were

also evident. The largest of the deviations were examined, but no general

explanation could be détermined, apart possibly from rating curve extension
a probability distribution of

problems, Based on sampling error theory,
expected deviations resulting from sampling errors in the basic observed
flood data was derived. This distribution was very similar to that of the
observed deviations, indicating that to a very large degree, these deviations
can be accounted for by the random scatter inherent in the observed sample

of floods available for analysis. This also means that correlations between
the deviations and catchment characteristics carmot be expected, and it is
not really statistically valid to attempt to extract more information

from the data than the mapped contours. An attempt {o find such correlations
revealed no significant relations.

(c) Fast of the line on Map 4 at the back of this report joining ashford,
Tamworth, Bathurst, Yass, Tumut and Jingellic, the catchments analysed
sampled a wide range of sizes. As no correlations between coefficient values
and eatchment areas or other characteristics were evident, the values from

the map can be used as design 10-year runoff coefficients. West of this

line, the data base was sparse as only thirty eight catchments were available

and all but three of these are larger than 100 km?, so that the mepped
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contours are really only applicable to catchments larger than this size.
Based on the available evidence, the following procedure was adopted for
design 10-year coefficients west of the line on Map 4. For catchments
larger than 100 km?, the values can be read directly from the map. For
catchment areas smaller than 100 km?, the value from the map should be used
if it is greater than 0.40, If it is less than 0.0, the map value should
be multiplied by (100/4)°+'S where A is in km?, but with a maximum value of
0.40. However, if the adjusted value is less than 0.20, a design value of
the 10-year coefficient of 0.20 should be used. This procedure adopted
for the western part of eastern New South Wales must be considered to be of
an approximate nature. It will be difficult or impossible to improve it
until at least ten years of data are available from a considerable number
of small catchments in the region.

obtain Y-year runoff coefficients were derived for three regions in eastern
New Scuth Wales. For return periods of 50 and 100 years, the frequency
factors also depend on the rainfall intensity. This approach was adopted
rather than the two alternatives of regressions of frequency factors of
individual catchments on catchment variables for eastern New South Wales as
a whole or for each of the three regions. The average values for each
region are.simpler to use, of similar accuracy to the other two approaches,
and lead to more consistent values between catchments and for different
return periods.

(d) Average frequency factors by which to multiply 10-year coefficients tq

(e) Discontinuities of floods estimated by the design procedurs occur
at the boundaries of the rainfall zones in ARR. A linear interpolation
procedure was adopted to smooth these discontinuities for locations within
25 km of a zone boundary.

12.2.7 Economic sienificance of use of the design method

(a) Flood peaks predicted by the Rational Method procedure in ARR and
by the procedure developed in this report were compared with the flood
frequency estimates from the observed data on 271 catchments used in the
study, Although the comparison was not entirely unbiased, the procedure
developed here was shown to be of much greater accuracy than the ARR method.
The latter was also shown to be biased in that flood estimates tended to be
too low near the coast and too high inland., Results of the compariscn were
not affected when only the 75 catchments with the most reliable records

and when different return periods were considered. The procedure in this
report was also shown to be more accurate than the method of Cordery and
Webb (1974).

(b) As noted in Section 12.1, two economic analyses were carried out on
the 1ikely costs of the inaccuracies involved in design flood estimates.
The much greater accuracy of the procedure developed in this report could
lead to savings of about $12 million per year or 30 per cent of total costs
for flood-passing structures on small catchments in eastern New South Wales.

{ec) Although the procedures can only be considered to be approximate,
data are presented in the report on capital costs and damage costs for small
bridges and culverts, and a methodology is developed for the economic
analysis of the effects of inaccurate design flood estimates for these
structures,

(d) "For the full potential savings to be realised, further research on
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gelection of the optimum design return period is regquired.

12.2.8 Bankfull discharge estimates for western New South Wales
Tnsufficient observed data are available in arid and semi-arid
western New South Wales for application of the methodology for the statistical
gational Method used in the east of the State. Channel transmission losses
and partial area runoff would also cause difficulties.

(b) Bankfull discharges were estimated at 75 sites in undulating to hilly
country along the highways connecting Tibooburra, Broken #ill, Nyngan and
Orange. The seven sites in the more humid region from HNyngan to Orange

were found to have different characteristics Lo the remaining 68, and were
omitted from further analysis.

{c) A Tegression equation relating bankfull discharge to catchment area
and equal area slope was derived for the 68 sites.

{da) Although the available data could not provide definitive resulis,
analysis of four types of evidence indicated that the average frequency of
pankfull fiows in western New South Wales is approximately 2.5 years.

{e) Approximate average frequency factors were derived from 22 stations
in or close to the arid zone of western New South Wales.

(£) Combined use of the three relationships in (¢) to (e) above provides
an approximate method for estimating design floods in undulating to hilly
country in western New South Wales. ‘

(g} Estimates of bankfull discharge can be very useful in providing

approximate information where no observed data are available. More work
would be desirable on procedures for estimating bankfull discharges and

comparing them with observed flows.

(a)

12.2.9 Availability of streamflow data

{a) The project has shown that in regions such as eastern Néw South
Wales, sufficient streamflow data for swall catchments are now available
for worthwhile analysis on a regional basis. There is now no excuse for
design methods on which huge total expenditures depend to be based only on
judgment and experience. This would apply to several regions in Australia
as well as to eastern New South Wales.

4 data in the form of computer files or printouts
such as provided by the Water Resources Commission of New South Wales in
this project are extremely helpful and enable large-scale analysis on a
regional basis. However, it has been demonstrated in this and many other
projects that careful examination of the data 1is desirable, and that the
quality and completeness of the data base can be improved appreciably with

effort and attention.

(c) Despite the availability of data- in a processed form as discussed
in (a) and (b) above, there are still meny inadequacies in the available
data, and collection of more data for small catchments remains-a pressing
need. It would also lead to appreciable economic returns, as demonstrated
by the large potential savings that would result from adoption of the design
procedure developed in this report. Streamflow data from small catchments
were not available for many regions in eastern New South Wales, and nece-
ssitated the use of data from catchments greater than 250 kn? in area.

{b) Compuber processe




The relatively short lengths of record from the catchments that are gaugeq
result in the large sampling errors illustrated in this project. More
accurate design data will not be possible without more and longer records.

(a) Data deficiencies were particularly obvious in arid and semi-arid
western New South Wales. Short records are only available at two locations,
Although they are difficult to obtain, there is a need for the gauging

of more small catchments in western New South Wales.

(e) The situation is only a little better in the sub-humid western
slopes of New South Wales. West of a line joining Ashford, Tamworth,
Bathurst, Yass, Tumut and Jingellic, suitable data were available from
only thirty eight catchments. A1l but three of these were larger than

100 km®*, so that virtually no informetion was available for catchments
smeller then this size. There is thus a need for the collection of stream-
flow data from catchments smaller than 100 km? on the western slopes.

{f) The investigations carried out in the project have again illustrated
the fact that any design procedure can only be as good as the data from
which it was derived.
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AFPENDIX A. SUMMARY OF THE STREAM GAUGING STATIONS USED
IN THIS PROJECT

Five items of information about each of the 290 gauging stations useg in

this project are presented in Table Al, These are the national gauging

station number, the current name of the station, the adopted record length,

the catchment area and the relative relisbility - index assigned to the

flood frequency curve derived for the station. . :
National gauging station numbers and station names are taken: from

!Stream Gay ing Information Australia 1974" (Department of National Res-

ources, 1976), which was the latest edition available during the first
part of the project, :

- The record length adopted refers to the 1
series used to derive the flood fre
Catchment ares refers to the ar

ength (in years) of the partial
quency curve for the station,

ea of the catchment (km?) ag extracted
from gvailable maps. : :
The relative reliability indices were assigned using the procedures
described in Appendix D and re i

flood frequency curve derived for each catchment in this Project. An
index of 1 represents the highest relative reliability, ang 5 represents
the lowest,

The stations listed after the sub-heading
those of the total of 290 which were included late in the study as rcted
in Beetion 1.5. Most of these catchments have areas larger than 250 km?,
and they were included to indicate general flood runoff potential in regions
where little or no other data were available.

Information on these addition-
al catchments was obtained mainly from the report series
Two River Valleys!

(NSW Water Conservation and Irrigation
various dates).

'55 Additional Stations! are

'Survey of Thirty
Commission,




Table Al Listing of Gauging Stations Used in the Project

NATIONAL ADOPTED REGORD GATCHMENT RELATTVE RELIABILITY INDEX
STATION NAME QF STATION IENGTH AREA OF FLOOD FREQUENCY
NUMBER (YEARS) (¥M?) CURVE

201001 Oxley at Fungella 28.0 213.00 2
201004 Tweed at Kunghur 23.0 49.00 4
gglggé Sggésfﬁ oat Harbour - 28.0 111.00 3
203002 Coopers R e 26.0 62.00 2
203007 Terania at Blakes 22.0 44,.00 4
203009 Back at Bentley 21.2 109.00 2
203012 Byron at Binpa Burra 26.0 - 39.00 A
203013 Wilsons at Federal 24,.0 54,.00 3
203014 Wilsons ab Eltham 20.1 223.00 2
203023 Iron Pot ab Toonuubar Tod 98,00 5
204006 Bookookoorara at Undercliffe 10.0 127.00 5
204008 Guy Fawkes at Ebor 17.0 31.00 2
204011 Deer Park at Deervale 11.0 9.00 4
204016 Little Murray at Nth Dorrigo 274 104.00 2
204017 Bielsdown at Dorrigo 30.0 §2.00 1
204019 Nymboida at Bostobrick 25.0 220.00 2
204020 'Blicks at Dundurrabin 29.0 - 251.00 1
204021 Blicks at Hernsni 26.5 70.00 1
204022 Dandahra at the Huts 11.0 39.00 A
204023 Dandahra st Dam Site 11.0 26.00 g
204024 Wild Cattle at Megan 26.0 31.00 1
204025 Orara at Karangi 24.0 132.00 3




0£T

TABIE Al.

Cont/d...

"NAME OF STATION

RELATIVE RELIABILITY INDEX

NATIONAL ADOPTED RECORD  CATCHMENT
STATION LENGTH AREA OF FLOOD FREQUENCY
NUMBER ‘ (TEARS) (kM?) CURVE
204026 Bobo at Bobo Nursery 26.0 80.00 1
204027 Little Nymboida at Timmsvale 18.0 31.00 2
204030 Aberfoyle at Aberfoyle 26.0 200.00 2
204032 Rocky at Glen Elgin 10.0 60.00 4
204035 Boonoo Bocnoo at Wilnor 10.5 135.00 4
204036 Cataract at Sandy Hill 23.0 300.00 2
204037 Clouds at Clouds Ck. 10.0 62,00 A
- 204038 Sheep Station, U/S Clouds

' Creek Junction 10.0 18.00 4
204040 Kooreelah at Hewetsons Hill  19.0 231.00 3
204043 Peacock at Bonalbo 13.0 47.00 4
204044 Gorge ab Bonalbo 16,0 41.00 4
205007 Woolgoolga at Woolgoolga 18.0 11.00 4
206001 Styx at Jeogla 47.0 163.00 1
20600/, Cara at Gara 36,0 407.00 2
206005 Oakey at Kempsey Road 15,2 202.00 3
206009 Tia at Tia 37.0 251.00 1
206010 Yarrofitch at Yarrowitch 30.0 70.00 1
206013 . Qakey at Yooroonah 12.5 47.00 5
206015 Chandler at Euringilly 27.0 205.00 1
206017 - Serpentine-at the Hatchery 26.0 - 22.00 2
206020 Styx at Serpentine 15.0 78.00 4




206020 Styx at Serpentine

'TABLE Al. Cont/d. ..

NATIONAL
‘STATION ~ NAME OF STATION

NUMBER

ADOPTED RECORD
LENGTH
{YEARS)

CATCHMENT
AREA
(xM®)

RELATIVE RELIABILITY INDEX
OF FLOOD FREQUENCY
CURVE

206021 Oakeyjﬁ/é Oskey Dam

206023 Georges at Big Hill

‘207003 Ellenborough at Glenwarren
207006 ‘Fgrbeé(at Birdwood

207008 Stewarts at Stewarts River

1207009 Camden Haven at Kendall

208001 Barrington at Bobs Crossing

1208002 ‘Manning at Tomalla

208007 ‘Nowtndoc at Nowendoc

- 208008 Gloucester at Forbesdale
.208009 Barnard At Barry

208015 Tansdowne at . Lansdowne
209005 Wallamba near Nabiac
210011 Williams at Tilligra
210017 Moonen at Moonan
210019 Omadale at Rowma

210022 Allyn at Halton

210025 Stewarts at Windamere
210026 Congewoi at Eglingford
210029 Rouchel at Upper Rouchel
210037 " Krui at Neverfail
210042 Bowmans at Ravensworth

19.0
13.2
24,7
17.5

9.0

6.6
28.0
21.0
27.0
26.0
20.0

6.5
10.0
42.0
35.0
34.0
26.0
19.0
27.0
20.0
15.0
22.0

135.00
130.00
60.00
363.00
60.00
181.00
21.00
52.00
218.00
207.00
150.00
96.00
259.00
194,00
98.00
" 104.00
205.00
168.00
85.00
330.00
585.00
205.00

2

4
4
4
5
2
3
1

3
4,
5
4
1

]

;

1

A
4
4
5
2




TABLE Al. Cont/d...

NATTONAL ADOPTED RECORD  CATCHMENT  RELATIVE RELIABILITY INDEY
STATION NAME OF STATTON LENGTH AREA OF FLOOD FREQUENCY
NUMBER o , | (YEARS) (KM?) CURVE
210043 Saddlers at Bowfield 19.0 78.00 4
210045 Saltwater at Plashett 21.0 41,00 4
210046 Goulburn at Ulan 22.0 153,00 2
210049 York at Ravensworth 11.0 9.00 4
210053 Fishery at Kurri Kurri 17.5 83.00 3
210054 Wallis at Richmond Vale 17.0 95.00 3
210059 Gardiners at Liddell 18.0 70.50 5
210063 First at Pokolbin Site 1 14.0 14.80 3
210067, . Middle at Pokolbin 15.0 7.80 3
210068 Deep ab Pokolbin Site No. 3 13.3 24.90 3
210069 Deep at. Pokolbin Site No. 4 13.3 4.90 3
210074 McMahons at Liddell No. 5 9.5 1.04 4
210076 Gardiners at Antiene 9.3 14.20 5
210078 Tinkers Sth at Liddell No. 1  g.g 6.50 5

21 0084 Glemnies at the Rocks No. 2 5.0 249.00 5
210999(ASS)  Scone -. SCS 21.0 .18 2
211001 Wyee at Wyee 18.5 18.00 4
211005 Ourimbah at Tuggerah 12.0 150.00 3
211006 Wallarah at Warnervale 10.0 8.80 4
211008 - Sandy at Avondale 8.0 52.00 4
212003 Burralow at Kurrajong 36.0 25.90 1
212008 Cox's at Bathurst Road 27.0 199.00 2
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_TABLE AL, Cont/d.u.

NATIONAL ADOPTED RECORD  CATCEMENT  RELATIVE RELIABILITY INDEX

STATTON NAME OF STATION . LENGTH AREA OF FLOOD FREQUENCY
“NUMBER B , o (YEARS) (KM CURVE

212012 Wollondilly at Goulburn 15.0 622.00 L

212013  Megalong at Narrow Neck 10.0 24,60 4

2120'11:, ‘Blackheath at Mt. Boyce 9.5 18,90 4

212016 Kedunba, at Kedumba Crssing 8.0 75.00 5

.zxgg%% Yaggrove gt Feirvisy 7.5 202.00 4

212209 - Nepean ab Maguires Crossing 6.0 72,50 2

212210 Avon. at Avon Weir 24.0 148.00 4

212231, Oataract et Jordans Crossing  49.0 163.00 4

5 212291 Grose D/S Burralow Ck. 28.0 650400 2

212301 Coxs at Lidsdale No. 1 4.1 .06 4

212302 Coxs at-Lidsdale No. 2 13.0 A3 5

212304 Coxs at Lidsdale No. 4 13.5 .08 4

212306 Coxs at Lidsdale No. 6 13.5 11 5

21 2307 Coxs at Lidsdale No. 7 14.0 .04 5

212320 South at Mulgoa Rd 24.0 89.60 1

212333 Mt. Vernon at Mt. Vernon 23.5 _ .70 1

212340 Eastern at the Bridge 22.0 24.90 3
- 213200. - O'Hares at Wedderburn A7.0 74.50 (2)=5 overestimalts W ey
214003 Macquarie at Albion Park 20.3 31.00 p deewt TEX
214310 Kellys at Kellys Creek 12.8 2.5 4

214320 Boora at Boora Creek 17.0 .93 2

21 ABBO Research at Research Creek 8.5 .39 A




TABLE Al. Cont/d...

NATIONAL ADOPTED RECORD  GATCHMENT RELATIVE RELIABILITY INDEX
STATION - NAME OF STATION LENGTH AREA OF FLOOD FREQUENCY
NUMBER (YEARS) (KM2) CURVE

214334 Cawleys at Lower Cawleys 17.5 5.52 2
214340 Hacking at Upper Causeway 18.0 40.20
215004 Corang at Hockeys 52.0 166.00
215006 Mongarlowe at Mongarlowe 18.0 130.00
215009 Endrick at Nowra Road 23.0 210.00
215010 Kangaroo at Kangarco Valley 19.0 241,00
215223 Brogers at Clinton Park 11.7 67.30
215233 Yarrunga at Wildes Meadow 10.0 7.30
216001 Currowan at Shallow Crossing 7.0 161.00
217003 Arvaluen at Araluen Lower 8.0 - 129.00
218001 Tuross at Tuross Vale 19.0 93.00
. 218003 Yowrie at Yowrie 20.0 - 103.00
218000 Wandellow at Wandella 11.5 64.00
219001 Rutherford at Brown Mtn. 23.0 18.60
219004 Tantawanglo at Tantewanglo 20.0 148.00
-219006 Tantawanglo at Tantawanglo Mtn 15.0 88.00
219008 Nunnock at Brown Mtn. 9.0 18.00
219009 Tankeys D/S Bega Swamp 10.0 7.80
219010 Bonar at Brown Mtn. 16.0 3.60
219015 Nutleys near Bermagui 10.0 25.00
:219016 . Narira near Cobargo 12.5 90.00
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219016

TABLE Al.

TH T emmame s s v

_,”Narira'near_Cobargo

Cont/d. .-

NATTONAL
STATION
NUMBER

NAME OF STATION

ADOPTED RECORD
LENGTH
(YEARS)

CATCHMENT
AREA
(xM2)

RELATIVE RELIABILITY INDEX
OF FLOOD FREQUENCY
CURVE

219017
219018
219020
219021
220002
220003
222012
222400
222401,
222513
222522
224402
401006
401007
401009
401205
401508
401517
402400
403213
405229
407214

" Double at Brogo
© Murrah at Quaama

Sandy .at Mogilla

Bemboka at Bemboka
Stockyard at Rocky Hall
Pambula at Lochiel
Coolumbooka near Bombala
Moyangull at Lookout

Mellick Munjie at Gillingall
Perisher at Blue Cow
Eucumbene at Providence No.2
Moroka at Horse Yard

Paddys, above Granite Falls
Tumbarumba at Tumbarumba
Maragle at Maragle
Tallangatta at Tallangatta
Cootapatamba at Ramshead
Khancoban at Bradneys Gap
Webchbed at Bogong High Plains
Fifteen Mile at Greta Sth
Wanalta at Wanalta .

Creswick at Clunes

12.1

6.0
11.5
13.0
14.0
11.5
12.0

8.7
13.3
15.8
17.0
14.5
26.0
28.0
264
34.3
10.8
13.5
29.5
11.0

9.0
26.5

144.00
38.00
30.00

124.00
72.00

129.00

160.00
28.50
69.90
12.40

165.00
49.70

116.00

134.00

220.00

743.00

5.00
38.90
3.00

223.00

109.00

308.00
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TABLE Al. Cont/d...

NATTONAL

| ADOPTED RECORD ~ CATCHMENT  RELATIVE RELIABILITY INDEX

STATION NAME OF STATION LENGTH AREA OF FLOOD FREQUENCY
NUMBER (YEARS) (KM2) CURVE
407221 Jim Crow at Yandoit 5.5 163.00 3
410009 Jounama at Talbingo 35.0 134.00 1
410010 Yerrangobilly at Yerrangobilly 14.4 97.90 4
410029 Buddong at Buddong Falls 30.0 29.50 2
410034 Gilmore at Batlow 32.0 95.50 1
410059 Gilmore at Gilmore 30.0 233.00 2
410061 Adelong et Batlow Road 28.0 155.00 2
410063 Rock Flat near Bunyan 25.0 220.00 4
410066 Nacke Nacka at Thuro 24.0 124,00 3
410067 Big Badja at Numeralla 25.5 220.00 3
410070 Bumbolle at Bombowlee 16.0 67.00 4
410071 Brungle at Red Hill 14.3 114.00 4
410075 Kybeyan at Kybeyan 19.2 69.00 3
410076 Strike-s-light at Jerangle R4 21,5 217.00 3
470077 Bredbo at Laguna 19.0 75.00 4
410080 Billabung at Glenfield 15.0 708.00 4
410081 Cooma at Cooma No. 2 12.0 103.00 3
410090 Yass at Gunderoo 10.00 320.00 4
410351 Wagga - SCS 28.0 .07 1
410506. Yerrangobilly at Hospital Flat 18,5 227.00 2
410507 - Wallaces at Hospital Flat 18.5 43.50 2
ATO51A ‘ ' Gbérudie at Bolaro 18.0 116.00 2




Hgrvay wooTuaLe a4t Solaro

18.0 116.00 5
TABIE Al. Cont/d...
NATIONAL
STATION NAME OF STATTION " ADOPTED RECORD CATCHMENT RELATIVE RELIABILITY INDEX
NUMBER : LENGTH ARFA OF FLOOD FREQUENCY
_ . (YEARS) (KM? ) CURVE
410523 Honeyéuckle,‘beiow Maragle
S ) Road 16.0 32.10
410524, Murrumbidgee at Rules Pt. 1.4 104.00 3
410533 Tumut, above Happy Jacks 11.8 131.00 3
410534 Happy Jacks above Happy Jacks ‘
- Pondage 12,0 109,00 3
410535 Murrumbidgee, above Tantangarra
o Reservoir 12.4 T 216.00 2
L 4100 Mill Post at Bungendore 15.2 15,50 4
3 412031 Hovels at Hovels Crk. 30,00 272.00 2
' 412063 Lachlan at Guning . 17.0 570.00 3
412064 Bolong at Golspie No.2 14.3 181.00 3
412068 Goonigal at Gooloogong 10.0 363.00 5
412073 Nyrang at Nyrang Ck. 12.0 225,00 4
412074 Isabella at _Ballyroe 12.0 127.00 5
412075 Mandagery at Manildra 12.0 350.00 4
412077 Belubula at Carcoar 10.5 233.00 4
A1 2090' Boree at Cudsl No.2 6.5 ’ 272.00 4
415202 MacKenzie at Wartook 82.0 80.30 1
415217 Fyans at Grampians Rd. Bridge 9.0 36,30 4
416024 Swan at Campbells 11.0 181.00 4
416303 Pike at Barelli 35.0 1036.00 3
416304 Quart Pot at Upper Eukey 24.0 70.00 3




TABIE Al. Cont/d...

NATIONAL , ADOPTED RECORD  CATCHMENT RELATIVE RELIABILITY INDEX
STATION NAME OF STATION LENGTH AREA OF FLOOD FREQUENCY
NUMBER - (YEARS) (kM?) CURVE

L1640, Bracker at Terraine 17.0 686,00
416407 Canning at Woodspring 15.0 1243.00 -
418025 Halls at Bingara 13.0 116.00
418027 Horton at Dam Site 10.0 220.00

418030 Gopes at Tingha 11.1- 70.00

419029 Halls at Ukolan 11.0 389.00
419036 Duncans at Wooldmin 9.0 100.00
419037 Mulla at Bullimball 7.7 277.00
419038 MacDonald at Cobrabald 12.7 358.00
419044 Matles at Dam Site 9.0 171,00

420013 Castlereagh at Coonabarabran
No.2 2%.0 . 124,00

420003 Belar at Warkbon 18.0 142.00
420009 Merrygoen‘at Mendoran 11.0 331.00
420011 Baronne near Gulargambone 7.5 320.00
421010 Bogan at Peak Hill No.l 43.0 543.00
421032 McKeons at Dam Site 12.0 34.00
421033 Bindo, D/S of Gum Valley Ck.  19.0 34.00
421034 Slippery at Dam Site 23.0 15.50
4210%  Duckmaloi Below Dam Site 21.0 104.00
421038 Cudgegong at Rylstone 18.0 544..00

-421041 - © . Crudine, U/S of Turon
SRR - Juhebion 15.0 280.00
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TABLE AL. Comt/d...

NATIONAL L ADOPTED RECORD  CATCHMENT RELATIVE RELIABILITY INDEX
STATTON "NAME OF STATION LENGTH AREA OF FLOOD FREQUENCY
NUMBER ‘ : (YEARS) (KM?) CURVE

421050 ‘Bell at Molong 8.0 365.00 4
421051 . Blackmans Swamp near Orange 13.0 31.00 5

421053 : Queen Ch. Vale at Georges
Plains . 9.0 202.00

421056 Coolaburragundy at Coolah 12.0 225.00

5
5
421066 Green Valley at Hill End 11.0 119.00 4
421067 Pyramil at Hill End 11.1 179.00 5
422301 Condamine at Long Crossing 65.0 80.00 1
422302 “Spring Nth at Killarney 47.0 21.00 1
422303 Spring Sth'at Killarney 47.0 10.00 1
422305 Emi at Gillespies 21.3 98.00_ 4
422313 Emz at Emu VYale 30.0 140.00 2
422321 Spring at Killarney 13.0 34.0 4
422306 Swan at Swanfels 57.0 83.00 2
422319 Dalrymple at Allora 22.0 254.00 3
425016 Box at Cobar 7.0 15,00 5
011001 Homestead at Fowlers Gap 7.0 19.90 5
011315 Nelia at Nelia Dam 3.7 ’ 4,00 5
006003 Gillen at Soil Erosion Project 11.0 3.80 4
Q06009 Todd at Wills Tce. 25,0 450.00 2
006047 Charles at Big Dipper 20.0 42.00 3




TABIE Al. Cont/d...

NATIONAL ADOPTED RECCRD  CATCHMENT RELATIVE RELIABILITY INDEX
STATION NAME OF STATION LENGTH AREA OF FLOOD FREQUENCY
NUMBER (YEARS) (xkM2) CURVE

25, ADDITIONAT, STATIONS

202001 Brunswick st Durrumbul 11.0 34.00
203010 Leycester at Rock Valley 15.0 - 179.00
203015 Goolmagar at Coffee Camp 15.0 109.00
204014 Mann at Mitchell 21.0 881.00

204015 Little at Broadmeadows 22,0 2670,00
204033 Rocky at Billyrimbah 16.0 ' 985.00
205002 Bellinger at Thora 14.0 433.00
205003 Never Never at Slingsbys Rd 10.0 13.00
205004 Bellinger at Scotchmans 10.0 166.00
205006 Bowra at Bowraville 10.0 539.00

206008 Commissioners Water at -
Tiverton 18.0 383.00

206014 Wollombi at Coninside 25.0 376.00
206018 Apsley at Apsley Falls 23.0 894.00
209001 Karuah at Monkerai 20.0 202.00
210021 Paterson at Lostock 24.0 277.00
210034 Widden at Widden 24.0 733.00
210040 Wybong at Wybong 14.0 658.00
210052 Pages at Gundy 22.0 1050.00
211002 Wyong at Wyong 12.0 249.00
212011 . Cox's at Lithgow 12.0 404.00
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TABLE Al. Cont/d...

g%i%ggﬁL ~ NAME OF STATION ADOPTED RECCRD CATCHMENT RELATIVE RELIABILITY INDEX
NUMBER LENGTH AREA OF FLOOD FREQUENCY
Y (YEARS) - (BM2) CURVE
212203 " Nepean at Pheasants Nest 72.0 168600 5
216002 * Clyde at Brooman 9.0 880.00 5
217001 - Moruya at NeGregors Ck. 14.0 891.00 5
221202 Genoa.at Wangarabell 14.0 777.00 b
22001 Maclaughlin at Dalgety Road  15.0 277.00 5
222004 _Little Plains at Wellesley 31.0 621.00 3
222007 Wulwye at Woolway 23.0 556,00 4
222009 . Bombala at The Falls 21.0 543.00 5
402202 Yackandandah at Alleans Flat 24.0 282.00 3
403206 Buckland at Lower Buckland 35.0 302.00 1
404207 Hollands at Kelfeera 10.0 448.00 4
405208 Seven at Euroa 17.0 251.00 4
407213 McCallums at Carrisbrook 27.0 471.00 3
408200 Avoca at Coonooer 81.0 2670.00 2
412020 Abercrombie at Abercrombie 40.0 2770.00 3
. 415210 Richardson at Banyena Sth. 14.0 658.00 4
416003 . Tenterfield at Clifton 46.0 570.00 2
416004 Mole at. Trenayr 5.0 1606.00 4
416006 Severn at Ashford 32.0 3160.00 5
416008 Beardy at Haystack No.4 24.0 907.00 3
416010 Macintyre at Wallangra 29.0 2020.00 2
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TABLE Al. Cont/d...

g%ﬁ%ggﬁL NAME OF STATION ADOPTED RECORD CATCHMENT RELATIVE RELIABILITY INDEX
NUMBER LENGTH AREA OF FLOOD FREQUENGCY
(YEARS) (KM?) CURVE

416401 Macintyre at Whetstone 29.0 3650.00 5

418014 Gwydir at Yarrowyek 11.0 855.00 5

419004 Peel at Bowling Alley Point 54.0 310.00 1

419015 Peel at Pialamore 32.0 1140.00 2

419016 Cockburn at Mulls Crossing 32.0 907.00 2

419020 Manilla at Brabri 21.0 2020.00 4

419024 Peel at Paradise Weir 15.0 2409.00 5

419027 Mooki at Breeza 13.0 3630.00 5

420004, Castlereagh at Mendoran 13.0 3470.00 5

421007 Macquarie at Bathurst 58.0 2771.00 2

421035 Fish U/S Tarana Rd Bridge 13.0 570.00 4

422307 King at King Ck. 31.0 332.00 2

422317 Glengallon at Rocky Pond 20.0 466.00 3

422318 Sandy at Allan 14.0 648.00 5
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APPENDIX B. THE NUMBER OF DATA VALUES FOR FITTING A
PROBABLLLTY DISTRIBUTION TO A PARTIAL SERIES

B.1 THE PROBLEM

Tn Chapter 2 it was decided to use a probability distribution to fit
flood frequency curves to the partial series flood data and hence avoid the
involved in drawing arbitrary curves through the plotted data

subjectivity
by eye. The distribution chosen was the Log-Pearson Type ITI (referred to
nere as LP3).

ined as the time series of events which ex-

The partial series was def
cecded a selected base level magnitude. Current US Geological Survey
practice is to select this base magnitude such that 3N values are used in
the partial series (where N is the length of record in years). When &
probability distribution is used and 1s fitted by the method of moments,
there exists a problem as to how many data points to use, as the walues of
the moments of the data series depend on the number of values used in the
series., This then causes chenges in the parameters and hence in the shape
and position of the derived flood frequency curve. This problem does not
oceur with the annual series, as the number of values in the data series
is fixed at N. An investigation was therefore carried out to determine
the appropriate number of data points to use in fitting the partial series.

B.2 APPROACH USED IN THE INVESTIGATION
investigation was that for selected

The general approach adopted in the

gavging stations, long partial series (up vo AN events) were first extracted
from the records, and these events were ranked and plotted on log-normal
probability paper using equation (2.1) from Chapter 2. Then for each station,
moments were calculated and LP3 distributions fitted to several subsets of
each of the original series conbaining different numbers of the highest
events. These distributions fitted to i
{or numbers of data points) were then plotted on the same graph as the _
original full number of observed values and compared to them and with each

other.

Partial series data were extracted for nine stations, representing a
range of flood frequency curve shapes and record lengths. These gtations
were 201005, 203013, 204043, 205007, 206020, 212304, 214320, 214334 and 421033.

Between 3N and AN events were extracted from each gtation record and ranked.
Sub-series were formed from these full series starting with the highest
ten peaks. Subseguent sub-series were formed by adding constant increments
in the number of data points such that each series included the data points
from the previous one.
The top N events were plotted for each station on log-normal probability
paper, representing the frequency of the observed magnitudes. Each sub-
series for the station was fitted using the LP3 distribution (method of
moments) so that a probability distribution was obtained for each, with
shift, scale and shape parameters of the distributions calculated. Occurr-
ence probabilities for each of these distributions were adjusted to allow
for the use of different numbers of data points for the same record length

(as in Jennings and Benson, 1969).
B.3 RESULTS

The results for each station were summarize
showing the variation of floed freguency curve statistics with variation
of n, the number of largest floods ased in the partial series. The resulting
flood frequency curves of the fitted distributions were also plotted.

d in the form of a table

143 .
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Due to space limitations, results are only presented for the two stations
201005 and 203013, which illustrate results for stations with low and high

skew coefficients respectively. Tables Bl and B2, and Figures B,1 and B,2
present these results.

B.4 DISCUSSION OF RESHLTS

From a study of the plotted frequency curves it was noted that for
station records with high positive skew coefficients, there was very little
difference between the sub-series plots for the different data increments
(Figure B.2). Conversely, for stations with low to negative skew, there
was a large difference between the plots (Figure B.1L ). The fitted frequency
curves diverged from the plotted observed data as the number of data points
considered in the partial series was increased. This divergence is great-
est for the high return periods so that the flood magnitudes predicted
become larger as the number of data points considered increases. The
differences from plotted points were often up to at least 200%.

An examination of the summery tables reveals that the shape paramater
b changes drastically from one data increment to the next, and tends to
become constant when the partial series contains 3N or more data points.
This shape parameter b is indicative of the shape of the probability distri-
bution calculated for the series. The stabions for which the plotted flood
frequency curves exhibited little change when different numbers of data
points were used in the partisl series slso exhibited little change in
the shape parameter. Conversely the stations showing large divergence in
flood frequency curve plots showed large differences in shape parameter
values. This effect can be explained by considering the effects on the
fitted probability distribution of adding incremental numbers of data values
to the partial series. From the summary tables (e.g. Bl and B2) the mean
of the logs decreases and the standard deviation inereases, The standard
deviation is related to the second moment of the fitted distribution about

the mean, and as such its increase reflects the larger relative spread of

the data. The value of b depends on the skewness coefficient, as b is
calculated as:

b = -i-f -1 (B.1)
where b = shape parameter
and Y = skewness coefficient of partial series data

Where large changes occur in the skewness coefficient, large changes
will also occur in the value of b and hence in the shape of the fitted
distribution. The largest changes in b occur with very small values of
skewness, especially as it approaches zero. For skewness approaching zero
the shape parameter approaches infinity, so that a partial series with low
skew (smaller then 0.5, say) will be fitted with a distribution of con-
slderably different shape to that fitted to a partial series with a higher
skew. Very different flood freguency curves should thus be expected.

Of the 290 stream gauging station records used in this project, a con-
siderable number have small skew soefficients (see Figure 2.2, Chapter 2).
If the number of data points used in the partial series for flood frequency
curve calculation was different to N for these stations, the differences
between the predicted and observed flood magnitudes would be expected to be
of similar magnitude to those shown in Figure B.1. This would obviously
be unsatisfactory, as the sample of observed data represents the best means
available for locating the flood frequency curve for the station,
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Table Bl. EBxample of Variation of Flood Frequency Curve Statistics with
* Number n of Date Values in Partial Series - Station with a Series with
Low Skewness

River Basin:- Tweed
Station:201005: Rous at Boat Harbour
Catchment Area: 111 km?

Record Length: 17.3 years (N)

Nunmber of Mean of Shandard Skewness Kurtosis Parameters of fitted LP3 distbn.
Largest Floods Logarighms Deviation of Coefficient of Coefficient Shift Scale Shape
Used (n) of Floods(X) Logs (8) Logs (Y) of -Togs(Ck)  (m) (a) (b

10 2,859 0.057 0.302 3.14 2.479 0.0087 42.8

20 2.700 0.211 -0.949 4.35 3.146  -0.1003 3.4t
30 2.512 0.323 -0.127 3.02 7,593 -0.0205 247

40 2.344, 0.409 0.019 3.00 ~40.95 0.0039 11188

50 2.202 0.465 0.222 3.07 ~1.994 0.0516  80.3

60 : 2.080 '0.506 0.369 3.20 -0.668 0.093 28.4

70 1.975 0.535 0.484 3.35 -0.239 0.129 16.1

80 1.868 0.576 0.483 3.35 -0.516 0.139 16.1




Table B2.

River Basin:
Station: 203013:
Catchment Area:
Record Length:

Richmond

Wilsons at Federal

5, km?

17.5 years (N)

ation of Flood Frequency Curv
Partial Series - Station with a Ser

High Skewness

Example of Vari
Number n of Data Values in

e Statistics with
ies with

Largest Floods

Mean of
Logarithms _
of Floods (%)

Parameters of fitted IP3% Digt.

Coefficient of Coefficient

Deviation of

it

2.659
2.463
2.333
2.231
2.135

Shift Scale Shape

(m) (a) (b). .
2.270 0.102 2.834
1.858 0.104 4.790
1.754 0.132 3.385
1.604 0.143 3.392
1.343 0.138 4746
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APPENDIX G, TREATMENT OF MISSING FLOOGD DATA
C.1 NEED FOR THE INVESTIGATION

Examination and processing of the stream fiow data from recorder stations
used in this project revealed the presence of an appreciable amount of
missing and anomalous data. The former refers to the number of months
where maximum monthly peak flow rates were not recorded or obtainable, and
anomalous data refers to the number of months where maximum monthly pesk
flow rates were given but were anomalous in some way. The most common type
of anomalous data was where the peak flow rate given for an event was the
same as the daily average flow rate for the same event. The frequency
distribution of the percentage of missing data for a sample of 206 stations
is shown in Figure C,1. The 206 catchments represent those used in the
project with their entire period of flows recorded on a continucus basis.
The amount of missing data was of sufficient magnitude to warrant careful
consideration of the procedure suggested in ARR (page 108), as following
this practice would have caused the elimination of an appreciable amount
of the data base. As deseribed in Section 2.2.1, as much as possible
of the missing and anomalous data was checked from the original recorder
charts., The amount of data still missing after these checks was consider-
able, so that a decision was made to carry out an investigation to determine
the best policy for treatment of missing data with respect to the effect
of this treatment on the derived flood frequency curves.

C.2 APPROACH

Based on observation and discussion with experienced hydrographic
personnel, the main causes of missing data were identified as:-

(a) those peculiar to the instrument (e.g. build up of condensation
in the pressure line of the Bristol water level recorder).
{b) general - mechanical faults

-~ natural hazards
- man-related hazards

Of these the most common cause by far was clock stoppage. This is not
usually related to flood event size (except when the instrument is sub-
merged), but occurs as a random process dependent on the clock, the instrument
and gauging personnel,
This random nature of the occurrence of missing data was used as a base
from which to design an experiment to test the effect of the method of
treating missing data employed in the derivation of the flood frequency
curve for a station. Two types of investigations were carried out, one
using observed data from stations with good records, and the other using
synthetically generated data, The first approach will be discussed here,
while the second is described later in Section C.5. 1In the first approach,
the concept was to take a complete record of maximum monthly flows with no
missing data and caleulate the flood frequency curve for this record, calling
it the 'true'! curve. 1'Holes! or 'gaps' were then made in this original
serieg in a random mammer to obtain a 'gapped' series, Each of several
methods of treating missing data (described below) were then applied to
the gapped series and flood frequency curves calculated for each. These |
curves were then plotted with the original 'true' flood fregquency curve,
and compared with it and each other for goodness of fit. A disgrammatic
summary of this approach concept is given in Figure C.2.
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Three separate cases were identified for investigation:-

case 1 - Data missing from a station for which a nearby station record is
available that reflects the magnitude of events as well as their
time of occurrence.

case 2 - Data missing from a station for which a nearby station record is

available which reflects the time of occurrence of events but

not their magnitudes. Daily read records, where peaks are known
to have occurred but not their magnitudes, also fit into this

category.
Data missing from a station for which no nearby station record
is available.

Case 3 -

¢.3 METHODS FCR TREATMENT OF MISSING DATA FOR CASES 1 and 2

If a perfect correlation existed between two station records of flood
peaks, then obviously the best method for estimating missing data in one
station record would be to caleulate the form of the relationship between
the stations and to use this to £ill in the missing periods of the record
of the other station. However, in the real world, such perfect correla-
tions do not exist and it is possible that on two adjacent catchments, a
1ow ranking flood on one coincides with the highest ranking flood on the
other, especially for small catchments. '

Most gauging stations which are close spabially do exhibit a relationship
of flood peaks. The records from one station can be used to indicate when
a sizeable peak has occurred on the other station. However, the degree of
correlation between event magnitudes is commonly quite poor. After study
of catchment records, the 3Nth ranking peak was adopted to indicate the
Jower 1limit of flood megnitude on one catchment which could be accompanied
by a peak larger than the Nth ranking peak occurring at the same time on a
nearby catchment, where N is the number of yesrs of record.

In a gapped series in this investigation, the original data series was
taken as representing a nearby station record in that a 'flood event' was
considered to have occurred in a gap if the original series value in that
period exceeded the 3Nth ranking flood of the original series. Where
there was no flood greater than the 3Nth ranking peak at a nearby station
or in the original data series, the period of missing data was simply
considered as part of the period of record.

The policies used by each method when the magnitude of an event in a
gap in the original series exceeded the 3Nth ranking flood were:-

Method A - ARR
Eliminate the year and subtract. one year from the record length

Method B - Proportion
Depending on the number of ranking events in the year subtract a prop-
ortional smount of the year from the record length and neglect the flood

event . .

e.g. If the missing peék is:
the only one in the year - . subtract 1 year
one of two in the year =~ - subtract & year

one of three in the year - subtract 1/3 year
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Methods CsD and E - Replacement by Synthetic Data
Data for each of the 12 months in the year were considered separately 1o
account for seasonality. For the month in which the gap occurred, say
January, all the renking (above 3Nth} January flows in the entire record
were listed. If there were less than four values, flocds from the months
either side (December and February) were included until at least four were
obtained. Based on this small series of values, a frequency distribution
of floods was estimated for the particular month, and the gap filled with
a value drawn randomly from the distribution. The three types of distri-
buticns used are listed below:

Methed C - Uniform Distribution
One of the series of values for the month was selected at random (with
replacement) and placed in the gap.

Method D - Normal Distribution

Using the mean and standard deviation of the series of wvalues for the month,
a normally distributed random number was generated with these statistics
and placed in the gap.

Method B - Log-Normal Distribution
As for method D, but using the logarithms of the values.

Method ¥ - Nearby Station

This method applies only to Case 1 where data ‘are available at a nearby
station, and a relationship can be determined between the magnitudes of
the floods at that station and at the station being analysed. It was
found that more reliable relations could be founé between daily flood
volumes or average flows than between peak flows, The relation was used to
estimate the averdge daily flow for a wissing flood, and this was then con-
verted to a peak flow from an average ratio of peak to average daily flows
derived from recorded flocds on the catchment being analysed.

Methed G - Ignoring Missing Data

The fact that gaps were present was ignored, and the flood freguency cal-
culation was based on the highest N floocd peaks from the gapped series,
vhere N was the record length of the original series including the gaps.

C.4 RESULTS OF INVESTIGATION USING OBSERVED DATA
FOR CASES 1 AND 2

Nine station records were used to sample different regions, as summar-
ised below:-
- four on the North Coast
-  two on the South Coast
-  three on the Western Slopes

The perlods of record ranged from 9 to 15 years. Three gapped series were

created randomly for each station record, with a range of missing data of 8

to 25% of the record. Methods A to E were applied to these series, as i

described in Sections C.2 and C.3. Method F (nearby station) was applied !

to the six stations which had a nearby station with concurrent records and !

of similar catchment size. Method G {ignore missing data) which was includ-

ed in the study at the conclusion of this part of the investigation, was

applied only to the gapped series for one station. i
Frequency curves were calculated for each station for the series of

the highest N floods made up of the events left in the record after the

gaps were created, and the floods estimated by each of the methods for
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treating missing data. TFor each statlon, these curves were plotted with
the frequency curve for the original ungapped record and its 5% and 95%
confidence intervals. A typical example is shown in Figure C.3. The
frequency Curves for methods A to E were compared by eye with the curves
inal record and assigned ranks of 1 to 5, rank 1 being the

for the orig
best fit to the curve for the original record. The results are listed
in Table C1, where the catchments are grouped by region. Equivalent

ranks on the scale 1 to 5 for methods F and G where applicable are also
1isted in Table Cl.

Methods A to E are applicable to both case 1 and case 2. For the
results of these methods for all regions, the ARR method A was signifi-
cantly worse than any of the other methods, while the Normal Distribution
method D was siightly better than any of the other methods, All methods
except ARR were inside the 5% to 95% confidence interval range, as illu-
strated in Figure C.3. This indicates that the ARR method is significantly
worse than the other methods, while none of the other methods could be
considered significantly hetter than the others. There was one gap creation
trial however, which was an extreme exception to the above points. The
ded the first and second ranking floods from the series.

gaps created exclu
obs for this trial fell outside the 95% confidence limit

Frequency curve pl
as shown in Figure C.4, so that none of the curves fitted the original

series. This trial thus provides the critical situation regarding the
offects of methods for treating missing data on the derived flood frequency
curve. .

The results of this investigation using observed data thus indicate
that for case 2 where correlation with a nearby station is not possible,
all methods except A are generally reasonable, and the replacement by
the Normal Distribution in method D is marginally best. None of the methcds
are satisfactory in the extreme case discussed above.

For case 1 where correlation with a nearby station is possible, the
results for method F on the six catchments are applicable. These resuits

indicate a siightly better performance than method D. In particular,

however, the nearby station method was the only method to fit within the

5% and 95% confidence intervals for the critical trial illustrated in
Figure C.4. It fits the true curve welil, in contrast to the other methods.
Tt can be concluded from the results that where it is possible to
obtain a relation of flood flows with a nearby station, denoted here as
case 1, method F is the best procedure, and is the only method likely to
give satisfactory results in cases where all of the high floods are missing.
The results also indicate that in all circumstances for cases 1 and 2,
the method A recommended in ARR gives by far the worst results. These
conclusions are dependent on the assumption discussed previously that the
occurrence of pericds of missing data is of a random nature and is un-
related to the occurrence of flood events.

G.5 INVESTIGATION USING GENERATED DATA
her informa-

The second investigation was carried out to provide furt
tion on case 2, to indicate a suitable procedure for case 3, and to verify
the above conclusion regarding ARR method A. It was also desired to test
method G where the missing deta are ignored, as the application to the
single catchment with observed data noted above had shown promising results,

The concept utilised here was to enlarge the sample of gap creation
trials to test whether the concluslons drawn from the results for the
observed data were merely due to chance. This was done by generating &
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TABLE C1 Results of Investigation Using Observed Data for Cases 1 ang 2
Hanks in Range 1 - 5 Equivalent
Region Station Trial Assigned to Methods:- Rank for Method
Number Number A B c o E F G
North 201002 1 2 5 P 4 2 <1 <1
Coast {Twesd) 2 4.5 3 45 1,5 1.5 <« <1
3 5 2.5 2.5 1 4 <1 <1
210068 4 5 3 2 1 4 3
{(Hunter) 5 5 1 2 3 4 1
6 3 3 3 3 3 3
204043 7 5 3.5 1.5 1.5 3.5 <]
(Clarence) 8 5 2 3 1 4 3
9 5 4 2.5 1 2.5 2.5
211005 10 5 1 4 3 2 <1
(Tuggerah) 11 5 3 4 1 2 3
12 5 4 2 1 3 1
Total 54.5 35 33 22 35,5 16.5
Av. Rank 4.5 2.9 2.8 1.8 3.0 1.4
South 218006 13 5 1 3 2 4 <1
Coast (Turcss) 14 5 2 4 2 2 1
15 5 3 4 1.5 1.5 <«
; 220002 16 5 4 2 2 2
(Towamba ) 17 5 4 1 2 3
18 -5 2.5 2.5 2.5 2.5
g Total 30 16.5 16.5 12 15
i Av. Rank 5.0 2.8 2.8 2,0 2.5
Western 410066 19 5 2 4 2 2 4
Slopes (M'Bidges) 20 5 3 15 4 1.5 2
21 5 1 4 3 2 2 :
421051 22 3,5 1.5 1.5 5 3.5 "
{Bogan) 23 5 3 4 1.5 1.5 !
24, 5 2 3.5 1 3.5
4718025 25 45 1.5 3 1.5 4.5
(Guydir) %6 5 1 2 4 3
27 5 3 3 1 3 [
Total 43 18 26,523 24,5
Av, Rank 4.8 2.0 2,9 2,6 2.7
Overall Av. Rank 4.7 2.6 2,8 2,1 2.8




Bl ow

arge number of series of maximum monthly peaks using a suitable

- probability distribution, then carrying out the procedure illustrated in

¢.2 and described in Section €.2. The distribution used was the

Figure
three parameber log Yormal distribution. This was chosen because it is
well known and relatively easy to use. The input values used to define

" ¥he distribution were the three momenis given by the mean, standard

deviation and skew of the maximum monthly flows, in real space. The actual
rameters of the log Normal distribution were calculated from these
moments of the maximum monthly flows by means of the relationships given
by Moshman (1953), following the procedure described by Doran (1975). &
study of a large number of observed station records was used to establish
suitable value ranges for the moments of the maximum monthly flows, as

below: -

Mean (w); 2-100 m¥/s
Standsrd Deviation (8); 1 -3n m%/s
Skew Coefficient (v) 3-6

To generate each series, statistical parameters were selectedusing a
wiformly distributed random number generator in the appropriate ranges
above. These distribution parameters were then used to generate from a
three parameter log Normal Population an N year series of maximum monthly
peaks, which represented the original series. The simulation was then
designed to allow for variations in the following aspects:-

{a) Percentage of missing data or number of gaps made
(b) Record length
(¢) Seasonality

& (d) Comparison weighting

Aspects (c) and (d) are simple two-way cholces in that a particular
series can be generated as seasonal or non-seasonal, and the comparison
between the resulting frequency curves can be carried out by either giving
higher weighting to differences at higher return periocds or by giving an
equal weighting to differences for 81l return periods.

The population statistics used to generate the original seriés were not
used to calculate the 'true' flood frequency curve. This was done Dy
calculating the mean, standard deviation and skew from the generated series
of values and using these to calculate the flood frequency curve. Simil-
arly, flood frequency curves resulting from application of the methods
for treating missing data in the gapped series were calculated using the
particular statistics for the sample.

C.6 RESULTS OF INVESTIGATION USING GENERATED DATA FOR CASE 2

The same methods of treating missing data were used in the generated
data trials as were used with the observed data, except that the nesrby
station Method F was not used as relations of floods of a nearby station
were not available. The original (generated) series was again taken as
representative of a nearby atation record in that a flood event was con-
sidered to have occurred in a gap if the original series value there
exceeded the 3Nth ranked flood of the original series. This procedure
was identical with that used for cases 1 and 2 with observed data.

A summary of the results is given in Table C2 for record lengths of
10,20 and 50 years with percentages of missing data ranging from 10 to 30%.




TABLE C2. Results of t Test Values for Generated Data for Case 2.

'$! statistic values for differences 't! values for ARR
RECORD NUMBER % SEASONAL  WEIGHTED of method shown to best (*) method A compared
IENGTH OF CYCLES MISSING 4 B c D B DI EI with next worst
10 500 10 28 14
years 10 - 21 17
10 29 15
10 29 14
20 25 2.
20 27
20 24
30 25
30 21
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refers to the length of record generated
used in the particular run. "Humber of
f series generated and ' percentage missing'
is the ratio of number of gaps made in the original series to the length
of the series, expressed as a percentage. Where seasonality was included,
the generation of the original series involved the use of three setsof

statistical parameters and hence three sets of data generation, one for

each of three blocks of four successive months (e.g. November to February,

March to June and July $o October).

The additional methods used,Dl and E1, represent variations from
methods D and E respectively in that replacement was made from the ranking
floods in the sample throughout, the whole year, rather than from only

those in the particular month in which the gap occurred.
A numerical measure was devised to indicate the difference between the

frequency curve estimated by each treatment method and the freguency curve
for the original generated series before the gaps were created, and the

values reported in Table 02 are the results of statistical tests on these
numerical measures. For a given treatment method i, a sum of differences

pvetween the frequency curves was calculated as

In this table record length (N)
vide the original series

to pro
cycles‘ refers to the number o

YMAX
sUM(i) = £ DIFF(Y) xW(¥) (R
=2

Y

DIFF(Y) = the difference in the discharge values of the
frequency curves for the estimated and original

series at each value of Y,

Y = return periods in the series 2,5,10,20,50 and 100
years up to a maximum return period of YMAX, whose
value depended on the length of each generated

record,
a weighting factor.

where

i

and wiy)

Two options were used for Ww(Y). In the first, equal weightings were given
to each return period. For the second, higher weightings were used for
higher return periods to reflect their greater practical importance, and
this case is indicated by the 'weighted' column in Table ¢2. However, it
“should be noted that even with equal weightings, larger differences of

the discharges are likely at the higher return periods of practical impor-

tancs. For each generated series, a total sum of the differences for the
eight methods for treating the missing data was then calculated as

8
TOTAL = T SuM(i) (C.2)

. i=1
The relative difference of the freguency curve estimated by each treatment
£ the original generated series was

methed (i) from the freguency curve o
then given by

RELDIFF(i) = %%%%)- - (C.3)




The mean and standard deviation of this value were then calculated for

each treatment methed over each set of cycles of runs indicated in Table
C2. An asterisk is shown in this table for the method that gave the best
overall performance as indicated by the lowest mean value of RELDIFF,

A t test was used to indicate whether the best method in each case was
significantly better than the other methods, and whether the differences
in performance are real. The t values were calculated from the formula

(Hays 1970)

L - I
b= 1 2 (C.4)

J/[lelz + NZS?] (Nl + NZJ
Nl + N2 -2 N1N2

which for Ni = N2 = ¥ reduces to

where

and

N A SN ) (c.5)
S1 + 5,

Xl and S1 are respectively the mean and standard deviation
of relative differences REIDIFF{i) from the true flood
frequency curve generated for the run, calculated for the
particular method (i) considered;

X2 and S, are similarly the mean and standard deviation
calculated for the method giving the best performance;

N represents the number of series generated (number of
cycles)

The values of t are shown in Table C2. For t values greater than 3,09
the probability that differences are due to chance is very small (smaller

than 0,001,

The column in Table C2

A table of 1 versus probability is given below in Table C3.
Table €3, One Tailed t Distribution

t value Probability that differences
{one tailed) are due to chance
253 0.40
674 0.25
1,282 0.10
1.645 0.05
1.960 0.025
2.326 0.01
2.576 0.005
3.090 0.001
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headed 't values for ARR method A compared with
next worst' gives the calculated t values resulting from the comparison of
the results of the ARR method A with the results of the worst of the other
methods for each set of rums.




‘or

Almost all of the t values in all columns of Table G2 are significant
at the 0.001 probability level. Most are much higher than the value of
3,09 corresponding to this probability.

The effects of seasonality and comparison welghting changes on the
results were negligible. The results in Table G2 support the conclusion
from the investigation in Section C.4 that the ARR method eliminating the
entire year with missing data is significantly the worst policy in all
combinations of record length, percentage of missing data, seasonality and
comparison weighting.

The method of ignoring missing data (G) is shown to be significantly
better than any of the other nethods tested for record lengths up to 20
years and percentages of missing dsta in the practical area of interest
(Figure C.1). For longer record lengths the proportion method (B) or sub-
tracting a proportional amount from the year for each missing peak was
significantly better than the other methods (except the normal distri-
bution replacement method D).

¢.7 RECOMMENDED POLICY FOR CASE 2

Case 2 is where a gauging statlion is not completely isolated but the
nearest concurrent station record only reflects whether or not. & peak has
oacurred, snd not its magnitude. This case also applies to a daily read
record where the daily value shows that a peak has occurred, but its
magnitude is unknown. For these situations, the two investigations using
observed and generated data indicate that the best policy for Yreating

missing data is:-

(1) For record lengths smaller than 20'years ignore any missing data
(ii) For record lengths larger than 20 years use the proportion method
(B} of subtracting a proportional amoust from the year for each

missing peak.

.8 RESULTS OF INVESTIGATION USING GENERATED DATA FOR CASE 3

For sn isolated station no knowledge of occurrence or magnitude of
events in missing periods could be assumed. In this situation ARR makes
no recommendations, hence no method from this source could be tested.
However, from examination of the case 2 results the obvious policy to re-
commend is to ignore the missing data. As this prove
for case 2 where some knowledge of events in missing periods was available.
Tt would necessarily be the best policy for case 3 where no information on
events in missing periods is available.

d to be the best policy
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(for station 218006 - trial 14).

——— True flood frequency curve from original series,
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Method D - Normal distribution
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and 95% confidence intervals plotted either side.

The other lines represent the

flood frequency curves resulting from
the various methods for treat

ing missing data.
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Figure C.4 Extreme case of frequency curves estimated
for observed data with gaps made in the record
(for station 204043 - trial 7).

KiY:-

True flood frequency curve from original series, with 5%
and 95% confidence intervals plotted either side.

The other lines represent the flood frequency curves resulting
from the verious methods for treating missing data.
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———x— Method C - Uniform distribution
— — — Method- D - Normal distribution
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APPENDIX D,

RELIABILITY INDEX OF THE FLOOD FREQUENCY CURVE
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K - constant of proportionality (defined later).

Sampling error affects all of the previously discussed aspects.
Accordingly, sampling error was considered by means of an overall multi-
plying factor on 'REL' to obtain a reliability index for the flood frequency
curve. Assuming a record length of 50 years to give no sampling error and

a constant standard deviation of logarithms of flood peaks for all stations,
iculated as:-

a multiplying factor to account for sampling error was ca

MF = /N/50

where N = record length in years.

The overall form of relationship below could then be used to calculate
a relative reliability index for the flood frequency curve:

TRR = MF x REL ) (D.3)
TRR = total relative reliability index for a station's
flood frequency curve (a value of 1.0 being perfect)

MF = multiplying factor from equation (D.2)

where

REL = partial series relative reliability from equation
(b.1}
Effectively then,
TRR = MF x{{K'EAi)] (D.4)
K

A numerical value for K was then required to give a suitable range of
values of TRR in the above relation. For example, the choice of a very
large K value would make TRR approach MF, and K less than ZA; would make
TRR negative. Of the IA; terms obtained for each of 290 stations, the value
of 3.0 was rarely exceeded. As a basis for the calculation of a suitable
K wvalue the following two cases were assumed to give equal total

reliability indices (TRR}:-

Case 1 Case 2

ME = MF1 MF = MF, = 2 x MF,
G ZAl =0 EAl = 3.0
S TRR,= TRR,

MF1 X REL1 = MF2 X REL2

HERN

or K =6

assumed to represent a reasonable

This value of X {equal to 6) was then
eliability of the partial series

balance between the weight given to the T
flood magnitudes and the weight given to sampling error in the expression
for the relisbility of the flood frequemcy curve (equation (D.4)}. The
total reliability (TRR) values could then be calculated for each station's
flood frequemcy curve. = : o

As.the relative reliability indices have a subjective basis, their
absolute values have little meaning and they cannot be considered to be of
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five classes of reliability were defined ag
classes were used in practical application,
of the catchments used in the study is
station is also shown on Map 1 of

high accuracy. Accordingly,
listed in Table D8, and these
The reliability class for each

listed in Appendix A. The class of each
eastern New South Wales at the back of this report, and this was used in

drawing the isopleths of design runoff coefficients, greater weight being
given to the stations with higher reliabilities. The reliability classes
were also used in examining outlier values in Appendix K,




TABIE D 1 Unreliability Aspects and Tffects on Partial Series of Floods

Worst Case

Unreliability Partial Series of Flood Effect Size Unreliabllity

or Unsuita- Magnitudes-Effect Directlon Indicators of Effect:- Values Assigned
bility Aspect Lower Random Higher Ranking to each worst case
1) Amount of " . .
;i highest gauged discharge 1 2.5
Rating Curve Ex- / R_Z—year flood magnitude
tengion reguired
2a) Uncertainty
due to missing s
large events - v % missing record 4 1.5
missing records
2b) Uncertainty
due to missing % dail 4 and
large events- v Ly reac &u
daily read rec- catchment area 2 2.0
= ords
) 3a) Non Rural-
Storage(s) on J / gize of storage(s) and
main stream v catehment area A 1.5
3b) Non Rural-
Wo. of storages and
small s‘t?o;‘ag_es / ‘/ catchment area 6 1.0
on_catchment
3c) Non Rural- g
. of catchment under
fc?r?stry acti- \/ \/ forest 8 0.5
Q‘S,J.es
3d) Non Rural-
cult i\-re,’gion \/ \/ Zé:ugl).i i\cr:zjtcl, ng - 8 0.5
activities
3e) Non Rural- . q .
urbanised and
urban ‘/ \/ catchment area 6 1.0
4) Large cateh- cabchment area 2 2.0

ment area-great-
er than 250 kn?




TABLE D2

Unreliability Values Assigned to Ranges
of Rating Curve Extension

to 2Z-year

Ratio R of highest
gauged discharge

Magnitude.

Unreliability Value

Assigned to Range.
flood

VODOOO/\

HPROANRFROO O

ML= ¥ 2 BE 7 B
t

0.06
0.15
0.25
0.50
1.0

O O o R MR
MNUTO W O L

TABLE D3

Unreliability Values Assigned for
Proportion of Daily Read Record

Area Range Unreliability Values for
(km?) Proportion of Daily Read:-
All P %
0 - 50 2.0 1.0 0.5
50 - 150 1.5 0.75 0.25
> 150 1.0 0.5 0.10
i
TABLE D4

Unreliability Values Assigned for Effect
of Storage(s) on Main Stream

Area Range Unreliability Values Assigned to
(kmzj Relative Storage Sizes:-
Large Medium Small :
0 - 50 1.5 1.0 0.5 ’
50 - 150 1.0 0.5 0.2
> 150 0.3 0.2 0
TABLE D5

Unreliability Values Assigned for Effect

of Small Storages on Catchment

irea Range

Unreliability Values Relative to

(km?) Number of Small Storages:- |
Large Medium Small ]
0 - 50 1.0 0.5 0.3 '
50 - 150 0.75 0.3 0.1
> 150

0.5 0.2 o |




TABLE D6  Unreliability Values Assigned for Effect
of Urbanization

Area Range Unreliability Values for Area of
(km®) Catchment Urbanized:-

Large Medium Small

0 - 50 1.5 0.5 0.5

50 - 150 0.75 0.4 0.2

> 150 0.5 0.3 0.1

TABLE D7  Unreliability Values Assigned for Catchments
with Aveas Larger than 250 km?

Area Range Unreliability Value
(kn®)
250 - 500 0.5
500 - 1000 1.0
> 1000 2.0

TABLE D8 Reliability Classes of Flood Frequency

Curves
G RN e
1 0.6 Most
Reliable
2 0.5 - 0.6 -
3 0.4 - 0.5 -
4 | 0.3 - 0.4 -
5 < 0.3 Least
Reliable
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SENSITIVITY OF RAINFALL INTENSITY TO DESIGN DURATION

APPENDIX E.

Traditional formulae for design duretion of rainfall have been tested
against an observed measure of characteristic catchment response time by
Feench et al. (1974), and large differences were found. The purpose of the
investigation deseribed in this Appendix was to demonstrate the magnitude
of differences in calculated design rainfall intensities caused by the

choice of the formula for design duration.

In order to achieve this purpose it was necessar
for calculation of rain
Three calculation procedures are used in ARR for the
data, one for each of the duration ranges 6<t<60 mins,
12<t<72 hours.

The use of these proc
duration equal to 14! hours,
tions below:-

y to examine the methods

generalised rainfall
1<4<12 hours, and

edures to calculate rainfall intensities for a
of return period 'I' years, employs the rela-

(a) 6$tmin$60 minutes
DTt .Y = 1(12,1{)x(Jer;Fanfl)x(o.sog+—49'5S6 y &L
min t . +11.767
min
(b) 1¢t€12 hours _ ) .
I(4,Y) = I(12,Y) I\_AFACT (7103;—?—2%6 - .143)+1J (E.2)
(e) 12<t<72 hours
O I(t,Y) = I(12,Y) - £(4)x(1(12,Y)-1(72,1}) (£.3)
and £() - 180:3 10,36%55.8)-142.8 (E.4)

for '¢' in the range of interest for small catchments. In

these equations,

1(+4,Y} = average rainfall intensity (mm/h) for duration t
hours or tmin minutes and of return period ¥ years.
1(12,Y)= as above with t=12 hours
1(72,Y)= as above with $=72 hours
= mone factor from Table 2.3 of ARR, dependent on loca~

AFACT
: tion. This is also shown in Figure 5.2 of this report.
Equation (E.4) is an empirical expression of the relationship over the

section of interest of Figure 2.47 of ARR.
Thus once the site of interest has been located on the rainfall maps and

the return period chosen, the only parameter affecting the caleulation of
rainfall intensity is the rainfall duration chosen for the catchment. Con-
sider the case where one design duration formula recommends a value of 13
for a catchment while another recommends to. The difference this causes in
calculated rainfall intensities (and hence derived runoff coefficients) can

be seen by referring to Figures E.l and E.2.
In general form the curves shown on these figures can be expressed as:-

] "
In=1; x "EEJ (E.5)

fall intensity for verious durations and return periods.




where Ip = rainfall intensity (mm/hr) caleculated for any particular
return period for duration to

Iy = as above for ty

n an exponent varying between 0.5 and 0.7 depending on
rainfall zone and the value of t7-

Reference to Figures E,1 and E.2 shows that, for example, a 50% over or
under estimate of appropriate design duration can cause approximstely a
25% underestimate or 50% overestimate of rainfall intensity respectively,
This in turn would cause more than 30% overestimete or underestimate of
runoff coefficient respectively, as the runoff coefficient derived by the
appreach described in Secticn 1.4.1 is a reeciprocal function of rainfall
intensity.

When considering very small catchments with short design durations
of say 30 minutes, large percentage over and underestimates of duration
are likely., The reason for this is that a 50% overestimate of design
duration would be caused by an error of only 15 minutes or similar short
time. The effects of errors in design duration on runoff coefficients
are thus likely to be larger for smaller catchments.
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CHARACTERISTIC MEASURES OF CATCHMENT RESPONSE TIMB
FOR DESIGN RAINFALL DURATION

APPENDIX F.

As available formulae for time of concentration have been shown to give
considerable scatter of values and errors, this investigation was carried out
to develop a formula or formulae based on observed data. Values of time
of concentration or response time were obtained for ninety-six catchments,
as noted in Section 4.4.1. Date for a large number of catchments were
available in three publications. However, some of the catchments were un-
suitable as a result of features such as swamps or large storages, and
some of the response times 1isted were obviously much longer than indicated
by the remainder of the data. This problem of anomolously long times of

tered by French et al. {1974), especially for

concentration was also encoun
the Snowy Mountains and Southwest Slopes regions. The values from suitable

catchments that were adopted from the published studies were twenty-three
minimum times of hydrograph rise from French et al. (1974}, twenty-two values
of the baselength C of the time area diagram of the Clark unit hydrograph
model from ARR, and eight values of the Clark C from Baron et al. (1980).
The remaining fortythree values were minimum times of rise extracted in
this study. The response times and relevant data for the ninety-six catch-
ments are presented in Table Fl.

Measures of various catchment characteristics were extracted for use in
the derivation of design formulae for catchment response time or time of
concentration. The characteristics extracted for each catchment were:

a) Catchment area A

b) Main stream length L
. ¢) Main stream average slope Sa

d} Main stream equal area slope Se

e) Catchment compactness coefficient (shape factor)
f) Medisn annusl rainfall

g) Soil type

and

h) Vegetation cover

Values of L and S were adjusted to correspond to the standard map scale of
1:25 000 (Section 3.6)., General c}assifications only were obtained for
soil type and vegetation cover as }ime did not permit more detail. To find
some appropriate quantitative measure for soil type, infiltration indices
were sought. These were only available for a very few soil types with de-
tailed classifications. Soil type however was not expected to play a vital
part in minimum rise time relations, and would be expected to ‘be reflected
in the values of the runoff coefficient rather than in the minimum rise
times. The same would apply to vegetation cover and median annual rainfall.
Also, in the event of a large flood with close to the minimum rise time,
the soil would be likely to be saturated and hence the influence of soll
type would be negligible.

An approximate hydraulic roughness index was assigned to various vege-
tation cover types ranging from roughest for grass cover to least rough for
forest cover.

The ninety-six catchments were then separated into the three gross
geographical regions of coastal (thirty-five catchments}, Tablelands
(twenty—three), and Snowy Mountains (thirty-eight). As some of the catch-
ment characteristics were highly correlated with each ©

ther (see Section 3.7},




it is not valid to consider each as an independent variable in regression
studies. Various combinations of area, length and slope were used as
single variables. The form of the physical relationships and the range
and distribution of values of some variables indicated that multiplicative
power function relations would be better than summatsion type relations.
Regressions were thus derived using the logarithms of the values,

Initially the catchment characteristics of ares and stream length
were used in correlation studies in each region., These consisted of simple
linear regressions of the logarithms of the response time values on the
logarithms of the values of the catchment characteristics. The results are
presented in Table F2. From this table and the plotted relationships in
Figures Fl1 and F2, it was seen that there was very little difference between
the relationships derived for each region and for all of the data. This
indicated that the effect of catchment size on minimum rise time was
largely independent of region. As catchment size is the major variable
affecting minimum rise times, regional differences were congidered to be
negligible, with any residual regional effects to be accounted for by the
characteristics (slope, vegetation cover and median amnual rainfall) not
yet considered. .

Using the pooled data for all ninety-six catchments, the variations in
response times not accounted for by the simple regressions on catchment ares
and slope were then investigated. Variations in terms of ratios rather
than absolutevalues were appropriate as the regressions were calculated
using logarithmic values. From the parameters of the gimple mgressions given
in Table F2, these variations or deviations were calculated sas

- 0,38
L ti/0.76 Ai (F.1)
and Vi = b3/0.54 Lf-°° - (F.2)
where vgi, Vgi = varigtion or deviation in response time not accounted
' for by the area or length relation respectively, for
catchment i (h)
t; = characteristic response time for catchment i (h)
Ai = area of catchment i (km?)
L; = mainstream length for catchment i (km)

The presence of any relation between Voi and vg; and each of the char-
acteristics of shape factor, median annual rainfal%, soil type and vegetation
cover roughness index was then investigated. The results are not presented
here, but indicated that no relations existed. It was concluded that any
attempt to improve the prediction relations for response time by the inclu-
sion of any of these variables would not be warranted, '
Although ‘stream slope was not related to deviations of response time
based on the area relation, it did show a slight correlation with those
based on the length relation (equation F.2). A large set of regressions was
then calculated of logarithms of characteristic response times on logarithmic
values of the variable (L/SE)® over a grid of values of m and n. This app-
roach was used as L and S, cannot be considered as independent variables,
The combination of m and n yielding the highest correlation coefficient and
lowest standard error of estimate of the logarithms was adopted as the best

relation, yilelding 0.50

t o= 169 (—2—) | (¥.3)
v

Se




en

‘en

nm

r time of concentration {hours)

where 1 = characteristic response time. o
L = mainstream length (km)
Se = equal area slope {m/km)

This relationship had a correlation coefficient for the logarithms of 0.92
with a standard error of estimate slightly larger then that showm in Table
F2 for the area relationship using data for all ninety-six stations. ¢
As part of the above procedure the relationship given below with Qg——}
e

as the independent variable was obtained:

v = 3.7 (-S;I—J—)"-.38 (®.4)
N .

This gave a correlation coefficient for the logarithms of 0.8L with a

gtandard error of estimate 25% larger than that found for (F.3). Equation
(F.4) yields almost identical time values with those given by the relation
of Baron et al. {1980) for values of C in the Clark model for synthesis of

unit hydrographis:

¢ = 3.01 (g2)°-*° : (F.5)
e

Both relations are shown in Figure F.3. Values of the Clark model G given
by the relationship of Cordery and Webb (1974) are also only a few percent
different. Although some of the data were used in deriving each of these
three relationships, they are partly independent. The similarity of the
relations provides considerable mutual econfirmation, and reflects the fact
that Clark C values are the same as minimum time of hydrograph rise as long
ss the rainfall excess is short and the time area diagram has its maximum
ordinates at or near its end. To prevent proliferation of formulae giving
virtually the same results, equation (F.5) of Baron et al. (1980) was adopted

here rather than the derived equation (F.4).
From the work described above, three formulae were selected for further

testing as a means of estimating the design rainfall duration. These form-
ulae were:
t = 0,76 A% (from Table F2)
o= 1.69 (=)0 (F.3)
5e
b= 3,01 (g )0 (F.5)
e

The final testing of these and several other means of evaluating design
rainfall duretion was based primarily on the consistency of runoff coeffic-
jents derived using these procedures, and is described in Chapber 7.




TABLE F.1 List of Catchments Used in Response Time Studies

National Responsible Characteristic

Physical Catchment Characteristicg

Gauging Authority Catchment Catchment Stream Stream Slope
Station Response Source { Area(km?) Length
Number Time (hrs.) (lm) | Sg S
116014 %WSG) 9.0 ARR 585 65.8 4.64 7.53
Qld
119005 w 12.0 1 1092 2.8 5,27 7.54
122003 n 5.0 n 260 34.8 6.88 18.7
136107 " 11.0 n 375 7.0 1.38 7.66
136202 " 15.0 " 640 90.2 1.90 LaRd
143103 " 4.0 i 225 7.9  16.6 38.0
143107 n 15,0 n 620 7.8  L.77 9.34
143108 " 15.0 1 920 92.1 3,19 12.9
145102 n 8.0 n 545 1.4 8.52 11.5
204020 WRC 3.5 BPC 251 49,1 15.2 17.0
(NsW)
204021 " 4.6 n 70.0 25.5 11.0 19.5
204026 b 4.3 n 80.0 21.2 4.5 15.2
210017 n 4.0 FPL 98.0 20,0 28.1 51.9
210019 " 5.5 " 104 21.9  47.9 50.7
210042 " 6.0 n 205 41.2 5.62 13.2
210045 n 2.0 " 41.0 12.3  8.35 17.8
210046 " 5.0 " 153 22.2  7.06 13.2
Scone 3CS SCS 0.40 n 0.18 0.72 117 219
(Hsw)
212008 WRC 4.0 n 199 23.8  6.84 14.9
(NSW) : :
212291 ?WSB? 2.6 BPC 650 58.1 9.82 17.6
NSW
212301  UNSW 0.25 NEW 0.06 0.33 201 200
212302 n 0.15 " 0.13 .51 98,2 86.3
212303 n 0.15 n 0.06 0.43 128 128
212304 1t 0.40 n 0.08 0.42 63 81
212305 n 0.31 BPC 0.06 0.37 66 66E
212306 " 0.20 NEW 0.11 0.40 128 110
212307 " 0.25 " 0.04 0.33 119 17
212309 n 0.44 BPC 0.23 0.71 38 38E
212320 " 6.0 FPL 89.6 2.3 1,88 4.58
212333 " 0.50 n 0.70 1.36  24.2 39.3
212340 n 4.0 b 4.9 9.25 5,64 10.4
213200 MWSDB 45 n Th.5 18.3 11.2 14.5
214310 UNsw 1.1 NEW 2.54 2.92  17.9 £0.8
Q14314 L 1.0 " 8.03 6.10 29.0 40.6
214320 " 0.6 i 0.93 1.8 130 132
214324 i 1.0 n 2.5 11.6 14,0 25.2
214330 1 0.5 FPL 0.3 1.20 64.1 65.8
214333 " 1.25 NEW 2.64 2,10  47.0 -~ 65.0
214334 " 1.5 FPL 5.52 4,80 4504 55.0
214340 " 2.5 n 40.2 17.5 8.4 .18.1




215004
222400

222401
222505
222508
222509
222516
222517
222519
222520
222524
304058

304108
309002
309001
309200
308003
310006
310007
315002
315003
315006
316003
318039
401007
401009
401508
401512
401516
401519
401520
401521
L1526
401527
401528
401536
401537
401542
401543
410009
410034
410059
410067
410508
410511
410513
410516
410527
410536
;10537
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756
713
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78.0
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134
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43.0
18.6
7.7
8.29
12.2
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28.7
134
95.5
233
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334
12.7
0.34
0.44

30.1
12.9

6.41
16.6
13.3
8.64
7.73
4,37
12.5
4.2

10.5
25.2

7.01
60.8
52.8
27.3
62.3
545
76.5
82.5
”9.1
4423
15,6
5.63
28.6
36.3
4.3
15.5
12,1
3.52
7.34
15.4
19.7
10.9
10.2
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410538 . 0.54 0.98 120
410539 . 0.28 0.87 133E
421033 34.0 7.35 22.8
421034 15.5 6,20 21,6
421038 544, 63.9 2.65
421079 . 1070 123 2.07

Note:- Key to 'Responsible Authority' abbreviations is as in
Stream Gauging Information, 1974.

Key:- FPL - French, et al., 1974 {(Minimim t )
to Source BPC - Baron et al., 1980 (Clark C)
ARR -~ AR&R, 1977 (Clark C)

NEW - Data obtained from charts and from
previous analyses {Minimum tp)




TABLE F2  Results of Regressions of Characteristic Response
Times on Catchment Area and Length of Mein Stream

Results of Regression Analyses

gion oot [T o

| Kk n r® sEE¥|k n b  SEE¥
Coastal 35 65 40 .93 1.54 | .45 .70 .91 1.55
Snowy 38 92 .34 .82 1.53|.7L .57 .79 1.55
Tablelands 23 72 .39 .96 1.56 | .52 .70 .9% 1.6l
ALL 9% 76 .38 .92 1.54|.54 .66 .91 1.57

factor on time

A Correlation coefficient of logarithms

¥  Standard error of estimete, expressed as a miltiplying or dividing
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Figure F.1 Regional regression relations between response
time and area,

8

=)

Minimum rise time (t) in hours

o

]
01 1 10 100
Main stream length(L)in km
Key:as for figure F.1

Figure F.2 Regicnal regression relstions between response
time and stream length.
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APPENDIX G COMPARISON OF DESIGN RAINFALL INTENSITIES GIVEN BY PLUVIOGRAPH
DATA AND GENFRALISED PROCEDURES BASED ON DAILY DATA FROM
WAUSTRALIAN RATNFALL AND RUNCFF"

In Section 5.2 reasons were given for choosing the generalised rainfall
data presented in map form rather than the pluviograph data from ARR. The
point was made that if the same rainfall data are used in derivation of runoff
coefficients as are used in estimation of design floods, the observed floods
of various frequencies should be reproduced. However, it is still very
desirable that the best possible values of rainfall intensity be used in
both derivation and application of runoff coefficients. Thus for complete-
ness, a comparison was made between rainfall intensities calculated from
pluviograph data at pluviograph sites and rainfall intensities extracted
from rainfall maps based on daily data at these sites, in both cases using
the design data in ARR. This was done primarily to show that there are diff-
erences between rainfall intensities caleulated from different data sources,
and that these differences are large enough to warrant the stipulation that
rainfall intensities to be used with the runoff coefficients derived in this
report must be calculated from the generalised procedure using the rainfall
maps and based on daily data, rather than from the pluviograph data,

Rainfall intensity varies with both duration and return period, so that
rainfall intensities were extracted from each data source for Gurations of
1 and 12 hours and return periods of 2 and 50 years. These data were extracted
for eighteen pluviograph sites covering a range ‘of topography from Coastal
to Western Plains. The.extracted values are listed in Table G.1 with the
caleculated ratios of rainfall map value to pluviograph data value. Some
inferences from these ratios are:

(a) In general there is a fairly good agreement between intensities from
each data source,

(b) Region, return peried and duration have little overall effect on the
magnitude of the ratio of the values from the two sources.

(¢) Some differences should be expected, caused by the pecuvliarities of
the particular pluviograph site as opposed to the larger areal spread of
daily rainfall stations used to derive the rainfall maps in ARR.

(d) It is not possible to derive intensities for short durations for sites
in the Western Plains region using the rainfall maps in ARR in a similar
fashion to that used for Eastern NSW.

(e) Although the overall agreement of values from the two data sources is good,
some individual differences are as large as 50%. For calculationof
intensities for sites some distance from pluviograph sites, these diff-
erences will increase in many cases.

(f) Use of rainfall map data will vield rainfall intensity-frequency-duration
estimates of comparable accuracy to pluviograph data for eastern NSW,
" based on the above inferences.

184




TABLE G.l Comparison of

T
fpoc

oy

Rainfall Inten

sities Derived from ARR Pluviograph Data and Generalised
Map Data for 18 Pluviograph Sites

Rainfall Intensities (mm/h) extracted from Pluviograph Data (Ip)

Muration (h)

and Generalised Map (Im) sources
1

agt

Return Period(yr) 50
Pluviograph Im Ip Ip/Im Ip/Im Ip Im
Site

Condong 44,0 39.5 1.1 741 0.9 11.7 1.2 2.4 22.0 1.2
Bellbrook 2.4  31.6 1.2 79.8 1.2 8.1 1.0 19,2 16.4 1.2
Williambown 31.3 33,5 0.9 51.3 0.7 6.7 1.0 9.7 16.4 0.6
Sydney 39.8  38.2 1.0  78.0 1.0 8.7 1.1 16.8 16.0 1.1
Robertson 3%.5  47.8 0.8 79.2 0.8 11.6 1.2 29.6 20.0 1.5
Araluen 25.4 23,4 1.1 61.9 1.3 8.1 1.3 17.0 13.0 1.3
Tenterfield 30.8 33.6 0.9 55.7 1.0, beb 0.8 10.4 10.0 1.0
Walcha 27.8 21.3 1.3 A5.7 1.1 k.6 0.8 7.0 11.0 0.6
Kiandra 18.4 15.5 1.2 28.5 1.1 5.1 1.2 8.5 7.5 1.}
Burrinjuck Dam 20.1 20.3 1.0 33.8 0.9 PAYA 1.0 7.4, 7.6 1.0
Canberra 22.1 21.0 1.0 45.2 1.2 b3 1.0 7.4 8.0 0.9
Wellington 26.6 27.8 1.0 39.1 0.8 6.7 1.3 9.7 9.2 1.1
Cowra 22.8 24,1 0.9 42.3 1.0 43 1.0 8.4 8.0 1.1
Wagga Wagga 25.5 21,6 l.2 41.5 1.1 3.9 1.0 7.2 7.0 1.0
Deniliquin 18.6 36.6 3.6 1.0 6.5 6.5 1.0
Mildura (Vic.) 16.4 44..0 3.1 1.0 7.0 6.2 1.1
Woomera (SA) 13.7 35,7 2.6 1.0 5,3 7.0 0.8
Windorah (Qld) 17.3 L6.7 2. 0.6 8.2 9.9 0.8




APPENDIX H. CALCULATION OF RAINFALL INTENSITIES WITH A
PROGRAMMABLE CALGULATOR

This appendix presents the key sequence for the programming of a TI59

model calculator to calculate rainfall intensities for return periods of

s 2, 5, 10, 20, 50 and 100 years. The program is listed in Table H.1.
The intensities can be calculated for any design duration. The inputs required
are catchment area to calculate design duration in the adopted formula {equa-
tion 4.2), and the three rainfall parameters zone, I1(12,2) and I(12,50).
These can be extracted from the reproductions of ARR maps presented here ss
Figures 5.2, 5.3 and 5.4.

Rainfall intensities using this program (Table H.1} can be calculated
for catchments in the size range 0.005 to 2400 km? (i.e. 6 mins<t<i2 hours
from equation 4.2). However, the maximum size of catchment for which the
design precedure in this report is recommended is 250 km®. The method and
its use are described in the following steps:

Locate Catchment on best available map scale. .
Extract Latitude and Longitude of approximate catchment centroid.
Measure Catchment area from map.

Extract rainfall parameters based on location extracted in {2) above:

Figure 5.2 - Zone Factor (AFACT)
Figure 5.3 - 1I(12,2) wmm/h
Figure 5.4 - 1I(12,50) mm/h :

5. Input the programme sequence shown in Table H1.
6. Input the necessary parameters as below:

RST, R/S, Catchment Area (km?), R/S, Zone Factor
R/S, I{12,2) mm/h, R/S,I(12,50) mm/h, R/S.

7. Recall the rainfall intensities calculated for the particular design
duration for any of the return periods of interest: 1, 2, 5, 10, 20,
50, and/or 100 years.

It would then be a simple matter to calculate fIood peak estimates for

any of the above return periods using the design runoff coefficients derived
in this report.

LN

Table H.1 Program Key Sequence !

Description of Step Key Sequence For
Step (TI59)

1. Inputs Required (in order) CIR, IRN,
- catchment area (km?) R/S, Sto003,
~-zone factor (Figure 5.2) - R/S, Sto0,
~1(12,2)mm/hr(Figure 5.3) R/S, Sto0b,
~I{12,50)mn/hr (Figure 5.4) R/S, Sto07,
2. Calculate Design 1, x= ¢,
Duration (%) and calculate RCLO3, Y%, 0.38,
appropriate multiplying %,0.,76,=,5t008,
factor for this duration 2nd, x> t,A
(see Table 5.1 in main report); RCLO08,x,60,+,11,767,
Memory08= design duration = 1,X%,49.586,

X




,....
TS e RS

Table H.1 Cont/d...
Memory 09= muttiplying factor

+,0,309,=,%, (cRCLO4,
+!ll)3=98t009’
GT0,B,2nd,Lbl,4A,

1.798,-, {RC1O8,+,
0-5769)!'10-143:
=,X,RGL04,+,1,
=8t009,2nd,
Lbi,B,

e b

7

Calculate 2 and 50 year

od rainfall intensities
and proportional increase factor
for obther return periods (Figure
2.46,ARR);

Memory O
Memory 5

return perl

2 - 1(%,2) mn/h
0 - 1(t,50) mo/h
Memory 11 - increase factor

RCLO6,x,RCLOY, =,Sto02,
RCLO7, x,RCLO9, =,51050
RCL50,~,RCLOZ,=, %,
129.5,=,5t0lkl,

05
10
20
59

L. Calculate Rainfall
intensities for other
return periods:-

Memory Intensities {(mm/h)
o1 - I{t,1)

RCLOZ,+,RCL1L, x,
40,=, Sto05,
RC102,+,RCL11,x,
61,=,5to 10,
RCLOZHRCLLL, X,
95,=,3t020,
RC1.02,+,RCL11, X,
160, =,8t059,
1.13,x,RCL50,%,RCLOZ
:,lnxlx!0-17349+y
1,=,;,x,0.885,

X
%,RCLOZ,=,5t001,
RST,R/S, IRN

R & s e




APPERDIX T,

RESULTS OF REGRESSION AND CORRELATION STUDIES

This appendix contains the various regression and correlation studies
referred to in Chapters 7 and 8 and Appendix L. They are presented in the
form of fourteen summery tables. The requirements for and inferences from
each study are not described here as the mein text contains the relevant
descriptions. The sections whereeach table is referred to are listed below:.

TABLE NUMBER REFERENCE IN SECTIONS:-
T2 7.3
13 , 7.3
I4 7.3
15 7.3
16 7.3,1.2,1.3
I7 8.1.5
18 8.3.3, 8.4
19 8.3.4
110 834
113 8.3.4
Ilz L.2,L.4
113 L.2
114 .4
115 L.4

The regressions and correlations were computed using a standard IBM simple
and multiple linear regression program. A description of regression analysis
will not be given here as it is available in any standard statistical text.
The regressions have been derived to obtain predictive relations between the
various variables, and alsc to compare various forms of relations between
the variables. The degree of association hag generally been indicated by
correlation coefficients or coefficients of multiple correlation. Both the
regressions and correlation measures often apply to the logarithms of the
varisbles rather than to the actual values of the variables, Standard errors
of estimate have also been given in Table I6 in the form of multiplying and
dividing factors for the actual values as the relations are of logarithmic
form,

The choice between alternative forms of regression relations has been aided
by the values of correlation coefficients. It has been recognised that corre-
lation coefficients considered in isolation provide an inadequate basis for
assessment and comparison of derived regression ralations. Consideration of
the form of the relations and all relevant physical factors has also.beén used
to assess and select the relations. Significance tests have also been carried
out on the correlations, as the significance of the correlation coefficient
depends to a mejor extent on the size of the sample. For simple regressions,
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ificance of the correlation coefficient has been examined by
rd t test with (W-2) degrees of freedom using the statistic

t = v /(8-2)/V(1-r?) 1.1
where T = value of the correlation coefficient
and N = number of data points in sample.

For multiple linear regressions, the significance of the coefficient of
miltiple correlation has been examined by the F test using the statistic

the sign
the standa

_r? N-K
F —T:-ITZ K—l 1.2

where K = number of independent factors in the relation.

As noted above, where logarithms of values are used in the regression
relations, the correlation coefficients and significance levels apply to the
Jogarithmic values. In general, a probability level of 5% or lower has
been adopted in this report to indicate a significant degree of correlation
and that the apparent relation is unlikely to have occurred by chance.

The variables used in the regression and correlation studies reported
in this appendix are listed below in Table I.1 in alphabeticsl order. Their
symbols, meanings and units are given, together with the tables in which they

are used.

Table I.1 Variables used in Regression and Correlation Studies

Units Tables in which used

Symbol Meaning
A Catchment area km? 7

c(Y) Y-year runoff coefficient - 2, 3y 4y 5
Cp 10-year runoff coefficient

derived from observed floods - 7
Cp 10-year runoff coefficient

predicted from design map at

back of report - 7
Fry Frequency factor by which to

multiply C{10) to obtain c(y)

for a station - 8, 9, 10,11
FF, Average frequency factor for

return period ¥ years

- for eastern NSW - 8

- for each of the three rainfall

zZones - g, 10, 11
FFRy Ratio of frequency factor FF, for - 8, 9, 10, 11
_ individuval station to averaggFFy

for region.

I(12,Y) Rainfall intensity of 12-hour mm/h 2, 6, 8, 9, 10, 13,

duration and_Y-year reburn period 12, 13, 14, 15




Table I.1 Cont/d...

MAR Median annual rainfall for a mm 6, 12, 14, 15
catchment ' inches 3, 13

MF Multiplying factor by which to - 7
multiply predicted £{10) to obtain
derived C(10) -i.e. Cp/Cp

Q(Y) Y-year flood peak m®/s

RL Record length of observed flcods years 2, 12, 14, 15
used in derivation of partial
series

Se Equal area slope of main stream m/km 7

Sa/S Slope non-uniformity index - ie., - 5., 7, 8, 9, 10, 12
ratic of average slope 1o equal 12, 13, 14, 15
area slope of main stream

SDEV Standard deviation of the log- log(m®/s) 12, 13, 14

arithms of the floods in the
partial series at a station

SKEW Skew coefficient of the log- - 12, 13, 15
arithms of the floods in the )
partial series at a station

X General symbol for a variable

A point of interest not referred to elsewhere in the report is that record
length (RL) is significantly correlated with catchment ares (Table I.12).
This reflects the fact that larger catchments have in genersl been of greater
interest to gauging authorities than smaller catchments. Concern for the .
gauging of small catchments has only developed fairly recently, and the records
available for anslysis in this project indicate that there is still a deficiency
of data for small catchments.

The remainder of this appendix presents the tables summarising the various
regression and correlation studies.
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Table 1.2 Relation
to 12-hour rainfall

of runoff coeffici

intensity.

ents of various return periods

.
Return Number Relation C(Y) = & + a.1{(12,Y)] Correlation 3ignificance
Period of - Coefficient Level - %

Y years Stations k a
e A—
284 -0.259 0.110 0.60 <0,2
284 -0.319 0.108 0.66 <0.2
28L -0,280 0,087 0,64 <0.2
10 284 -0.270 0.085 0.62 <0,2
20 214 -0,238 0,073 0.66 <0,2
50 105 -0.229 0.072 0.66 <0.,2
100 73 -0.178 0.065 0.66 <0.R

Table I.3 Relation of

runoff coefficients of various return periods

to median annual rainfall { inches )
Return Number Relation Correlation|Significance
Period of stations | G(Y) = k + a.MAR Coefficient|Level-%
Y years "
a
1 284, -0.076 0.0082 0.49 <0.2
2 284 -0,088 0.0102 0.52 <0.2
5 284 -0,067 0,0114 0.50 <0.2
10 281, -0.052 0.0127 0.48 <0.2
20 214 0.041 0.0110 0.44 <0.2
50 105 0.693 -0.00022 0.17 8
100 73 0.606 0.00027 0.05 60




Table 1.4 Relation of runoff coefficients of vari

to elevation above sea level :

ous return periods

Relation C(Y) = k +.a.X
where X = elevation above sea level (m)
Return Number » o
Period of Correlation [Significance
Y years Stations k a Cosfficient] Tievel-4
1 284, 0.278 -7 x 10-5 0.12 3.6
2 284 0.361 -1.1 x 1074 0.16 0.5
5 28/, 0.428 -1.1 x 107 0.14 1.6
10 284 0.501 - =-1.3x 107" 0.14 2.1
20 214 0.565 -2.0 x 107 0.22 <0.2
50 105 0.693 -2.2 x 107 0,17 7.6
100 73 0.663 : -9 x 1073 T 0,07 56

Table 1.5 Relation of runoff coefficients of various return periods
to slope non-uniformity index of main stream

Return Number Relation .
" Period | 7 of mﬁek+aﬁﬁ% %wd@mﬂ&@ﬁmww
Y Years Stations e Coefficient| Level-%
, N IR
1 28/, 0,206 - 0,017 - 0.10 11
2 284, 0.244 0.030 0.14 1.4
5 28}, 0.322 0.024 0.10 9
10 284 0.398 0.020 0.07 22
20 21 0.394 - 0.034 0. 9.5
50 105 0.593 -2.4 x 107" 0.04 68
100 7 0.999 0,170 T 0.00 >80
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Return | Number o(¥) = kA?, [112, 1]P MRC
Period ° of_ e - T of SFE
Y years: Stations k a b ¢ Logs ratios
1 284, 0.0005  0.69  2.27 .0.69  0.89 2.0
2 284, 0.0005  0.72 2.49 0.59 091 1.9
5 28}, 0.0007 0.74 240  0.53 092 1.9
10 284 0.0011  0.74 2,31 0,510 0.92 1.9
20 214 0.0020  0.75 2.37 0,37 0.92 1.9
50 105 0.0134  0.65 0.58 0.79 0.81 2.4
100 73 0.1470  0.66 2.83 -0.34 0.%1 1.8
Table I.7 Relations for multiplying factor (MF = GD/CP} for

obtaining the -derived from the predicted 10-year.runo

£f coefficient.

Relétibnsftested-for E rParametérs-, Signifiéance
estimating MF = Cp/Cp . : level - %
MF = k + a (log A) 1.069 -0.022 - 25

WF =k +a (log S,) 0.99 0.031 - 35

MF = k +a (8,/8,) 1.041 -0.007 - 60

MF 1.076. -0.020 -0.004 >50

k+a (log A) +
(8,8




TABIE I.8 Relations of FFRy to catchment charact

is the ratio of the frequency factor FFy for an
factor FFy for the region - ie,

FEy

eristics for all of eastern NSW; where

Individual station to the average frequency

Return
period
Y years

Number
of
Stations

Overall
average
Fry

FFRy =k+a

log A) +

b.35/8 + ¢ log I(12,Y)

a

b

c

Correlation
coefficient

Significant
for

probability
< 5%

1
2
5
10
20
50

284
284
284
284
214
105

73

0.576
0.700
0.845
1.000
1.127
1.396
1.573

~0.108
-0.956
-0.017
0.016
0.045
0.027

0.038
0.016
0.016
-0.013
~0.048
~0.065

0.075
0.184
0.098
~0.120
-0.265
0.424

0.21
0.27
0.23
0.25
0.32
0.33

YES
YES
YES
YES
YES
YES




TABLE I.9 Relations of Fﬁﬁy to catchment characteristics for zone (A + B); where FFR., 15 the
ratio of the frequency factor FF for an in svidusl station to the average frequency %actor
FFy for the zone - ie. FTRy = FE%/FFy.

¥
FFRy = k + & (log A) + | Significant

Correlation for
b.85/Se + ¢ 1(12,Y) probability

= 5%

Return Nuber Zone
period of average

coefficient

Y years | Stations ﬁﬁy a b ¢

149 0.60 -0.097 0.032 0.010 0.21 NO
149 0.70 -0.057 0.028 0.019 0.24 YES
149 " 0.86 -0.020 0.008 0.005 0.21 NO
149 1.00 - - - - -
116 1.13 0.018 -0.015 -0.005 0.23 NO
45 1.36 0.065 -0.041 -0.004 0.30 NO

29 1.855 0.297 ~0.106 -0.012 0.61 YES




Table I.10 Relations of F'E‘Ry to catchment characteristics for zone C; where FF.F{y is the
ratlo of the frequency facto? FF for an jndividual station to the average frequency
factor FTFy for the zone - ie. Fﬂ\!y = FFy F’Fy.

Return | Number FFRy =k + a (log 4) + Significant

b.Sa/Se + ¢ I(12,Y) Correlation for

period of probability

Y years | Stations Kk a B c coefficient < 5%

1 o 52 0.268 -0.008 0.128 0.36 NO
2 . 52 : 0.413 . 0.082 0.052 0.45 YES
5 .52 0.735  0.080 0.010 0.31 NO
10 . . 52 1.000 - - - -
20 . 38 1.289  ~0.055 -0.014 0.52 YES
50 26 1.100  0.058 -0.001 0.58 YES

. ‘ 0.918  0.192 ~0.004 0.68 YES




Table I.11 Relations of FFR

the ratio of the frequency
factor iy for the zone 1l.e. FFRy =

to catechment chara

actor F§§ for an indivi
v/ 7y

cteristics for zone (D + E); where FIRy 18
dual station to the average frequency

Return
period
Y years

Nunber
of
Stations

Zone
‘average
FFy

FFR =k + a (log A) +
b.Sy/Se + ¢ 1(12,Y)

a

b

C

Correlation
coefficient

Significant
for
probability
<5%

1
C
5

10
20
50

83
83
83
83
60 -

33
26

- 0.49
0.62
0.82
1.00
1.18
1.48
1.7%

~-0.053
-0.016
-0.013
-0.013

-0.059
-0.117

0.004
0.0k0
0.020
0.022
0.035
0.024

-0.07L
~0.004
0.012
0.025
0.071
0.052

0.14
0.12
0.16
0.25
0.28
0.35

NO
NO
NO

NO
NO
NO




Table I.12 Regressions and correlations between variables used in

the study

Variable Variable (X1) =k + a (X2) Correlation Signifi;;;;;\

(x1) (x2) ” - coefficient |level-3
SKEW SDEV 1.082 ~1.078 0.06 32
Sa/5¢ log A 1.585 0.305 0.21 <0.2
log A (12, 2) 2.496 -0,084 0.16 0.6
log A MAR 2.338 ~0,00035 0.14 2.1
log A RL 1.729 0.139 0.20 <0.2
Sa/S 1(i2, 2) 0.60/, 0.306 0.21 <0,2
Sa/Sg MAR 2.05 0.00035 0.05 38
Sa/Se RL 2.701 -0.016 0.08 16
I(12, 2)  MAR 3.141 0.0027 0.58 <<0.,2
RL 1(12, 2) 21.80 -0,296 0.04 50
RL MAR 0.01 >80

19.68 0.00039




Table I.13 Mean and standard deviation within esch ARR rainfall zone of the variables used in the study

Source of Variable Southern coast Central coast Northern Coast Northern Fastern Inter-

values of X & tablelands % tablelands - Zone G tablelands ior

variables - Zone A - Zone B - 52 catch- - Zone D - Zone E

- 34 catch- - 115 catch- nments - 49 catch- - 34 catchments
ments ments ments

T om@x T emvx ¥ sEvx) X SDEV(X) ¥ SDEV(X)

Obgerved flood ‘
data for station RL 14.5 5.3 20.1 10.9 20.4 8.2 24.0  14.1 19.8 17.5

_ SDEV 0,222 0.069 0.215 0.079 0.226 0.069 0.256 0.089 0.249 0.107
SKEW 0.795 0.69 0.768 0.650 0.565 0.673 0.767 0.453 0.795 0.706

ARR and other 1(12, 2) 5.94 1.16 5.55 1.40 7.56  1.60 5,56 0.59 4.53  0.71

rainfall data
for catchment 1(12,50)/I(12,2) 2.002 0.212 1.895 0.191 2.086 0.248 1.816 0.124 1.855 0.125

location MAR {(in) 36.4 8.3 39,0 11.7 54.3  11.0 34.1 5,1 25,0 3.6

Topographic maps log A 1.976 0.582 1.755 0.970 1.981 0.438 2.375 0.632 2.402 0.795
Sa/S.e 1.813 0.693 2,158 1.216 2,819 1.637 1.882 0.82) 2.210 1.107




Table I.14 Relation of standard deviation of the logarithms of
partial durstion floods to catchment variables.

Variable Units SDEV = k + a. X | Correlation | Significance
X coefficient | level-%
k a
Jog A km? 0.215 0.0081 0.08 18
Sa/Se - 0.243 -0,0054 0.08 18
1(12,2) mm/h 0.242 -0.0022 0.04 48
MAR mn 0.278 -0.0005 Q.20 <0.2
I(12,50)/1(12,2) - 0.222 0.0036 0.01 >80
RL years 0.217 0.00062  0.09 14

Table I.15 Relation of skew coefficient of the logarithms of partial

duration floods to catchment variables

Variable Units SKEW = k + a. X |Correlation |Significance
X coefficient level-%
k a .
log A ¥m? 0.624 0.040 0.06 29
sa/se - 0.889 -0.077  0.15 1.3
I(12,2) mm/h 1.358 -0,090  0.09 12
MAR mm 1.699  -0.00079 0.13 3.1
1(12,50}/1{12,2) - 1.565 0,429 0.15 1.1
RL years 1.020 -0,009 0.07 22
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APPENDIX J LIST OF RUNOFF COEFFICIENTS DERIVED FROM OBSERVED FLOOD DATA

The Tunoff coefficients derived by the adopted Method 2 are listed
below for the 28/ catchments in eastern New South Wales and the six catch-
ments in the arid zone. Values are given for each of the various return
periods used for each catchment. For catchments marked with an asterisk,
small adjustments have been made to the values as a result of additional
checking of the flood frequency data late in the project, and the values
. listed are siightly different to those shown on Map 2 at the back of this
report. However, the difference in the coefficient values is generally
not greater then 0.02, so that the practical effect is very small. The
coefficients listed below are the correct values.

RIVER BASIN STATION AREA c{1) ©(2) G{5) c(10) C{=0) G(50) C{100)
NUMBER  (km?)

TWEED { 201) 001 213 .79 .87 .BL. .82 1T .JTT L6
004 19 .53 .59 .59 .61 .59 .61
00582 111 .73 1.15 1.14 1.6 1.07 1,02 .%

BRUNSWICK (202) 001 3, .60 .52 W45 W4k

RICHMOND(203) 002 62 .12 .81 .86 .93 .94 1.00 1.03
007 44 1.0 1.10 1.18 1,30 1.35 1.48
009 109 .37 .49 .69 .90 1.08 1.45
010 179 .52 .67 .86 1,02 1.15
012 39 .75 .86 1.00 1.13 1.19 1.34 1.4
013 5, .70 .94 1.24 1.50 1.68 2.01
014 223 .25 .21 18 .17 .16 .15
015 109 .58 .66 .70 JTT .79
023 98 .21 .25 .30 .34

CLARENCE 006 1279 15 .24 A2 W57

(204) 008 31 46 .52 .57 .68 LTT

011 10 .45 .52 .62 .73
014 ggl .15 .33 .5 .81 1.07

015 2670 .15 .19 .22 .26 .29
016 104 .40 .52 .60 .69 7L .85 .93

017 82 .42 63 .87 1.10 1.28 1.62 1.89
019 220 .24 W34 W49 W63 .75 .98 1.16
020 251 .23 .31 .41 .53 .62 .82 1.00
021 70 A7 .53 .58 .66 .69 .78 .85
022 39 W54 W55 W56 .59

023

e

b3




APPENDIX J Cont/d...

RIVER BASIN STATION AREA C(1) C(2) ¢(5) €{20) ¢(20) ¢(50) c(100)
NUMBER  (km?2)
024, 31 .85 .92 1.06 1.24 1,36 1.61 1.83
025 132 .80 .89 .8 .8 .80 .76
026 80 .76 .85 .95 1.07 1.13 1.28 1.38 =
027 31 .81 .8, .88 .9, .94
030 200 .11 .15 .17 .20 .21 .24 .26
032 60 .11 .13 .19 L2 *
033 985 28 .35 A1 W4T .50
035 135 200 W31 L4148
036 300 .21 W31 W0 W47 .51 .60
037 62 .35 47 .58 .70
038 18 .21 .35 49 .60
040 231 3T .39 W3 4T 49
043 47 90 260 .37 47
044 41 48 .53 .58 63 .64

BELLINGER o 433 .40 W63 7 L7 *

(205) 003 13 .72 1.03 1.67 2.39

004 166 27 .51 .68 .77
006 539 31 .61 .67 .67
007 11 41 61 .85 1.07 1.24

MACLEAY 001 163 .27 42 .55 65 .72 .87 97 #

(206) 004 407 17 .29 0 .38 45 49 .57 b2 ¥

005 202 .19 .36 .58 LTT .94 *
008 383 .31 L4k 53 60 .63
009 2BL 12 .21 .32 W41 48 6L .70
010 70 .13 .18 .24 .29 .33 .40 45 %
013 47 .13 .18 .23 .28
014 376 R .32 00 Wb 49 .55
015 205 51 .53 .52 56 .55 .59 .62
017 2 .32 49 .51 .57 .58 .63 67
018 8% W22 34 R AT 49
020 78 .31 .56 W61 .69 .69 *
021 135 .19 .27 .30 .34 .35
023 130 .18 .24 .25 %6

e e
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HASTINGS 003 60 .50 .65 .74, .81 .82 .87 :
(207) 006 . . . . . j

008 -
009

001
002
007
008
009
015 9% 63 60 63 T4

KARUAH (209) 001 202 .51 .69 .94 1.16 1.34 |
g 005 259 .43 .53 .6l .67 :
| HONTER 011 19, .49 .58 .65 .72 .74, .81 .86 |

(210) 017 o6 A1 .13 6 18 .19 .2 2% |

019 104 .10 .12 .15 .18 .24 .26 .30 §
021 277 .30 40 .52 .63 TR ko
022 205 .36 42 W45 W4T AT W48 48

025 168 .17 .21 .22 2k W2

026 85 Al .42 .39 .36 34 .33

029 246 .23 .33 .k .53 .58

034 733 .04 .07 .11 A7 .22

037 585 .19 .21 .25 W32 .39

040 658 .10 .12 .15 .20

042 205 .06 .07 .10 .13 .16 .23

043 78 .07 .10 .2 .13 L1

045 A W4 .17 .22 29 W36 W52

046 153 .03 .05 .08 .15 .23

049 9 .18 .6 .15 .15 *

052 1050 .14 .19 .27 .33 .40 *

053 83 .09 .14 .6 .18 .18 %

054 95 22 .28 .3 .36 .38 *

059 7L A8 .24 W3k W45 W54 *

063 148 .12 .15 .19 R4 {
067 e
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T s £ 1 syt Soppantic ey o

RIVER BASIN STATION AREA C(1) C(2) C(5) ¢(10) c(20) ¢(50) ¢(200)
NUMBER  {km )
(210) cont'd. 068 2,.9 .14 .19 .23 .28
069 4.9 060 .09 11 .13
074 1.0, .16 .29 .42 .52
076 1.2 - A1 W51 b 43
078 6.5 .20 .23 .24 .2
084, 249 .21 .22 .28 .31
{Assumed No. 099 0,18 .05 .06 .08 .11 .12 .16
MACQUARIE - 001 18 .22 .21 .18 .18 .17
TUGGERAH (211) o5, 249 .10 J14 .22 .30
005 150 .19 .24 .28 .32
006 8.8 .79 .75 .69 .69
008 52 258 .49 .40 .38
FAWKESBURY 003 25.9 .13 .19 .24 .29 .32 .38 .12
(212) 008 199 .13 16 .22 .28 .33 AL .47
011 404 .12 .14 .18 .23
012 622 A1 .15 19 .25 .29
013 24,6 4k 6L .92 1,15
014 18.9 .21 .22 .22 22 *
016 75 .22 .23 .28 .32
019 202 .35 .43 .51 .60
203 68 .16 .28 .40 .51 .59 T4 .85
209 72.5 .28 .51 .78 1.01 1.18 1.48 1.70
210 148 .24 .30 W41 .53 63 .82
231 163 .21 .35 49 W60 .67 .80 .89
291 650 49 .51 .56 .64 .69 .80 .89
-301 0:06 .04 .06 .09 .12
302 0.13 .12 .16 .21 .27
304 0.08 .14 .17 .18 .19
- 306 0.14 .15 .15 .16 ..18
307 0.04 .20 .24 .27 .28
320 89.6 .26 .29 233 .34 .37

033

S
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SYDNEY COAST 200 945 Wb W55 69 W84 .95 117 L.36
(213) -
WOLLONGONG 003 31 .4 .55 .8 118 1.51 2.15
COAST (214) 310 2.5, .19 .91 1.00 1.11
320 0.93 .59 .66 .68 .72 .70
330 0.39 .77 1.00 1.26 1.49
334 5.52 .49 .51 .60 TR .82
340 40.2 .72 .78 .90 1.02 1.07
SHOALHAVEN 004 166 .55 .62 71 .79 .82 91 .97
(215) 006 130 .34 W46 .57 66 .0
009 210 .8 .88 .91 .97 .97 1.03 :
010 21 72 8L .86 .92 .92 !
223 67.3 .90 .97 1.2 1.29 |
233 7.4 .18 .16 14 WL %
CLYDE (216) 001 161 .88 1,00 1.18 1.36 1
002 880 .69 .96 1.27 1.53 %
MORUYA (217) 001 891 .22 .30 .36 .4l
003 129 41 .62 .60 .58
TUROSS (218) 001 93 .29 .27 .26 .27 .26
003 103 .34 W3/ 320,32 .3
006 64 26 A5 6 Wb
BEGA (219) 001 18.6 .21 .24 530 .38 45 6L
004 148 .37 45 .50 .55 W57
006 88 W14 .29 .50 .75 1.04
008 18 .17 .19 .20 .2
009 7.8 .68 .65 .63 .66
010 3.6 .12 .15 .18 LA .2
015 25 .23 .28 41 .58 3
‘016 77,37 78 1,02 1.22
017 144, .38 .57 .78 1.03
018 38 6 A6 6 .69
020 200 .21 .24 .28 .32

021




TOWAMBA (220)

GENOA (221) 202 777 .08 .09 .10 .11
SNOWY {222) 001 277 .18 .25 .35 45 .53 _
004, 621 .05 .06 .09 .13 .17 .25 .3
007 5% .05 .09 .15 ,20 .25
009 543 .32 .38 45 .55 .64
012 160 .66 BT L 76
400 28,5 .10 .10 .12 .14
404 69.9 .07 .09 .12 .14
513 12.4 .72 .71 .75 .79 .78
522 165 26 W28 .33 .33 43
MITCHELL (224) 402 50 .08 .08 .07 .07
UPPER MURRAY 006 116 .07 .08 .10 .13 .15 .20 .24
(401) 007 13 .06 .06 .07 .08 .08 .09 .09
009 220 .07 .08 ,10 .13 .17 .25 .34
205 743 .05 .05 .06 .06 .07 .08 .08
508 5 1.39 1.51 1.65 1.78
; 517 3 .10 .10 .11 .12
KIEWA (402) 202 282 .08 .09 11 .13 .14 .17
400" 3.6 .17 .17 .18 .19 .19 .20 .21
} OVENS (403) 206 302 .10 .11 .12 .12 .12 .13 .13
213 223 .06 .07 L0 .12
BROKEN (404) 207 448 .08 .08 .08 .09
GOULBURN (405) 208 251 .09 .09 .08 .09 .09
229 . 109 .09 ,12 .11 .11
LODDON (407) 213 471 .07 .07 ,08 .08 .08 .08 .08
214 308 .07 .09 .12 .14 .15 .17 .19
221 163 W14 W16 .20 .24 .27

AVOCA (408)
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MURRUMBIDGEE
(410)

009
010
029

el

] 034 9% .10 .11 .11 .12 12
3 . : 059 233 .14 .18 .25 W31 .35 LAk 50
| 061 155 .17 .20 .23 .26 .28 .30 .32
] | %3 220 .05 .08 .13 .19 .25 .36 4O
' 066 12, .20 .21 .24 .28 31 .37
067 200 .53 .61 .65 .68 .68 .70 .70
070 67 .16 .20 .28 .35 W43
071 14 a1 W15 W21 .27
075 69 .35 .33 .31 .31 .30
076 27 .09 .17 .28 .37 .46 .82 #
077 75 .24 .28 W3R 3% .38 »
: 080 f08 .01 .01 .02 .02 .03 :
| 081 103 .10 .12 .16 .19 i
~ 090 320 .17 .23 .29 L34 ?
351 0.07 .15 .22 .33 .42 W49 63 Tk
506 oor 11 .12 W13 W15 .15
507 43.5 .09 .11 W14 .17 .19
514 116 .05 .06 .08 .09 .10
523 2 .06 .07 .09 A1 .12
524, 104 .18 .19 .19 .20 %
; 533 131 .27 .33 WAL .46
| 53, 109 .16 .8 2h 2
| 535 216 4 .16 .22 2
LAXE GEORGE ‘001 6 - .32 W40 W4T 5T 6

(411)

TACHLAN (412)




LACHIAN (412)

064

3470

.05

07

.10

.16

.23

Contt/d. .. 077 233 .07 .09 .11 .13
030 272 .15 .14 .13 .14

WIMMERA-AVON 202 80 .02 .03 .05 .07 .09 .13 .18

(415) 200 658 .03 .03 .03 .03 .03

217 36 06 06 06 06

BORDER (416) 003 570 .10 .16 .26 .38 .52 .80 1.08
004 1606 .07 ,09 .13 .17 .21 .30 .37
006 3160 .10 .12 .16 .20 .23 .29 .33
008 907 .05 .08 .13 .20 .28 ./5
010 2020 .09 .12 .15 .18 .20 .23  .2%
024 18, .09 .11 .12 .14
303 103 .12 .16 .18 .20 .20 .21 .21
304 70 .02 .02 .03 .04 .05 06
401 3650 05 .07 100 L1200 13 16 .18
404 686 .07 .19 .34 .49 .62
407 1243 .05 .13 .23 .33 42

GWYDIR (418) 014 855 A8 .34 W65 1.01
025 1% .09 .10 .12 .14
027 220 .34 .39 .53 .75
030 67 .26 .27 .31 .34

NAMOI (419) 004 310 .30 .38 45 .52 .55 62 66
015 1140 .20 .13 .17 .21 ,23 .27 .31 ¢
016 907 .11 .13 .18 .23 .28 .39 .49
020 2020 .08 .13 .23 .37 .55 .97
024, 2409 .10 .15 .22 .28 .32
027 3630 .02 .02 .02 .03
029 38 .03 .04 .07 .10
036 143 .02 .03 .06 .11
037 277 .10 .10 11 .12
038 38,12 .11 .12 0 .13

» » 044 171 .10 .16 .28 .43

CASTLEREAGH 003 142 .10 .13 .20 .27 .36

(420)
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(420) 011 320 .01 .01 .02 .03
013 12, .15 .20 .30 .40 .50 .68 .85
MACQUARTE- 07 2771 .06 .09 .12 .16 .20 .27
BOGAN (421) 010 5,3 .02 .04 .05 .06 .07 .09 .10
032 3, L0609 W14 .22
033 3, .06 .08 14 .25 AR
034 16 .05 .10 .19 .32 .49 W52
035 570 .07 .08 .10 .14
036 104 .07 .09 .15 .23 .33 .34
038 5,4 .03 L0612 .18 .24
041 230 .19 .23 .26 .29 .29
050 365 .32 .30 .30 .31
051 31 .27 .25 .2k .25
053 o02 .28 .30 .29 .29
056 225 A1 W17 .25 W32 .
066 119 .38 43 W4T W51 W52
067 179 .35 .50 .63 .73 *
CONDAMINE- 301 0 .10 .15 .20 .24 .28 .35 .40
CULGOA (422) 302 ol .05 .08 .15 .20 .25 .33 .40
303 10 .03 .10 .23 .39 .57 .95 1.33
305 9g .06 .11 .21 .32 45 T
306 83 .13 .20 .29 .38 .46 61 .73
: 307 332 .26 .35 40 Ak A5 W4T AR
; 313 140 .15 .25 .39 .53 .67 .94 1.18
’ 317 66 12 Wb L1790 W20
318 648 .20 .25 .36 .48 6L
319 o5, .14 .24 W40 58 79 L2
321 3, .13 W17 .23 .29
DARLING (425) 016 15 .05 .08 .11 .13
: TODD (006) 003 5.2 43 .48 51 62
] 009 150 .24 .35 WAk W48 W49 52 .53
; 047 2 .18 .27 45 62 T8
LAKE BANCANNIA 001 20 .23 34 .50 W64 P

(011)




APPENDIX K EXAMINATION OF DERIVED 10-YEAR RUNOFF COEFFICIENTS WITH LARGEST
DEVIATTONS FROM CONTOURS OF DESIGN ¢(10)} VALUES.

K.l AIM OF INVESTIGATION

The contours of design values of the 10-year runoff coefficients for the
design method developed in this report generally deviated to some ext 1
from the derived values. The frequency distribution of these deviations is
listed in Tebles 7.2 and 8.1 and illustrated in Figure 8.1(a). Athough
it has been shown in Section 8.1.4 that the deviations approximate closely
those that would be expected from sampling errors inherent in the basic
flood date, this appendix examines the factors that could lead to large
magnitudes of these deviations, -The 2/ stations giving the twelve largest
over and under estimates are reviewed on the basis of these factors.

K.2 POSSIBLE CAUSES OF DEVIATIONS

Three factors are involved in the derivation of the value of the 10-year
runoff coefficient for a gauged catchment. These are:-

(i) the 10-year flood magnitude Q(10);

(i1}  the 10-year rainfall intensity of duration t hours (derived from
equation (4.2) t = 0.76A%%%); and

(iii) catchment area A.

The main causes of error in each of these three factors are discussed below,

K.2.1 Flocd magnitude

The main causes of error were identified as those resulting from the
available sample of floods, extension of rating curves, and non-homogeneity
of the record of flows.

a} Sampling error

Sampling error is a funetion of the number of the data points (years of record)
used to construct the flood frequency curve, and the return period of the
flood magnitude estimated from this curve (see ARR, Table 9.4). The longer
the record length the mcre confidence can be Placed in the flood frequency
curve constructed from the observed flood sample.

With the large number of stations (284} used in Qeriving runoff coeffic-
ients, large errors should be expected for at least a few stations due to
sampling error. For example, if there was a 5% probability that the true
Q(10) value was twice or more times the sample value for a station with s
record length of 10 years, then for 100 such stations a total of 5 stations
should be expected to have Q(10) values twice or more times their true
velues. As noted above, an anslysis of sampling error besed on this type of
consideration has been carried out (see Section 8.1.4) whieh indicated thet
all outliers, even extremes, could probably be attributed to sampling error.
Novertheless the non-random causes of error are examined below.

b) Errors in extension of reting curves

To convert the record of river stages to discharges, a stage~discharge rel-
ation is required for the station. For small catchemnts the highest gauged
discharge (see Figure D.1) is often considerably less than the once in
2-year discharge estimated from the record. Considerable exbension of rating
curves is thus often required. While several methods are commonly used for




1)

these extensions, all involve assumptions and appreciable errors are likely.
These errors are systematlc for a particular gauging station, but are
probably random for many stations over a region, so that the resulting
errors in estimating discharges and derived runoff coefficients could be
under or over estimates. The magnitude of the probable error increases with
the extension required.

¢) Non-homogeneity

Several factors related to lack of homogeneity in the individual records or
in the catchments analysed as representing small rural catchments can lead
to errors in the estimated flood magnitudes.

Storages on the catchment:- Construction of storages on a catchment
would generally lead to reductionof peak flows. The only exceptions are
1ikely to be where gates on the spiliway are operated in a manner to quickly
release large volumes of water, or where the impounded water occuples much
of the catchment. However, gated spillways ave rare on dams on srall
catchments, and the area of impounded water is generally small relative to
catchment area.

Urbanisation:— Increase in urban development is likely fo cause an
increase in peak discharges and in the speed of response of the catchment.
However, the effect is onily likely to be appreciable where a large porticn
of the catchment is urbanised. This was the case in only one of the
catchments analysed, and no increase in flocd magnitude could be detected.

Changes in land use:— Even on rural cabchments, some changes in land
use Gue to the activity of man are evident during the period of most records.
In some cases large changes occurred. The effects of such changes are
complex and often difficult to estimate (Boughton 1970). Increases or
decreases can result from different changes, but in most cases the effects
are fairly small. The effects are llkely to be of greater importance on
small catchments.

Daily read and continuous records:- Where different methods of
recording stages are used at different stations, lack of homogenelty will
be introduced into the data base. A change of recording method will also
cause lack of homogeneity in the data at a particular station. A&s peaks
are likely to be missed when the stage is read manually, flood estimates
from daily read stations are likely to be lower than where stage is re-
corded continuously. This is more likely to occur with the rapid response
of small catchments than on larger catchments with slower response. The
frequency of intermediate readings in manual records also depends on the
motivation and diligence of the gauge reader. With major floods equivalent
to the 10-year event, it is likely that intermediate readings and peak
heights would be recorded at most daily read stations. Errors in flocds
of this magnitude are thus likely to be relatively small, but the errors
that ‘do occur as a.result of manual readings will be urnderestimates of the
true values.

K.2.2. Rainfall intensity

For a given catchment, only two variables affect the design rainfall
intensity with a return period of 10 years. These are the 12-hour duration,
10-year return period rainfall found directly from a map in ARR and adjusted
by a standard procedure, and the design duration. Errors In design rainfall
are therefore related to errors in these variables and in the procedures In
vhich they are used.




a) Errors in I(12,10)

The maps in ARR from which I(12,10) and other intensities are determined
have been discussed in Chapter 5. In general, the absolute accuracy of
these maps is not of major importance in the design method, as long as the
same rainfalls are used in design as were used in deriving the runoff
coefficients. Of much greater importance is the situation where an indivi-
dual catchment is subject to appreciably @ifferent rainfall intensities
to neighbouring catchments as a result of localised rainfall variations,
and these are not accounted for by the smoothed contours in the maps of
either rainfall or design runoff coefficients. Iocalised veriations in
rainfall generally result from %opographic features, and may be increases
due to local uplift of inflowing air, or decreases due to 1local rain shadows.
These effects are likely to be greater on small than on large catchments
where greater averaging of conditions occurs.

b) Errors in Design Duration

As illustrated by the sensitivity study in Appendix E, variations in the
design duration cause considerable variations in rainfall intensity.
Frrors in the design duration would thus lead to errors in the derived
values of G{10). Equation 4.2 for design duration, viz.

t = 0.76 A%.3°

c 1

was derived as a best estimate of the characteristic minimum time of hydro-
graph rise for 96 catchments. Variations of catchment characteristics
from the averages for these catchments would be likely to cause errors in
the estimated design duration, This is more likely to occur on larger
catchments, which are made up by different combinations of smaller catch-
ments., Greater variability is thus likely on larger catchments, leading
to greater probable errors in design duration for these catchments. However,
the form of the relation between rainfall intensity and durstion results in
a smaller effect on rainfall intensity for the longer durations with large
catchments. This compensating effect indicates that rainfall errors of
similar magnitude are likely for small and large catchments, and that the
errors are random. :

K.2.3 Catchment area

Ixcept for very flat regions where the divide may be difficult to define,
neglibible errors are likely to result from the actual measurement of catch-
ment area. However, several other types of errors discussed.in Sections
K.2.1 and X.2.2 above are likely to have more severe effects for either
very small or large catchments compared with catchments of intermediate
size, The general trends of the various types of error in the derived
values of 0%10) are summarised in Table K1, :

K.3 EXAMINATION OF THE 24 STATIONS WITH EXTREME DEVIATIONS OF C(10) VALUES
K.3;1 Selection of stations '

Stations were selected for examination where the derived 10-year
runoff coefficient Cp differed considerably from the general trend of values
in the vicinity of the catchment as indicated by the value of Cp predicted
from the design map at the back of this report. The stations selected
were in two groups. The first consisted on the twelve stations with the
highest derived coefficients as measured by the ratio Cp/Cp. These are
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. high extreme values could be explained as sampling errors.

The other twelve stations were those that hagd the

1isted in Table K.Z.
lowest derived coefficlents as indicated by high values of the ratio Cp/Ch.

These statlons are 1isted in Teble X.3. Inverse ratios have been used for
the high and low derived coefficients so that values of the ratios in
both cases are greater than unity. A similar approach was used in Chapters
7 to 9 of the main body of the report, except that in that case deviations
of “the predicted coefficients relative to the derived values were under
consideration. The deviations discussed in this appendix are thus in the
opposite direction to those in Chapters 7 to 9.

Various factors that could account for the relatively high or low values
of the derived coefficients are discussed in subsequent sections, and
details are listed in Tables K.2 and K.3

K.3.2 Catchment area

Examination of Tables K.2 and K.3 indicates that thers is no consistent
trend of the extreme derived ¢{10) values with catchment size., In fact,
the frequency distributions of the areas of the catchments with the twelve
high and twelve low C(10) values are very gimilar. However, comparison of
their areas with the frequency distribution of the areas of all of the
catchments used in the study (Figure 1.1) shows that most of them lie at
either end of the range, with onlg gix of the twenty four within the most
common size range of 50 to 250 km®.

Tn the column for explanatory factors of deviations in Tables K.2 and
K.3, the term "AREA" has been listed for those catchments with areas less
than 1km? and greater than 250 xm?, indicating a possible cause of the
large deviations. The latter area was selected as the desirable upper
1imit of size of catchments to be used in the study and has also been nowinat-
ed as the upper limit for application of the derived design method. As
nobed in Chapter 1, quite a few catchments above this limit were included
in the study to indicate flood potential in regions where no other data were

available.

K.3.3 Sampling error

As noted earlier, the analysis of sampling errors described in Section
8.1.4 showed that these could account for almost all of the deviations
between the derived C(10) values and those predicted by the design method,
All of the relatively low extreme values of the derived floods and coeffic-
ients could be accounted for in this way, but not all of the relatively

However, this
could result from the non-central t distribution assumed to apply to the
errors. The justification for this assymetric distribution is rather
obscure, as discussed in Section 8.1.4.

Sampling errors increase as record lenghth decreases. In the column for
explanatory factors of deviations in Tables K.2 and K.3, sampling error
dencted by "SE" has been listed against those catchments with lengths of
record less then 20 years. For record lengths above 10 years, this would
constitute a rather weak source of explanation of the extreme deviations,
but would be a major explanation with record lengths less than 10 years.




Table K.1 Cause and Direction of Errors in Derived 10-year Runoff Coefficients

Cause of error Symbol Likely Likely Likely magnitude of error compared with
used in magnitude direction that for catchment of intermediate size

gag%gs K.2 ggfgiﬁlmum of error very small catchment large catchment

Sampling error SE Large Random Same Same
Rating extension RE Large Random Same Same
Storages Medium Low _ Higher Lower
Urbanisation Medium High Higher Lower
Land use changes Small High & low Higher . Lower
Daily read stages Medium Low to nil Higher Same

‘Rainfall iﬁtensity Medium High, random & Higher Higher
low

Design duration Mediunm Random . Same Same




Table K.2 Characteristics of twelve Stations with highest derived values of ¢(10)
relative to regional trends.

STATION RATIO OF SDEV SKEW  RATING DEVIATION - EXPLANATORY DEGREE OF
NUMBER ~ DERIVED TO of logs of logs RELIABILITY FACTORS (see Table K.l EXPLANATION
PREDICTED (Q10/GGD) for key)
¢(10)
Cp/Cp

211006 2.9 SE; STOR; RINT; tidal
backwater; high hydro- strong
graph peakiness~question-
able rating.

416067 . RE; LU; RINT. moderate

420009 AREA; SE; RE; DR; possi-
: bly affected by Castle-  So7on8
reagh backwater; high SDEV

205003 . SE; high SDEV; RINT; RE moderate

410351 AREA; Possibly some graz-
ing activitys; RINT

421053 . SE; RE; STCR; 20% of flocd strong
record missing ‘

weak

210059 SE; RE; STOR; high hydro- strong
graph peakiness - question-
able rating; dam construction
1968
212333 . _ AREA; STOR; RINT weak
422303 . RINT; high SDEV; moderate
214330 ARFA; SE; RINT moderate

401508 . SE; RE; RINT; Alpine; 21%
of flocd record missing -strong
419016 . . AREA weak




Table K.3 Characteristics of twelve stations with lowest derived values of C(10)
relative to regional trends.

STATION RATIO COF A N SDEV SKEW RATING DEVIATION - EXPLANATORY DEGREE OF
NUMBER  PREDICTED TO (kmz) years of logs of logs RELIABILITY FACTORS (see Table K.1 EXPLANATION
DERIVED €(10) (Q10/GGD) for symbol key)
CP/CD

422317 2.6 466 20 1.4 ARFA; DR; RINT moderate

210069 2.1 4.9 13 5.2 SE; LU; RINT; high
hydrograph peakiness

212301 2.1 0.06 14 (weir) AREA; SE; LU; RINT moderate

419036 1.7 143 9 8.4 S¥; RE; high SDEV and moderate
SKEW -strong

217001 N 14 29 AREA; SE; RE; DR; RINT strong
219008 18 9 18 SE; RE; RINT strong

419029 389 11 AREA; SE; RE; RINT; high
hydrograrh peakiness;
high SDEV

210053 83 18 2.2 SE; STOR; URB; LU; 7.1%
of flood record missing moderate

214320 . (model) ARFA; SE; RINT; weal
214334 (model) 8F; RINT weak
10534 1.3 SE; STOR weak

212306 (Weir) AREA; SE; LU; RINT moderate
- weak

moderate

moderate




K.3.4 Errors due to rating curve extension

fxtension of the rating curve was necessary at most of the stations
anaslysed, as noted earlier, and illustrated by Figure D.1l, and 1s a major
gource of error. This has been noted as anex lanatory factor in Tables K.2
and K.3 for those catchments with ratios of Q 10) to the greatest gauged '
discharge (G.G.D.) of greater than 5., FEven those stations that were model
rated involve some exbension errors, as the model rating constitutes an
extension of field calibrationms, although involving much greater accuracy
than conventional extension.

K.3.5 Effects of land uses

Various types of land use have been discussed earlier in this Appendix.
Their effects on runoff and peak floods are of uncertain magnitude and of
different directions, However, they may cause differences in the flood
characteristics of the catchments affected relative to those of other
catchments in the region, especially if the affected catchments are of small
gize. Those catchments which have that are not typical of their region
are noted in the 'explanatory factors' columns of Tables K.2 and K.3.

K.3.6 Localised variations in rainfall intensity

For small catchments in areas of high relief, local variations in rain-
fall intensity that are not represented on the generalised maps in ARR may
cause variations in flood characteristics. The greater hydrological
variability of small catchments is discussed by Barcn et al. {198C}.

Little definite information is available on this source of varistion, but
small catchments where some effect of this type could be present are noted
in Tables K.2 and K.3.

K.3.7 Standard deviation and skewness

The standard deviation (SDEV) and the skew coefficient (SKEW) of the
logarithms of the N highest floods, bogether with the average value, are
used to. Tit the IP3 flood frequency distribution for each station. Very
high or low values of these statistics will thus lead to high or lowwlues
of Q(10) and C(10). Catchments with extreme values of SDEV and SKEW are
noted in Tables K.2 and K.3. However, the fact that these values are
high or low does not really provide an explanation for the extreme values

of Q(10) and CG(10).

K.3.8  Summary

The possible explanations for the extreme deviations of C(10} values
for the twenty-four catchments are summarised in Tables K.2 and K.3. The
subjectively assessed degree of explanation is listed in the last columns
of the tables. The reliability class of each station (Appendix D) was
considered in meking these assessments. For only six of the catchments,
the degree of explanation is strong, while the deviations are only weakly
explained for six catchments. Overall, it does not seem that the extreme
deviations can be adequately explained in terms of physical characteristics.
Two factors seem to be of greatest importance. The first is the extension
of rating curves, which was required at almost all stations. The large
extensions at many stations would be a major source of errors, Sampling
errors in the flood series, the second factor, are probably the dominant
factor. The previous analysis of sampling errors discussed in Section 8.1.4
indicated that most of the deviations could be accounted for in this way.




l

Y
The lack of strong explanation for most of the extreme deviations seems to
confirm the fact that sampling errors are a major source of the deviations,
The extreme deviations are thus to be expected in the large sample of
catehments analysed, and there is no good reason to reject them. Red-
uction of the deviationsg could only be achieved by a substantial increase
in the lengths of the records analysed.
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APPENDIX L EXAMINATION OF THE DEPENDENCE OF RUNOFF COEFFICIENTS
ON LOCATION

In Chapters 6 and 8, the concept was adopted that both the 10-year and
Y-year runoff coefficients depend only on geographical location. This was
not a fundsmental premise adopted at the start of the study, but rather
resulted from analysis of the large amount of recorded data. The effect of
scatter and sampling error in the original flood data was such that
significant relationships between the runoff coefficients and other physical
variables could not be found.

In this appendix, the validity of the dependence of runoff coefficient
values on location is re-examined by analysis of the data from a different
approach to that used in Chapters 6 and 8. In that this analysis is a re-
working of the original data, it is not an independent check on the original
analysis. However, the results provide support for the original conclusions
and the approach adopted for presentation of the design data.,

L.1 RESTATEMENT OF FORMULA FOR DERIVATICHN OF RUNOFF CCEFFICIENTS

The runcff coefficients derived in this project were calculated from
equation {1.2) with the appropriate factor of proporticnality for the units
used. This equation is

oY) = Q(¥) / 0.278 x A x I(t, ¥) ' (L.1)

where the symbols are defined in Sections 1.2 and 1.4.1l. To examine the
validity of the concept that runoff coefficients are primarily dependent on
location, this equation will be restated in several different forms based

on relationships developed from the basic data used in the study.

Peak flood flows Q(Y) of return period Y years were calculated from the
log-Pearson Type IIT distribution, which is stated in the form of equation
(2.2) for application. As the distribution was fitted to the logarithms
to base 10 of the flood flows, the term X(¥) of equation (2.2) can be
replaced by log Q(Y) and the equation rewritten as

log Q{Y) = M + SDEV, K(G,Y) (L.2)

where the terms are defined in Section 2.1.4.
Taking anti-logarithms,

(¥) = 10M+SDEV. K(G,Y) (L.3)

The rainfall intensity - frequency - duration data were calculated using
procedures in ARR for the rainfall maps such that:

I(t,Y) = I1(12,Y) x MF(%,Zone) (L.4)
where .
I = intensity (mm/h)
Y = return period (years)
t = duration (hours
MF = multiplying factor
Zone = ARR rainfall zone {Pigure 2.17 of ARR)




This applies to durations of 6 minutes to 12 hours, which from equation
{4.2) correspond to catchment areas of 0.005 to 1400 km?. In the above
equation the I(12,Y) term is calculated using the rainfall parameters ex-
tracted from the maps in ARR Figures 2.18 and 2.19 for return periods of ‘
2 and 50 years, and these are entered in Figure 2.46 to determine values |
for other return periods. These extracted parameters are functions of i
geographical location (latitude and longitude). Figure 2.46 in ARR can be :
used to ealeulate 1(312,Y) in the form below:

I{12,¥) = I(12,2) + o x (T(12,50) - I(12,2)) {L.5)

where
I{12,2)and T(12,50) are the intensities extracted from ARR rainfall
maps and o is a function of return period (see Table L.l below).

Table L.1 Multiplying Factors Representing ARR Figure 2.46

feturn

Period Y

(Years) 2 5 10 20 50 100
o 0 0,309 0.471 0.734 1 1.236

The rainfall intensity of one year return period and 12 hour duration is
also a function of I(12,2) and 1(12,50) (see Appendix H). Thus for any
particular return period I(12,Y} is purely a function of geographical loca-
tion.

The multiplying factor (@) used in eguation (L.5) above is a function
of duration and rainfall zone. As duration, in the design method here
developed, is related uniguely to catchment area by equation (4.2), this
multiplying factor is effectively a function of cabchment ares and rain-
fall zone. By plotting this multiplying factor against cabchment area for
each zone, i1t was found that with a maximum error of 5%, the relationship
for each zone could be approximated by a power function of the form

MF = k A" (1.6)

where X and n are parameters. The values of these parameters for the various
rainfall zones are presented below in Table L.2.
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Parameters of Power Function Relations Between Rainfall

Table Lc2
Intensity Multiplying Factors and Catchment Area

(a) Duration t = 6 to 60 minutes (b) Duration t = 1 to 12 hours

ARR ARR

Rainfall k n Rainfall k n

Zone Zone
A 4430 -0.19 A £.09 -0.20
B 5,71 -0.19 B 5.59 -0.24
C L.T2 -0.19 C A ~0.21
D 6.82 -0,19 D 7.00 -0.27
B 6,64 -0.19 E 6.64 -0.26

From equation (4.2}, rainfall durations of 6 minutes, 1 and 12 hours corres-
pond to catchment areas of 0,005, 9 and 1400 km? respectively, so that (a)
and {(b) in Table L.2 correspond to these ranges of area,

By substituting the relations of equations (L.4) and (L.6), equation
(L.1) can then be rewritten for any particular return period Y as

C(¥) = CON(Y) x%) (L.7)

where CON(Y) = (0,278 x I{12,Y) x k)"! and is a constant for the locatlon
and return period.

By replacing Q(Y) by equation (L.3), this cen also be expressed as

lO(M + KS)
con(Y) x W
or 8 x 10(M + K38) (1.8)
6(Y) = 1(2,y) x AC** M)

c(Y)

wvhere B = (0.278 x k)" ! and is a constant for a zone.

L.2 IMPLICATIONS FOR DEPENDENCE OF C ON LOCATION

If the concept that the value of the runoff coefficient depends solely
on location is true, then for two adjacent catehments (called U and V),
their runoff coefficients for any particular return period should be the
same.

That is,
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where GU CONU b'd -——(T:—ﬁ“—)
AU )

and ¢, = CON,x %
i i __z:—$—57
AV
As U and V are adjacent,
CONU CONV

Further, if both A

h and Ay are between 2 and 1400 km? or between 0,005
and 2 km*, then

U

nU =nV = n
al}d E’HZ 1 - _%_U_ % (A_vgl + n)

Gy Y Ay
or q « At 9

The case where Ay is above and Ay is below 2km® is considered later.
The majority of the gauged catchments used in this study had catchment
areas between 2 and 1400 km?®. Only eleven were smaller than 2km?, and
twelve were larger than 1400 km®. To disprove the adopted concept that the
value of the runoff coefficient depends primarily on location therefore
can be viewed as disproving equation (L.9}.

To investigate the validity of this equation, regression and correla-
tion studies were carried out of flood magnitudes of each return pericd
and various physical variables. The best relationships were obtained with
logarithmic multiple regressions of Q(Y) on the three variables, area A,

a representative rainfall intensity (I(12,Y)), and median amnnual rainfall
(MAR). The parameters and other statistics of these best relations are
listed in Table 1.6, Appendix I. As I{12,Y) and MAR are location dependent,
these relationships for a given location canbe expressed as

Q(Y) = EKON(Y) . A% _ (L.10)

a constant depending on the location, and is & function
of T(12,Y) and MAR ({see Table 1.6, Appendix I)

catchment area = km®
an exponent (see Table 1.6, Appendix I)

where KON(Y)

A
a

ng

The inclusion of other physdical variables in the regression caused very
little or no improvement in the relation. This may result from the fact
that several variables that would not be expected to depend on location do
in fact seem to be correlated with location dependent variables (see Tables
1.12 and I.13, Appendix I), possibly due to the areal spread of the basic
data or some bias in the small catchments that are gauged.
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Fquation (L.10) provides a means of empirically checking the validity
of equation (L.9).

L.3 10-YEAR RUNOFF COFFFICIENTS

The 10-year return pericd is of particular interest as these coefficients
are mapped as the basic design data of the procedure. From equation (L.10)
and the value of a in Table I.6, Appendix I.

Q(10) = KON(10) . A®-7* {L.11)

For the two adjacent catchments U and V, KON(10) would have the same
value, and thus

Q(].O) o« Ao,?u

For catchments with areas between 2 and 1400 km?, this exponent of 0.74
agrees closely with those of equation (L.9) given by the values of n in
Table L.2, considering the expected magnitude of the sampling error
(Table 8.1). The exponents in equation (L.9) are 0.80, 0.76, 0.79, 0.73
and 0.74 for zones A to E respectively. This agreement thus supports the
concept of location dependence of 10-year runoff coefficients for catchments
larger than 2 km?.
If the adjacent catchments U and V are both smaller than 2 km?, the
values of n in Table L.2 give the exponent in equation {L.9) as 0.8% for
all zones. This is significantly higher than the value of 0.74 from
equation (L.11). Bowever, the exponent of power function relations between
flood magnitude and catchment area has generally been found to increase as
catchment area decreases. Probably the best-known examples are the
relations of Creager et al. {1939). As the exponent of 0.74 in equation
(L.11) was derived from catchments that were generally much larger than 2 km?,
the difference in the two exponent values is consistent with accepted
relationships. This again confirms the location dependence of runcff coe-
fficients for areas below 2 km®.
The remeining case is where one catchment U is above 2 km?, and the
other V is below this limit. In this case the equations leading to equation
(1.9) must be modified as ny and ny are not equal, resulting in

QU kU AU(1 i nU) (L.12)
& =
v (1 + n,)
kV AV Vv

To obtain some comparison of this relation with equation (L.11), values
of 100 and 0.1 km? were assumed for Ay and Ay. These are about the middle
of the area ranges above and below 2km?. Using the parameber values from Table
L.2, the ratios Qu/Qy were calculated for each of the five zones. The
exponent of a simple power relation between Q and A was then found that
would give the same value of Qg/Qv. Forithe five zones, thig exponent
wss in the range 0.76 - 0.80, which as expected is between the values for
both catchments above and below the limit of 2 km?, Considering the small
value of Ay and the expectedsampling errors, this range is again in good
agreement with the exponent of 0.74 in equation (L.iﬁ§.




Thus for all ranges of catchment size of inberest, this investigation
supports the concept of 10-year runoff coefficient values depending primarily
on location. Lack of other trends reflects the fact that no significant
relations could be found for the deviations of derived C(10) values from
the mapped contours with any physical variables.,

L.4 RETURN PERIODS OTHER THAN 10 YEARS

As described in Section 8.3, the procedure adopted for specifying design
values of the frequency factor C(Y)/C{10) was to derive average values for
each of three zones. These design frequency factors thus also depend on
location, and the validity of this assumption was also investigated further,

From equation (L.8), for a given catchment,

A8 ¥ )0y

G(r) g 1ot KISV /o oM+ KSR
c(10) 20 )12 10)

where M, SDEV, K and K' are statistics of the logarithms of the highest
'N' flood peaks observed and

N = record length in years
M = mean of the logarithms
SDEV = standard deviation of the logarithms

K = a function of skewness coefficient, for the 10-year return
period )

K' = a function of skewness coefficient, for the Y-year return
period

B = (0.278 x k)™! where k is given in Table L.2

n = a constant for the zone, see Table L.2.

In simplified form,

L
G{Y) _ 1o(K' - K)SDEV

12,10 (L.13)
c{10 1

X I
T(12,Y
This provides a basis for examining the factors affecting C(Y)/C(10). For
a given return period Y, the ratio I(12,10)/I(12,Y) is dependent on loca-
tion only as its terms are extracted from maps in ARR. SDEV, K and X!
however are dependent on the observed flow data for the station, For a
particular return period Y, the variation in the term 10%K' - KJSDEV between
stations is dependent on the variation in the statigtical parameters stand-
ard deviation (SDEV) and skewness coefficient (G) of the logarithms of
observed flood event magnitudes between stations. Due to sampling error
these statistical parameters are subject to considerable errors in esti-
mation {see ARR, Chapter 9), so that attempts to relate values of these
parameters with other variables should result in low correlation coeffic-
ients and relationships of low statistical significance. A regression
and correlation study was carried out however which revealed that of the
factors tested, standard deviation was significantly related to MAR, the
median annual rainfall (Table I.14, Appendix I). The correlation coeffic-
ient was quite low, accounting only for 4% of the between station variation
in SDEV, Standard deviation thus would seem to be either location dependent,
(as MAR is location dependent) or a constant average value,

R
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With a lesser degree of significance than for the correlation of SDEV
and MAR, each of three factors was found to be significantly correlated
with skewness coefficient G with a probability below 5% that the relation-
ship was due to chance (see Table I1.15, Appendix I). These factors were
median annual rainfall (MAR), the ratio of the 12-hour, 50-year to the
12-hour, 2~-year rainfall intensity (IR), and the ratio of average to equal
area stream slope (Sz/Sedas an index of slope non-uniformity. Both MAR

pendent variables. The varisble S5/8g however would

and IR are location de
aeem to be location independent. In fact this variable was found to be

significantly related (Table I.12, Appendix I} to both rainfall intensity
and catchment area, the former of which was considered locatien dependent
and the latter location independent.

The above discussion reflects the problem encountered in Section 8.3
in selecting the design approach to be adopted. The frequency factors
c(¥)/c{10) are largely dependent on location, but are also dependent to some
extent on other physical variables. This resulted in the equally accept-~
able alternative approaches of average values within zones, or relation-
ships with physical variables. The analysis in this appendix confirms these
results. It also supports the approach adopted that location can be con-
sidered the primary veriable affecting the frequency factors.

L.5 SUMMARY OF DEPENDENGE OF C ON LOCATION
The investigations described in this appendix heve examined the design
t that the value of the runoff coefficient

approach adopted in this projec
can be specified in terms of location. The investigation really consti-

tutes a reworking of the data on which the original approach was based,

and is thus not an independent check. However, the results provide support
for the adopted approach that the values of both ¢(10) and C(Y)/C(10)
depend primarily on location, and that with the available data, this
provides a satisfactory means of specifying the design data.




APPENDIX M A SIMPLE REIATION BETWEEN RETURN PERIOD AND FLOOD MAGNITUDE

In examining the economic significance of the design procedure in
Chapter 9, costs were expressed as a function of return period. Cost
differences resulting from differences in the estimated flood magnitude
could therefore be determined from the differences in the return period
corresponding to these flood estimates. For example, an estimate of the
Y-year flood using the generalised design data might be Qg, while the flood
data observed at the site might indicate that the actual value should be
Qg+ From the observed frequency curve for the site, Q¢ might correspond
to the Y'-year flood rather than the Y-year flood., If the value of ¥!
could be obtained, the difference in costs associated with the difference
between Qe and Qy could be determined from the relation between costs
and return peried, To facilitate this, a simple empirical relation between
flood magnitude and return period is developed in this appendix,

The desired form of the simple relationship was linear such that:

AY) = mxfY)+ b (M.1)

vhere Q(Y) flood magnitude in m®/s

¥ = return period in years
f{Y) = some function of ¥
and m and b are parameters

A power function relationship was selected as suitable for £(Y) such that:
£(Y) = Y° (M.2)

The exponent n was assigned a value by trial and error fit to the derived

flood frequency curve for a given station. Equation (M.1) then became (for
each station):

QY)Y = m(¥ +v (M.3)
with n known for esach station.

The slope (m} of this straight line relation could then be calculated
as

QYM - Q1
mo= () (M.4)
-1
where YM = maximum return period to which the station flood frequency

curve was exbtended,

The value of m depends on the magnitude of floods recorded at the parti-
cular station. To meke m comparable between stations a standardized value
m' was obtained by dividing m by the flood magnitude Q, of return period
of 2 years for that station. That is,

m' = w/q, (M.5)




The exponent n was then calculated by trial and error for the flood
frequéncy curves from each of 172 stations selected as a suitable sample
in the time available of all of the study catchments. Similarly the
ameter m' was calculated for each atation. This latter parameter was
found to vary only & smell amount between stations such that its overall

statistics were:

0.714 (mean)
0.075 (standard deviation)

m!

i

and o

larger variations were observed between stations for the expenent n such

that
0.443  (mean)

0.151 (standard deviation}

It

n

and

The mean value of m' (0.714) was then adopted as a constant. Given the
observed flood frequency curve for a station, the exponent n could then be
caloulated as below by rearrangement of equations (M.4) and (M.5):

QY - Q’l
n = log (-@-;—;Mm"r) + 1 ﬁog (YM) {(M.6)

By substituting equation (M.5) into (M.3), using the mean value of m'
of 0.714, and by considering a return eriod Y of 2 years with flood peak
of Q,s the value of b in equation (M.3) can be evaluated as

b=q, - 0.714 Q, (29 (M.7)
(M.3) gives the relation

Substituting this and equation (M.5) into
between Q(Y) and Y as

Q(Y) = Q, [0.714 ¥ 41 - 0.714 (2“)] (M.8)

Considering the estimated flood peak Qg as the value of Q(Y) and its
corresponding actual return perdod Y' years, equation {¥.8) can be re-
arranged to give the relation between Y' and Qg for a particular station

as

L e 18

1
Q a
' o= [2“ F L4 - 1) ]” (M.9)
e
: where ¥' = the actual return period from the observed flood frequency

; curve appropriate for the estimated Y-year return period flood
magnitude (in years

Qe = estimated Y-year return period flood magnitude calculated from

® 7 4 flood estimation method for the station (in mi/s)

Q, = 2-year return period flood magnitude from the cbserved flood
frequency curve (in n®/s)

n = exponent as calculated using equation (L.6) from the observed
flood frequency curve for the particular station. As noted,

values varied from about 0.3 to 0.6 with a mean of approximately

0.45 for the 172 stations enalysed.
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APPENDIX N CALCULATION OF APPROXIMATE COSTS RESULTING FROM _INACCURACIES
IN DESIGN FLOOD ESTIMATES )

N.1 EFFECT OF INACCURACIES

The general form of the relationship between total costs and design
return period for a given structure is illustrated in Figure 9.3, If the
costs (both capital and damages) were known for each discharge, and the
true relation between discharge and return period was known, the most
economic return period and design discharge could be selected for the
structure. However, Section 9.1 demonstrates that discharges of a given
return pericd estimated from design methods often involve considerable
errors, especially where the design method is not based on observed data.

The apparent costs of the structure will reflect the erroneous discharge
estimates. For a given return period, over and undersstimates of discharge
will cause over and underestimates of the apparent values of both capital
costs and expected damages. The apparent optimum return period may not be
greatly different from the true value.

Despite the above discussion of apparent costs, both over and under-
estimates of the true opbimum discharge will result in increases in real
costs compared with the optimum. This shown by Figure 9.3, which implies
that total costs inereasse for discharges above or below the optimum, . The
effect is likely to be greater for underestimates. In this appendix, a
methed is developed for estimating these increases in real costs for a
structure resulting from inaccuracy of estimates of the design flood. For
convenience, it is assumed that the true optimum return period ig 10 years,
which is an approximate average design value currently used in Australia
for minor bridges and culverts (Pilgrim and Cordery 1980). The method is
applied to the majority of the catchments used in this report. Estimates
are made of increases in costs resulting from the inaccuracies in the
design method in ARR and in the method derived in this study. It is assumed
in the analysis that the flood frequency curve derived from the observed
floods on each catchment gives the true discharges. The results indicate

the potential savings of the design method presented in this report.

As discussed below, many assumptions were required in the analysis,
Gonsequently, the results can only be considered as approximate. However,

they do indicate the magnitude of the costs involved and enable comparison
of the design methods.

N.2 DATA ON COSTS

A major problem in economic analyses of structures on small waterways
is the obtaining of dats on both capital costs and expected damages. Data
on capital costs of small bridges and culverts was supplied by the Depart-
ment of Main Roads of N.S.W. Costs were given of seventeen typical
structures with design discharges ranging from 50 to 1000 m¥/s. A plot
of capital costs against design discharge showed considerable scatter, as
mahy veriables affect the cost of a bridge and its capacity to pass flood
flows. These include the sllowable velocities and afflux at the bridge,
the stream crogs-section, the overall size of the bridge, its skew, the
type of superstructure and the types. of piers and abutments, Despite-.
the scatter in the values, the relstionship gives the order of capital
costs, and is considered to be valid for use in the semi-quantitative -
analysis described here, The relationship was approximately linear over
most of the range of values. A linear regression gave the relation

CC$ = 279 Q(Y) + 118 000 (N.1)
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R G,

capital cost. in dollars at December 1979

where CC$
design discharge (m®/s) of return periocd Y years.

and Q(Y)

The correlation coefficient was 0.69 and the standsrd error of estimate
was $80 000. The correlation is significant at the 0.2% probability level.
This linear relation was inadequate at low discharges below about 100 n’/s,
and it is obvious that the actual relation must pass through the origin.

A second relation for low discharges was derived using the following three
sources of information;-

(1) costs of the small bridges from the information supplied by the
Department of Main Roads and discussed above;

{ii) cost estimates of box culverts and pipe drains given by Polin {1978);

non

and

cost estimates for various types and combinations of box culverts
using cost information from the Department of Main Roads and
discharges calculated by a formula given by Henderson (1966, p.263).

(1ii)

An approximste straight line of best fit 4o the data from these sources and
passing through the origin intersected the relation of equation (N.1) at a
discharge of 100 m®*/s. This relation, adopted for the discharge range

0 - 100 m%/s, is

CC$ = 1460 Q(Y) (N.2)
Equation (N.1) was adopted for discharges above 100 m®/s.

Less information is available on costs of expected damages. The only rele-
vant information that could be found was two case studies described by

Polin (1978) and summarised by Polin and Cordery (1979). Logarithmic

plots of damages against return period for Polin's two examples gave gbraight
lines with the same slopes. A linear relationship of the logarithms was

thus adopted for damage costs of the form
log (D) = Klog ¥ + b (1.3)

where D} = present worth of expected damage costs in dollars at December
1979 for a structure designed to pass the Y-year flood.
Y = return period of design flood (years)
K = a constant, the slope of the linear relationship of the
logarithms
b = a parameter with value dependent on the particular site.

For Polin's (1978) two examples, the value of K was — 0,96. This was

- pounded to —1.0, and taking antilogs of equation (N.3) than gave

-B
o Dh=g% . (N.4)
where B = a parameter egual to 10b

N.3 VARIATICN OF COSTS WITH'DISCHARGE ESTIMATES

Combination of equation (N.4) with either (N.1) or {N.2) provides a
means of estimating the total cost of a structure for any selected return
period. As described'be1ow, the parameters can then be selected so that




the optimum or minimum cost occurs at a return period of 10 years, which
was arbifrérily adopted in this study as discussed earlier. The relation
between cost and return period then allows evaluation of the cost of a
structure designed for a discharge different to the optimum value, If
the true return period of an inaccurate estimate of the 1-year discharge ig
knovn, the above relation allows evaluation of the additional costs resulting
from the inaccurate discharge estimate. A simple relationship for determin-
ing the true return period of estimated discharge was derived in Appendix M
sndis given as equation (M.9).

The relation between total costs and return period will be considered
separately for discharges greater than 100 m®/s, and from O - 100 m®/s.

Case 1 - Discharges greater than 100 m3/s

Combination of equations (N.1) and (N.4) gives the total cost TC$ of a
structure in December 1979 dollars as

TC$ = 279 Q(Y) + 118 000 + % (5.5)
A minimum total cost will occur when

dTc$/ay = 0
that is, 279 ggé%l -BY"2 =9 (N.6)

A relation between Q(Y) and Y was derived in Appendix M as equation (M.8),
viz, .

oY) = q, [b.714 Y o+1- 0.714(2n)]

where n = an exponent derived from the flood frequency curve for a given
station. Differentiating this and substituting into (N.6),

R79 Q,(0.7L4 n Y*™ - BY"2 = ¢
Hence B =200n Q, Yn+l
Thus the total cost TC$ will be a minimum at the particular value of Y when
B has this value. For the adopted optimum return period of 10 years,
B=200ng, .10""
Substitution into equation (N.5) gives

TC$ = 279 Q(Y) + 118000 + 200 n Q, . 10°T /v (N.7)

This relation enables the estimation of the total costs of structures

designed for discharges corresponding to actual return pericds differing
from the optimum value of 10 years,

Case 2 - Discharges 0 - 100 m%/s

Combination of equations (N.2) and (N.4) and analysis similar to that for

Case 1 lead to the following expression for total costs for this range of
discharges:-

TC$ = 1460 Q{Y) + 1040 n Q. 10n+1/Y (N.8)
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N./4 COMPARISCN OF COSTS WITH DIFFERENT DESTGN METHODS

gstimates of 10-year floods were carried out in Section 9,1 for 271
catchments Dy means of the design method in ARR and by the method developed
in this report. For each method, these estimates generally deviated from
the true value of the 10-year flood adopted here as being the discharge
estimated from the frequency curve of observed floods for the particular
catohment. The true value of the return period Y’ corresponding to the
estimated value Qe of the 10-year flood was calculated for each flood
ostimate and each catchment by equabion (M.9) of Appendix M.

1 = [2“ £ 1.4 (%% - 1)]%

2-year return period flood magnitude from the observed flood
fregquency cCurve (m3/s)

exponent calculated using equation (M.6) from the observed fiood

freqeuncy curve for the particular station.

where Qz =

and n

This value of ¥~ was then used as the value of Y in either equation
{§.7) or (N,8) depending on the value of discharge, and the total cost of
the structure to pass the estimated discharge Qg was calculated. These costs
were calculated for the 10-year flood derived from the observed flood
frequency curve, here considered as the true optimum value, and for the
10-year floods estimated by the ARR procedure and by the method developed
in this project.

The complete estimates were only made for those catchments where all

three discharge estimates were either below or above 100 m®/s. This

simplified calculations and provided data for 174 of the total 271 catch-
ple to

ments. The 174 cabchments constituted a sufficiently large sam
indicate the comparative costs of the different design methods.
Based on the true values of the optimum 10-year floods estimated from
the frequency curves of observed floods, the sum of the total costs of
the structures for the 174 catchments was approximately $34 million, Using
the design data in ARR, the total additional costs resulting from the
inaccuracies of the estimated discharges were $15 million. The corresponding
figure for the design procedure developed in this project was $2 million.
Table N.1 expresses these baslc and additionsl cosbs in terms of average
values per km®? of catchment area and per m®/s of the observed flocd fre-
quency discharge. While such unit measures may be oversimplified in that
costs are not linear functions of catchment size or discharge, these
measures provide useful and convenient indicators.




Table N.1 Average costs ‘of structures sized by different design methods

Design Approach Cost per km®> Cost per m®/s of
of catchment observed flcod
area frequency discharge

Basic cost of structure sized by true  $1500 $790
10-year flood

Additional costs-design by ARR 660 350
Additional costs-design procedurs of 80 40

this project,

As discussed in Chapter 9, the results are biased to some extent in that
the costs were estimated for some of the catchments used for the derivation
of the design data for the procedure developed in this project. The
results for this procedure should thus be better than would be expected
if' catchments not used in the development of the design data had been used.
In &ddition, the entire analysis is only of an approximate nature, as a
result of the ‘assumptions that were necessarily involved. Despite these
difficulties, the general orders or magnitude of the costs in Table N,1
indicate that the design procedure developed in this pProject constitutes
a major advance on the procedure in ARR. The additional costs resulting
from the inaccuracy of the ARR procedure are approximately half of the
optimum costs, and demonstrate that the procedure leads to a large wastage
of public funds. The procedure of this report that is based on observed
data not only is of much greater accuracy, but also involves only small
costs above the optimum values. Its use in eastern New South Wales in place
of the design method in ARR would yield large financial savings.




APPENDIX O RUNOFF COEFFICIENTS FOR THE CANBERRA REGION

After completion of the project and the final preparation of the body
of this report, derived runoff coefficient values became available for
twenty four catchments in the Canberra region. These were derived by
Mr, J.F. Neal of the Department of Housing and Congbruction in a project
ag of a Master of Bngineering Science degree at the University of New
South Wales supervised by the second author. Fifteen of the catchments
are gauged by the Department of Housing and Construction, and the remain-
ing nine are gauged by the Division of Forest Research, C.S8.I.R.0. Data
for these Canberra catchments were not available for the study described
in this report. The derived runcff coefficient values are reported and
described by Neal (1981).

Very little information was available in the vicinity of Canberra in
the project carried out by the authors, and the isopleths of C{10} had to be
estimeted in this region with considerable uncertainty. The values derived
by Heal (1981) were rather different to the estimated isopleths. The
isopleths on Maps 2 and 4 at the back of this report have therefore been
smended to take account of Neal's derived ¢{10) values in the Canberra
region. Interim versions of the map of C(10) values prepared before this
1ate amendment will thus give incorrect values in the Canberra region.

There is a pocket of very low ¢(10) values in the Cotter River catch-
ment to the south-west of Canberra with several derived values less than
0.1. Some of the gauged catchments in this region are in exotic pine planta-
tions with a deep litter cover on the ground. The high losses and delaying
effect on runoff that would be expected under these conditions could account
for the low values of C(10). However, other low values apply to catchments
with eucalypt forest cover, and the low values are not really inconsistent
with the general trends in the Canberra region. Despite this, values of
¢(10) below 0.1 have not been recommended for use in design on Map 4.
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