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PREFACE

ey ———r—————

This report describes the procedure for estimation of
the flow duration curve for both gauged and ungauged
catohmente. 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 i 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  River basin and regional mono—
graphs describing the relationship
between the base flow index and
catchment geology

The first report outlines the scope of the Low Flow
Study; it describes the analysis of the flow data, the
derivation of the relationship between low Fflows and
catehment characteristics and summarizes the estimation
technique. The second report series takes the form of
caleulation sheets which describe the underlying
prineiples of each low flow measure and enable the user
to estimate them from flow data or catehment charac—
teristics; procedures are also given for incorporating
local gauged data at various stages in the estimation
technique.  Report No 8 describes the techniques for
caleulating catchment characteristics.  Report lio 4
consists of a series of regional monographs which
detail the relationshipe between the base flow index
and catehment geology and enables the index to be
estimated at an ungauged site.
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LIST OF SYMBOLS AND ABBREVIATIONS

ADF
BEL

GRADMAM
GRADQY5
MAM (D)

MAM {10)

AMP (D)

Q95 (D)

095 (10)

QP (D)

SAAR

TC

average flow in cumecs
base flow index

duration (in days unless specified to
be in months) '

rate of change of MAM(D)/MAM(10) with D
rate of change of Q95(D)/Q95 (10} with D
mean annual D day minimum
mean annual 10 day minimum

annual minimum D day flow of annual
exceedence probability P

D day average flow exceeded by 95% of D
day average discharges

10 day average flow exceeded by 95% of 10
day average discharges

D day average flow exceeded by P% of D
day discharges

standard period (1941-1970) annual average
rainfall in mm

type curve for flow duration curve and
flow frequency curve






Introduction

The £low duration curve is perhaps the most basic form of data presentation which has
been used in low flow calculation. It shows graphically the relationship between any
given discharge and the percentage of time that the discharge is exceeded. The curve
can be drawn for daily or monthly flow data or for any consecutive D day or month
period. It is freguently used for assessing the dilution rate of sewage effluent and
for assessing licences to abstract water. :

This estimation manual describes methods for drawing the curve for the case where
adequate gauged information is available (two years for curves standardised by ADF),
and for the case where no data are available. There is also a section on metheds of
incorporating short oxr discontinuous flow data at or close to the site of lnterest.

To help explain the technique, this manual includes a worked example, the River Pang
at Pangbourne, for which all the calculations have been completed, This iz laid

out on right-hand pages. Detalls of three other catchments which can be used for
practice are laid out on the left-hand side, set in italic type.

Langdon Beck
at Langdon,

Roman al
Bounstead Bridge.

FIGURE 1.1  |OCATION OF ALL THE EXAMPLE CATCHMENTS




CALCULATION SHEETS
ON THIS SIDE

1.1 GENERAL INFORMATION FOR EXAMPLE CATCHMENTS

R The River Falloch at Glen Falloch iz in hydvometric area 85, The site
of interest s at grid reference NN321197 and the area of the catchment
is 80.3 km® which ineludes the Dubh Eas catehment.

10mi|e'GeologicaI Map
of Great Britain’

Sheet 1 [Solid & Driftl
1:50,000 Sheets 50 & 51

Drift
Free

— Boulder
i Clay

Solid - Metamorphic

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

b. The Langdow Beck at Langdon is in hydrometric avea 25. The site
of interesg is at grid veference NY 858309 and the avea cf the catchment
is 15.0 km*.

1:50000 Geology Map ,
No.25|Solid & Drift}

croiiiit] Grits

Sandstons

[ ety

Boulder Clay

Terrace
Deposits

Scale L __ 1KM
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FIGURE 1l.2c¢c GEOLOGY AND KEY TO MAPS OF THE LANGDON CATCHMENT




WORKED EXAMPLE

1 Basic data

ON THIS SIDE

1.1 GENERAL INFORMATION

The River Pang at Pangbourne is in hydrometric area 39. The site of interest is at
Grid Reference SU 634766 and the catchment area is 171 kmZ.
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FIGURE 1.2a GEOLOGY AND KEY TO MAPS OF THE PANG CATCHMENT
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e, The Roman River at Bounstead Bridge is in hydvemetric area 37, The
stte of interest e qt grid referance TL 385205 and the avea of the
catchment is 52.6 km®,

TLBZ | ‘ TL 92

T -
: TL 91 :
0
| PP | |
| !
London Boulder 1: 50000 Geology Maps
Clay Clay Nos 223 & 241
. [Sotid & Drift)
:?i;:f? Sands &
co,o%0,.d Giravels

FIGURE 1.2d GEOLOGY AND EEY TO MAPS OF THE ROMAN CATCHMENT
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1.2 FLOW DATA FOR DRAWING THE FLOW DURATION GURVE

Tables 1.1b, ¢ and d contain the daily flow data that are assembled into
Table 2,4k and from which the flow duration curve is prepared.

TABLE 1.1b
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1.2 FLOW DATA FOR DRAMING THE FLOW DURATION CURVE

“ainle l.la contains the daily flow data that are assembled inte Table 2.1 and from
which the fiow duration curve is prepared ac described in Chapter 2.
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l IN0ET PANG AT PANGHQURNE
TEAR 1971 NUMHEW OF UDAYS WiTH DATA® 365 MEANS 4805 PMINIMUM w P48 MAXIMUM = 2a980 (CYMECS}
Cav JAN FEB Mar AFR MAY U ~UL AUG SEP ver NOV LDEC
L 513 i-110 P Tey 2860 «993 P 705 1a090 + 815 852 +51% ahba 567
2 .404 1.260 N-LL -848 =955 674 L2060 797 =454 495 #9455 «557
3 «4AD ledt L] 1820 2500 61 1.040 WBO& 9% -TX] +459 +«538
- %71 1a3ud -iTh -B2& =855 1652 1.020 P TRG ELLE] 299 457 =521
ko e «S0e -781 +835 2854 1667 1.030 «B11 632 ELr.1.] +558 +508
& hel B4 w748 «817 878 4663 1.614 817 613 4HL =Shd Bk
. T RLLL] +Bla T23 +811 879 H70 996 T80 802 6Te =520 486
3 a W 713 « 789 755 819 2821 +bBG 1.000 W T2 w802 & Ta 513 PCLTY
9 L 803 T80 -301 811 -170 »940 149 603 1487 a5} 1509
12 vh54 . 785 W Tal =888 790 a1l 2964 TS5 637 GTh 484 82
-

1 a5al o771 Tl 751 ELE] 2960 LR LTl « T36 595 473 477 +4B4
id 02 v lag «TIB +829 «TER 21080 929 W Te5 »290 4S5 485 »&TO
] 503 2« TH3 T2 815 o775 1:480 «895 2 T58 582 513 WS 7T +465
14 B-T-1% 194 133 2815 735 1900 +800 »TES 574 1618 455 1463
. [ Ll 58T 1.200 2802 « 176 24150 2756 £ 733 596 «h32 kb kb3
1¢ BLT.H BT 968 «800 « 793 1+580 $783 2T18 =S80 WBS5 =838 %55
17 abHG 2907 1.158 =TGR wTa2 «7RAT ALk +B48 +Tes a40A LTS
18 1830 LU 2.290 W 766 726 =791 2702 «582 612 L) LL-TY
1" NFE 4793 1.700 eTa3 o710 #7721 2851 «588 5TS L3 hHE
2u .97 -854 1,390 o766 -T08 793 +Bla 813 BTt 516 “HHO
21 lag2n 821 1.210 78] B892 -B24 +Ble +D40 1538 6AU =521
ze 1.570 »THY 1.t50 788 1 T0E eBéb T84 540 S1s Tll &03
! 22 C.u80 783 1.010 Ja030 W TT3 «B05 2 T2a +589 et} 2591 1626
2 1.7e0 P TEE 4991 1.520 1758 sBhs 127 -5&8 waB? 57 L
25 l.a7a +Tol Gt 1.220 BT5 +833 =629 +5951 eal] »S1H se
£ Tabi0 4523 i«tTo 783 et PRt +559 70 234 +536
T 1.520 4900 l.70D W 7T9) +B3& + 707 +555 625 558
28 1.2ca -283 l.300 829 829 «692 +55) «B93 1885
Fad -GHT +855 1-1lo0 2795 805 570 +531 021 1552
- 30 1.140 «BES leddo 773 827 + 554 +545 1468 596 529
I Al 1.210 B8l 128 «B&T » 658 a3 2518




TABLE 1.1c

TABLE 1.1d

25011 LANGDON BECK
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1.3 PLOTTING FLOW DURATION CURVES FROM DAILY FLOW DATA

The steps for preparing flow duration eurvee from the data of Tables 1.la
to 1.1d are given in Section 2 of this manual




1.3  PLOTTING FLOW DURATION CURVES FROM DAILY FLOW DATA

Figure 1.3 is an example of the flow duration curve produced by the Institute

of Hydrology data processing system. Note the use of a logarithmic discharge
axis and a Normal probability scale for the abscissa. Apart from the line
labelled 1 day which is the conventional curve, Figure 1.3 shows curves produced
for other durations in days. These are assembled from consecutive cverlapping
periods which are produced in the processing scheme by first passing a moving
average of the desired duratijon through the data. The moving average data are
treated in precisely the same manner as daily data. The interpretation of the
curves is, for example, that the average flow of 95% of l0-day copnsecutive
periods is greater than 38% of the average discharge.

Section 2 describes a manual method by which one day flow duration curves may
be developed from the daily flow data.
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FIGURE 1.3 AUTOMATED FLOW DURATION PLOT FOR RIVER PANG




1.4 OUTLINE OF ESTIMATION PROCEDURE

The basic recommendations for drawing flow duration curves are given opposite.  For
purposes of practising the procedures we shall depart somewhat from these recommen—
dations. Thus although there are some 8 years of data avatlable at each of the
example sites, Section 2.2 describes the constyuection of the flow duration curve from
a single year's data. Moreover, Having used a single year, the data have not been
standardised by the average discharge of that year. Sections 2.3 and 2.4 pursue
this same process but show the use of awis transformation to produce a more linear

pilot.

Section 2.5 describes the procedure which ie most suited to automatic data processing
in which the data ave standardised by the average flow.  Section 2.6 describes the
method to be used for duraticns other than one day.

10
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1.4 OUTLINE OF ESTIMATION PROCEDURE

The procedure for estimating the flow duration curve depends on the ava%lability

of data at or near the site of interest, Figure 1.4 outlines three basic approaches
and the corresponding section of this manual to use. The technique base@ on,
catchment characteristics refers to the Catchment Characteristic estimation manual

-~ Report No. 3 of this series.

FLOW DURATION GUAVE FIGURE 1.4  OUTLINE OF ESTIMATION
' PROCEDURE
Based on Basc& on Using
catchment
flow data character|stics local data

[section 2| Isaction 31 {section 4]

L

Estimating catchmant characteristics
| Estimation manual No.3 |

Which of these three procedures to use or combination thereof, depends on the amount
of data available, Suggested guidelines for a given length of record are summarized
in Table 1.2 and described below.

More than ten years Records of this length need no agjustment or standardisation as
' this period of data will probably provide a sufficiently
agcurate flow duration curve.

Two to ten years Divide the daily flow data by the average flow over the period
' of record before analysis. This overcomes to a great extent
the departures due to wet or gry vears. The conversion tc the
long term flow duration curve is made using an estimate of long
term average flow as descyribed in Report 3, Section 2.5

Less than two years Use Sections 3 amnd 4 of this manual, alsc refer to sections of
Report 3 for use of short records for Base Flow Index and ADF
calculations.

TAELE 1.2 Technique to use for given record lengths

Years of record Technique . Section Nos

> 10 Use daté in cumecs 2

2-10 Express data as % ADF 2 3
type curve check

< 2 BFI from data 4

No data BFI from geclogy 3

The worked example for the Pang which follows departs from the guidelines to the
extent that flow units with and without adjustment are adopted even though a single
year's data, 1970, alone, has been employed for illustration. Subsequent
subsections described opposite alsc depart from the guidelines. ' i

il



2.1 CONSTRUCTION OF FLOW DURATION CURVES ON LINEAR GRAPH PAPER

Select class intervals tq stmpltfy the tallying procedure and complete Table 2.1b
using the daily data from Tables 1.1b-d.

TABLE 2.1b Preparation of flow duration data for Falloch, Langdon, Roman catchments

(1) (2) (3) (4] (5) _
Class Tally of Total in Number greater : Percentage greavtern
intervgl days in algss than bottom of than bottom of e.Z.
aumecs class interval at. 104) -
interval . p= EE%T__W x 100
T oo

A simple graph of coll8) against the lower bound of the elass tnterval can be dram

on linear paper.

12




2 The gauged catchment case

2.1 CONSTRUCTION OF FLOW DURATION CURVE ON L. INEAR GRAPH PAPER

The data are sorted into constant width class intervals (ci) which are expressed
in discharge units, and values selected for convenience in tallying. For the
River Pang the discharge experienced in 1970 (see Table 1.la for data) range
from abput ©.2 to 1.6 cumecs. Table 2.1a shows the procedure where for the Pang
a class interval width of 0.10 cumecs was selected (column 1). Each day's
discharge is assigned to its appropriate class interval and a tally made

(Table 2.la column 2} of the number of days in that interval. The total number
of days in each ci is then found (Table 2.la cclumn 3) and the number of days
ahove the lower limit of each ci is entered in column 4 and then expressed

as a percentage exceedence in column 5 by dividing the entry in column 4 by the
total number of days in the record (365 for the example of the Pang) and
multiplying by 100.

TABLE 2.la Preparation of flow duration data for Pang catchment

{1) (2} (3) {4) (5)
Class Tally of Total in Number greater Percentage greater
interval days in class than bottom of than bottom of ci
cumecs class - interval ci
interval = 0012{4} x 100
1.5-1.6.1 i v o 27
1.4~1.5) § N Iy
1.3-1.4 o 2 o .EBE . -
1.2-1.3 i 3 Q.8
1.1-1.21 1 L I te -
1,0-1,1 ¥ 5 i I 2w
0,9-1,0 Wt wr s 12 I s 15 .
0,8-0,9. 8 Wowp L 3B I - Y- —
0.7-0,8 #r sn w gty pipnopipiw b 80 2.-92 —
0. 60,7 MF_ iy s Lo M HTUH W0 un e S 3 RN 36 =97 L
©.5=0.6 il Lot i st g s il 3% 113 47 - ho
0.4-0.5 i Uit Mr g wn e W P W) N3 S8 3¢
0. 3-0. 4{HT MTT AT it wiraroant it JA2 20 243 e 8023
O, 20, 3 W brl et e it L) x 2, 12 . S o deeive
L = 365

The values from column 5 are plotted directly against the corresponding lower
bound of column 1 on linear graph paper. However if lognormal probability paper
is used the flow duration curve often approximates better to a straight line.
This preferred method is explained in sections 2.2 and 2.3
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2.2  DRAWING LOGNORMAL GRAPH PAPER

Assuming that only linear groph paper is available, draw up the discharge and
probability axis on Pigure 2.1b following the scheme opposite.

FIGURE 2.1lb ANNUAL FLOW DURATION CURVE FOR FALLOCH, LANGDON, ROMAN CATCHMENTS

HHH

Discharge as cumecs

Log | Discharge as cumecs |

s
w®

Percentage of time discharge exceeded

2.3 TRANSFORMING DATA AND PLOTTING ON LOGNORMAL GRAPH PAPER

Using the data from columms 1 and § of Table 2.1b, make the logarithmic and
probability transformations as outlined opposite by completing Table £.3b and using
the formulae for x from a given probability of Section 2.2.

14
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2.2 DRAWING LOGNORMAL GRAPH PAPER

If the appropriate graph paper is not available then the following method can be
used to construct it. The probability axis is drawn such that the scale is
linear in standard deviation x either side of the mean and for each value of x

a corresponding value of p, the exceedence probability expressed as a propertion
is given by

must be found. Tables of x values from given P values (expfessed as a percentage
exceedance probability) are available from which Table 2.2 has been extracted
for commonly required P values.

TABLE 2.2 Yalues of x corresponding to commonly required P values

Probability  Normal Probability  Normal Probability  Normal
P% variate P% variate P% variate
X X X
99.99 3.715 80 1.280 5 -1.645
99.95 3.290 80 0.840 2 -2.055
99.90 3.090 70 0.550 1 ~2.325
9¢.8 2.875 &0 0.255 0.5 ~-2.575
99.5 2.575 50 0.000 0.2 ~2.875
29 2.325 40 ~-0.255 0.1 -3.090
98 2.055 30 -0.550 .05 -3.290
95 1.645 20 ) -0.840 Q.01 -3.715
10 - -1.280

Table 2.2 can be produced using accurate iterative techniques for obtaining x for
any P. However the following direct solution gives adequate accuracy where p
is the probability expressed in proportional terms:

x = signum (p-1/2) {1.238t (1 + 0.0262t) }

where

signum (p-1/2) = + 1 where p > 1/2, -1 where p < 1/2,
t = {-ln 4p(1—p)}%

Figure 2.la shows the probability axis P, linear in terms of the normal variate
x. The ordinate scale is drawn such that it is linear in the logarithms of
the discharge.

2.3 TRANSFORMING DATA AND PLOTTING.ON LOGNORMAL. GRAPH PAPER

To plot the flow duration curve on the lognormal probability paper, the logarithms of
the flow of column 1 of Table 2.la and the reduced variate x from the percentage excee-
dence of column 5 must be calculated. Table 2.3a shows the transformation of the Pang
data using the relationship between x and p from Secticn 2.2. Column 6 is then plotted

against column 2 on Figure 2.la.

15



. TABLE 2.3b Transformation of Falloch, Langdon, Roman data for lognormal
probability plot

(1) (2) (37 (4} (5 (8)
Class interval Logarithm of p = P/100 4p(1-p) t @
lower bound Lower bound

log (eol. 1)

Plot coluwm (6) against columm (2} on Figure 2.1b.

16
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2.4  ALTERNATIVE METHODS FOR DRAWING THE CLRVE

{a} Using logarithmic class intervals

ASSEMBLING DATA AND CHOICE OF CLASS INTERVALS

Assemble data from period of record requirved from Table 1.1b-d.  The ADF value is
conmputed for each case uaing the period of intarest. For the three cases these are

Station Period of record ADF cumecs
Falloch 1971 5.1456
Langdon 1871 .332
Roman 1971 . 804

Normally the vange of discharge encountered and sensitivity of the graph dictates
class interval choice — the current example uses the system deseribed opposite with
equal logarithmic clase intervals.

Complete as much of column (3) of Table 2.4b as is nszcessary by cowwersion to % ADF
units using the above value of ADF.

CALCULATTON OF EXCEEDENCE PROBABILITY

4 tally of the days within the class interval is entered into column (4). The
number of days is entered into column (§).  The number of days with discharges in
excess of the topmost limit can be obtained by subtraction from the total number of
days in the year., Column (8} accwmlates colwmn (5) and columm (7) exvresses column
(6) as a percentage of the total number of days of the year. Column (8) shows the
reduced variate x for the value of F in eolumn (7).

DRAWING LOGNORMAL GRAPH PAPER AND PLOTTING DATA

Plot coluwm (8) as abseissa against column (2) as ordinate on Figure 2.2b.  If log—
normal paper is available this can be done directly.  Assume here, however, that
only linear paper is available to practise the comstruction of the scales, An x and

P scale is formed following the scheme opposite and making use of Table 2.2. The
logarithm of the % ADF class interval upper boundary is simply one-tenth of the class
interval numbers of column (1) in this instance, eg log 1.26 = .1 ete.

i HETTHIEE

T
¢ SH NN W W L
b2 o w

Log | Discharge as % ADF |

A EisisE i g
Percentage of time discharge exceeded ’

FIGURE 2.2b  F|.OW DURATION CURVE FOR FALLOCH, LANGDON, ROMAN (%ADF)
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2.4 ALTERNATIVE METHODS FOR DRAWING THE CURVE

{a} Using logarithmic class intervals

The technigque outlined above is suitable for manual construction of the flow

duration curve. The following technique is suitable for computer based data
processing systems, the main difference being in the discharge axis where a loga-
rithmic division of class intervals is used and flow is expressed as a percentage of
the average flow. - The latter transformation enables curves to be compared more

easily by reducing the effect on the slope and location of the flow duration curve of
differences in catchment area, average rainfall cr of the occurrence of higher or lower
than average flows during the recorded period. This method was used for all the flow
duration curves used in the Low Flow Study.

The procedure used for assigning class intervals was to divide the range of discharge
into 30 class intervals on a logarithmic basis from 1% ADF {average daily flow) to

1000 % ADF. The upper limit of the ith c¢lass interval as shown in column 1, Table
2.4a is antilog {0.1(i)} in % ADF units and the lower limit is antilog .1(i-1).

These are the figures shown in ceolumn 2 {for illustration, column 3 shows the class
interval boundaries converted to cumec units). The ADF value to be used is calculated
from the same period of record as used in deriving the curve. For the Pang, and for
the calendar yvear 13870 this is 0.517 cumecs,. Having converted each daily discharge to
a % ADF, the computer program finds the logarithm of this discharge, multiples this
value by 10 and assigns it tc a given class interval by finding the integer eguivalent
of this real number.

This procedure was designed primarily for large scale avtomatic data processing but

other equally valid class interval boundaries can be used to detail particular flow

ranges or to simplify the numerical operation. The calculation of exceedence probability
and the transformation to calculate x from p follows the procedure outlined in section
2.3, Table 2.4a shows the steps in this procedure and the graph of column 8 against

the leogarithm of the class interval boundary is shown in Fig. 2.2a,

-_ "
o : i
< 28 ;1; i . i 100
# ; i : W
R g agsEeis auguii ] a o o
g + T -HE 50 <
e T i ®
ey T 1 ms saRue a . [ ]
2 S B
[T} Hi )
] H £
= HEE : dii 20 g
o : Sl : 5
S : :
- HE =222 - peranaInazs = ==dnenes = s 4 b
E ‘ﬂ“"‘%% =5= ; ® ﬁhq i it nﬂ}w Fiiiiiiiiiiiiiiiiii‘jHE.” tH
50 60 70 80 90 85 98 99 995 998 P

Percentage of time discharge exceeded

FIGURE 2.2a  FLOW DURATION CURVE FOR PANG (% ADF)
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TAHELE 2.4b Preparation of flow durationcurve data for Falloch, Langdon, Roman
(1) (2) (3) (4) {5} {8) (7) (8)
a. L. Boundary of classa Tally of Total Number Percentage x
ne intervals days in in greater greater
% ADF cumeos class aelass than than From
interval interval bottom bottom
of e.%. of e.i. 2
1000, 00
784.33
23
630,396
28
501,19
27
258,11
26
316,23
25
251.18
24
194,563
a3 .
158.489
&2
125,88
21
100,00
20
78,43
19
£3.10
18
50,12
17
38,81
18
31.82
15
26,12
i4
18,86
13
16,88
12
12.58
11
10.00
10
7.94
g
6.81
8
5.01
7
3. 88
6
3.16
5
2,561
4
. 2.00
3
1,88
2
1.26
1
I1.00
20

4




TABLE 2.4a Preparation of flow duration_curve data for Pang
(1 (2) (3) (4) (5) (6} (7} (8)
c.i. Boundary of class Tally of Total Number Percentage X
no. intervals days in in greater greater from
% ADF cumecs class class than than
interval interval bottom bottom
of c.i. of c.i. P
1000.00 5.170
30 794.33 4.107
29 630.96 3.262
28 501.19 2.591L
27 398.11 2.058
26 316.23 1.635
25 251.19 1.299
24 199.53 1.032
23 158,49 0.819
22 12589 0.65l————rr e 02 23 =552
21 100.00 0.517 e e2 = 24
2 79.43 0.411 e el 2c 57 s
iz 63.10 0. 326;:::::::;;::l :’ 268 73 el
50.12 0.259 223 e L84
17 39.81  0.206mm 2¢ =2 o0
16 31.62 0.163
15 25.12 0.130
14 19.95 0.103
13 15.85  0.082
12 12.59  0.065
i 10.00  0.052
10 7.94 0.041
2 6.31 0.033
8 5.01 0.026
! 3.98  0.021
& 3.16 0.016
5 2.51 ¢.013
4 2.00 0.010
3 1.58 0.008
2 1.26 0.007
L 1.00 0.005
21




(b} Ranking flow data

The data can be ranked following the echeme opposite and plotted onm linear or log
normal graph paper.

2.5 CURVES FOR DIFFERENT DURATIONS

Flow duvration curves for diffevent durations can be produced by passing a moving
average through the data and treating this derived data set in the way outlined
in Sections 2.1 - 8.4. The method ig best suited to using a computer.

The flow duration curves overleaf allow comparisons to be drawm between the

Flow variebility behavior of the three practice catchmente. It can be seen from
Fig. 2.3b (Rivers Falloch and Langdon) that the longer the time period that the
data is averaged over, the less steep the flow duration curve. These results
are typical of catchments having high annual average rainfall and impermeable
geology. The third catchment, that of the River Roman, having a lower annual
average rainfall and a permeable geclogy has a much smoother hydrograph and
therefore shows very little difference in the position of the curves with the
data averaged over different durations.

2.6 CURVES FOR DIFFERENT TIME PERIODX

Any itime period can be used for producing the curve - particular years, seasons
or months.

22




(®) Ranking flow data

The data are ranked, Ql being the lowest and Qn the highest discharge.

The ith ranking daily flow is assigned an exceedence probability P = (N-i)/N.

Qi is then plotted against P; as in Section 2.3. For samples of data longer than one
year the improvement in accuracy given by this method will not be cbservable on the
scale of paper used and the ranking of all the data is laborious.

2.5 CURVES FOR DIFFERENT DURATIONS

Sections 2.1 to 2.3 as described apply to daily data. Flow duration curves can be
prepared for other durations, for example 10 day flows. This will in general require
computer evaluation because of the considerable data handling that is involwved.

The method consists of deriving a hydrograph whose values are not simply daily discharges
but are average discharges over the previous 10 days. Thus the entry for January 1 1970
iz in fact the average discharge over the period 23rd December 1969 to lst January 1970
inclusive. Each day's entyy can then be treated in the way described in previcus sections.
Another way of looking at this process is to regard the derived data as the cutcome of
passing a moving average of 10 (or in eneral D) days duration through the daily data.

D Values of 1, 5, 7, 10, 30, 60, 20, 180 and 365 days were adopted as standards in the

Low Flow Study. Curves drawn for these time periods are shown on Figure 2.3awhich are
typical of rivers having smooth hydrographs.
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FIGURE 2.3a FL.OW DURATION CURVE FOR PANG FOR DIFFERENT DURATIONS

2.6 CURVES FOR DIFFERENT TIME PERIODS

The most frequent requirement is to produce a FDC for all the recorded data on record.
Other requirements for FDCs for individual vyears, or for summer and winter months
separately, or sometimes for particular months, eg all Junes.
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3 The ungauged catchment case

3.1  INTRODUCTION

This section describes how the flow duration curve of any duraﬁion can be estimated
at thg ungauged site. The method is based on the relationship between the flow
duration curve and catchment characteristics. The latter include catchment rainfall
stream length and a base flow index (BFI) which can be estimated from catchment
geolo?y and‘are described in estimation manual No. 3. The methods can however be
gsed in conjunction with flow data by for example using estimates of BFI from data
in preference to geclogy-based estimates. The procedures for estimating the curve
for any duration D is divided into three components, as shown in Fig. 3.1.

1000 9
800 ¢

500 1

100 4

discharge D Day curve

10 Day curve

o 2 5 10 30 50 70 80 95 98

Percentage of time discharge exceeded

FIGURE 3.1  ESTIMATION PROCEDURE FOR UNGAUGED CASE

(a} estimation of the 95 percentile from the 10 day flow duration curve, 095 (10)
expressed as a % ADF. This locates point A on the diagram which has in this
example a discharge of 10% ADF. This calculation is explained in section 3.2

and is referred to as the External relationship (with catchment characteristics).

(o) estimation of the 95 percentile for durations other than the 10 day dura-
tion to give Q95(D). This locates pcint B on the diagram which in this example
has a value of Q95(D) of 50% ADF, This calculation is described in section 3.3
and is referred to as the Internal duration relationship.

(¢} estimate a percentile other than the 95 percentile, QP(D} (eg Q70(D) = BO%).

This locates point C on the diagram which has a value of 80%. This is described

in section 3.4 and is referred to as an Internal frequency relationship.

If only the 95 percentile 1C day discharge is required, then both steps (b) and (c}

can be omitted. If the 95 percentile 10 day value is required, step (c) can be omitted.
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3.1  INTRODUCTION

The basic steps in the estimation procedure arve explained on the previous page.

The flow duratiom curve will be estimated using BFI from catchment geology
(Report No. 3} to construst the entire curves. An alternative procedure
would be to use BFI from 8 months flow data (Report No. 3, section 3.l

If only 95(10) is required, steps b and ¢ can be omitted, while if G85(D)
g required step ¢ can be omitted.

3.2  EXTERNAL RELATIONSHIP

The example catchment is in hydrometric ared ........ ... and therefore
IR Pegion vevevvess Substituting the catchment characteristic values into

the appropriate equation:

Vg5 (io} = v F o 4 -
Q95(10) = % ADF

26




3.2 EXTERNAL RELATTONSHIP

Table 3.1 shows the regression equations to use in various regions of the country
shown in Fig. 3.2. The equations give an estimate of the 95 percentile

from the flow duration curve, ©95{(10) in units of % ADF. SAAR is the 1941-1970
standard average rainfall in mm and BFI is the catchment's baseflow index which
is estimated at the ungauged site from catchment geolegy.

TABLE 3.1 Regionsl external relationship regression equations

Eqn '~ Hydrometric Equation 095(10) =
areas

1 1-19, 84-97, 104-108 7.60 VEFI + .0263 vSAAR - 1.46
2 20-25, 27, 68-83, 103 7.60 ¥BFI + .0263 VSAAR - 1.84
3 45-67, 102, 201-223 - 7.60 ¢BFI + .0263 /SAAR -~ 2.16

4 26, 28-33 11.9 BFI + .115 +SAAR - 8.03

Eqn. Hydromstric Areas.
1-19,84 -97,104-108
20-25,27,68-83, 103
45 -67,102,201- 223
26, 28-33
34 - 44,101

N kW =

FIGURE 3.2 KEY MAP TO EXTERNAL REGIONAL RELATIONSHIP

Using edquation 5 (the Pang catchment is in hydrometric area 39) and a value of
BFI =090 and L =269 km

¥Q95(10) = 8.51 090 + .0211 ¥269 - 1,91

= &273

s0 Q95(10) = 3935 =2ADF

a7

l 5 34-44, 101 8.51 VBFI + .0211 v/L - 1.91




3.3  INTERNAL RELATIONSHIP (DURATION)

For the eatehment SAAR =

therefore:

Log,,(GRADQ5)

GRADG9 S

and Q95(10) is

L0330 v - 184 ¥ ~ 2,11

D ) 10 30 80 a0 180

1 + (D-10)GRADE9S —_— . L o o

Q85(D) — . o o L o 4 ADP
These values may be plotted on Figure 3.4b

3.4 INTERNAL RELATIONSHIP {(FREQUENCY)

For the _______ ecatchment complete the table of Q35(D) and TC.
Q95(10) is % ADF so the following type curves are.calculated from
the expression opposite

D I 1o 30 80 80 180

9956(D) %ADF

Type curve, IC

Pactors to be applied to Q95(D) are read from Figure 3.3 and entered on the

table overleaf.
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3.3  INTERNAL RELATIONSHIP (DURATION)

Having estimated Q95(10) the next step (if required) is to estimate the 95
percentile flow for the duration of interest.

This process of obtaining Q95(D] is in two steps: the first is to obtain the
gradient or rate of change of Q95(D)/Q95(10) with D, (GRADDIS); the second is to
use this gradient to calculate Q95(Dj.

The gradient is obtained from the equation:

log (GRADQ95) = 0©,0230 ¢¥SABRR - 0.194 /Q95(1l0) - 2.11
= 0.0230 ¥722 - 0.194 /3935 - 2.11
= - 27087

GRADQ9IS = O-ocIgs5

The variable GRADQ9S5 is then substituted into the equation:
Q95 (D) = (1 + (D-10).GRADQY5)).Q95(10)

to give the 95 percentile flow of any duraticn, D, in % ADF units.

DURATION D 1 1o 30 60 90 180

095 (D) ARGE 3735 #0893 LR Lo LS54 52-39 (% ADF)

3.4  INTERNAL RELATIONSHIP {(FREQUENCY)

The process of obtaining flew duration bercentiles other than 95 consists of

multiplying Q95(D) by a factor that is read off a particular type curve from

Fig. 3.3. The type curve is determined soclely by the value of @95 (D} using
TC = nearest integer [10 log {Q95(D) as % ADF}]

Find the multiplying factor, r, from Fig. 3.3 equal to QP (D) /Q95(D)

For the Pang for D = 30 days Q95(D) =4088 and so the type curve is given
by

TC = nearest integer [10 log 4088] = &

29




Caleulation of flow of other percentiles QP(D)

Complete the following table using the results of Section 3.4 and Figure 3.3 fastors:

20 60 99.82

[N ———— o e et e e

QP(1) % ADF

a___ . r R ——m I
Qr(s) % ADF e — e
0 __r

qP(10) % ADF

QrP(30) % ADF

P —— e

80____ o o L
QP(60) % ADF o o o
90 __ r o o .
GP(30) % ADF e — —
180___r

gP{180) ZADF

—— ———— ————

The % ADF values of QP(3G) should be added to Figure 3.4b to complete the
synthesised flow duration curve for that duration.
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The following factors can be obtained:

Percentile 20 60 99.9
* 3 21 os7

QP (30) . . (% ADF)
127 86 233

These points and others are plotted on Fig. 3.4a
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FIGURE 3.3  TYPE CURVES AND FREQUENCY RELATIONSHIP FOR FLOW DURATION CURVE
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FIGURE 3.4b  FLOW DURATION CURVE FOR FALLOCH, LANGDON, ROMAN

3.5 CONVERTING TO ABSOLUTE WNITS

Using Report No. 3, caleulate the average flow (ADF} from rainfall and evaporation
data. ' :

Tabel Fig 3.4b in cumec units.
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FIGURE 3.4a  FLOW DURATION CURVE FOR PANG CATCHMENT
3.5 CONVERTING TO ABSOLUTE UNITS
Bach step of the estimation procedure expresses discharge in terms of the % ADF.
The final stage in the estimation procedure requires the estimation of the average
discharge to the site of interest. A number of different techniques for &oing this
are described in report No. 3; they are based on one of two approaches. The first
uses rainfall and evaporation data, the second is based on recorded flow data at or
near the site of interest.
From report No. 3 the average flow for the Pang estimated from catchment
characteristics is +220 cumecs. The scale of Fig. 3.4a is then calibrated
in curves where 100% ADF = 122C cumecs. 10% ADF =0-t22 cumecs etc.
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4.1  USING RELATTONSHIPS:BETWEEN FLON FREQUENCY CURVE AND FLOW DURATION CURVE

Suprose that data at the eite had yielded a value for the mean arnual 1 day
minimum MAM(1) of:

(F) (L) (R) % ADF

e e e e e e e . et . . e et e e . s . e e

(Calculate values of MAM(1) from Section &.1 of Report 2.2)

The first etep ig to convert these to MAM(I0) values,

1l

Log, ,( GRADMAM)

GRADMAM

{1 -8 x 1= % ADF

—————— ———

MAM(10)

1

The second step te the linking relationship between the flow duration and flow
frequency curves.

VR9&{10) 0.935v + 0.0289 v - 0.683

= % ADF

La g check on the results, Fig. 4.1 may be used. This 1s an overall average and
omits the effect of climate. The value obtained from Fig. 4.1 is
% ADF
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4 Use of local data

TIn this chapter a number of methods of incorporating short or discontinuous data
sources are demonstrated,

4.1 USING RELATIONSHIPS BETWEEN FLOW FREQUENCY CURVE AND FLOW PURATION CURVE

1f a record of the lowest 1 day flows experienced in each yvear for, say 5 years
is available, the mean annual minimum obtained from that data enables another
estimate to be made of Q95. As the relationship between the flow duration and
flow fregquency curve has been developed for the 1o day duration statistics,

it is necessary to convert from the 1 day to 10 day mean annual minjimum,

Using pringiples from Estimation Manual 2.2, Section 3.3, the following relation-

ships are used:
MAM(LO) = MAM(L)/{1-9 x GRADMAM]
where loglO(GRADMAM) = 0.00842vSAAR - 0.148 ¥MAM(1l) - 1.6l

which is sufficiently accurate for ﬁresent pUrposes.

For the Pang:

loglO(GRADMAM) 0.00842 Y722 - 0,148 v3753 - l.6l

.'. GRADMAM = OO0S|I24

MAM(1) = 37:53 from Report 2.2, table 2.3,
", MAM(10) = 3753 /{1 - 9xoccomiF = 3934 % ADF

The linking relaticnship between the flow duration and flow frequency curve
is:

YG95(10) = 0.935 ¢MAM(1iO) + .0299 VSAARR ~ 0.693
YQo5(10) = 0©.935 V3734  + .0299 ¥ 721 - 0.693
Q95(l0) = 3570 % ADF
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4,2 USING CURRENT METERINGS

Draw up the f‘lo_w duration curve on Fig. 2.1b using the following current metering §
and same day discharges dg at the analogue site. A

For the Falloch use the Endrick Water as an analogue stationm (ADF = 6.098)
For the Langdon use the Tees as an analogue station (ADF = 7.600)
For the Roman use the Stour as an analogue station (ADF = 2.778)

The 1—day duration curves for the analogue station are shown in Figure 4.2 and
arz used to estimate Py from 9.

FIGURE 4.2 ANALOG FLOW DURATION CURVES FOR PANG, FALLOCH, LANGDON, ROMAN

1000- A_nc(
[ = . —r i 1 5 as001.4 sTOMR
| ] ] I ] I T I } - } { 80028 NORKCK WATER

s = 1 2s002.¢ Tues

CD 30018. D KENNET

[l

o

v %

e s N

L y—

% e

jaa

L s —

s TP ™

L I

Lot \

gm ‘\

ol

=

a& TS -‘k

[0

L ]

" \

L ik
PERCENTAGE OF TIME DISCHRRGE EXCEEODED
36




4.2 USING CURRENT METERINGS

A programme of current meterings carried cut at the site of interest can enable
a reasonable alternative answer to the synthetic procedure to be found. The
meterings, at least 10, should be reascnably distributed over a period of a
gseason, not all crowded intoc a few days, should cover as much of the flow

range as pessible and should be carrigd out or adjusted with due regard for
diurnal variations. The method is described below and is particularly valuable
for small catchments as it overcomes the doubts about ADF and BFI assessment.

(i) choose a gauged analogue catchment {B) with well established l-day
flow duration curve and similar catchment geology - BFI comparisons
" are useful here;

(ii) at site of idterest (a) measure discharge QA with current meter;

(iii} note percentile, P_, (from flow duration curve Fig. 4,2)
corresponding to flow OB at analogue catchment on the same day;

(iwv) plot QA against‘PB.

For the Pang catchment, the following current meterings, @ , were taken and same
day discharge at station B, the Kennet at Theale, Q_ are sﬁown below. The average
flow for the Kemnet at Theale = 9,442 cumecs and is used to convert to % ADF units
for reading PB from Fig. 4.2.

a7




bate of Falloch {(Endrick) Langdon (Tees) Roman {Stour)
current
metering 9, QB QB Py 4 ¢p 4 Py dy 4y QB
(cumecs) %ADF {cumeas) %ADF {cumecs) %ADF
1/5 .71 1,327 .07 1,358 I7 3.887
16/5 8.91 826 .04 2.210 . 20 1.831
1/6 3.26 2,338 .04 2,295 .13 1.485
16/86 .74 . 780 .26 6.087 10 3,358
/7 3.68 .832 .13 2,875 .13 1.080
18/7 v . 708 .02 3.116 W10 820
1/8 4.89 4¢.843 13 4.397 .10 .936
i6/8 .47 1,577 f19 3.880 .08 . 889
1/8 12.13 4.230 .11 2.730 .08 815
16/9 .58 1.069 .04 2.787 .08 . 804
1/10 2.31 1.283 .03 2.608 .10 868
16/10 2,98 11.568 .41 6.58¢8 .14 1.889

The current metering @ 4 ig then plotted against percentile PB on Fig. 8.1b.

4.3 USE OF A SHORT PERIOD OF CONTINUOUS DATA

One year of data or less

Caleulate BFT using Section 3.1 of report 3 thus bypassing the need to estimate
BFI from geology.

OR

Establ_ish a graphical correlation between the discharge at site of interest §
and discharge at long term analogue station (QA). I

QI = q +5b Qg )
where a and b are esitimated from the common record.

The flow axis § y of the flow duration curve can then be relabelled in terms of @r

4.4 USE OF MONTHLY DATA

Use monthly flow duration curve estimate Q95(1 month] ' |
/ ? = Q95(30;. Th
internal duration and frequency relationship of Seation 3.3 anzi 3.4. ereafter use
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Date of Current Discharge on Discharge on Percentile on

current metering Kennet ¢ Kennet @ Kennet P
metering QA cumecs cumecs "% ADP B B
1,5 .63 11.l00 117 34
16.5 .67 ' 9.630 102 39
1.6 W52 7.360 78 56
16.6 .30 6.460 68 £3

1.7 .43 6.060 04 68
16.7 .34 6.060 64 - 68

1.8 .33 5.440 .58 72
16.8 .30 4,870 52 a0
1.9 .27 4.590 49 84
16.9 .29 5.380 57 75
1.10 24 4,420 a7 ag
16.10Q .27 4.220 45 93

The eurrent metering QA is plotted against pergentile PB on Figure 2.la.

4.3 USE OF A SHORT PERIOD OF CONTINUOUS DATA

1f a nearby analogue catchment with an established flew duration curve ig
available then the discharge at the site of interest can be correlated with
the discharge at the long term station. The discharge axis of the long-
term flow duration curve can be relabelled with the discharge estimated
from the short period correlation.

4.4 USE OF MONTHLY DATA

If only monthly Flow data are available but daily based statistics are reqdired, the
result (095(30) from daily data is equal to Q95(1 month) from monthly data can be
ygsed, to obtain an estimate of Q25(30}.
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