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Synopsis

The Flood Studies Report was published in April 1975, and dealt with an
investigation carried out since 1970 at the Institute of Hydrology, Wallingford and the
Meteorological Office, Bracknell. The Irish Office of Public Works and the
Meteorological Service participated in the studies and supplied data on floods and
rainfall in Ireland for inclusion in the analyses. The results are accordingly applicable
in this country and provide much improved bases for flood estimation. They can in
fact be said to supersede methods in use heretofore. In the paper the results are
discussed, the principal methods are introduced and the application of some is
illustrated by practical examples. In particular, methods are described for evaluating
rainfall input in flood estimation, predicting flood peaks, synthesising flood
hydrographs and estimating the maximum flood at a site. The methods deal with two
situations (a) where records are available and (b) where none exist.

*References to specific parts of the Flood Studies Report are given as footnotes
throughout the paper.

The Irish analyses have also been published separately as Extreme Rainfalls in Ireland
by J. Logue (1975), Technical Note No. 40, Meteorological Service, Dublin.

Introduction

The Flood Studies Report ¥ published in March 1975, is based on extensive research
and analysis of available hydrometric and rainfall records in Britain and Ireland. It
includes a volume each on hydrological, meteorological and flood routing studies as
well as a volume containing the data used and a volume of maps for applying the
results derived in the analyses.

The investigation that led to the Report was an event of historical importance and
involved the employment over a number of years of considerable resources and
expertise. The amount of data used also shows the thoroughness of the studies
undertaken. The flood frequency studies used some 5500 record years from 430
British gauging stations and 1700 record years from 112 Irish sites (Map 1); unit
hydrograph studies used 1500 rainfall-runoff events on 140 catchments. Before the
selection of gauging stations, sites were inspected and their records and rating curves
assessed. For Britain 600 daily rainfall records of average length 60 years, 6000 daily
records for the decade 1961 -70 and 200 autographic rain gauge records were
subjected to depth-duration-frequency analysis; for Ireland the records of 330 daily
and 12 well spaced autographic gauges were analysed* (Map 2).



Availability of the report should make for significant changes and improvements in
flood and rainfall estimation practice. For natural catchments, flood estimation should
be based on the methods recommended in Volume I of the Report, which means the
rejection of traditional ones such as the Rational Method and its variations. Rainfall
estimates should be based on the methods of Volume II for both natural and urban
catchments and formulae such as those of Bilham and the Ministry of Health are
superseded. In urban drainage problems, the Road Research Laboratory @ and the
Rational Methods ® may continue in use with the rainfall methods of Volume II. The
methods recommended are not always simple or easy to apply but it is implicit in the
Report that simple flood estimation methods, which are also reliable, are not
attainable. The average interval between exceedances of a specified flood magnitude,
Q, is called its return period, T, and has a reciprocal relation with probability of
exceedance. When a design flood value is required, the designer must establish its
required return period in consultation with his client. This depends on the risk that can
be tolerated and on the relationship between costs and benefits for different standards
of flood immunity. A risk-free design is provided only when the estimated maximum
flood is specified.

When the design return period is specified the corresponding discharge value is
obtained from the Q-T relation, the method of estimation depending on the amount of
data available at and near the site. The best estimates are obtained when the
parameters of the Q-T relation are calculated from recorded data. If records are not
available the parameters have to be obtained from catchment characteristics
(Section3.1.1 and 3.1.2), but consideration of the standard errors shows that such
estimates have the worth of about one year's data. Consequently, the extra work and
inconvenience of providing a record and analysing the data is absolutely necessary in
calculating a design flood for works of any importance.

Estimating the Q-T relation may be approached in two ways (i) by statistical analysis
of flood flows and (ii) using a unit hydrograph to transform rainfall of specified
frequency into runoff. In either case the procedure depends on the amount of data, if
any, available at or near the site. Local knowledge should be taken into account in
particular applications.

Scope of Paper

The aim of this paper is to bring to the attention of Irish engineers the results in the
Report of most immediate concern. It describes the background and events leading to
the Flood Studies and summaries the findings of the meteorological studies. There is a
discussion of climatic indices and catchment characteristics leading to the
development of empirical flood formulae. Later sections deal with the recommended
flood estimation methods viz. statistical estimation of flood peaks (Section 4), flood
estimation by unit hydrograph (Section 5) and the extension of this to estimating the
maximum flood (Sect.6)

(Some important material in the Report dealing with matters such as flood routing*
and extension of short records’ could not be covered.)

1. Background to Flood Studies

The Flood Studies can be said to have originated from the 1933 Interim Report of the
Institution of Civil Engineers (I.C.E.) Committee  and its extended reissue of
1960©). These standard references however, specified only large floods for spillway



design purposes in upland areas and did not cater for estimation of a flood of given
return period which is required when the relationship between costs and benefits for
different standards of flood immunity is being studied.

A paper to this Institution © in 1971 described the unsatisfactory methods of flood
estimation that were in use in this country. These methods made little use of the large
amount of available data - hydrometric and meteorological - and there were obvious
needs for their research and analyses.

Following an I.C.E. symposium 7 in 1955, a further report ® was issued in 1967
setting down terms of reference for a comprehensive investigation of floods and
extreme rainfalls in Britain. The Natural Environment Research Council agreed to
finance the project and in 1970 the Flood Studies Team, under Dr. J.V. Sutcliffe, was
assembled at the Institute of Hydrology, Wallingford and a meteorological group,
under Mr. A.F. Jenkinson, was formed at the Meteorological Office, Bracknell.

Irish involvement in the Flood Studies was initiated by an approach, through Prof.
J.E. Nash of U.C.G,, to the Irish Committee of the International Hydrological Decade
to have included in the study the considerable number of long records available in
Ireland. The Office of Public Works agreed to cooperate and set up a hydrological
unit for this purpose and the Irish Meteorological Service also agreed to carry out
analyses of rainfall data similar to those of the British Meteorological Office. It
proved a very satisfactory exercise in international cooperation and has had the effect
that the results of the studies are fully applicable in this country. The work on the
Flood Studies was guided by an interdepartmental Steering Committee and lasted
almost five years. Its objectives were:

(1)To provide a means of estimating the Q-T relation for flood peaks at sites with
or without hydrometric data. This relation is necessary where economic
considerations require that some periodic flooding be permitted. The peak alone is
sufficient for some design problems, as in determining the waterway required
under a bridge.

(i1)To provide a means of estimating the flood hydro-graph, of given peak return
period, for use in circumstances where flood volumes and storage attenuation are
involved e.g. for routing through reservoir or channel storage.

(i1i1)To provide an estimate of the maximum possible flood. This is a frequent
requirement in reservoir and spillway design and involves the volume and shape
of the flood.

(iv)To provide rainfall depth-duration-return period relationships over any area, to
enable estimates of storm depths and profiles for all return periods within the
range of all possible rainfalls to be made.

2. Results of Rainfall Studies’

Rainfall estimates, derived from analyses of the extensive rainfall records already
described, are now possible that are much more reliable than heretofore and that meet
all the normal needs in flood estimation regardless of the method used. They enable
the rainfall depth (DRy) of any duration (D) and return period (T) to be determined for
any point or over any area in Britain and Ireland.

2.1 Point rainfall estimation (DRy)




The analyses were based on rainfalls of 5-year return period (R5) with durations 2-
day and 60 minutes and the results were then related to rainfall depths for other return
periods and durations. The 5-year quantity, the basic building brick in the scheme,
was used because of observed discontinuities at lesser return periods in probability
plots of rainfalls. As a result, estimation of long-term rainfall Ry, is more reliably
based on R1/R5 than say R1/R2. From this viewpoint, R10 would be preferable to R5
but the latter could be estimated more accurately at the very large number of short
record stations. The 2-day duration was used because many important rainfall events
are cut in two by the 9 a.m. observation of daily read gauges that were widely used in
the analyses. The Report provides detailed maps of 2-day R5 and r = 60-min. R5/2-
day RS. (For Ireland, see maps 2 and 3). From these, DRt is estimated in two steps as
follows:

First the 5-year return period rainfall for the required duration (DRY) is computed
from 2-day RS values, using the ratio rp = DR5/2-day RS which is related to r for
durations 1 min. to 48 hours, as shown in Fig. 1, and to average annual rainfall, R, as
in Table 1, for durations 48 hours to 25 days.

Then the T-year rainfall is obtained by multiplying DRS5 by the growth factor R1/RS,
given in Fig. 2. These factors were derived from growth curves** given by plotting
rainfall against return period for stations with RS within a specified range (say 40 to
50 mm). It was found that for each RS range a single curve could represent these
plots, even when they included rainfall of various durations, provided their RS values
were within the specified range. The result was a family of growth curves,
independent of duration, from which the R1/RS5 relationships were obtained. A high
level of reliability is claimed for the resulting Ry estimates, up to return periods
several times the average length of the records analysed.

2.2 Areal Estimate of DRy.

The areal reduction factor (ARF), by which point rainfall of given frequency is
multiplied to give corresponding areal rainfall, is shown in Table 2. This factor was
found not to vary significantly with location or return period but to increase for a
specified area (A) with increasing duration (D), and to diminish with increasing area
when duration is specified. These results are, of course, in accordance with experience
from which it would be expected that persistent rain (large D) would have greater
areal uniformity and that full intensity might not be widespread for rain of short
duration.

2.3 Storm profiles

These were derived to enable rainfall, for a given return period and area, to be
suitably distributed over its duration (D). The need for an accurate distribution is
particularly obvious when D is large (say several hours) and much past attention has
been devoted to finding methods which would give design rainstorms that properly
reflected the flood producing capacity of rainfall of given duration and frequency.

Average Annual Rainfall, mm/100
Duration (D) | 8 -10 10 - 14 14 - 20 20 - 28
48 hours 1.06 1.06 1.06 1.06
72 hours 1.19 1.2 1.21 1.22




96 hours 1.33 1.36 1.38 1.4
192 hours 1.79 1.89 1.95 2
25 days 3.16 3.56 3.84 3.91

Table 1: Estimated values of rp (the ratio DR5/2 day R5) for durations between 48
hours and 25 days.

* Volume III, T Volume I, chapter 3, 1 Volume II, ** Volume II, chapter 2.3
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The profiles recommended were derived from a large number of major storms, with
winter and summer events examined separately; the primary analysis was based on
24-hour duration. To compare profiles the centre of each storm was defined to be the
midpoint of the shortest duration giving 50% of its rainfall and individual storms were
then grouped into quartiles, based on their peak-ness, i.e. on the ratio of their central
5-hour rainfall to the 24-hour rainfall. Mean profiles for each quartile then gave the %
of total 24-hour rainfall in each hour and hence cumulative % of rainfall was related
to cumulative % of duration (D); by interpolation, similar relationships were derived
for other percentiles of storm peak ness. The result is a set of profiles, symmetrical in
shape about the storm centre, from which a design profile can be selected, whose peak
ness is exceeded in any desired % of storms. For flood estimation in rural conditions
the Report recommends the use of the 75% winter storm profile shown in Fig. 3.
Results for summer storms, due to thunderstorms rather than continuous rain, show
sharper peaks. Seasonal effects also masked the geographical variation in storm
profiles, which could not be satisfactorily quantified; the recommended profiles are
therefore applicable to all areas (but caution is recommended in using summer
profiles for mountainous areas).

Further analyses evaluated the effects on storm profile of variations in storm duration
(60 min. to 4 days), return - period (up to 30 years) and of areal distribution. The
results showed no significant changes, so the recommended profiles are applicable for
design storms regardless of duration, return period or area involved.



2.4 Estimated maximum rainfall

In certain design situations, for example in reservoir and spillway design, estimates of
the maximum flood are required and for this the Flood Studies Report provides
estimates of maximum rainfall. The primary research was based on major storms of 2
and 24-hour durations, using the concept of storm efficiency. This is the ratio of
actual rainfall to the amount of precipitable water in the representative air column at
any instant during the storm and its maximum value in major storms at 60 stations
was derived from recorded maximum dewpoint values. The amount of rainfall that
would have fallen, if the maximum storm efficiency observed among all storms had
been reached, was computed for each storm examined. These estimates of Ry for 2
and 24-hour durations were mapped and are shown for Ireland in Map 4. (It will be
noted that the 24-hour values for all parts of Ireland are close to 300 mm (12") and 2-
hour values are roughly half of that). These rainfall maxima were also compared with
estimates given by an envelope of all known data of extremes used in the derivation
of growth curves (Section 2.1); agreement shown was sufficient to give general
support to the estimates based on physical maximization.

Further analyses enabled maximum rainfalls for other durations to be related to the 2
and 24-hour values. For intermediate durations maximum rainfall has a straight line
relationship with the log of duration and for other durations depends on average
annual rainfall as shown in Table 3; for durations less than 2 hours R...x is related to 2
hour Ry.x while for durations 48 hours to 25 days it is related to 24 hour Rx.

Duration, D Area A (km?)
1 5 10 30 100 300 1000 3000 10000 30000
1 min 0.76 0.61 0.52 04 0.27 - - - - -
2 min 0.84 0.72 0.65 0.53 0.39 - - - - -
5 min 0.9 0.82 0.76 0.63 0.51 0.38 - - - -
10 min 0.93 0.87 0.83 0.73 0.59 047 0.32 - - -
15 min 0.94 0.89 0.83 0.77 0.64 0.53 0.39 0.29 - -
30 min 0.93 0.91 0.89 0.82 0.72 0.62 0.51 0.41 0.31 -
60 min 0.96 0.93 0.91 0.86 0.79 0.71 0.62 0.53 0.44 0.35
2h 0.97 0.95 0.93 0.9 0.84 0.79 0.73 0.65 0.55 0.47
3h 0.97 0.96 0.94 0.91 0.87 0.83 0.78 0.71 0.62 0.54
6h 0.98 0.97 0.96 0.93 0.9 0.87 0.83 0.79 0.73 0.67
24 h 0.99 0.98 0.97 0.96 0.94 0.92 0.89 0.86 0.83 0.8
48 h - 0.99 0.98 0.97 0.96 0.94 0.91 0.88 0.86 0.82
96 h - - 0.99 0.98 0.97 0.96 0.93 0.91 0.88 0.85
192 h - - - 0.99 0.98 0.97 0.95 0.92 0.9 0.87
25 days - - - - 0.99 0.98 0.97 0.95 0.93 0.91

Table 2. Relation of areal reduction factor (ARF) with duration (D) and area (A).
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GROWTH FACTOR AS A FUNCTION OF R5

3. Flood Estimation From Catchment Characteristics®

In estimating the flood of given return period, Qr, data is required at the site,
whichever of the two methods referred to in the introduction is used. In the absence of
data, it is necessary to express in mathematical form the dependence of the required
estimate on the physical and climatic characteristics of the catchment. By the
statistical analysis approach the flood estimate is given as Qgar X (Q1/Qpar). Q1/Qgar is @
growth factor obtained by regional pooling of flood data, as described later in Section
4.4. It can be regarded as a known constant relating Qg,r and Qr. Qg, is the mean of
the annual maximum floods and exceeds the 1-year flood by about 15%; its value is
given by a formula, for use in the absence of data, obtained by regression analysis of
Qsgar on numerically expressed catchment characteristics.

In the unit hydrograph approach, Qr is estimated using the 1-hour unit hydrograph at
the site. Its time-to peak, Tp, which was also expressed in terms of catchment
characteristics for use in the absence of data, characterizes this.

* Volume 1, chapter 4



3.1 Catchment characteristics

Many measures of catchment characteristics such as area, shape, slope and length
have been proposed in the past® but there was not general agreement on which
measure should be used for each characteristic or even on which characteristics
should be included in a formula. A complete examination of this problem was made
in the Flood Studies and characteristics were chosen for use according to
hydrological, statistical and practical criteria. The characteristics should be
hydrologically relevant so that results based on them could be applied on new
catchments. They should make a statistically significant contribution to the formulae
and from the practical point of view should be capable of measurement from easily
available material. Finally, the same characteristics should be applicable for all
purposes and be of use for example in the formulae for Qg,r and T,.

3.1.1 Physiographic characteristics

The following were the measures adopted in the analyses:

(1)Size: Area (A) was the variable used; Stream Length (L) is a correlated
measure,

(i1)Slope:(S) was taken as that of the main channel between two points, 10%and
85% of the stream length from the gauge.

(ii1)Channel network: A stream frequency (Fs) was adopted, taken as the number
of channel junctions on 1/25,000 maps divided by the basin area (km2). For
Ireland junctions are counted on 1/63,360 (1-inch) maps and the result F's is
converted to stream frequency by the relationship Fs = 2.8 F's - 0.172, derived by
a comparison of results from the two map series for British catchments.

(iv)Storage: The index used is W = 1+ the fraction of the catchment draining
through lakes as derived from 1/250,000 maps. (A lake is ignored if less than 1%
of the area contributing to it). Caution is recommended, however, in using the
index for catchments with large lakes as the analyses indicated that it might not
fully account for their effect in reducing flood peaks.

(v)Soils and Geology. The measure adopted is based on a soil classification
derived from the Soil Surveys in Great Britain and Ireland. " Maps (See Map 1)
indicate the soil "Winter Rain acceptance potential' - which approximates to
infiltration potential — ranging from a maximum for Class 1 to a minimum for
Class 5. The fraction of each soil type (G1, G2, etc) is given a weighting and the
soil index is the weighted mean:

_ 0.15G1+ 0.30G2+ 0.40G3+ 0.45G4 + 0.50G5
Gl+ G2+ G3+ G4+ G5

G (1)



Since winter rain acceptance is broadly the reverse of runoff, the relative weightings
are analogous to runoff coefficients in earlier methods of flood estimation.

T The soil map for Ireland was prepared by Dr. M.J.Gardiner and Mr. L.F. Galvin of
the Agricultural Institute, Dublin and by Dr. S. McConaghy Ministry of Agriculture,
Belfast.
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(vi)Land Use. The Studies also attempted to examine the effect on floods of
areas of forest and urban development. Neither was significant in Irish catchments
but the fraction of area 'built up' (U), proved a useful variable for British
catchments.



3.1.2. Climatic characteristics

To take account of local climatic affects the following two indices were used:

(i)Mean annual rainfall (Rg.). The report provides maps of standard period
average annual rainfall for United Kingdom (1936 — '70) and Ireland (1926-'60).

(11)Rma.* this is a measure of rainfall excess, in millimetres, given by 1-day RS
rainfall reduced by a weighted mean of annual soil moisture deficit (SMD). Map 3
shows SMD for Ireland derived from 17 meteorological stations. Ryng was devised
to overcome the conceptual difficulty associated with Rg,, in that it is not directly
the cause of short-term hydrological events. Rynq and Rg, are however correlated,
the approximate relation between them being Ryng = 2.48V(Rpa- 40 mm.)

*Volume 1, chapter 4.

3.2 Catchment delay parameter®

In previous investigations catchment delay parameters included time of concentration,
Tc; rise time from lowest to highest stage level; time to peak from beginning of rain
or from centre of mass of rainfall excess; and time from centroid of excess rain to
centroid of response runoff. These parameters have been related to catchment
characteristics, generally stream length and slope, frequently combined in the form
LS.

The time to peak of the 1-hour unit hydrograph used in analyses is also a catchment
delay parameter and, to enable it to be estimated in the absence of recorded data, it
was related to the catchment characteristics. Thus:

T, = 46.68**R__ "1+ 'L .. (2

It must be stressed that this is less reliable than that obtained from recorded data. Tp
should preferably be obtained by deriving a unit hydrograph but the analyses showed
that it can be estimated with reasonable reliability from the lag time of the catchment,
defined as the time from centroid of total rainfall to flow peak.

The relationship is: Tp = 0.9 Lag ---3)

The analyses also showed that an approximation of Tp, in terms of the customary
LS, is given by

L 0.5
= 2.80-— -4
vk o

And that the base length of the 1-hour unit hydrograph is

Tg=252Tr ---(5)
Since Ty — 1 = Tc the latter can be expressed as:



L 0.5
T.= 7.06H— -1 ---(6
¢ E@E (©)

In addition, its results can be compared with those of other available formulae for
calculating time of concentration ©

3.3 Relation between Q and catchment characteristics

Using multiple regressions, the values of Qg, from 533 stations were related to their
catchment physiographic and climatic characteristics. It was found that the standard
error of estimates was reduced by the inclusion of an increasing number of variables
(with the exception of Urban (U) which was significant only in the Thames-Essex
area where special treatment was required). The following 6 variable equation was
recommended for use:

QBar = C'A0.94 -FS 0.27 .G1'23 .Rsmd1‘03 .W_O‘SSSO'M o (7)

The constant C equals 0.0172 for Ireland but changes with geographical region in
Great Britain - (the indices of the variables are the same for both countries). Similar
regional equations were produced using mean annual rainfall (Rg,) instead of Ryn¢ and
that recommended for Ireland is:

Qy,, = 0.00042.A°” F " G R, ¥ WOH S0P —--(8)

These two equations have about the same reliability with standard factorial errors of
about 1.5. This means that for two thirds of catchments the percentage error would
fall between +50% and -33% and that in 1 in 20 cases they could over-estimate by
more than 120% or underestimate by more than 50%. These errors were shown in the
analyses to be little better than those of an estimate of Qg based on a one-year flow
record for the site. Indeed, it could be said that little extra accuracy would be lost,
particularly on small catchments without significant storage, if equation 8 were
rewritten as:

Qu, = 0.00038.A.F,"*G'* R, S" .- (9)

(This has a standard factorial error of about 1. 8)

*Volume 1, chapter 4
T Volume 1, chapter 6, sections 2,4 and 5.



Average Annual Rainfall. mm/100
Duration a1 1014 14 -20 20— 28
D Rain max ra‘infall of duration D & D Hmax
max rainfall of duration 2 hrs 2 hr Rypax
1 min 0.06 0.06 0.06 0.06
2 min 0.1 0.11 0.11 0.1
6 min 0.23 0.23 0.22 0.22
10 min 0.36 0.36 0.34 0.34
16 rnjn 0.47 0.47 0.45 0.45
30 min 0.65 0.65 0.62 0.62
680 min 0.83 0.83 0.79 0.79
2 hour to DRmax=2hrR +093( 24hrR —2hrR
24 hour : e gl hirds r Rmax ) -lng (g:l
max rainfall of duration D DR
Ratio = s
max rainfall of duration 24 hrs 24 hr Rppax
* 48 hour 1.10 1.11 1.12 1.14
72 hour 1.14 1.16 1.18 1.23
96 hour 1.18 1.20 1.24 1,32
192 hour 1.28 1.35 1.49 1.62
26 days 1.68 1.92 2.20 2.49

Table 3 Maximum rainfall of duration D, D R . related to 2 hr R and 24 hr R for D =
1 min. to 25 day, and to average annurarﬁ'xainfall. s T

Equations (7), (8) and (9) should be used with caution and confined to rough flood
approximations; examples are estimates required in feasibility studies or for gauging
station installation and design. Improvements can be achieved by using available local
information. For example, if comparison of predicted and measured values of Qg, at
gauged sites in the vicinity show a consistent pattern, this can be used to improve the
prediction. However, the most valuable local information is recorded flow data for the
site; most projects of any magnitude allow sufficient time in the preparatory phase to
collect a few years of records and these can be used to give greatly improved flood
estimates. The standard errors of the above results, despite thorough research on a
large amount of data, indicate that reliable flood estimates from simple methods are
not attainable. The more elaborate procedures described in the succeeding sections are
therefore necessary.

4. Estimation of Q by Statistical Methods

4.1 Flood frequency models*

In determining the relation between flood peak Q and return period, T the entire
hydrograph can be replaced by the series of flood peaks alone. This can be done in
two ways as follows:

(1) The partial duration series is the series of all flood peaks in excess of an
arbitrary threshold, qo. Its Q-T relation is the same as in the population of all
floods and may be defined in terms of qo, the number of peaks exceeding qo per
year, and the distribution of peak magnitudes. It is not universally used mainly
because of the difficulty in defining independence between peaks that occur close
together and because it involves conditional probability arguments when it
includes more than one flood per year.



The annual maximum series consists of the maximum flood peaks in each year. It is
popular in flood hydrology because it obviates the difficulties associated with the
partial duration series, while the relation between Q and return period Tawm is linked to
that between Q and T in the parent series as shown in Table 4 ©. This shows that Ty
differs from T by only 0.5 when T > 5 and means that the Q-T relation is validly
obtained from the annual maximum series except for T<5.To illustrate, suppose q is
exceeded 100 times in 200 years, then T = 2 years. If the exceedances are examined it
will be found that less than 100, say 80, appear in the annual maximum series,
because in some years second or lower ranking floods may be greater than the
maxima in others. This means that among annual maxima q is exceeded less
frequently than in reality and its return period is exaggerated to Tam = 200/80 = 2.5
years, i.e. a decrease in frequency from 5 to 4 times a decade. When Qr is estimated
for T< 5, use of the annual maximum series is insufficient without a correction, using
Table 4. Thus the 2 year flood Q, is the Q value corresponding to Tam = 2.54 in the
annual maximum series.

T in population
of all floods 0.5 1 1.45 1.78 2 5 10 50 100
Tam among

annual maximum 1.16 1.58 2 2.33 2.54 5.52 10.5 50.5 100.5

Table 4. Relation between T and Taw for fixed Q value (After Langbein )

A frequently quoted objection to the annual maximum series is that it omits some of
the largest floods on record. However, Table 4 shows that for large T the annual
maximum series agrees closely with the partial duration series, which includes these
large floods. Neither does the latter give better estimates i.e. smaller standard errors of
estimate as defined in section 4.6. The Flood studies also show that the inclusion, by
lowering the threshold qo, of extra floods in the partial duration series does not help to
define better the statistical distribution of peaks. *

4.2 Statistics and distributions

Statistical analysis gives, not the Q-T relation directly but the relation between Q and
probability of occurrence expressed by a distribution function F (q) = PR (Q € q) for
the series. Its complement 1— F (q) is called the exceedance probability and

T =1/(1—F (q)). The form taken by F(q) depends on the kind of series involved but
it cannot be deduced by theoretical reasoning alone. Empirical studies have shown
that the increase of Q with log T is either linear or slightly curved and the following
recommendations are made here:

*Volume 1, chapter 2.2
tVolume 1, pp 207-209




(1)The exponential distribution®*
PR (Q< q)= F(q)= 1-e ", B >0 ---(10)

Is recommended for the partial duration series, f is the amount by which the mean
exceeds the threshold qo and the corresponding Q-T relationship is

Qr=qotfInT=q,tfy ---(1D)

Where y, the reduced exponential variate, is distributed as in (10) with qo =0 and
= 1. This is illustrated by the linearised graph in Figure 4. The distribution is used in
this form in data analysis, usually with q as ordinate and y as abscissa.

(i1)The extreme value family of distributions’" is recommended for the annual
maximum series, the general extreme value distribution being

—(l—ﬂk)”‘ a o
PR(Q< q)= F(q)z=e ¢ -1 >0 (12)

In which the Q-T relation, in terms of yr is:

---(13)

- ky
QT:‘”‘IEI e TE

The mathematical limit of this distribution as k » 0 is called the extreme value type
1 or Cumbel distribution "

PR (Q< )= F(q)= ™" ---(14)
And the Q-T relation is:

Qr=utay, ---(15)

11 Volume 1, chapter 1.2.4
** Volume 1, chapter 1.2.3



[ T-10
The quantity yr = - In H- IHQT@H , (3 In (T-1/2), when T 2 5, is called the 'Gumbel

reduced variate, tabulated in Table 5. The extreme value type 1 distribution is
illustrated in Figure 5, and the Q-T relation for the general extreme value distribution
in Figure 6. In the latter, the straight line, corresponding to k =0, is the type 1
distribution.

T 2 5 10 20 25 50 100
Y+ in extreme
value type 1 0.37 1.5 2.25 2.97 3.2 3.9 4.6

= -In(-In(T-1)/1)

Y in exponential

= In(T) 0.69 1.61 23 3 3.22 3.91 4.61

Table 5. Relation between Yt and T in extreme value type 1 and exponential
standardized distributions.

It was found during the Flood Studies that the extreme value distribution best suited
to Ireland has a small negative k value (k=-0.05), see Figure 7. Because of the slight
curvature, it could be approximated by a straight-line meaning, that the two-parameter
extreme value type 1 (Gumbel) distribution is adequate in Ireland for most purposes.

4.3 Common quantities in flood series

4.3.1 Annual maximum series

Any series can be summarised, at the expense of detail, by its mean, # and standard
deviation 0 . In the annual maximum series ql, q2...qi...qn from N years of record
the mean annual flood is estimated by:

1
QBar:NZ q; ""(16)

(In the absence of flow data Qg, is obtained from Equation (7)).
The standard deviation is defined as:

0= (@~ Qu)* /N-1) - (1)
And measures the scatter of the values about the mean.

The coefficient of variation is a useful dimensionless form and in Ireland has an
observed average value of 0.3. (Britain is about 0.4)

g
or — - (18)

0
C. = —
v :u QBar
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If Q is distributed as extreme value type 1 the following relations hold

u+ 0.577a - --(192)
0 /0.78 - ---(19b)

H
0

And the mean annual flood has return period T = 2.33 among annual maxima, i.e. Qgar
is exceeded by 10 annual maxima on average in every 23 years. The area to the right
of f =ut 0.5770 on Figure 5 is the exceedance probability of # among annual
maxima. Using PR (Q>H )=1-PR(Q € /l )=1-—F (¥ ) and equation (14) this is
shown to be 0.43 and its reciprocal is the return period Tau = 2.33. Table 4 shows that
T =2.33 among annual maxima implies a T value of 1.78 in the population meaning
that it is actually exceeded 10 times on average in every 18 years.

4.3.2 Partial duration series

The probability that any peak exceeds q is, by equation (10),
PR (Q> q)= ¢ @ = /T

Where T' is the average number of peaks occurring in the series between successive
exceedances of q.
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Hence T' =e @’ orq=qo +# In T

If 1 is the average number of peaks per year exceeding qo then T' peaks occur in T =
T'/) years. Therefore the relation between Qr and T in years is:

Qr=qytf InAT

=(qo+ B InA)+f InT ----(20)
In particular, the one-year flood, T = 1,is
Q= qot B Ini ----(21)

This magnitude has return period T = 1.58 in the annual maximum series, see Table 4,
and this corresponds to:



ﬁ @ HH: -0.002= 0

In the extreme value reduced variate. The value of Q1/Qg, in the average distribution
of Q1/Q for Ireland (Figure 7, section 4.4) for this value of y is 0.87. Therefore:

Q,/Qy,, = 0.87

Or QBar 1 15Q1 -T=- (22)
Thus the mean, Qg,, of the annual series is 15% larger than the one-year flood.

3.3 Statistical estimation

Apart from histograms which are useful only for display of data, methods used for
examination of a series and for estimating the Q-T relationship are as follows: The
probability plot comprises a graph corresponding to the linearised portion of Figures 4
and 5 prepared from the sample data. Histogram data cannot be plotted directly on it
because the linearisation introduces the reduced variate y, linearly related to Q and is
such that either F = 0 is represented by y = - o or F = 1 by y = . Instead, the ranked
flood values are paired with values of plotting positions, y, which may either be
calculated or read from appropriate tables, as explained in Section 4.5.3. Q is then
plotted against y on ordinary graph paper and a return period scale marked alongside
the y-axis. Alternatively, probability paper, in which the abscissa is graduated in
terms of probability, may be used with the plotting position specified as probability or
F values, viz:

_i-0.44
"N+ 0.12

For Gumbel paper, where 1 = 1 refers to the smallest value. In graphical estimation, an
eye guided smooth curve or line is drawn to give Q values of any specified return
period. The major criticism of this method is the differences between curves produced
by different analysts. In numerical estimation, a form of distribution function, F (Q),
1s adopted using experience or a probability plot as a guide. This function contains
parameters which are unknown but which can be expressed in terms of observed data
by analytical rules known collectively as estimators. Different estimator types exist
depending on the criterion adopted to express agreement between distribution and
observed data. The moments and least squares estimators are discussed in Section
4.5.3. A difficulty arises when selecting the form of F (Q) and the choice involves
some element of subjectivitiy, which should be borne in mind when criticizing the
graphical method. If the correct choice is made then numerical estimation is superior.
Furthermore, a measure of efficiency can be associated with the method chosen, in
terms of the proportion, incorporated in an estimate, of all available information in the
data about the distribution.



4.4The Regional Curve approach*

If there are several records from the same flood population an-estimate of Qr can be
obtained from each. The standard deviation of these estimates is called the standard
error of estimate (se) of Qr and about two thirds of the estimates fall in Qr * se (Qr).
Table 6 shows se (Qr) as a percentage of Qr for different N and T values in the
extreme value type 1 distribution. It is given approximately by:

se (Q;)*= %(0.3& 0.80y,)= ExQ,, /N ----(23)

Bar
JN

With y-p as in Table 5, row 2 and E as tabulated in the last row of Table 6. These are
minimum figures based on maximum likelihood estimation. In practice, the true
distribution will differ from the assumed one in which case the true standard error
could be double the tabulated values. These very large unavoidable standard errors
mean that rare floods cannot be estimated with reliability from a single station record.
Another disadvantage of the single station estimate is the outlier problem. This occurs
when a series contains one extremely large flood, which does not conform to the
pattern of the remaining points on a probability plot, and it is necessary to decide how
much weight it should be given in determining the Q-T relation.

Return Period, T
Sample Size

N 2 10 25 100 1000
10 12.3 15.01 16.29 17.72 19.28
25 7.84 9.5 10.3 11.2 19.2
50 5.54 6.71 7.29 7.9 8.62
100 3.92 4.75 5.15 5.6 6.1
E 0.26 0.86 1.16 1.61 2.35

Table 6. Standard error of Qr estimated as % of Qr.
Extreme value type 1 distribution, 0.38u, Cy = 40%

To overcome these difficulties the regional curve method examines annual maximum
series at several stations jointly. The series are rendered homogeneous by dividing
each by its mean Qpg,, and the relation between Q+1/Qg, and T is then estimated, using
a modified form of Dalrymple's technique of regional pooling of data “V. The relation
is effectively the mean pattern established by the individual probability plots viewed
concurrently, and the curve is extended by exploiting the statistical independence of
stations, geographically well spaced. If 10 such stations have 200 station years of data
between them the four largest values of Q/Qg.r among them are plotted as the four
largest in a sample of 200. This is repeated for other groups of independent stations
and the curve is drawn through the mean of all these points. Ireland was treated as one
region and the resulting Q-T relation is shown in Fig. 7'. It takes the form of a general
extreme value distribution with parameters u=0.87, ¢ =0.21, k =-0.05.

To apply this curve, the mean annual flood Qg,: is estimated from a record of flows or
in their absence from the catchment characteristics using equation (7); then Qg, is



multiplied by the ordinate Q1/Qg.: corresponding to T in Figure 7. In this method the
standard error of estimate is:

5e(Qr) = y/Qpa > var(Qy / Quo) + (Q / Qe )’ var(Qy,,) - (24)

* 1+ Volume I, chapter 2.6.

Where (Q1/Qgar) is the ordinates from figure 7 and var (Q+/Qg.) is tabulated there.

Var Qg, = 0.16 Qg.” if Qg is estimated from catchment characteristics.

2
_ 0.16Qu, ;¢ Qgar is estimated form N years data ----(29)

4.5 Examples*

Estimates of the 25-year flood, Q2s, are obtained below for the Owengariff River at
Torc Weir, Co. Kerry. The catchment's characteristics are listed in Table 7. A 28-year
record is available but estimates also assume a shorter record and no data at the site.

4.5.1 No Records

The two quantities Qg, (mean annual flood) and Q,s/Qg,: are used in this case. The
latter is obtained as 1.60 from Figure 7 while Qg, is obtained from equation 7

Qgar = (0.0172) (8% (1.93%%7)(0.45'%) (74.7"%) (74.5%'%) = 9.21 cumec.
Hence, if Q25 = Qpar X (Q25/Qgar) = 1.60 Qpar = 14.7 cumec.

For the standard error calculation, note that var Qg,, = 0.16 Qg,> = 13.57 from
equation (25) and var Q/Qga = 0.1139 from Fig. 7. Then equation (24) gives se (Qas)=
6.7 cumec = 45% of Q,s. The ability of equation (7) to estimate Qg, should be
checked on neighboring catchments for which records are available. Consistent under
or over-estimation on these catchments should be taken into account by applying a
percentage correction at the site.

A= 8km? Reoar = 2335mm
L= 3.04km 2dayR5 = 113 mm
S= 74.5m/km Rsma = 74.7mm
Fs = 1.93j/km?

G= 0.45

Table 7. Catchment characteristics for River Owengariff at Torc Weir.



* Volume 1,chapter 2.11
T Volume 5, Figure 1.4.23

4.5.2 Five Years Records (1942-47)

When a short record is available, it is used to give an estimate of Qg, either from the
annual maxima or the partial duration series. The latter method is not affected, by a
single large flood in a short record, to the extent that the annual maximum method is.
The factor Q.s/Qgar = 1.60 is again multiplied by the resulting Qg,: value. The 15
largest floods in the 5 years 1942 — 1947 are listed in Table 8 with the annual
maxima asterisked. The calculations are 'set out in the table and it is seen that Qg,, is
just over 6 cumecs as compared with 9.21 by equation 7. The figure from the data is
always preferable. Q,s is now estimated as _ cumecs by annual maxima and as
10.02 by the partial duration series and se (Q»s) is reduced to 27%.

4.5.3 More than 10 vears record

When 10 or more years data are available at the site it is usual to inspect the peaks on
a probability plot. This can be done on an annual maximum or partial duration series
and both are illustrated here. The Q-T relation obtained from the data by either
method will almost certainly be different from that obtained from the regional curve,
Fig. 7. This must be expected because randomly drawn records from the countrywide
population display a large scatter among themselves.

Year 194243 194344 184445 1945-46 184647
gE1* g.09* 6.09* 6.02* 7.89"
5.54 6.09 5.54 {This is 809
-5.54 5.54 not among 554
5.28 5,54 |il'?.§l
517 5.28 18

Annual Maximum series 0= 5,81 + 6,09 + 6.09 + 5.02 + 7.89] /5 = 6.18
Qy7s) = 1.60 O = 989 cumee,
Equation (25) gives  var 0 =0,18 02/5 = 1,22 and
var Orp/0 = 0,1138 a5 abowe
Theratore equation (24] gives se (Qgg) = 2,73 = 27% of Ogs,

Partial duration Mo, of Maan af Minimum Peaks
saries pEaks peaks pealk DEr year
M=15 Q=880 .q,,=517, A=mM5=3

L] 1; r “mlr‘].

KRy e

=085, T9 = AGmin-4# /M=5125

Q= g+ A ink+085774 =626 Cyg = 1.600=10.02

Tabls 8. EI_?E sstimated from S years record. |Expressions far A g, and
O from Ved. 1 Chapter 2, eqns. 27.5.4, 275 5and 2.2.9.1).



The analysis is illustrated by the use of the 28 years record, which is long by normal
Hydrological standards.
It is recommended that a distribution fitted to a record of length N should not
normally be used to estimate Qr for T>2 N. For large T the relation Fig. 7 should be
used in conjunction with Qg

(i)Annual maximum series

The extreme value type 1 distribution is fitted to the 28 annual maxima in Table 9.
The plotting positions, y, given in column 4 are taken from Table 1.1.16 of the Flood
Studies Report. (Columns 8 and 9 show how they may be approximated). The ranked
flood values are shown plotted against them on Figure 8, on which a return period
scale is marked using Table 5.

The least squares estimates of the parameters u and are obtained by regression of the
ranked flood values on the plotting positions, y. The equations used are those of
ordinary regression analysis.

- Z (d; - Qg )Yi ™~ Yiar)

2 (y _ y )2 And u= QBar -a YBar
i Bar

And are evaluated in Table 9 using the identities

2 (ql - QBar)(Yi - YBar): z qui - NQBarYBar And

Z (y; - YBar)z = Z yzi - NYBarz

Givingu=5.26 and @ =1.40 as shown. The Q-T relation is therefore Qr=u+ 0 yr=
5.26 + 1.40 yr which is shown in Fig. 8 where yr is as given in row 2 of Table 5
(yr=3.20 for T = 25). Therefore Qs = 5.26 + 1.40 x 3.20 = 9.74 cumec.

Equation (23), with E = 1.16 from Table 6 and Qg,- = 6.07 from Table 9, gives se
(Q25) = E. Quar / V28 = 1.33 = 14% of Q25.

The least squares method is recommended but a shorter method is to approximate the
distribution moments by the sample moments and to obtain u and ¢ from them using
equations 19 (a) and 19 (b) as shown in Table 9.



Annual F,=
Maxima Ranked I-
Annual Plotting 0.44/N+0.1 yi =
qi Rank | Maxima qg | Position qi vii | qavi 2 -In-InF;
5.81 1 4.15 -1.32 17.22 | 1.74| -5.48 0.0199 -1.37
6.09 2 4.24 -1.04 17.98 [1.08| -4.41 0.0555 -1.06
6.09 3 4.53 -0.86 20.52 [0.74| -3.9 0.091 -0.87
5.02 4 4.53 -0.71 20.52 | 0.5 ] -3.22 | 0.1266 -0.73
9.22 25 7.89 2.02 62.25 |4.08] 1594 | 0.8734 2
4.53 26 9.22 2.37 85.01 |5.62| 21.85 0.909 2.35
4.53 27 9.92 2.89 98.41 | 8.35| 28.67 0.9445 2.86
4.24 28 1141 3.91 130.19 |15.29] 44.61 0.98 3.91
170.07 | N=28 16.19 1117.6 [50.28| 155.68
Method Of Moments:

Qo7 § TvarQ:(y - NQy,.
=6.07

=3.18

Qr=uta vy =527+139v,

Method Of Least Squares:

YBar = 2 %aSSY: z Yi2 - NYBarZ’SQY: Z

=0.58

=40.86

=57.1

Qr=uta vy =526+140v,

Table 9. Annual Maximum Series Calculation

=1.78

q;¥i - NQgy Vgl =

((N-1),0 = \/VarQ,a = 0.780 ,u= Q,, - 0.577a

=1.39 =527

SQY
SSy”’

u= QBar - aYBar

=14 =526




(ii)Partial duration series

For the 28 years record, Table 10 shows the highest 84 floods, the 3 per year series.
Assuming the exponential distribution these are shown plotted on a simple
exponential base y on Figure 9, with a return period scale (T") marked with the help of
Table 5, row 3. The plotting positions are y1 = 1/84 for the smallest value, y2 = 1/84
+ 1/83,y3 = 1/84 + 1/83 + 1/82 and so on as shown.

For numerical estimation the mean g, and minimum i, are noted from the data and
from these, the parameters £ =0.92 and qo = 4.76 are computed. The third parameter
) has been fixed at 3 (floods per year). Using equation (20) the Q-T relation is

Qr=qo+ B In3+p
InT=4.76 +0.92 In3 +0.92 InT =5.77+0.92 InT.
Therefore Q,s = 8.73 cumecs.

On Figure 9, the line Q = qo + B InT! is drawn to represent the estimated population
line. (Note that T' is not years, but the number of floods occurring on average in the
series between exceedances of Q). It can be seen that the lower points dominate the
slope of the line and that it underestimates the upper values. A better fit to the data
would be obtained by a curve (e.g. an eye guided one). This shows that the inclusion
of the lower values offer little or no help in defining the upper part of the curve unless
the same curve is followed by both high and low values and its form is known. Since
the latter is unknown, it may be better to discard the low values and work with the one
per year or annual exceedance series.
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This latter series is illustrated in figure 9 and calculations similar to those shown in
table 10 yield qgar = 6.76, Qmin = 5.54, M = 28. Hence = 1.27 and qo= 5.49 giving Qr
=5.49 +1.27InT.

Therefore Q,s = 9.57 cumec.

4.5.4 Choice of method

In all methods, the flood estimate changes with the amount of local data used but as
the latter increases the standard error decreases. This is to be expected because of the
statistical nature of the material. The published statements for and against both the
annual maximum and partial duration series methods are many but this paper allows
them equal standing. It is usually a matter of personal choice and convenience, the
annual maximum method being the less time consuming.

Rank Paak ll‘-’:ttlng Rank | Peak IPlntting
Values sitlon | Wvalues Position
ar1y ¥i IR a(i} ¥
1 477 o012 | . .
2 4,77 0.024 s 5
3 4.77 0.036 o . -
4 4,77 0.048 ¥ 7 T.26 2.421
5 4,77 0.061 78 7.28 2.564
(] 4,77 0,074 | 79 7.89 2.731
T 4,82 0,086 [ BO 7.89 2.931
a 4.87 0.099 B1 7.89 3.181
' . ' Bz 9.22 3.514
. . - B3 9,92 4,014
. . B4 11.41 5.014
Qmin= Minimum = 4,77 q-= average = 5.68
M= No, of peaks = B4
M {8 — a0 = 3, s -
p=218="9mnl = 0,92, 0, = ap,,, — & =476
M=1

Taple 10, Scheme of partial duration series calculations,
({The exprassions for and qg are given on page 194, Valume 1).



Estimation of T Year Hvdrograph by Unit Hydrograph.

5.1 Introduction

The use of rainfall to estimate floods has a long history, beginning with the Rational
Method. However, this implies a rectangular impulse response for the catchment,
which means that the result obtained is extremely sensitive to changes in the time of
concentration, a quantity which cannot be obtained with reliability for large
catchments (ref. 6). This disadvantage is overcome if a single peaked impulse
response having a more natural shape is used, because it allows a balance to be
achieved between increasing storm duration and decreasing intensity while preserving
the peak magnitude. This can be achieved with the unit hydrograph.

By definition the Rmm T -hour unit hydrograph (T UH) is the runoff hydrograph of
quick response to Rmm of net (or effective) rainfall generated uniformly over the
catchment area at a uniform rate for I hours. By definition also, any change in the
volume of rain in the same T hours produces a proportional change in the runoff and
the total runoff from rainfall occurring over a succession of I hour durations can be
obtained by lagging and addition. If the net rainfall in successive intervals is r1, 12 ...
rl; the UH ordinates at the same intervals h1, h2, h3 and the runoff q1f, q2...q:: then
the g's can be expressed in terms of the r's and h's by the so called convolution
equations

ql =rl hl

q2=r2hl +rl h2 ----(26)
g3=1r3hl +1r2h2 +rl h3

g4=r4hl +r3h2+r2h3 +rl h4

The unit hydrograph provides a flood hydrograph, and this is important for flood
problems involving volumes or flood attenuation by storage; the UH is therefore
complementary to statistical peak estimation, discussed in section 4. It is also more
sensitive to the flood producing capacity of catchments than simpler techniques such
as the Rational Method because it comprehends more of the factors affecting runoft.
The recommended method takes account of the wetness of the catchment and its
characteristics including soil cover and land use; the storm magnitude, and its
duration and time distribution for the required return period, are provided for.

The method is time consuming and involves several steps* relating to the processes
involved in determining the unit hydrograph, the rainfall input, the % runoft, and
computing the hydrograph. These processes can be modified to give an estimate of the
maximum flood, including a contribution by snowmelt (Section 6). Application of the
unit hydrograph method is illustrated here by a worked example; the catchment used
is again the Owengarriff River at Tore Weir whose characteristics are given in

Table 7.
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5.2 The unit hydrograph’

The Flood Studies showed that a unit hydrograph is adequately represented by a
triangle in the design case and that it can be described by one parameter T,, the time
to peak. For the 10 mm one hour unit hydrograph, representing the flood runoff from
10 mm of net rain occurring uniformly during one hour and over the catchment area,
the peak flow Qp = 220/T» cumec/100km? and base width Tg = 2.52 T; hours.

The quantity Tp can be obtained as discussed in Section 3.2 depending on the data
available at the site. Here we assume that no records are available and using equation
(2), and the catchment characteristics in Table 7,

Tp = (46.6) 74.5°% 747411993 ,04%'* = 1.88 hours.

As in the case of Qg,, the result given by this formula should be checked on
neighboring catchments for which rainfall and runoff records exist and any necessary
adjustment should be made. Where rainfall and flow data are available, an improved
value of Tp is given by equation 3 (but in such circumstances the data should



preferably be used to derive the unit hydrograph). The data interval T for hydrograph
and rainfall tabulations should be taken as Ty/5 approximately; T = 0.4 hours is used.
The unit hydrograph specified by Qp, Tpand Ty above is for a data interval of T =1
hour and for different values of T the UH has to be altered. The normal method is to
use the S-curve but a convenient approximation is to alter Tp, thus

T, = New T, + Q%@: 1.58, say 1.6 hours

Hence Q's= 220/T's cumec/100 km? = 137.5 cumec/ 100 km* = 11.0 cumec and T =
2.52 T's = 4.03 hours.

5.2.1 Unit hydrograph ordinates

The triangular hydrograph obtained has now to be expressed as ordinates at 0.4
intervals for the convolution with rainfall. Let the slopes of the rising and falling
limbs of the hydrograph be sl and s2.

Then sl = Qy/T'» = 11.00/1.6 = 6.88 and s2 = Qp/ (T — T'») = 11.00 / (4.03 - 1.60) =
4.53.

The ith ordinate hi depends on whether it is to be left or right of the peak, i.e. on
whether i. T <T's or > T'p.

Therefore hi=1isl ifi T <T'p.
= (TB-iT ) s2 ilep <il <TB

The ordinates are tabulated in Table 11; h1 to h3 use sl and the remainder s2.

1 2 3 4 5 6 7 8 9 10
0.4 0.8 1.2 1.6 2 24 2.8 3.2 3.6 4
2.75 5.5 8.23 11.01 9.2 7.38 5.57 3.76 1.95 0.14

Table 11. Calculation of UH ordinates, h;,h,,...h;,...

5.3 The design storm**

Having established the unit hydrograph ordinates, the design rainstorm must then be
determined. This involves the storm return period, its duration and profile within that
duration and the percentage runoff. The designer must specify the flood return period,

in consultation with his clients. He also has some scope for exercising his judgment in

the choice of storm profile, soil moisture deficit and antecedent precipitation index
used in determining percentage runoff. However, standard values of these are
recommended for use in design and these should not be departed from without good
reason. (The exception to this is estimating the maximum flood -Section 6).

5.3.1 Design storm return period. duration and amount




It cannot be assumed that a T year storm produces a T year flood and the matter is
further complicated because storms of different durations may cause a T year flood.
Extensive work carried out during the Flood Studies has provided a means of
selecting a storm duration and return period to be used with the UH to give the
magnitude of the T year flood.

The investigations showed that the storm duration should be taken as

D = (1.0+ Ra/1000) Thpuvvveerrerreeeenn, 27)

In the example D = (1 +2.335) 1.60 = 5.34, use 5.2 hours. The resulting flood is not
sensitive to a small change in the value of D, unlike the Rational Method, so a
convenient value may be adopted without affecting the outcome. This point is
important because of the prominent historical position held by storm duration in flood
design and because of its critical effect on results given by the Rational Method.
The relationship between flood return period and storm return period is given in Table
12. For Qr where T = 25 the storm return period is 42 and the corresponding rainfall
depth for duration 5.2 hours is determined by the methods described in Section 2,
from Vol. IT of the Report.

(1) 2-day RS is found as 113 mm from Map 2.

(iii))  r=60min R5/2 day RS is found as 0.17 from Map 3.

* Volume 1, chapter 6.1.4, 6.8.2
** Volume 1, chapter 6, sections 7 and 8.
1 Volume 1, chapter 6, sections 2,5 and 8.4
(ii1)r = 0.17 and D = 5.2 hours implies rp = 0.36 from Figure 1.
(iv)5.2 hour R5 =1p x 2-Day R5 =0.36 x 113 =40.7 mm.
(v)Growth factor R42/RS, for R5 =41, is 1.49 from Fig. 2
(vi)5.2-hour R42 = 1.49 x 40.7 = 60.6 mm.
(vii))A = 8 km?, D = 5.2 hours give areal reduction factor = 0.96 from Table 2.
(viii)Design storm areal rainfall over catchment R = 0.96 x 60.6 = 58.2 mm.

Return Period of
required flood 2.33 5 10 20 25 50 100 250 | 500 | 1000

Storm return
Period 2 8 17 35 42 80 140 300 | 250 | 1000

Table 12. Storm return period to give flood of stated return period when used with
prescribed rules for duration, profile and % run off.

5.3.2 Percentage runoff*

The Flood Studies concluded that in storm estimation the net response of the
catchment is satisfactorily represented by a percentage runoff. This consists of two
components, a fixed one depending on surface cover (soil, G and urban, U) and a
changeable one depending on rainfall depth and a catchment wetness index (CWI)
based on soil moisture deficit and antecedent precipitation during the previous five
days. Recommended CWI values for standard design conditions are shown in Fig. 10.
Percentage runoff is given by



Pr=95.5G+ 12U + 0.22 (CWI-125) +0.1 (R-10)------ (28)
In the example
Pr=95.5(0.15)+0+0.22 (2) + 0.1 (48.2) = 48.2%

Therefore net rainfall = R x Pr = 58.2 x 0.482 = 28.1 mm. On impermeable soils, G
close to 0.5, the first term dominates the expression for Pr but with highly permeable
soils on gentle slopes, G close to 0.15, the last two terms contribute significantly.

5.3.3 Storm profile

The storm profile is discussed in Section 2.3. for standard design purposes on rural
catchments the 75% winter profile is recommended (Figure 3). This is a symmetrical
profile with a central peak and is such that only 25% of winter storms are peakier than
it. The net rainfall = 28.1 mm occurring over D = 5.2 hours is distributed over 13 time
intervals of T =0.4 each. Calculations of the profile are shown in Table 13. Each
interval occupies 7.69%(= 100/13) of the storm duration and because of symmetry,
the last six intervals need not be tabulated. The final row is entered in cm. because the
UH is the response to 1 cm. of rain.

*Volume 1, chapter 6, sections 4,5 and 7.

5.4 The Flood hydrograph

Let ql, g2, g3... be the ordinates of the storm runoff, r1, r2...be the net rainfall
ordinates (Table 13) and h1, h2, h3...be the UH ordinates (Table 11). Then ql, q2,
g3...are obtained by the convolution equations (26).
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Irterval of

0.4 hr, 1 E A & 'R B 7

% of storm 7.689 1533 2308 3077 3848 4815 5385
duration

%_a! storm 1.50 425 9.00 1500 255 4025 59.75=
rain {Fi. 3} 100-40.25
% of storm in

ksl 1.0 275 475 B0 105 1475 19,50
Met rain in

imterval, crm. 42 077 133 188 205 414 548

'I"ab_r-a 13 Distribution of net rainfall i:CEDI’diI‘Ig- to 75% wintar profile,

This calculation can be set out in tabular form, where the h values are listed along the
top row and the r-values along the left-hand column. In column 1, h1 is multiplied by
r1 and entered in row 1 for each i. In column 2, h2 is multiplied by ri and entered in
row (i+1) for each i and so on. The contents of each row are added to give runoff qj,
which is tabulated on Figure 11 (a). This also shows the plotted hydrograph, the net
storm rainfall and the 0.4 hr. 10 mm unit hydrograph¥

5.4.1 Base flow'!

Adding an estimate of the base flow - or that portion of flow not included in runoff as
described, must increase the runoff hydrograph computed. The Flood Studies
recommend that this flow be estimated by the equation:

B =0.00033 (CWI - 125) + 0.00074 Rgng + 0.003 cumec/km?2..........c..cceervrnneeee. (29)

In the example

B =0.00033 (127 - 125) + 0.00074 (74.7) + 0.003 cumec/km2 = 0.47 cumec.

T Volume 1, p. 466 for direct calculation of peak if complete hydrograph not required.

1 Volume 1, chapter 6.5.11
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The peak flow is therefore 19.1 1 + 0.47 = 19.58 cumecs. This then is the estimate of
Qs by the UH method. It will be noted that it differs markedly from the results of the
statistical methods, based on the recorded data, in Section 4. This difference can be
taken as an index of the possible error in flood estimates in the absence of flow data;
had the hydrograph been computed using a unit hydrograph derived from the recorded
data at the site much closer agreement could be expected from the results given by the
two methods.

The Estimated Maximum Flood*

6.1 Introduction

The opinion is sometimes advanced that there is no upper limit to flood magnitude -
only that probability of exceedance becomes smaller and smaller as the flood
magnitude is increased, and similarly for rainfall magnitude. However, the
meteorological studies (Volume II) showed that estimated envelopes of maximum
rain on a rainfall-return period plot were in sufficient agreement to justify R values
estimated by physical maximisation. With such estimates available (See Map 3} it is



more readily possible to estimate the maximum flood. This is important in the design
of reservoirs and spillways or in other circumstances where design failure would
result in serious damage and loss of life.
(1)The recommended method of estimating the maximum flood is based on the
unit hydrograph technique described in section 5, but with the following
modifications:
Tp is reduced by a third because catchments tend to respond differently to
extremely large storms that give peakier floods than moderate storms.
Over all catchments studied the average ratio of observed minimum Tp to
mean Tp was found to be two thirds.

(i1)The design storm duration, D, is also reduced by a third, by virtue of (i) and
equation (27).

(ii)The design storm profile is taken as a symmetrical one of nested maxima, i.e.
Rimax 18 assumed to occur in every duration centered on the peak of the storm
profile. The central interval of length T contains T Rmax, the central 3 intervals
contain among them 3 T Rmax and so on. The storm also includes a snowmelt
allowance of 42mm/day = 1.75 mm/hr, up to a total equivalent to the expected
maximum depth of snow"

(iv)A larger catchment wetness index is used which increases the percentage
runoff and the base flow.

The estimation process is described in the following example, again using the
Owengariff River at Tore Weir.

6.2 The unit hydrograph

Previously Tr was found to be 1.88 hours. In this case Tp =2/3 (1.88) = 1.25 hours
and a suitable data interval is T = 1.25/5 = 0.25 hour. The one-hour UH is converted,
approximately, to the 0.25 hour UH by altering Tp,

T-1
New Tr =T =0Id Tp + @T@ = 0.875hours

Therefore the peak and base of the 0.25 hour UH are

Q'» =220/0.875 = 251.4 cumec/100 km* = 20.11 cumec.

T =2.52x0.875=2.2 hour.

The ordinates are calculated (Table 14) as before with s1=20.11/0.875 =22.98 and s2

=20.11/(2.2 - 0.875) = 15.18. The first three ordinates are calculated using s1 while
s2 is used for the remainder.

i= 1 2 3 4 5 6 7 8
t=it 0.25 0.5 0.75 1 1.25 1.5 1.75 2
hi = 5.75 1149 | 17.24 | 18.22 14.44 10.66 6.88 3.1

Table 14. UH ordinates for maximum flood.



6.3 The design storm

This consists of both rainfall and a snowmelt contribution)
The duration D is

D= (1 +R/1000) T'p = (1 +2.335) 0.875 = 2.92 hrs.

Since the profile is nested outwards from a central single value, it is convenient to
have an odd number of data intervals. Therefore take 13 intervals, T =0.25 and D =
3.25 hr. The maximum rainfalls for this locality (Map 4) are 2 hour Ry.x = 135 mm
and 24 hour R.,,x = 350 mm. Using Table 3 the R,,.x values for durations between T =
0.25 hour and D = 3.25 hour are calculated and plotted against log of duration. A
straight line smooths these and R..« values are read off for durations

I =0.25hr,3 7 =0.75hr,57 =1.25hr...

D=13T =3.25 hrs and entered in row 2 of Table 15. The quanities are necessary
because of the requirement 6.1 (iii) above. They are then multiplied by the areal
reduction factor, 0.96. The central 0.25-hour interval contains 53.8 mm gross and the
central 0.75 hours contain 96 mm gross. Thus, the interval on either side of the peak
contain (96-53.8) 12 = 21.1 mm gross. The half profile up to the central 7th interval is
tabulated in row 5 and a snowmelt contribution of 0.44 mm (= 1.75 mm/hr x 0.25 hr)
is added in row 6.

6.4 Percentage runoff

The catchment wetness index, CWI, is assumed to be 125 at a time 2D = 6.5 hr.
before the beginning of the design storm. Over this 6.5 hours a total precipitation (rain
and snow).

P=1/2 (5D Riax - D Rinax) + 2D x 1.75

=1/2(304 - 152) + 2 x 3.25x 1.75 = 87.4 mm.

is assumed. 5 D Rmax is obtained from Table 3 and is given in Table 15. CWI is now
increased to

CWI=125+Px 0.7°* =125+ 87.4 x 0.5°**=197.4 mm.

Where the 0.5 is the daily decay factor in calculation of antecedent precipitation
index. The percentage runoff is:

P,=95.5G + 12U + 0.22 (CWI - 125) + 0.1 (D Ryux - 10)
=95.5 (0.45) + 0 + 0.22(72.4)+ 0.1 (152 - 10) - 73%.

This is used to give the storm profile shown in the last row of Table 15.



Duration

Hours 0.25 0.75 1.25 1.75 2.25 2.75 3.25 16.25
Rimax 56 100 122 135 144 152 158 317
Rmax x 0.96 53.8 96 117.1 129.6 138.2 145.9 151.7 304.3
Profile
Interval 1 2 3 4 5 6 7 8
Gross Rain,
mm 2.9 3.85 4.3 6.25 10.55 21.1 53.8
Gross Rain
+ snhow, mm 3.34 4.29 4.74 6.69 10.99 21.54 52.24
Net Rain +
show, mm 2.44 3.13 3.46 4.88 8.02 15.72 39.6

Table 15. Calculation of design storm for maximum flood estimation.

6.5The storm runoff

The design storm, unit hydrograph and resulting runoff are shown in Figure 11 (b).

The convolution of net rainfall (cm) with the unit hydrograph is carried out as
described in section 5.4. The peak runoff including base flow is 147.61 cumecs,

which is the estimated maximum flood for the catchment. This discharge is about 25

times the mean annual flood and is 18.5 cumec/km?.

*Volume 1, chapter 6.8
TVolume 2, chapter 7.4
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Conclusion

The results contained in the Flood Studies Report mean that rainfall and flood
estimation practice in this country have been put on a new footing. The discussion and
examples presented show how to estimate rainfall and flood quantities of any return
period for locations in Ireland, with or without recorded data at the site. An example
of maximum possible flood estimation is also presented.
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