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PREFACE

This report describes the procedure for estimating runoff accumulation times
on both pauged and ungauged catchments. It forms one of a series of
reports which document the work of the Low Flow Study carried out at
the Institute of Hydrology and funded by the Department of the
Environment.

The complete series of reports is as follows:
Report No 1 Research Report

Report No 2 Manuals for estimating low flow
measures at gauged or ungauged
sites

Report No 3 A manual describing the techniques
for extracting catchment characteristics

Report No 4 Low flow estimation in Scotland

The first report outlines the Scope of the Low Flow Study, it describes the
analysis of the flow data, the derivation of the relanonship berween low
flows and catchment characteristics and Swmmarizes the estimation
technique. The second report series takes the form of calculation sheets
which describe the underlying principles of each low flow measure and
enable the user to estimate them from flow data or catchment
characteristics; procedures are also given for incorporating local gauged data
at various stages in the estimation rtechnigue. Report No 3 describes the '
techniques for calculating catchment characteristics. Report No 4 contains
the results of a low flow study of Scottish rivers, commissioned by the
Scottish Development Department.
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INTRODUCTION AND SUMMARY

The time required to accumulate a given volume of water at a point on a
river is of interest for several reasons. O©One of the most obvious applica-
tions concerns reservoir filling. A depleted reservoir (or indeed a newly
constructed reservoir) will take time to fill and a knowledge of how long
filling may take is helpful when deciding whether to allow it to fill
naturally or to use artificial means. The results and methods given in
this report equally apply to other water resource planning problems.

For example, the operating rule for water resource systems e.g. the
conjunctive use of surface and groundwater supplies, are based principally
upon the probabilities of specified volumes of water being available at
different times of the year. Typical practical circumstances where the
information presented in this manual would apply are quoted in Sectiens
1.3 and 1.5.

The following brief orientation to the runoff accumulation time curves
may assist the reader in assimilating a rather complex quantity. Some of
the difficulty may be removed by emphasising that the variable of interest
is a TIME; in fact the time reguired to accumulate a given volume of
runcff. It will be found convenient to express runoff velume in terms of
the annual average runcff volume (ARV). For example the expected time to
accumulate the annual runoff volume (100% ARV) is one year but in a dry
year it will take longer than 365 days whilst in wet years this volume
will be accumulated in a shorter time. The frequency of exceeding or not
exceeding some threshold accumulation time is, in essence, the object of
this manual.

While it is relatively simple to understand runoff accumulation times for

a volume of 100% ARV (or indeed 200% or 300% ARV) the situation with fractions
of ARV merits some further explanation. Let us consider the accumulation
time for 50% ARV. An initial estimate for this would be & months, however,
the 6 month pericd April to September on average produces much less runoff
than 50% ARV and in consequence the average accumulation time starting in
April is much longer than 6 months. For an Octocber start when the runoff
occurs during the wet winter period the expected accumulation time for 50%
ARV will be less than 6 months. The shape of the curve; runoff accumulation
time versus start month appears sinusoidal. The details of the curve i.e.
the position of its maximum, its amplitude and asymmetry, and variation from
catchment to catchment is the subject of this manual. As well as treating
average accumulation times, results of the probability distribution of larger
or shorter accumulation times are presented.

Section 2 of this manual describes how the runoff accumulation times for
a given start month and probability of occurrence can be estimated from
flow data. Section 3 outlines techniques for achieving the same goal in
the case where there areno data available, by utilising a knowledge of

a catchment's physical and climatological characteristics.






To help explain the technigue, this manual includes a worked example, the

River Pangat Pangbourne, for which all the calculations have been completed.
This is laid out on right-hand pages. Details of three other catchments

which can be used for practice are laid out on the left-hand side, set in

italic type. It will of course be realised that the positioning of hypothetical
reservoirs, abstractions etc at points on the example rivers is purely
illustrative and carries no implication for . the suitability or otherwise of
these streams for water resource exploitation.

*
Falloch ot %
Glen F-lbch&

Langdon Beck
at Langdon.

Roman at
Bounstead Bridgs.

FIGURE 1.1 | OCATION OF ALL THE EXAMPLE CATCHMENTS




1.1 GENERAL INFORMATION

a. The River Falloch at Glen Falloch is in hydrometric area 85. The site
of interest is at grid reference NN321197 and the area of the catchment
if 80.3 km® which includes the Dubh Eas catchment,

O mile Geological Map
of Great Britain’

Sheet 1 [Solid & Driftl
1:50000 Sheets 50 & 51

Drift
Free

Boulder
& Clay

Solid - Metamorphic

FIGURE 1.2b GEOLOGY AND XKEY TO MAPS OF THE FALLOCH CATCHMENT

b. The Langdon Beck at Langdon is in hydrometric area 25. The site
of interests is a* grid reference NY 852308 and the area of the
ecatehment 18 13.0 km?.
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FIGURE 1l.2c GEOLOGY AND KEY TO MAPS OF THE LANGDON CATCHMENT




1 BASIC DATA

1.1  GENERAL INFORMATION

The River Pang at Pangbourne is in hydrometric area 39,
is at Grid Reference SU 634766 and
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the catchment area is 171 km®.
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FIGURE l.2a GEQLOGY AND KEY TO MAPS OF THE PANG CATCHMENT



e.. The Roman River at Bounstead Bridge ts in hydrometric area 37.
The site of interest 1¢ at grid reference TL 985205 and the
area of the catchment i{e 52.6 km®.
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FIGURE 1.2d GEOLOGY AND KEY TO MAPS OFF THE ROMAN CATCHMENT

1.2 FLOW DATA FOR CONSTRUCTING THE RUNOFF ACCUMULATION TIME CURVE
Tables 1.1b, ¢ and d contain the daily flow data from which the times to
aqcumulate 26% starting on the Ist of each month, can be determined. These
times are then inserted intc tables 2.1b.

TABLE 1.1b
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1.2 FLOW DATA FOR CONSTRUCTING THE RUNOFF ACCUMULATION TIME CURVE

TABLE 1l.la
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1.3 AN EXAMPLE OF A RUNOFF ACCUMULATION TIME CURVE OBTAINED
FROM DATA

The steps for preparing runcoff accumulation time curves from the data of
Tables 1.1b to 1.1d are described in section 2.



1.3 AN EXAMPLE OF A RUNOFF ACCUMULATION TIME CURVE OBTAINED
FROM DATA

Figure 1.3 shows frequency curves of the time taken to accumulate a

runcff volume equivalent to 25% ARV for the river Pang. It can also

be used to give the start and finish dates associated with given levels of
probability. This diagram represents the end product of the techniques
cutlined in sections 2 and 3 and can be produced for any given runoff
volume.

s 9O~ Probability

S R = that 25% ARV
e PO ———-i will be
L g ! accumulated
e BO%S within
i - time shown

Date by which Runoff Accumulation is Complete

JFMAM'JJASON-.D-J"

Date on which Runoff Accumulation Commences

FIGURE 1.3 RUNOFF ACCUMULATION TIME CURVES FOR THE RIVER PANG (25% ARV)
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As an exXample of the use of Fig 1.3, suppose that it is proposed to use

an aquifer conjunctively with a surface supply from the river Pang. A
contribution from the surface supply of 5.1 MCM (eguivalent to 25% of the
average annual runcff) is required during the period between June and
mid-November when the aquifer is normally depleted. For design purposes

what is required is an assessment of the risk that 5.1 MCM will be unavailable
from the river. Figure 1.3 is entered with start date lst June and completion
date 15th November. This diagram which has been prepared for the 25% ARV
case, indicates that in just over 70% of years, the 5.1 MCM reguirement will
be available. The risk of non-availability of water is hence given by the
complement, i.e. 30%, and this walue is the basis of management decisions

on the suitability of this surface supply.

A further example of the use of Fig 1.3 is illustrated in Section 1.5 where

the siting of a hypecthetical new reservoir on a river is considered, and
the time needed to fill it is to be calculated.

i3



1.4 OUTLINE OF ESTIMATION PROCEDURE

The bastie recommendations for constructing the runoff accumulation time

curve are given opposite. All the example catchments have 8 years of data
and for such a short record we would normally recommend the use of the
generalised procedure of Section 3 for much of the procedure but supplemented
by data-based estimate of Q96(10), ADF, and hence ARV. -Nevertheless for
purposes of illustration in Section 2 we depart from these recommendations
and construct accwmilation time curves based on the data alone. Similarly
in Section 3 we ignore the presence of the gauging stations and work

entirely from catchment characteristics. .

14




1.4 OUTLINE OF ESTIMATION PROCEDURE

The procedure for estimating the runoff accumulation time curve depends on
the availability of data at or near the site of interest. Fig 1.4 outlines
three basic approaches and the corresponding section of this manual to use.
The technique based on catchment characteristics refers to the Catchment
Characteristic estimation manual - Report No 3 of this series.

RUNOCFF ACCUMULATION

TIME CURVE
Based on Based on
flow data catchment
Isection 2| characteristics
{section 31

)

Estimate catchment characteristics
(Estimation manual No.31

FIGURE 1.4 OUTLINE OF ESTIMATION PROCEDURE

Which of these three procedures to use, individually or in combination, depends
on the amount of data available. There are three main elements to the
calculation which depend strongly on the data availability: the calculation

of ARV; the seasonal pattern of behavicur of the mean accumulation time; and
the frequency distributicon of accumulation times about its mean.

In each case there is a gradation between almost total reliance on the
flow data and total reliance on catchment characteristic based derivation.
This gradation is based primarily on the length of record but other issues
such as gquality of the data and the conformity with similar surrounding
catchments affect the decision on the method to follow. 1In view of this
uncertainty the thresholds listed below must be accepted as approximate
guidelines.

More than 20 years. With records of this length the Section 2 method applies

" in its entirety. A fregquency diagram for runoff accumulation times can be

extended to a return pericd equivalent of twice the record length e.g. if

N = 20 the 2%% and 97%% curves can be derived. It may be necessary to smooth
some of the trend lines to reduce the more obvious discontinuities due to
sampling error. The Table 3.3 frequency curve numbers will assist with this
smoothing.

Between 10 and 20 years. This record length is adequate for ARV calculation
and indeed the average runoff accumulation time. However some care should
be exercised in the case of the accumulation time to ensure that it displays
a single cycle about the year whose peak and amplitude are close to that
anticipated from section 3.3. The average accumulation times of Table 3.1
are preferred to those derived from the data such as in Figure 2.la at the
10 year record level with increasing reliance {(at least at probabilities in
the 5% to 95% range} at the 20 year record level, on the data. It will be
necessary to standardise the runoff to % ARV form in order to make comparisons
with the freguency curves of Figure 3.3 and to use Section 2 of Manual 2.1
to calculate Q95(10).

15







Below 10 years. Below 10 years record length the advice of Manual 2.1
Sections 1.4 and 4, should be followed for BRV and Q95 {(10) estimation. 1In
particular the flow data may be applied tc estimate annual catchment losses
{rainfall - runoff) and this can be subtracted from the mapped annual
average rainfall value. Section 3 methods must be used to estimate both
the seasonal behaviour of average accumulation time and its frequency
distribution. However the data-based estimate of the average accumulation
times should be compared with the catchment characteristics based estimates

(Table 3.1) which may be modified either by striking an average between the two

estimates or if the evidence is overriding {e.g. strong regicnal conformity,
or known anomalous behaviour) then it may substitute for the section 3
method.

- The worked example for the river Pang in Section 2 adopts the data approach

of "More than 20 years of data being available” in order to simplify and
illustrate the general data-based procedure. Likewise in Section 3 the
position is taken that no data at all are available at the site.

17
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1.5 RESERVOIR FILLING PROBLEM FOR EVALUATION IN SECTICNS 2 AND 3

A gimilar reservoir filling problem is set for the three practical example
catchments as described opposite for the river Pang. Because there is

a considerable amount of repetitive work involved in the construction

of the complete runoff accumulation time curve, the caleulations have
already been carried out for all months except July. Your practical
example is eoncermed therefore solely with accwmlation times commencing
on lst July. The reservoir volumes for the example catchments are listed
below along with the corresponding long term average daily flows,

Regervolr volums ADF
Falloch 38.8 MCM 4,91 cumecs
Langdon 3,07 MoK 0.38 cumecs
Roman 1.44 1cH | 0,18 cumecs




1.5 RESERVOIR FILLING PROBLEM FOR EVALUATION IN CHAPTERS Z AND 3

In this worked example the runoff accumulation time for a July start is
calculated; in chapter 2 using gauged data, and in chapter 3 using catchment
characteristics. This incidentally permits us tc complete the diagram for
any start date. For illustration consider a hypothetical reservoir to be
built on the river Pang at Pangbourne. The probability of the reservoir not
filling during a specified period starting lst July is required. The reservoir
volume is 5.1 MCM {which equates to 25% ARV). Thecompletion date is scheduled
for lst July and it is hoped that it can be brought into use by lst December
when existing water supplies are scheduled to be closed. The guestion to

be answered in chapters 2 and 3 is "what is the chance that the existing
water supplies will have to be maintained after lst December because the

Pang reservoir has not filled?".

Although the example has been couched in terms of a reservoir filling
prcblem the example could have been expressed to answer guestions relating
to (1) energy loss during a shut-down period in a hydro-power scheme (2)
operatiocnal decisions on reservoir management during a low flow period (3)
capability of a surface water source to augment a groundwater or reservoir
supply.

19




2. 'THE GAUGED CATCHMENT CASE

2.1 OUTLINE OF PROCEDURE

The runoff accumulation time frequency diagram is to be used for a
reservoir filling problem. Use the formulae opposite to re-express
the volume of the example reservoirs in cwmee day and % ARV terms.

Inflow Volume
Reservoir ADF MOM (1) Volume (2) % ARV
; cumee~day
Falloch 4.913 8.6 . __ _ __ __ -——
Langdon 0.388 .oz ____ .
Homan 0.183 1.44

Volume in (1) cumec-day units = MCM x 11.574

cumec—days x 100

(2) % ARV units = I0F % 385

20



2. THE GAUGED CATCHMENT CASE
2.1 OUTLINE OF PROCEDURE

The use of flow data to construct the runoff accumulation time freguency
diagram involves several distinct steps. This section covers each of these
steps adopting the procedure that would be appropriate to a 20 year record
i.e. the use of data for all steps of the analysis but expressed wherever
appropriate in standardised form. Standardisation permits intercatchment
comparisons and particularly comparisons with the results of Section 3 for
the catchment. This can be regarded as representing the average behaviour
for catchments in the same climatic and hydrogeological zone.

A preliminary step is to express the reservoir volume in units of cumec
days. This is needed in order to calculate runoff accumulation times
(equivalent to reservoir filling times) from daily flow listings. For
the Pang reservoir (5.07 MCM)} this works out to be 58.68 cumec days. The
general formula is 1 MCM = 11.574 cumec days. Ancther preliminary step
is to express the volume as a percentage of annual runoff volume.

The general formulae are

1 cumec day = (0.274/ADF}% ARV
1 MCM = (3.168/ADF) % ARV

The basic method of estimating the average discharge (ADF) for the Pang
catchment is to sum the daily flow values for the entire length of record,
and divide by the length of record in davys. A single year's data for the
Pang example catchment is given in table 1.la however, this is an :
insufficient length of record to compute ADF, The ADF used in this
example has been calculated from the nine years of data available, and
was found to be 0.643 cumecs. A better method to use in the case of
shorter records, utilising knowledge of a catchment's rainfall and
evaporation, is outlined in section 2.5 of Manual 3. The standardised
reservoir volume works out to be 25% ARV,

The first computation step is shown in Section 2.2 and is to evaluate the
runcff accumulation time for each month of record. Section 2.3 describes how
the average accumulation time (for a given start month) can be plotted
against start month to show the seasonal variation in average filling times.
This may be compared with the results from section 3 which enable the same
curve to be estimated from catchment hydrogeoclogy and climate. Section 2.4
and 2.5 describe how the runoff accumulation fregquency diagram may be

derived to enable rarer accumulation times for a given start month to be
estimated.

21




2.2 RUNOFF ACCUMULATION TIME.FOR EACH MONTH OF RECORD

Caleulation of accumulation time
Tables 2.1b ¢ and d show the accwmilation times for the emample reservoirs

for each month of record except July 1871. The daily and hence monthly flow
data of Table 1.1b, ¢ and d should be used to complete the July 1871 entry.

TABLE 2.l1b Runoff accumulation times for Falloch reservoir (_ _ _._ cumec days)

Start month

Year J F M A M J J Y| S 9] N D

1871 57 114 14¢ 162 148 131 81 g2 38 70 70
1872 101 115 96 81 100 164 148 121 100 71 52 59
1978 /6 100 118 130 127 118 130 10&F 83 78 b1 44
1874 24 18§ 183 166 138 122 36 78 €4 55 52 50
1975 138 204 177 164 150 120 85 8% 68 8% 67 43
1976 41 86 82 121 167 166 138 118 &7 66 84 894
1877 €9 58 . &2 161 163 131 102 80 63 38 83 83
1978 45 66 158 166 140 113 8¢ 58 45 38 3¢ 34

Average 69 110 127 143 139 131 ' g2 70 88 82 60

TABLE 2.lc Runoff accumulation times for Langdon reservoir (_ _ _ _ cumec days)

Start month

Year J F M A4 M J J A S 0 N D

1870 52 68 71 142 1588 134 - 115 88 g3 &1 66 73
1871 &6 100 156 164 170 140 162 128 100 78 70
1978 &3 64 87 94 1882 179 156 126 101 71 40 74
1973 111 114 142 128 162 161 131 131 112 91 70 47
1974 32 143 185 192 162 131 126 104 74 €0 43 27
1975 43 1889 207 178 167 157 137 122 83 §6 79 75
1876 €1 83 193 179 158 136 107 79 50 €63 85 €4
1977 37 37 60 147 156 151 128 88 71 o8 o1 €8

Averaged6 102 142 152 165 149 06 86 73 64 62
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2.2 RUNOFF ACCUMULATION TIME FOR EACH MONTH OF RECORD

Commencing at the start of the lst day of each month in turn, daily flows
are summed until the required runoff wvolume has been accumulated. For
example, consider the filling time starting July lst 1970. Recall that

the required runcff volume is 58.67 cumec days (Section 2.1). First
calculate the month in which filling will occur. Table 1l.la shows the
monthly runoff volumes for July, August, September, October and November 1970
to be 10.726, 9.827, B.400, 7.223 ang 16.290 cumec days. The total runoff
to the beginning of December 1971 is 52.466 cumec days which is below
58.67. The runoff during December is seen to overfill the reserveoir so

the next step is to inspect the daily runcoff. Further summation shows

that 58.67 is accumulated on December 9th 1970. The filling time for

this particular year, volume and start date is thus;

31 + 31 + 30+ 31 + 30+ 9 = 162 days
and this is entered in Table 2.la. The same calculation is carried cut
for July starts in each year of record thus completing the July column.

The process is repeated for all the other months to complete Table 2.la.
Table 3.5 will assist with the whole month part of the filling time calculation.

Table 2.la Runoff accumulation times for Pang reservoir

Start menth

Year I F M A M 3 J A s o N D
1969 383 39 36 50 64 90 120 137 138 122 105 88
1970 75 76 88 116 154 175 162 152 138 115 88 75
1971 65 63 61 63 55 45 74 95 109 108 95 82
1972 67 59 62 75 100 146 160 148 139 127 115 109
1973 134 146 150 164 187 212 199 183 161 135 107 83
1974 62 57 82 117 149 144 136 111 82 56 41 54
1975 44 43 45 55 74 113 148 164 178 194 221 272
1976 280 272 261 249 231 205 183 154 128 109 94 78
1977 59 52 63 77 102 100 110 107 108 99 83 66

Average 92 Q0 94 108 124 137 144 139 131 118 105 10l
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TABLE 2.14 Runoff accumulation times for Roman

reservoir

cumec days) l

- S8tart month

Year J F M 4 M J J A S 0 D
1970 45 53 €& 75 14¢ 165 142 121 98 81 59 48
1971 27 52 81 112 1356 147 140 126 102 79 &7
1972 33 46 75 138 170 183 181 176 172 182 180 173
1978 184 203 210 204 211 224 218 .196. 169 167 136 123
1974 120 141 203 1380 170 144 128 1056 78 48 21 &0
1876 27 3 21 36 80 159 160 128 119 111 106 128
1976 169 1889 221 224 214 198 176 163 186 101 75 58
1977 39 35 78 138 162 189 178 162 144 120 83 67
Average 78 8¢ 118 140 1€1 176 148 129 113 84 88
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2.3  SEASONAL VARIATION OF AVERAGE ACCUMULATION TIME

Plot the average monthly accumulation times from Table 2.1b-d on Figure 2.1b.
This 18 not strictly part of the estimation procedure for the frequency
diagram - for longer records the median is estimated graphically from

Figure 2.2b.

Me_diap Accumulation Time in Days

FIGURE 2.1b SEASONAL PATTERN OF MEDIAN ACCUMULATION TIME
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2.3 SEASONAL VARIATION OF AVERAGE ACCUMULATION TIME

It is helpful at this stage to average the column entries of Table 2.la in
order to study the seasonal pattern of variation. The monthly averages

are plotted on Fig 2.la which illustrates the way in which the time to

fill the required volume from the Pang, varies around the year. As an alter-
native a graphical estimate of the mean may be obtained from the freguency
relationship described in Section 2.4,

Days

ime in

Median Accumulation T

FIGURE 2.la SEASONAL PATTERN OF MEDIAN ACCUMULATION TIME FOR PANG RESERVOIR
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2.4 FREQUENCY DISTRIBUTION OF RUNOFF ACCUMULATION TIMES

Plotting the frequency distribution

All three of the practical example catchments have eight years of data.

The Normal variate plotting position values have been calculated for this
record length and are given in Table 2.3b. For other cases the appropriate
plotting positions are calculated by peference opposite. Complete

Table 2.3b using the data contained in Tables 2.1b to 2.1d.

Table 2.3b Ranked runoff accumulation times for July starts for

Falloch, Langdon, Roman

Accumulation time
: X,
Rank Year (davs)

.44
.85
.47
.15
.15
.47
.85
.44

O ~ & n i g D R
R
MO OO0 D 00 M

high

Plot the ranked filling times against the plotting positions of Table 2.3b
on Figure 2.2b and draw an eye guided line or curve through the points.
Strictly this is toc short a record for this treatment (see section 1.4)
but we proceed as if 1t were adequate for data-based analysis.



2.4 FREQUENCY DISTRIBUTION OF RUNOFF ACCUMULATION TIMES

Preparation of probability paper

The frequencies of more rapid or slower accumulation: obtained from the

basic accumulation time data of Table 2.la are plotted on Normal probability
paper. If Normal probability paper is not available, then ordinary graph
paper may be used. The abscissa is marked out in terms of a standard Normal
variate, t. The relationship between the probability of the accumulation
volume being attained in a shorter time and abscissa, is shown on Table 2.2.
Both probability and standard Normal variate scales are marked on Fig 2.2a.

Table 2.2 Probability and standard Normal variate equivalents

Probability % Normal Probability Normal
P% variate P3 ' variate
X ®

99.5 2.575 40 - 0.255
99 2.325 30 - 0.550
98 2.055 20 - 0.840
95 1.645 10 - 1.280
S0 1.280 5 - 1.645
80 0.840 2 - 2.055
70 0.550 1 - 2.325
60 : 0.255 0.5 - 2,575

50 : 0.00C0

Statistical tables can be used to convert other non-exceedance probability
values, p, to standard Normal variates x. If tables are not available,
the normal variate x is given to a sufficient degree of accuracy by:

x = signum {(p - % {1,238t(1 + 0.0262¢)}  ..... 2.1
where signum (p - %) = + 1 where p > %; and - 1 where p < %
and t = {- 1n 4p(l~p)}%. |
Plotting the frequency distribﬁtion

The accumulation times from each cclumn of Table 2.l1a are ranked from lowest
{i=1) to highest (i=N) each of the ranked accumulation times is associated
with a plotting position x; N- Plotting positions for sample sizes

up to N = 50 are listed in fable XX of Fisher & Yates (1963), reproduced

as Table 1.13 in Vol I F.S.R., 1975. Where tables are unavailable, plotting
positions may be established as follows:

a. calculate the non-exceedance probability associated with each
accumulation time from the formula:

pi'N = (i - 0.375)/(N + 0.25)

'b. calculate XN from P; x using egquation 2.1 or tables of the
!

r

Normal probability integral.
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Runoff Accumulation Time for Pang Reservoir in Days

-15 -10 -0'5 0 05 10 15
Standard Normal Variate X

¥ L 1 T j T 1 I - J J ¥ P%
5 10 20 30 50 70 80 20 95 99

Probability of Runotf Accumulation in a Shorter Time Than That Shown

FIGURE 2.2a FREQUENCY DIAGRAM FOR PANG CONSTRUCTED FOR JULY 1ST START DATES
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Table 2.3a shows the nine ranked accumulation times for July starts on

the river Pang with non-exceedance probability and plotting position.

‘We would not as a rule use such a short record in freguency analysis but do
so here in order to provide a convenient example.

TAEBLE 2.3a Ranked runcff accumulation times for a July start for Pang

reservoir
Rank Year Accumulation time pi,N xi,N
(days)

i 1 1971 74 0.0675 - 1.49
| 2 1977 110 0.1757 - 0.93
| 3 1969 120 ©.2838 - 0.57
4 1974 136 0.3919 - 0.27

5 1975 148 0.5000 0.0

6 1972 160 0.6081 + 0.27

7 1970 162 0.7162 + 0.57

8 1976 ' _ 183 0.8243 + 0.93

9 1973 199 0.9324 + 1.49

The ranked filling times are plotted against their corresponding X N
values on Fig 2.2a and an eye guided curve is drawn through the poiﬁts.

As will be explained in Section 3.4 it was generally found that the
accumulation time distributions were slightly positively skewed i.e.
steeper sloping line to the right of the median than to the left.
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Interpretation of the frequency curve

From Fig 2.1b for the Falloch, Langden, Fomar, ascertain the proability
of filling occurring by December 1st (i{.e. within 152 days). Also
establish the average length of time in daye for Ffilling to occur.

Average length of time for filling to oeccur

Probability of filling oeccurring by December lst
Probability of not filling by December Ist

2.5 (CONSTRUCTION OF RUNOFF ACCUMULATION TIME FREQUENCY DIAGRAM

For speed of application we ask you here to complete the runoff accumulation
time frequency diagram for the July start dates - the remainder of the
figure has been drawn already. For a more complete example showing all the
steps in the procedure see Section 3. : '

From the best fit curve of Figure 2.2a interpolate the acecumulation time
for the standard probability values. The accwmilation time 1s translated
into a date by counting foward from the beginning of July. Table & may
assist here.

Reduced variaqte - Probability Accurmmuiation Accumulation

% time date
(daye)
- 1.645 5]
- 1.280 10
- 0.5850 30
0.0 a0
+ 0,660 70
1.280 80
+ 1.648 ' 88

Plot the seven accunulation dates on etther figures 2.3b, ¢ or d against
July lst as abseissa and draw emooth curves between the points to complete
the figure.




Interpretation of the frequency curve

From the best fit straight line shown on Fig 2.2a it can be seen that the
median or 50% filling time for the Pang reservoir is 144 days (i.e. full

by the 21st November}, whilst there is a 10% probability of it being filled
within 90 days (i.e. by the end of September). The problem originally

posed - what is the chance that the reservoir will not fill by December 1st,
can also be obtained from Fig 2.2a although it is preferable to await

the completion of the entire diagram {(Figure 2.3a). Entering Figure 2.2a at
an ordinate of 153 days, the best fit straight line indicates a standard
Normal variate of 0.225 associated with a non-exceedance probablility of 58%.
Thus in 58% of years, the reservoir would fill by December lst, i.e. there is
a probability of 42% that it will not fill by December 1lst.

2.5 CONSTRUCTION OF RUNOFF ACCUMULATION TIME FREQUENCY DIAGRAM

General

Graphs such as Fig 2.2a showing the freguency relationship for a specific month
are generated for each of the twelve months of the year. These are used
to construct the complete runoff accumulation time freguency diagram.

The precise procedure to follow is somewhat lengthy although conceptually
very simple and is set out in full in Section 3.5 . Note that once the
frequency diagrams for each month have been prepared there is no difference
between the data based or the catchment characteristic based approaches,

For speed of application in this section we assume that the diagram has been
completed for every month but July.

Abbreviated procedure

From the best fit curve of figure 2.2a the accumulation time corresponding
to any required probability can be estimated and then by counting forward,
translated into a calendar date after the start of July 1lst (using the
Table 3.5 ready reckoner if necessary).

Accumulation Accumulation

Probability P% Reduced variate Start Date .
i time date
{days}

5 - 1.645 Jul lst 76 Sept 14
10 - 1.280 Jul 1lst. 91, Sept 29
30 - 0.550 Jul 1lst 121 Oct 29
50 0.0 Jul 1st 144 Nov = 21
70 + 0.550 Jul lst 167 Dec 4
90 + 1.280 Jul 1st 197 Jan 13

{(following year)
95 + 1.645 Jul 1lst 212 Jan 28

{following year)
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70% probability that l
50% volume will be
accumuilated in
30% a shorter time
10% than that shown
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Date by which Runoff Accumulation is Complete
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Date on which Runoff Accumulation Commences

FIGURE 2.3b RUNOFF ACCUMULATION TIME FREQUENCY DIAGRAM FOR FALLOCH
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Probability that
volume will be
accumulated in
a shorter time
than that shown

‘Date by which Runoff Accumulation is Compiete

J F M A M J J A $ O N D

Date on which Runoff Accumulation Commences

FIGURE 2.3a RUNOFF ACCUMULATION TIME FREQUENCY DIAGRAM FOR PANG RESERVOIR
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Date by which Runoff Accumulation is Complete

S B - [, R
A 7' ' . e _ _
) e

o —95%
—90% probability that
—70% \olume will be

30% accumulate:d in

. a shorter time
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Date on which Runoff Accumulation Commences

FPIGURE Z2.3c RUNOFF ACCUMULATION TIME FREQUENCY DIAGRAM FOR LANGDON
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FIGURE 2.3d RUNOFF ACCUMULATION TIME FREQUENCY DIAGRAM FOR ROMAN
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The problem

You are asked for the probability of the reservoir not filling by
December lst following a July start. The probability of Ffilling as

interpolated on Figure 2.3 b, ¢ or d is _ _ _ % so the probability of
not filling 4 _ _ _ %.
42




These seven accumulation dates from the above list are displayed on
figure 2.3a as a series of dots using July lst as abscissa and have been
connected to the appropriate frequency curves.

Interpretation of diagram

To illustrate the use of the diagram, consider the 95% line on figure 2.3a.
Specifically, there is a 95% probability that a volume of the magnitude shown
which starts to accumulate on Jan lst will complete by the start of August
the same year. Note that the diagram allows for volumes to complete filling
the fellowing year. A diagram constructed for a reservoir volume equivalent
to 200% or 300% ARV would need an ordinate which spansseveral complete years.

Runoff accumulation diagrams even when constructed from long records may well
display sharp irregularities. It is permissible to smooth the curves although
few hard and fast rules can be given beyond the expectation that the spacing
and trend of curves ought to be maintained across the diagram. Two points
need to be borne in mind when smoothing the curves. No part of any of the
curves can ever drop below the 45 1line, as to do so would suggest that a
volume had been accumulated before it had started to £fill! Secondly all

the lines must always continue to rise throughout the diagram. If they did
not, it would lead to the paradox that accumulationscould be complete from a
late starting date sooner than from an early starting date.

The first kind of problem referred tc tends to occur for winter starts

with small runoff volumes e.g. 50% ARV and less and low probabilities. This
problem clearly derives from flood hydrographs which may on occasion account
for a substantial proportion of the annual runoff. If such evénts are of
interest then it is recommended that the problem be attacked from the point
of view of flood analysis. Chapter 5 of the Flocd Studies Report, Volume 1
contains advice on the synthesis of flood volumes over specified durations
from 1 to 10 days of any return period. Technigues are given for both the
gauged and the ungauged case. :

The problem
The original problem, what is the probability of the Pargreservoir not
filling by December lst - can be answered directly from Figure 2.3a.

Interpolating in the diagram one reads 60% for the probability of runoff
accumulation; hence the probability of not filling is 40%.
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3. THE UNGAUGED CATCHMENT CASE
3.1 INTRODUCTION AND QOUTLINE OF PROCEDURE

The stepe for deriving the runoff accumulation time frequency diagram

are described opposite. The instructions given are for the case where

no data at all are available. But it may be possible to incorporate

small periods of data into the procedure e.g. in determining the value

of Q95(10}, to be used in section 3.2. More explielt instructions on

the apprcach to be adopted, given any particular data period, are comtained
within section 1.4.




3. THE UNGAUGED CATCHMENT CASE

3.1 INTRODUCTION AND OUTLINE OF PROCEDURE

This section describes the main procedure for constructing the runoff
accumialation frequency diagram where no flow data are available,

Section 1.4 gives advice on the appropriate procedure to be followed
corresponding to various different periods of data being available. A
brief outline of the underlying research is given in each sub-section.

In general it was found that catchment permeability and rainfall were the
only two useful predictive variables. Methods outlined in this section
allow the derivation of curves for runoff volumes from 20% to 300% ARV,
in steps of 20% ARV. Only within such a step has interpolation been
found to be sufficiently accurate.

The first step is shown in section 3.2 and uses catchment

climate and hydrogeclogy to determine the range and pattern of median
accumulation time. Section 3.3 fixes this pattern in time by identifying
the month when the accumulation time attains its maximum value. The
following step (section 3.4) establishes the accumulation time freguency
relationship for each start month using a set of dimensionless frequency
curves. The choice of particular curve is determined by runoff volume
and start meonth. The final stage is to construct the runoff accumulation
time frequency diagram by combining the results from all start months
(section 3.5}.

45



46

3.2 SEASONAL VARIATION IN AVERAGE ACCUMULATION TIME

Selection of catchment'category

Tre first task ie to assign the catchment to one of five categories which
describe the seasonal variation of runoff accuwmlation times. This depends
very simply on Q95(10) and SAAR.

For the three example catehments, the value of SAAR can be obtained by
reference to Section 2.4 of Report No 3, and §95(10) can be estimated

by methods outlined in Section 3.2 of Report 2.1. The estimation of
Q95(10) will involve an assessment of the Base Flow Index for the catchment
which should be made in accordance with section 3.2 of Report 3. Enter
Figure 3.1 to determine the catehment category.

SAAR = mm Q35(10) = % ADF

-_— e Em e = = e am - o = = m oww wm o N

From Fig 3.1 catchment category requirved =____(F) ___ (L} ____ (R)




3.2 SEASONAL VARIATION IN AVERAGE ACCUMULATION TIME

Development of the method

The catchment must be first categorised into one of the five categories
which analysis of all catchments demonstrated were sufficient to represent
the different seasonal patterns of accumulation time that were encountered.
These five types were identified by considering graphs of average runoff
accumulation time wversus start date. The resultant seasonal curves from
many catchments were compared by first aligning them so that the months

of maximum and minimum accumulation times were matched and then by simple
graphical overlaying. Regression analysis of ‘the features of the
individual catchment curves for different volumes on catchment characteristics
had shown that the detailed features followed from the amplitude (maximum -
minimum accumulation time). This chief feature, the amplitude, was itself
determined by two characteristics; Q%95(10) representing catchment geology
and SAAR representing climate.

The outcome is Figure 3.1 which is a graphical solution of the amplitude
regression equation, and Tabkle 3.1 which tabulates the pooled seasonal
curves of runoff accumulation time averaged over the catchments falling
in each of the five categories. The Figure 3.1 categories serve to
categorise the seasonal curve for any runoff volume. The accumulation
time tabulations depend on the runoff volume being considered.

Selection of catchment category

The first step is to apply Figure 3.1 to categorise the Pang. Enter
Figure 3.1 with:

095(10) Report 2.1 ‘Section 3.2 ...... heene 39.35% ADF
SRAR Report 3 Section 2.4 ..... ... ..., 722 mm
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Seasonal accumilation curve

Using the Figure 3.1 categories for the Falloch, Langdon, Roman identify
the 12 monthly average accumulation times which eorrespond to the %ARV
volumes etither side of 25% ARV. Thie volume has been established in
Section 2.1. :

For the _ _ _ _ _ _ _ _ _ _ _ _ _ _____.. catchment

Category _ _ _ _ _ _ _ _ _ _ _ _ _ _ required {from Figure 3.1)
Runoff volume Average accumulation times

_ % ARV ol ommd e em -
- == % ARV == == == == == ee em oo == em -m -




Q95 (10] %ADF

60—

B WL L K O T S B ST AT
N

sn{!bir;slrtd RN

")

2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34
Saar mm/100

FIGURE 3.1 CATCHMENT CATEGORIES

Figure 3.1 shows that the Pang catchment falls within category B

Seasconal accumulation curve

We are interested in the time required to accumulate 25% ARV on the river
Pang. This is not one of the volumes which is contained within

Table 3.1. In such cases it is necessary to interpolate using a method
which is detailed at the end of section 3.3. From Table 3.1 we extract
the category B data for the volume entries above and below the desired
runoff volume

Runoff volume ' Average accumulation times
20% ARV 52 52 59 82 111 127 126 118 100 83 68 58

40% ARV 110 107 121 154 190 207 203 190 174 156 132 120
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TABLE 3,1 Average yuncoff accumulatiocn times for all catchment
. categories and % ARV's
l Catchment Category
l 20%ARV A 62 67 82 95 109 112 101 87 77 66 &0 58
o B 52 52 59 82 111 127 126 118 1lo0 83 68 58
| C 51 48 58 B5 119 134 133 120 102 84 69 59
' D 48 4g 65 S6 128 150 149 132 112 80 71 55
E 53 49 62 96 139 167 162 147 123 100 79 62
40%ARV A 119 121 137 158 174 186 184 178 166 151 138 125
' B 110 107 121 154 190 207 203 190 174 156 132 120
Cc 108 100 108 146 192 . 211 210 198 181 160 140 121
l D 108 99 113 149 202 229 225 210 192 171 148 125
E 113 101 101 140 202 244 234 226 204 18O 156 133
l 60%ARV A 191 167 208 228 246 255 253 247 238 224 210 199
' B i18c 177 193 223 255 268 266 255 240 225 207 191
l C 178 172 185 214 254 271 271 258 245 228 209 192
D 185 176 186 204 250 287 283 272 258 242 224 202
l E 178 166 173 211 268 298 297 282 261 240 217 186
' BO%ARV A 280 287 295 306 314 315 310 305 299 293 284 283
B 265 266 2BO 296 315 324_ 321 3le 309 299 287 274
. C 265 265 28l 300 312 323 321 315 307 292 279 270
D 271 274 287 306 328 341 341 333 325 310 294 279
l E 263 273 293 324 348 350 343 328 313 298 280 265
100%ARV A 369 371 376. 380 388 389 380 371 368 361 361 364
I . B 364 366 372 1381 390 391 380 372 365 358 356 358
C 352 359 365 374 380 393 391 383 374 366 3% 350
l D 346 362 380 394 408 416 414 407 395 378 359 348
E 359 375 392 407 420 421 411 395 375 360 355 349
l 51







TABLE 3,1 CONTINUED

Catchment Category

120%ARV

140%ARV

160%ARV

180%ARV

200%ARV

M o 0O w

M o A w v

M o 0 w

vt U o w ¥

430
422
417
429
421

494
482
478
489
478

569
552
549
547
547

648
633
624
628
616

733
715
710
705
688

435
422
421
439
433

500
481
480
490
485

576
558
548
565
566

652
€35
633
641
621

738
719
722
722
693

444
43%
435
462
460

515
495
489
507
498

587
572
562
584
595

660
651
649
666
638

745
730

- 731

742
712

453
447
453
478
487

527
517
519
528
528

602
595
586
606
550

671

664

668
683
669

752
738
751
761
737

462
465
470
483
502

609
613
611
€30
€643

678
681
682
710
701

756
753
761
778

764

469

482 -

483
494
503

544
536
561
565
574

615
628
626
640
644

683
694
681
711
715

758

766

763
780
784

4€8
477
479
482
489

543
556
556
565
573

682
691
686
701
714

749
762
753
764
783

537
547
544
556
562

607
6l2
6lé
€28
6lé

876

684
677
689
704

739
757
740
751
772

447
460
453
452
450

428
536
531
545
544

597
603
603
614
594

668
626
666
670
688

728
746
725
736
757

440
445
435
433
433

513
520
516
529
521

585

590,

587
584
572

659
664
651
650
666

723
735
712
719
735

432
433
421
421
418

505
504
501
511
502

578
575
571
574
562

654
651
638
632
644

722
723
704
708
716

495
451
485
498
489

569
650
557
556
549

€52
640
631
621
629

727
716
705
700
703
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TABLE 3.1 CORNTINUED

Catchment Category

220%ARV 2 797 807 814 825 B34 835 B24 814 806 BOD 794 794
785 786 794 807 B23 843 B42 836 828 Bl4 801 791

C 776 771 794 813 827 B36 835 828 813 800 786 777

D 775 778 792 814 B33 B45 845 837 825 810 793 780

E 763 768 790 818 B37 850 B50 841 826 B804 785 . 772

240%ARV A B63 869 8B76 B90 898 904 902 B9 889 880 872 865
B 853 B58 869 887 901 821 918 907 898 8BB4 873 858

C 839 846 861 880 902 916 913 903 890 872 860 848

D 840 854 B72 8% 912 823 821 912 896 876 856 843

E 832 839 BEl 886 916 829 827 9814 B97 872 B53 B840

260%ARV A 935 940 956 962 969 975 974 969 958 948 941 836
B 933 944 96C 977 SB7 29C 978 967 956 942 930 926

C 912 920 928 955 977 99C 986 973 963 945 930 ©19

D 809 1% 922 954 9g1 9%6 995 986 974 957 938 922

E 903 911 934 963 986 1002 1002 988 968 946 931 9l0

280%ARV A 1011 1023 1032 1039 1046 1047 1040 1029 1023 1013 1011 1010
B 1001 1003 1009 1023 1043 1059 1055 1050 1043 1035 1021 1008

c 973 1008 1023 1045 1047 1061 1050 1036 1022 1004 989 987

D 990 990 1006 1022 1052 1072 1068 1063 1050 1035 10LMS 998

E 978 976 989 1018 1053 1078 1076 10692 1053 1033 1011 992

300%ARV A 1079 1085 1087 1105 1112 1120 1119 1106 1097 1082 1082 1077
B 1072 1079 1082 1103 1117 1132 1131 1106 1106 1095 1082 1075

C 1064 1057 1080 1099 1116 1130 1129 1118 1108 1092 1078 1068

D .1052 1051 1078 1095 1115 1131 1128 1121 1108 1095 1075 1059

E 1052 1052 1063 1090 1122 1146 1145 1133 1120 1100 1076 105¢
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3.3 DETERMINATION OF MONTH OF MAXIMUM RUNOFF ACCUMULATION TIME

Caleulation procedure

Enter Table 3.2 with tabulated runoff volwmes above and below the required

value

ao ai a2
Reservoir volume  _ _ _ % ARV
Tabulated value below: % ARV

Tabulated value above:  _ _ % ARV ~ ~ ~

Substitute the coefficients into equatian 3.1 to evaluate P for the example
eatehment and then round to nearest integer month. Note that P = 6 <is
equivalent to 1st June.

(1) _ _ _ % ARV
P =___+{___X___)+(____X .
= {month = ")
{(2) %
p=___+(___xX___ )=+ X )
= {(month = J

|
i
i
Gl SHE D N AN TN S I EE ST WE S0 N N By N N EE e o
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3.3 DETERMINATION OF MONTH OF MAXIMUM RUNOFF ACCUMULATION TIME

Development of method

The seasonal curves of Table 3.2 do not determine the position within the year
of the maximum (or other) points. Statistical analysis confirmed the intuitive
expectations of Section 1.4 but aisc revealed a guite complex pattern of
behaviour. In general the greater the base flow support in the catchment the
later is the month of longest runoff accumulation time. Conversely the wetter
the climate of the catchment the earlier the month. However both effects are
relatively small, the climate influence especially. The basic influence

is the runoff volume itself. This varies from February to April - the

tendency is for the later months to apply to runcff volumes corresponding to
whole numbers of years i.e. 100%, 200% and 300% ARV (or just below).

Calculation procedure
The month of longest runoff accumulation time is given by the egquation:

P

I

a + al.Q95(lO) + 2,.SAAR ' {3.1)

where P = 1 means Jan lst etc up to P = 12 (Dec lst). It is sufficient
to round the value of P tc the nearest month. The values of ao, al and
a, are given in Table 3.2,

TABLE 3.2 Coefficients for equaticn 3.1

Reservoir
volume
a a, a,
% ARV
20 4.24 0.0711 - 0.000228
40 3.11 0.0655 - 0.000578
60 2.60 0.0599 - 0.000507
80 3.75 0.0263 - 0.001141
100 4,37 0.0276 - 0.000355
120 2,92 0.0611 - 0.000430
140 2.75 0.0712 - 0.000079
160 4.04 0.0483 - 0.000952
180 3.85 0.0441 - 0.000754
200 3.77 0.0290 - 0.000016
220 3.47 0.0591 - 0.000371
240 3.50 ©.0575 - 0.000478
260 3.67 0.0494 - 0.000473
280 4.52 . 0.0254° - 0,000961
300 2.55 0.0795 - 0.000207

For the Pang reservoir it is necessary to extract the coefficients for
the tabulated volumes immediately above and below 25% ARV, the desired
voelume.
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Reservoir volume 25%ARV a, 3 a,
Tabulated value below = 20% ARV 4,24 0.0711 - 0.000228
Tabulated value above = 40% ARV 3.11 0.0655 - 0.000578
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We are now able to align the seasonal curves so that the month of maximem
accumulation time is that given by equation 3.1.

Runoff volume Morith

J F M A M J J 4

n
)
=
b

% ARV

% ARV -~ - - - - - = - - - - -

These values are plotted at the position corresponding to the first day
of each month on Figure 3.2b

Days

FIGURE 3.2b CONSTRUCTION OF SEASONAL RUNQFF ACCUMULATION CURVE FOR RIVERS
FALLOCH, LANGDON, ROMAN




For 20% ARV from table 3.2, month of maximum runcff accumulation time is
given by:

P = 4.24 + 0.0711 x 39.35- 0,000228 x 722

It

6.87(= 7 = July)
similarly for 40% ARV

P = 3.11 + 0.0655 x 39,35

0.000578 x 722

5.27 (= 5 = May]

The monthly accumulation times given at the end of section 3.2 for 20% and

40% of the ARV (for the Pang catchment)} can now be plotted on fig 3.2a, using
the knowledge of where the peak average accumulation time is to be positioned
to locate the 12 monthly average accumulation times with their correct calendar

months.
Runcff volume Month
J F M A M J J 4 S8 O N D
20% ARV 58 52 52 59 82 111 127 126 118 100 83 68
40% ARV 107 121 154 190 207 203 190 174 156 132 120 110
200
150}
)]
= o
o -
0 400
50

FIGURE 3.2a  CONSTRUCTION OF SEASONAL RUNOFF ACCUMULATION CURVE FOR RIVER PANG
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Interpolation to required volume. l
Interpolate linearly between the tabulated accwnulation times to the desired :
runoff volume. Tabulate the results and draw the seasonal curve on
Pigure 3.2b.
Month I

Runoff volume J F M A4 M J J A4 S 0 N D I
------ % ARV
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Interpolation to required volume

- The runoff volume that is actually reguired for the Pang corresponds to 25% ARV
and this is the stage at which interpolation is most conveniently effected.
Linear interpolation is adequate and the derived accumulation times are
tabulated below and shown on Figure 3.2a.

Runoff wolume Month

J F M A M J J A s o N D

25% ARV 70 70 77 90 112 132 142 137 125 107 92 77
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3.4 RUNOFF ACCUMULATION TIME FREQUENCY RELATIONSHIP

Identification of frequency curve

For the example river the runoff volume is equivalent to _ _ _ % ARV.
Table 3.3 ig entered for a July start month and the interpolated frequency
ecurve i _ _ _ . Complete the following table and plot on Figure 3.4b.
Frequency Multiple of mean Accumulation time
50 1.0 _ _ _ (Section 3.3}
20 _ -
80




3.4 RUNOFF ACCUMULATION TIME FREQUENCY RELATIONSHIP

Development of Method

For practical problems the average accumulation time is of only limited
value. The events of prime interest are those occasions when the runoff is
available either much earlier or later than average. For such information
it is necessary to derive the frequency distribution of accumulation times.
The gauging stations with longer records (greater than 20 years) were
studied for this purpose. It appeared that the frequency distributions
were approximately normally distributed with some tendency towards positive
skewness. The data showed a trend towards reduced variability as the
runoff volume increased. However there is also a marked seasonal effect;
the variability of winter starts is greater than for summer starts at

least for smaller runoff volumes. These trends and features are reflected
in the selected prediction procedure which is based upon a standard set

of dimensionless freguency curves (Figure 3.3).

Identification of frequency curve

The frequency curves shown in Figure 3.3 express the freguency of occasions
when filling time is less than some multiple of the mean runoff accumulation
time as obtained in section 3.3.
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2

-Muitiple of Average Time to Accumulate Required Volume

5 10 20 30 40 50 60 70 80 90 95

Percentage of Occasions when Filling Time is Less Thar) That Indicated

FIGURE 3.3 DIMENSIONLESS FREQUENCY CURVES FOR RUNOFF ACCUMULATION TIME

The frequency curve which applies in a particular instance depends only
on the start month and on the runcff volume. This dependence is given on
Table 3.3.
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TABLE 3.3 Frequency curve numbers for different runcff volumes and start months

Runoff ' Month
goiﬁge J F M A M J J a s ol N D
20 13 14 14 12 9 8 9 10 11 11 12 12
40 13 13 7 5 4 8 10 12 12 12 12 14
60 11 6 10 10 10 11 12 12 12 14 16
80 6 4 4 13 13 13 15 15 15 14 12 10
100 4 5 14 14 14 13 12 11 9 7 6
120 6 7 16 14 11 10 9 8 7 7 6 6
140 8 8 12 10 9 8 8 8 7 7 7 7
160 7 10 8 8 8 8 8 8 7 7 7 7
180 8 9 9 9 8 8 8 8 8 7 7 6
200 9 9 g 8 8 8 8 8 7 6 7 8
220 9 9 8 8 7 7 7 6 6 7 9 9
240 9 7 7 6 7 7 8 B 10 9 9 9
260 8 7 7 8 9 9 10 10 10 10 B 8
280 5 6 6 10 10 9 9 9 8 8 7 6
300 5 9 9 9 9 8 8 7 7 6 5 5

From Table 3.3 it is seen that the frequency curve number for a combination
of July start with 25% ARV runoff veolume can be interpolated as 9. The
factors from Figure 3.3 are then used to scale the average accumulation time
previously obtained in Section 3.3, For a July start the average was found
to be 142 days.

Frequency Multiple of mean Accumulation time
50 1.0 142
20 0.73 104
80 _ 1.37 195

These three points are transferred to Figure 3.4a and connected by straight
lines to interpclate or extend to other frequencies such as those to be
used in Section 3.5.

Frequency 10 20 30 50 70 80 g0
Accumulation time 83 103 1li6 142 176 194 223
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Percentage of Occasions when Filling Time is Less Than That Indicated

FIGURE 3.4b DURATION FREQUENCY RELATICNSHIP FOR RIVER:

- e e = = e mw wm

Conneet the outer points to the average point by straight lines and read
off durations corresponding to the following frequencies

Frequency ) 10 20 30 &0 70 80 . 80 98

Accumulation time
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Runoff Accumulation Time in Days
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5 10 20 30 40 50 60 70 80 80 95

Percentage of Occasions when Filling Time is Less Than That Indicated

FIGURE 3.4a DURATION FREQUENCY RELATIONSHIP FOR RIVER PANG

Percentage of occasions when filling time is less than that indicated.

Figure 3.4a shows that in 58% of years the reserveir will fill in 153 days,
i.e. before December 1lst (see original problem as set in Section 1.5). This
means that in 42% of years the reservoir will not fill and the existing
water supply facilities need to be maintained. It may be advisable to delay
this calculation though until the next Section where advantage can be taken
of other curves to smooth the relationship.
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3.5 CONSTRUCTION OF THE ACCUMULATION TIME FREQUENCY DIAGRAM

To complete the entire figure it is necessary to carry out the same
analysis as that contained in Section 3.4 For each month in turn. The
resultant values are shown in Table 3.4. Complete the table and plot the
pointe on Figure 3.5b, ¢ or d. .

Start
Month Freguency

1a 30 &0 70 a0
January 21 51 69 87 114
February 45 75 105 129 165
Mareh 69 8 120 150 183
April 102 120 136 158 177
May 111 126 138 147 162
June i08 120 132 138 150

- July

August 63 81 90 102 124
September 45 60 72 81 93
Oetober 39 51 £3 65 84
November 42 51 £0 72 84

December 36 51 63 78 87

TABLE 3.4b Accumulation times for Falloch reservoir inflow

Table 3.5 is a 'ready reckomer' to facilitate the caleulation of the filling
date from the given start date. Use Table 3.5 to complete Table 3.6b and
transfer the points to Figure 3.5b.
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3.5 CONSTRUCTION OF THE ACCUMULATION TIME FREQUENCY DIAGRAM

The accumulation time freguency diagram is a way of presenting the
frequency information of Figure 3.4a so that the filling date may be.
read directly and avoids the tedious conversion of day numbers to date.
Analyses similar to that carried out in Secticons 3.1 to 3.4 have been
completed for the other 11 months. Table 3.4a shows the results

Start

M Frequency

onth 10 30 50 70 90
January 30 48 72 93 126

; February 24 48 72 96 129

March 33 60 81 105 138

| April 51 75 Q3 117 150
May 69 96 114 138 171
June 81 108 132 15% 20]
July 81 111 138 171 216
August 78 108 : 135 171 216
September 69 99 .126 162 204
October 57 87 111 144 183
November 45 75 96 123 162
December 33 60 78 102 132

TABLE 3.4a Accumulation times for Pang reservoir inflow

The next step is to convert the intervals of Table 3.4a into an actual
filling date by counting forward from the beginning of the month in the
left hand column. The ready reckoner of Table 3.5 makes this process
much simpler.
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ig:z;_ Frequency

10 30 &0 70 80
January 22 Jan 21 Feb 11 Mar 28 Mar 25 Apr
February 18 Mar 17 Apr 17 May 10 Jun 16 Jul
March 9 May 8 Jun 29 Jun 29 Jul 31 Aug
April 12 Jul 30 Jul 14 Aug 1 Sep 25 Sep
May 20 Aug 4 Sep 1€ Sep 25 Sep 10 Oect
June 17 Sep 29 Sep 11 Oct 17 Oot 28 Oeot

July |
: August - & Oet 21 Oct 30 Oct 11 Nov 23 Nov
September 16 Oct 31 Oect 12 Nov 21 Nov 3 Dec
October -8 Nov 21 Nov 3 Dec 9 Dec 24 Dec
November 18 Dec 22 Dec &0 Dec 12 Jan 24 Jan
€ Jan 21 Jan 2 Feb 17 Feb 2€ Feb
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December

TABLE 3.6b Filling

date for Falloch reservoir




The average filling time for July starts was found in Section 3.3 to be
Scanning down the July coclumn of Table 3.5 for the largest

142 days.

number less than 142 we find 123 for November (of the same year).

will therefore occur on average on 19th (142-123) November.
calculations for the other entries of Table 3.4a allows Table 3.6a to
be completed.

Start Fregquency

Month 1o - 30 50 70 20
January 31 Jan 18 Feb 14 Mar - 4 Apr 7 May
February 25 Feb 21 Mar 14 Apr B May 10 Jun
March 3 Apr 30 Apr . 21 May 14 Jun 17 Jul
April 22 May 15 Jun 3 Jul 27 Jul 29 Aug
‘May 9 Jul 5 Aug 23 BAug 16 Sep 19 Oct
June 21 Aug 17 Sep 11 Oct 7 Nov 19 Dec
July 20 Sep 20 Oct 16 Nov 19 Dec 2 Feb
August 18 Oct .17 Nov 14 Dec 19 Jan 5 Mar
Septenmber 9 Nov 9 Dec 5 Jan 10 Feb 24 Mar
October 27 Nov 27 bec 20 Jan 22 Feb 2 Apr
November 16 Dec 15 Jan 5 Feb 4 Mar 12 Apr
December 3 Jan 30 Jan 17 Feb 13 Mar 12 Apr

TABLE 3.6a Filling date for Pang reservoir

The filling dates are transferred to Figure 3.5a and smooth curves are

passed through the points.

Filling
Similar '
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Start
Month Frequency
10 30 50 70 a0

dJanuary 24 42 54 72 87
February 36 75 105 126 162
March 60 105 138 185 210
April 126 144 156 171 132
May 141 153 162 168 177
June 123 135 147 153 185
July
August 81 923 105 114 126
September 54 78 84 96 114
October 45 60 72 84 93
November 45 54 68 75 87
December 39 48 6& 72 84
TABLE 3.4c Accumulation times for Langdon reservoir inflow

Start

Month Frequency

10 30 50 70 90

January - 48 78 114 156
February - 54 ge 132 183
March 30 75 129 156 204
April 60 102 138 171 213
May 105 128 158 183 213
June 138 156 174 1889 210
July
August 106 132 144 162 183
September 84 111 123 144 168
QOetober 57 90 108 129 162
November 33 69 96 120 153
December 24 60 87 111 150
TABLE 3.4d Accumulation times for Roman reservoir inflow
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End date ‘Start date at beginning of months shown in Year 1

Year Month Jan Feb Mar Apr May Jun Jul Aug Sept Oct Nov Dec

1l Feb 31

1l Mar 59 28

1 Apr 90 59 31

1 May . 120 89 61 30

1l Jun 151 120 92 6l 31

1 Jul 181 150 122 91 61 30

1 Aug 212 181 153 122 ‘92 61 31

1 Sep 243 212 184 153 123 92 62 31

1l oct 273 242 214 183 153 122 92 61 30

1 Nov 304 273 245 214 184 153 123 92 61 31

1l Dec 334 303 275 244 214 183 153 122 a1 6L 30

2 Jan 365 334 306 275 245 214 184 153 122 92 6l 31
2 Feb 396 365 337 306 276 245 215 184 153 123 92 62
2 Mar 424 393 365 334 304 273 243 212 181 151 120 a0
2 BApr 455 424 396 365 335 304 274 243 212 182 151 121
2 May 485 454 426 395 365 334 304 273 242 212 181 151
2 Jun 516 485 457 426 396 365 335 304 273 243 212 182
2 Jul 546 515 487 456 426 395 365 334 303 273 242 212
2 Aug 577 566 518 487 457 426 396 365 334 304 273 243
2 Sep 608 597 549 518 488 457 427 396 365 335 304 274
2 Oct - 638 607 579 548 518 487 457 426 385 365 334 304
2 Nov 669 638 610 579 549 518 488 457 426 396 365 335
2 Dec 699 668 640 609 579 548 518 487 456 426 395 365
3 Jan 730 699 671 640 610 579 549 518 487 457 426 396
3 PFeb 761 730 702 671 641 610 580 549 518 488 457 427
3 Mar 789 758 730 699 669 638 608 577 546 516 485 455
3 Apr 820 789 761 730 700 669 639 608 577 547 516 486
3 May 850 829 791 760 730 700 669 638 607 577 546 516
3 Jun 881 850 822 791 761 730 700 669 638 608 577 547
3 Jul 911 880 852 821 791 761 730 699 668 638 607 577
3 Aug 942 911 883 852 822 721 761 730 699 669 638 608
3 Sep 973 942 914 883 853 822 792 761 730 700 662 639
3 Oct loc3 972 944 913 883 853 822 791 760 730 699 669
3 Nov 1034 1003 975 944 914 883 853 822 791 76l 730 700
3 Dec 1064 1033 1005 974 944 914 883 852 B21 791 760 730

TABLE 3.5 Ready reckoner for date calculation
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Start
Month Frequency
10 30 &0 s a0

January 25 Jan 12 Feb 24 Feb 14 Mar 29 Mar
February 8 Feb 17 Lpr 17 May 7 Jun 13 Jul
March 30 Apr 14 Jun 17 Jul 13 Aug 27 Sep
April 5 Aug 23 Aug 4 Sep 19 Sep 10 Oct
May 19 Sep 1 Oct 10 Ot 16 Oet 25 Cet
June 2 Oct 14 Oct 26 Oct 1 Now 13 Nov
July

August 21 Oct 2 Nov 14 Nov 23 Novw 5 Dec
September 25 Oet 12 Nov 24 Nov 6 Dec 24 Dec
October 15 Nov . 30 Nov 12 Dee 24 Dec 8 Jan
November 16 Dec 25 Dec 3 Jan 15 Jan 27 Jan
December 9 Jan 18 Jan & Feb 11 Feb 23 Feb
TABLE 3.6c Filling date for Langdon reservoir

Start
- Month Frequency

| ia 30 50 70 80
January - 18 Feb 20 Mar 25 Apr € Jun
February - 27 Mar 8 May 13 Jun 3 Aug
March 31 Mar 15 May 28 Jun 4 Aug 21 Sep
April 31 May 12 Jul 17 Aug 19 Sep 31 Oct
May | 14 Aug 7 Sep 7 Jet 31 Oct 30 Nov
June 17 Oct 4 Nov 22 Nov 7 Dec 28 Dec
July

August 14 Nov 11 Dec 23 Dec - 10 Jan 31 Jan
September 24 Nov 21 Dec 2 Jan 23 Jan 16 Feb
October 27 Nov 30 Dec 17 Jan 7 Feb 12 Mar
November 4 Dec 8§ Jan 5 Feb 1 Mar 3 Apr
December 25 Dec 30 Jan 26 Feb 22 Mar 30 Apr

Table 3.6d Filling date for

Roman reservoir
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FIGURE 3.5b RUNOFF ACCUMULATION TIME FREQUENCY DIAGRAM FOR FALLOCH, LANGDON,
ROMAN

Smooth curves are passed through the points of Figure 3.5b remembering that
slope reversals are not feasible and the spacing between curves should be
regular and free of sharp diseontinuities.

Solution to the problem

The frequency of July lst starts accewmulating the requisite volume by
December lst is found by interpolation in Figure 3.5b to be _ _ _ %. Thus
the frequency of non accumulation ~ i.e. the risk of having to maintain the
alternative supplies its _ _ _ % '
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FIGURE 3.,5a RUNOFF ACCUMULATION TIME FREQUENCY DIAGRAM FOR PANG RESERVOIR

Solution to the problem

The frequency of July lst startsaccumulating the requisite volume by
December 1lst is found by interpolation in Figure 3.5a to be about €0%. 'Thus
the frequency of non-accumulation - i.e. the risk of having tc maintain the
alternative supplies is 40%.

:that 25% ARV

70%—— will be
- - ! accumuiated
« BO%—:— within
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