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EXECUTTIYE SUMMARY

BACKGROUND

Considerable effort has Deen expended 1n the Department of
Agricultural Engineering at the University of Natal,
Pietermaritzburg, at improving the estimation of runoft volume using
the SC5 technique, in an attempt to adapt the technique for more
general use and for specific application to Southern Africa. Litile
attention has until recently been given to the peak flow rates, which
are frequently estimated poerly by the SC5 Model, despite accurate
estimates of runoff voluse, These poor peak low raie estimates are
due largely to the coarse estimation of catchment lag time in the SCS
equations.

Researci into improving the estimation of lag time was cenducted
using data obtained from twelve small {<3,5km2] aariculfural
catchments located in South Africa and in the United States of
America. A review of the sensitivity of estimatas of peak {low rate
to changes in runoff response times and the role played by both
physical catchment and rainvall characteristics in determining such
response times was undertaken. Folloewing this review, It was
concluded that Inter- and intra- catchment adjustments should be made
to estimates of catchment lag time obtained using the SCS lag
equation, according to the characteristics of the rainfall svent.

METHODS

Three methods were usad to estimate lag time from recorded data.
First. linear runofv distributions of peak discharge regressad on



{xiv)

rupeff volume were developed for each catchment using single
triangular approximations of recorded rupoff events. The magnitude
and variability of catchment lag time was determined from such
distributions. The resulis of this analysis indicated that the
standard SCS lag equation provided poor astimates of catchment lag
time when compared with estimates of catchment lag fime obtained
using single triangular approximations of the recorded events. Such
inaccuracies were atiributed {o the ipability of the SCS lag equatian
to distinguish between dominant processes of runoff on different
catchments. Indices of climate and regional raintall characteristics
were shown 1o provide a good indication of the dominant processes
contributing to runoff and an equation including such indices was
regressed to enable the prediction of lag times on  ungaugad
catchments. An examination of the effects of several rainfall
parameters ¢n intra-caichment variations in lag time showed the most
intense thirty-minute period of rainfall to be the domipant
parameter.

Secondly, incremental hydrographs were convoluted with the recorded
storm rainfall excess to form & compound hydrograph. The lag time
for the incremental hydrograph was opiimised to develop 2 compound
hydregraph representative of ihe recorded hydrograph. Catchment lag
times, averaged from the siorm lag times optimised for the fndividual
events of each catchment, proved to be closely matched with the
catchment lag times obtained from the linear regression of pesk
discharge regressed against runcff volume. N¢ rainfall parameter
was, however, vound to be satisfactory for the estimation of
individual storm lag times due to the highly variable nature of tne
storm lag times, which were dependent wupon and seemed highly
sensitive o individual rainfall bursts within the storm ovent. It
wds hypothesised thati agjustments to storm lag times due to rainfall
characteristics would only prove practical when incremental
hydrographs are applied in conjunction with generalised rainfall
depth-duration relationships.

Finally, the time response between effective rainvall and runoff was
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rupoff volume were developed for each catchment using single
triangular approximations of recorded runoff events. The magnitude
and variability of catchment lag time was determined Trom such
distributions. The results of this anatysis indicated that the
standard SCS lag equation provided poor estimates of catchment lag
time when compared with estimates of catchment lag time obitained
using single triangular approximations of the recorded events.  Such
inaccuracies were atiributed to the inability of the 5CS lag eguation
to distinguish between dominant processes of runoff on different
catchments., [ndices of ¢limate and regional ralnfall characteristics
were Sshown to provide a good indication of the dominant procasses
contributing to runoff and an equation including such indices was
regressed to enable ihe prediction of lag 1imes on  ungauged
catchmants. An examination of the effects of several rainfall
parameters on intra-catchment variations in lag time showed the most
intense thirty-minute period of rainfall to be the dominant
parameter.

Secondly, incremental hydrographs were convoluied with the recorded
storm rainfall excess to form a compound hydrograph. The lag time
for the Iincrementdl hydrograph was optimised to develop a compaound
hydrograph representative of the recorded hydrograph, Catchment lag
times, avaraged from the storm lag times optimised for the individual
events of each catchment, proved to be closely matched with the
catchment lag times obtained from the linear regression of peak
discharge regressed against runoff volume. Ho rainfall parameter
was, howaver, Tound to be satisfactory for ths estimation of
individual storm lag times due to the highly variable nature of <the
siorm lag times, which were dependent upon and seemed highly
sensitive to individual rainfall bursts within the storm svent. It
was hypothesised that adjustments o storm lag times due to rainfail
characteristics wculd only prove practical when incremental
hydrographs are appliad in conjunction with generalised rainfali
depth-duration rzlationships.

Finally, the time response betwesn sfTective rainfall and runoff was
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F
measured for individual svents and averaged over the data of each

catchment to determing an index of catchment lag time. A large
scatier of inpdividual storm lag times suggested that such measured
lag times were impractical for peak flow rate predictions.

CONCLUSTONS

It was concluded that improved inter-catchment estimates of lag time
could be obtained for unguaged catchments by incorporating indices of
climate and regicnal rainfall characteristics into an empirical lag
equation. Such &n equation was developed for use on smail
agricultural catchments with the 58 Model and is given as

L = a0:35 eptht0
81,67 yD,Bﬂ TSUD,B?
where
L = catchment lag time (h},
A = caichment area [kmE},
y = average catchment slope (percent),
MAP = mean annual pre;ipitatiun (mm) and

regiondl mean af the mast [ntense thiriy minute

30 i
period of rainfall (mm.h™').

Intra-catchment variations in lag time may similarly be determinead
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frgm storm characteristics, although not as yet on a generalised
scale.

RECOMMENDATIONS FOR FURTHER RESEARCH

In

yiew of the markedly improved estimates of peak flow rates that

have been made following the procedures of this report, (t can be
concluded that similar research into the estimation of peak Tlow rate
encompassing a wider varlety of study reglons, is5 warranted. Thres
areas where additiopal research is required have been recognised, the
details and abjectives of which are now summarised

1.

The proportion of the total volume of runoff under the rising
limt of a recorded hydrograph varies with both rainfall and
catchment characieristics. The shape of the {triangular unit
hydrograph used in the 3CS Model is, however, constant for all
catchments and storms with such catchments. Future research
should be directed towards the provision of relationships between
rainfall and physical catchment characteristics and the shape of
the unit hydrograph,

For design appiications twe typical tweniy-four hour storm
distributions nave been derived by the S5CS. Future research
should be directed towards the development of regional rainfall
depth-duration curves together wilh indicss describing such
curves tor application in empirical =quations to sstimate lag
time according to localised conditions of rainfall duration and
intensity.

An extensive study of the relationship of peak flow rate
regressed against volume should be  undertsken. Such
distributions provide a simple and yei aiTective method Tor
predicting peak 7low rata when limited records are available.
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from storm characteristics, although not as yet on 2 generalised
scale.

RECOMMENDATIONS FOR FURTHER RESEARCH

In view of the markedly improved estimates of pesak flow rates that
have bDeen made following the procedures of this report, i{ c<an be
concluded that similar research into the estimation of peak flow rate
encompassing a wider varisty of study reqlons, is warranted. Three
areas where additional research [s required have been recognised, the
details and objectives of which are now summarised

i_ The proportion of the total volume of runeff under the rising
limb of & recorded hydrograph varjes with both rainfall and
catchment characteristics, The shape ¢of the triangular unit
hydragraph used in the SCS Model {s, however, constant for all
catchments and storms with such catchments. Future research
should be directed towards the pravision of ralationships between
rainfall and physical catchment characteristics and the shape of
the unit hydrograph.

2. For design applications two typical twenty-four hour storm
distributions have been derived by the SCS5. Future rasearch
should be directed Towards the develcpment of regional rainfall
depth-duration curves together with indices deseribing such
curves for application In empirical squations to astimate lag
time according to localised conditions of rainfall duration and
intensity.

3. An extansive siudy of the relationship of peak Tlow rata
regressad  against  volume  should be  undartaken. Such
distributions provide a simpie and yet afvsciive method for
predicting peak Vlow ratz when limited records are available,
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. Furthermore, by determining the slopes of linearly regressed
runoff relationships a procedure can be adopted to provide
accurate estimates of catchment lag time.
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1. INTRODUCTION

Estimates of peak Tlow rates are required for the design of a varisty
of engineering struciures bueilt om small agricultural caichments.
Poor estimates of peak flow rate can lead to underdesign and thus a
high risk of failure or to overdesign with resulting additional
expense, An importani approach used in estimating peak flow rate on
unguaged catchments requires the development of a rainfall-runoif
model, based on an inpvestigation into the factors influencing the
runoff response of the catchment to rainfall.

The runof{ responss of a catchment [s affected by the spatial and
temparal distribution of the rainfall and by catchment
¢haracteristics such as physiography, land use, scil type and
moisture siatus. There is as yet no deterministic analysis which
can account satisfactorily for the effect of the above Tactors on the
runoff hydrograph. Empirical relations have thus been developed for
hydrogragh synthesis, starting with the Rational Method in the 19th
century, progressing te the unit hydregraph in the 1930's and {0 the
more receni use of dimensionless hydrographs where the time to peak
and flow rate are used &s basic uniis and the hydrograph iz plotted
in ratios of these units.

The United States Department of Agriculture {(USDA) So0il Conservation
Service hydrograph generating technique, or S€S Model, uses such a
dimensionless wunlt hydrograph, which 13 considered to be an average
characteristic of small agricultural catchmentis, The Model, which
is desgribed in detail in Yoluwme Four of the USDA  Matienal
Engineering Handbook {1972) is at the presznt time being adapted in
the Department of Agricultural Engineering at the University of Matal
in Pietermaritzburg for general use with Indlividual storms. The 5(S
Model, which 20 years ago was Tirst suggested for usz in South Africa
by Reich {1962}, is practical to use since it 1s physically based and
the equations daveloped are relatively simple and can be solved
graphically.

Present day problams with hydrograph development using this Model are



the precise estimation of runoff volume from rainfall and the
detarmination of lag time beiween such rupoff and the rainfall
effective in its production. The Model has been adapied te Southern
African conditions ({Schulze and Arnold, 197%) and is undergoing
continual improvement. Recently Hope (1980} and Arncld (1980}
gonducted research into the astimation of runoff volume by way of
improvemenis to the standard SCS metheds for estimating the catchment
antecedent moisture status end the ipitial abstraction component of
the Madel.

The purpase of the research presented in this report is to develop
alternative equations to those glven In the HNaticnal Enginesring
Handbook (1972} to estimate lag time, in order to estimate pedk flow
rate more accurately, Throughouti the present study runofi valumes
have been assumed to be estimated accurately; in fact, recorded
volumes of runoff have been used, The existing S5C5 technique bases
ithe estimation of a catchment lag time solely on physical catchment
characterisiics and uses an estimate of lag time to derive tihe
catchment unit hydrograph. However, the derivation of such & unit
hydrograph Trem catcheent <haracteristics makes a npumber of
assumpiions pertzining to the consistency of the unit response to
inconsistent raintali inputs. Such assumpiions impose limitations
on the technique and thus an improvementi was sought for the
estimation of pesk flow raie by providing both inter- and intra-
catchment adjusiments to estimates of lag time o account for
variations in rainfall inputs.

Before the research procedure and results are discussed a general
description of the 3C5 Model {s given and an evaluation is made of
the unit hydrograph used in estimating opeak TfFlow rates.
Furthermere, relationships that have been esiablished in research
plsewhere betwesn the unit hydrograph and physical  catchment
characterisiics and ihe modiflcations to the unit hydrograph Dy
rainfail characteristics are reviowed. Followipg this ipitial
review chapter the sxperimental procedures, results and discussion af
results are presantad. Finaily, propgsals Tor future resgarch are
made.



the precise estimation of rupefT volume frem rainfall and the
determination of lag time between such runoff and the rainfall
effective in its production. The Model has bzen adapted to Southera
African conditions {Schulze and Arncld, 1979%) and is wundergoing
continual improvement. Recently Hope {1380} and Arncld {1980Q)
conducted research into the estimation of runof! volume by way of
{mrovements 10 the standard SCS methods for estimating the catchment
antecedent moisture status and the initial abstraction component of
the Model.

The purpase of tie research presented in this report {s to develop
alternative equations to those given in the National Enginesring
Handbook {1372) to estimate lag time, in order to estimate peak Tlow
rate more accurately. Throughout the present study runoff volumas
have been assumed to be estimated accurately; in fact, recorded
yolumes of runotf have been usad. The existing 5C5 technigue bases
the estimation of & catchment lag time solely on physical caichment
characteristics 2nd uses ap estimate of lag time to derive the
catchment upit hydrograph. However, the derivation of such a unit
hydrograph frem  catchmeni characterisitics makes a number of
assumptions pertaining to the consistency of the unit response <o
{nconsistent rainfall inputs. Such assumptions impose limitations
on the technique amd thus &n Improvement was sought for the
astimation of pesk low rate by providing both inter- and intra-
catchment adjustments to estimates of lag time %o account for
variations in raintall inpuis.

Before the resasgrch procadure and results are discussad & genaral
descripticn of the 5C5 Model {s given and an avaluation {s made of
the unit hydrograph  used in estimating peak +Tlow  rates.
Furthermore, relationships that have bean esfablished in ressarch
elsewhere between the unit hydrograph and physical catchment
characteristics and the modifications to the wunit hydrograph by
rainfall characteristics ara raviswed. Following +this {nitial
review chapter the axperimental preceduras, results and discussion qf
rasults are presantad. rinally, proposals ior futura research are
made,



2. ESTIMATION OF PEAK FLOW RATE - THEORETICAL CONSIDERATIONS

2.1 Tha SCS runoff equations

The mrelationship wused in the 5CS Mode! to estimate direct runoft
volume - which is required in the determipation of pesk flow rate -
was derived experimentally for numerous soil and vegetative cover
conditions using recorded rainfall and runoif data. An equaticn was
developed for small agricultural catchments for which only daily

rainfall and catchment data are normally available. This eguation
is givan by
- - 2 .
¢ = (P-1) A
(P-1,) +5 Eq. 2.1

whereg

4! = accumulated direct runoff {mm),

P = accumulated rainfall {mmj,

1; = initial abstraction {mm}, including surface

storage, interception and infiliration prior
t¢ runoff and

S = potential maximum retention of the socil (mm).
A relationship befween Ia and 5 was derived by the SCS from records
of ralnfall and runoff in order to remove the necessity Tor
estimating initial abstraction. [t is given by

[, = 025 Eq. 2.2

The potential maximum retention, 5, is relataed to soll, vegetative
covar and antaecedent, soil moisture charactaristics and {s transfaormed



into a runoff Curve Mumber, CN, by means of the =sguation

CHN = 25400
S + 254 Eq. 2.3

Valups of CH are listed In tables which indicate their assoclation
with wvarious hydrological soil-cover complexes for  “average"
antecedent soil moisture conditions (Maticnal Engineering Handbocgk,
1872). The CNs have to be adjusted if molsture conditions are not
“average". The %C3 uses three soil moisture classes, “wet”,
"average", and “"dry", based on the five day total raipfall preceding
the storm to make adjustments For antecedent conditions wherse
necessary [National Engineering Handbook, 1972},

Calculation of peak Tlow rate using direct runoff volume is made by
means of a dimensignless unit hydrograph developed by Mockus ({1657)
from natural unit hydrographs and derived from catchments differing
greatly in size and geographical location. A unit hydrograph s
determined as the hydrograph of direct runoff., resulting from one
inch (25,2mm) of effective rainfall gsnerated uniformly over the
catchment area at a uniform rate during a specified unit period of
rainfall excess {National Engineering Handbook, 1972). In the 5C5
Model the unit hydrograph, shown in its dimensionless form in Figure
2.1, 1in terms of time, t, and 7low rate, q, after the start of the
hydrograph rise, {5 approximated by a triangular hydrograph, derived
in Equations 2.4 to 2.7, having the same proporticn (37,5 percent) of
the total volume under the rising limb as the dimepsionless unit
hydrograph (Mational Engineering Handbook, 1972).

The +triangular unit hydregraph is a practical represenfation of

excess runoff with uniform rise, one peak and uniform recession and
is described mathematically by the eguation

Eq. 2.4



into a runoff Curve Humber, CN, by means of the aquation

CN = 253400
S o+ 254 Eq. 2.3

VYalues of CN are listad in tables which indicate thel{r association
with various hydrological seil-cover complaxes for “syerage"
antecedent 3oil moisture cenditions (Mational Engineering Handbook,
1572}). The CNs have to be adjusied if moisture conditions are not
"average", The 5CS uses three soil meisture classes, "wet",
“average", and "dry”, based on the five day total rainfall preceding
the storm to make adjustments for antecedent conditions where
necessary f{MNational Engineering Handbook, 1972).

falculation of peak flow rate using direct runoff volume is made by
means of a dimensionless unit hydrograph developed by Mockus (1557)
from natural unit hydrographs and derived from catchments diffaring
greatly In size and geographical location. A unit hydrograph s
getermined as the hydrograph of direct runoff, resulting from ane
inch (25.4mm} of effective rainfall generated uniformly over the
catchment area at a uniform rate during a specified unit period of
rainfall excess (Matioral Engineering Handbook, 1972). In the 5CS
Model the unit hydrograph, shown in its dimensionless form in Figure
2.1, in terms of time, §, and flow rate, g, after the start of the
hydrograph rise, 1is approximated by a triangular hydrograph, derived
in Equations 2.4 to 2.7, having the same proportion {37,5 percent) of
the total voiume under the rising limb as the dJimensionless unit
hydrograph {Mational Enginsering Handbook, 1972).

The {riangular unit hydrograph is a practical representation of
excess runoif with uniform risa, one peak and uniform recession and
15 described mathematically by the esguatien

Q = 0,5 8y (tp + t

o G, 2.4

whera



Q = direct runoff volume {mm},
q, = peak flow rate (mm. h'1},
tp = time to peak {h) and

t. = iime of recession (h).

Substituting tp for t, in accordance with the proportion of runoff

volume under the rising limb to runoff volume under the recession
limb of the triangular unit hydrograph, gives

&y = 2 Q
i+ 1,6?]1:p
or
jp = X4
tp Eg. 2.5
where
K = @ constant defining the shape of the hydrograph,

0,75.

1]

As shown in Figure 2.1, time to pedk (s related to catchmeni lag and
storm duration by the eguation

tp = D+l
2 Eq. 2.8
where
D = effective storm duration (h) and
L = catchment lag (h).
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Figure 2.1 Dimensionless curvilinear unit hydrograph and
approximated triangular hydrograph



EFFECTIVE AAINFALL
7] re—
b sl

Figure 2.1 Dimensionless curvilinear unit hydrograph and
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Combining Equations 2.5 and 2.6 the peak flow rate is therefore given
by

qp = 0,75 ¢
b +L
2 Eq. 2.7
Introducing catchment area, A in kmz, into the eguation to convert
the units of g, from m.h”! to a5 gives
qps = 0,2083 A Q
O +L .
2 Eg. 2.8
whara
Gys = pesk Flow rates (m3.s7 13,

Lag may be erwisaged as 3 weighted average of the time for runoff,
from each point of the catchment to reach the catchment outlet., Lag
i1s defined as the time from the centre of mass of effective rainfall
to pesk flow rate (Mational Engineering Handboock, 1972} and 1is
related to the physical properties of a catchment by the SCS equation

L = 198 (s 4 25,4)9/7
7069 y0° £q. 2.9
where
1 = hydraulic lepgth of the catchment (m},
¥ = averagé catchment slope (percent) and
St = 25400 - 254 (mm}.

CN!



where

CHN' = measure of the retardance of surface conditions, and is
approximated by the rungfi Curve Humber umadjusted for
antecedent soil moisture.

Equation 2.9 was developed 70r areas smaller than 8 kmZ and spans a
broad set of conditions extending from thoss with a high percent of
the runoff resulting from subsurface flow to those where surface
runof f predominates {Mational Engingering Handbook, 1972}. For user
convenience, a metricated graphical solutlion for the estimaticn of
lag, as shown in Figure 2.2 was produced by Schulze and Arnold
(1979},

Where runoit from a caichment approaches uniformity it is wusuvally
sufficient to relate lag to the catchment's time of concentration,
which is defined as the time taken for runoff to travel +rom the
hydraulically most <istant part of the catchment to the catchment
gutiet (Kent, 1973). The relationship is given by Xent {1973) as

L = 0,6 TC Eg. 2.10

where

-
1}

time of concantration {h).

The estimation of peak Tlaw ratz by Equatlion 2.8 assumes that a stom
has a unitform areal and temporal rainfall distribution. Total storm
rainfall rarely, If ever, occurs uniformly with respect to time and
hence incremental unit hydrographs, derived for increments of storm
duration, are employed in the Mpdel to account for tfemporally varying
rainfall imtensities. The peak discharge for an incrameni of runoif
is calculated by the squation



whersa

CN' = measure of the retardance of surface conditioms, and is
approximated by the rungfi Curve Number unadjusted for
antecadent soil moistura.

Equation 2.9 was developed for areas smaller than 8 i &nd spans a
broad set of conditions extending from those with a high percent of
the runofT resulting from subsurface flow to those where surface
runoi{ predominates (National Engingering Handbook, 1972). For user
comvenience, a metricated graphical solution for the astimation of
lag, as shown 1In Fiqure 2.2 was produced by 5Schulze and Arnold
{ 1979},

Where runcff from a catchment approaches uniformity it s esually
sufficient to relate lag to the catchment's time of concentration,
which is defined as the time taken for runoff to travel from ihe
hydraulically mest distant part of the catchment to the catchment
ovtlet (Kant, 1973). The relationship is given by Xent {1973) as

L = 06T, EQ. 2.10

Whars

-
3

time of concentration (h)}.

The astimation of peak flow rate Dy Equation 2.8 assumes that a storm
has a uniform arsal and tamporal rainfall distribution. Total storm
rainfall rarely, if ever, occurs upitormly with respect to time and
hence incremenial unii hydragraphs, derived for increments oF stam
duration, are smployed in the Model to account for tampgrally varying
rainfzll intensities. The peak discharge Vor z2n incremant of runoff
is caleculated by ihe aquation
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ﬁqps = {,2083 A AQ
ab o+ L Ea. 2.11
A
whera
ﬁqps = peak flow rate of the incremental triangular
hydrograph (.57, '
40 = increment of direct runcff volume {mm) and
a0 = incremental duratlion of effective rainfall

(h}.

In applying incremental hydregraphs the problem of c¢hoosing an
appropriate storm duration 1s overcome by selecting a suitable
incremental duration of effective rainfall and superimposing the
resulting successive incremental hydrographs to form the complete
runoff hydrograph. The recommended value of oD lies between 1/3 and
i/8 of the time to pesk {Haan and Bartield, 1978).

The temporal distribution of storm rainfall for a particular event is
not generally available. For this reascn, two 24 hour design storm
distributions (Type I and Type 11} were developed Trom generalised
rainfall depth-duration relationships (Kent 1973). The time
distributions for the two storm types, which are associated with
¢climatic regimes are shawn in Figure 2.3, Summing incramental
hydrograpn ordinates, calculated from incremental rainfall depths
determined frcm the design storm distributions, enables the
developmeni of the camplete design hydrogranh. Altarnatively the
use of only a sufficient number of incramentzl hydrographs to  cover
the pesk producing operiod of the day's rainvall, enables the
gcalculation of just the peak discharge without further developmant
for the entire composite hydrograph.



10

ﬁqps = 00,2083 & aQ
AD + L Eq. 2.1
2
where
ﬁqps = peak flow rate of the incremental triangular
Rydrograph (.57 4y,
AQ = jincrement of direct runcff volume (mm} and
a0 = incremental duration of effective rainfali

(h).

In applying incremental hydrographs the problemn of choosing an
appropriate storm duration is overcome by selecting a suitable
incremental duration of effective rainfall and scperimposing the
resulting successive incremental hydrographs to form the complete
runoff hydrograph, The recommended value of 2D liss between 1/3 and
1/6 of the time to peak {Haan and Barfield, 1978).

The temporal distribution of starm rainfall for a particular event is
noi generally available. For this reason, two 24 hour design starm
distributions {Type [ and Type lI) were develcped Trom gereralised
rainfall depth-duration relationships {(Kent {973). The time
distributions for the two storm types, which are associated with
climatic regimes ars shown in Figura 2.3. Summing incremental
hydrograpn ordinatas, calculated from incramental rainfall dzpths
deiarmined from the design storm distributions, enables the
development of the complete design hydrograph. Alternatively the
use of anly & sufficient number of incremental hydrographs to cover
the peak procducing period of the day's rainfall, enables the
calculation of just the paak discharge without further development
for ihe eatire composite hydrogragh.
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Use of the SCS runoff equations cnables the estimation of direct
ruroff volume together with peak discharge and if desired, the entire
runoft hydrograph. The Model is conceptually based, simple to use
and lends itself to graphical solution. The determination of peak
flow rate however, relies on the linear concepts of unit hydrograph
theory which limits the accuracy of the technique when aplisd to
processes which are essentially non-linear. Considerable research
has been undertaken to evaluvaie the applicability of the unit
hydrograph in hydrological modelling techniques and to assess the
improvements that ¢an be made to peak Tlow rate predictions when the
unit hydregraph, derived for a catchment, is modified for non-linear
processes. A review of such research will now be made.

2.2 Evalvation of the unit hydrograph vsed in estimating peak flow
rate

In the SC5 Model a unit hydrograph is derived by means off Eguations
2.7 and 2.9 in order to determine peak flow rate and the temporal
distribution of runoff. The basis of this method, proposed by
Sherman {1932}, 1is thaf since a siream hydrograph is described by
many of the physical characteristics of the catchment area, similar
hydrographs will Dbe produced by similar rainfalls, assuming
comparable antacadent conditions. Consequently, the determination
0f & unit hydrograph for certain clearly defined conditions, enablies
an estimate of runoft from a rainfall of any duration or iniznsity,
by superimposing the required number of such unii hydrographs.
Inherent in this technique is the simplification introduced by
separating the direct response componsnt ©rom the wnii hydrograph for
total runoff Dy some arbitrary metheod of hydrograph separation. Unit
hydregraph theory is based upon the following three postulates:

1. Constani basalength

For a given catchment the duration of runoff s essentially
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Use of tha 5C5 runoff equations enables the estimation of direct
runcff volume together with peak discharge and if desired, the entire
runof? hydrograph. The Model 1s conceptually basaed, simple to use
and iends itself te graphical soluiicn. The determination of peak
flow rate however, relies on the lipear concepts of unit hydrograph
theory which limits the accuracy of the technique when aplisd to
processes which are essentially non-linear. {ansiderable research
has been undertaken to - evaluate the applicability of the unit
hydrograph in hydrological medelling tachnigues and to assess tha
improvements that can be made to peak flow rate predicticns when the
unit hydrograph, derived for a catchment, is medified for non-iinear
processes. A review of such research will now be made,

2.2 Evaluation of the unit hydrograph used in estimating peak flow
rate

In the SC5 Model a unit hydrograph 1s derived by means of Egquations
2.7 and 2.9 in order to detarmine peak flow rate and the temporal
distribution <of runoff. The basis of this method, proposed by
Sherman {1932), is that since a stream hydrograph is described by
many of the physical characterisiics of the caichment area, similar
hydrographs will be producad by similar  rainfalls, assuming
comparable antecedent conditions, Consequently, the detarmination
of a unit hydrograph for certain ¢learly defined conditions, enables
an estimate of runoff from & rainfall of any duration or intensiiy,
by superimposing the reguired pumber ¢f such unit hydrograohs.
Inherent in this ifschnique is the simplification introduced oy
separating the diract response <caponeni Trom the unit hydrograph tor
total runoff by some arbitrary methed of hydrograph separation. Unit
hydrograph theory is based upon the vollowing three postulatas:

i. Constant pasalength

For & given catchment the duraticn of rupnotf is =s3antially
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constant for all spatially and temporally uniform rainfallis of a
given duration and is independent of the total volume of rupoff¥.

2. Preoportional ordinates

It is assumed that for a given rainfall duration and catchment,
the ordinates of the runoff hydrograph are proporticnal {o the
total volume of runoff or excess rainfail.

3. Superposition

The catchment 1is assumed to operate as a linear system,
Accordingly, the rumoff hydrograph of a particular rainfzll is
assumed to De independent of, and can be superimposed on,
concurrent runoff due to preceding rainfalls.

The postulates wupon which unit hydrogreph theory is based are
theoretical and make a number of assumpiigns concarning the
consistency of the unit response with constant physical catchment
conditions, despite inconsistent rainfall inputs. These assumptions
impose limitations on the accuracy of the +technique (Nash, 1958}.
Criticisms of wunit hydrograph methods commonly pertain ic the
assumption of linearity, which is the major assumpition of unit
hydrograpgh theory and is regarded as contrary to hydrautic theory
applied to overland and channel Flow {Nash, 1958}, Tha need for a
more mathematical detarmination of the unit hydrograph, encempassing
non-linear relationships has been expressed by Barnes (1959), whe
emphasised that the flow of water is governed primarily by the |aws
of hydraulics rather than by imaginary units of water as suggested in
unit hydrograph theory. Recant research (Matural Environment
Research Council, 1975) reiterates the need for the incorporation of
non-1linear processes in unit hydrograph theory, with an adjustment of
the unit nydreograph accarding to storm magnitude.
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Since llnear concepts can be more readily applied than non-linear
cnes, synthetic wmodels wusing unit Rydrograph technigues are
preferred, provided they sarve the purpose of a study with sufficient
accuracy. In the light of the criticiss that has been directed at
the assuptions wupon which the umit hydrograph is based, it is
surprising that wunit hydrograph techniques do, as someiimes
indicated, serve the purposes for which they are set {Mostaghimi and
Mitchell, 137%). Ward {1975 suggests that the reason they do so
may be due to the fact that direct runoff 1is not predominantly
povaerland flow or Hortonian as Sherman (1932) understood it, but
follows rather the concept of partial area contributions (Betson,
1964). Such a concept reflects a situation where direct runoff
progucing areas within a catchment will remain more or less identical
in si{ze and that since infiltration capacity is effectively zero in
these areas, the total volume of quickflow and its time base will be
fairly constant for similar precipitation inputs.

A review oFf relevant research does, however, indicate that in general
the non-linear nature of catchmeni response canngt be described
adequately by linear theory, espeéially jor small catchmenis subject
to rainfail of varying intepsities. It is appearent that
madifications to the upit hydroaraph procedure made to account for
variations in rainfall iopuis are needed to overcome the limitations
of the approach while maintaining its simplicity, Synthetic
relationships that have been astablished between unit hydrographs and
various physical catchment characteristics and the modifications o
the unit hydrograph which Incorporate the &vfects of varying rainfall
characteristics and flood magnitude, will now be reviewed. '

2.3 Derivation of syntheti¢ unit nydrographs

Unit hydrographs can be derived using rainfall angd runofT data For
isolated storms having a unit duration of constant rainfall
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Since linear concepts c¢an be more readily applied than non-linear
ones, synthetic models using unit hydrograpn techniques are
preferred, provided they serve the purpose of 3 study with sufficient
accuracy. In the light of ihe criticism that has been directed at
the assumptions upon which the unit hydrograph {s based, {f is
surprising that unit nydrograph techniques do, as  sometimes
indicated, serve the purposes for which they are set {Mostaghimi and
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may be due to the fact that direct runoff is not predominantly
gvertand flow or Hortonian as Sherman {1322} understood %, but
follows rather the concept of partial arez contributions (Betson,
1964). such a concept raflects a sitwation where direct runoff
producing areas within a catchment will remain more or less identical
in size and that since infiltration capacity is effectively zero in
these areas, the total volume of quickflow and its time base will be
fairty constant for similar precipitation inputs.

A review of relevant research does, however, indicate that in general
the non-linear nature of catchment response cannot be described
adeguately by linear theory, espe&i&lly for small catchments subject
to  rainfall of varying intensities. It is apparent that
modifications to the unit hydrograph procedure made o account for
variations in rainfall inpuis are nesded to overcome the limitations
of the approach while maintzining its simplicity. Synthatic
ralationships that have been 2sfablished batween unit hydrographs and
yarigus physical catchment characteristics and the moditications to
the unit hydrograph which incerperate the efiecis of varying rainfall
characieristics and flood magnitude, will now ba reviewed. '

2.3 Derivatign of synihetic unit hydrographs

ynit hydrographs can be derived using rainfall and runoff data ror
isoiated storms having & unit duration of constant raipfall
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intensity, by adjusting the ordinates of the runoff hydrograph o
correspond to a hydrograph of upii volume, Alfernatively, the unit
hydrograph may be determined by wusing {terative solutions and
superimposing the unit hydrogreph amalytically to form & composite
hydrograph representative of the recorded hydrograph (Mays and Coles,
1980},

Unit hydrograph theory is, however, generally applied to catchments
with no stremaflow recording Tacilities and hence it is of great
practical importance to have a procedure whereby a synthetic unit
hydrogragh may be constructed for an ungauged catchment. Syntheiic
unit hydrographs are uwsually determined by deriving empirical
relationships between parameters describing the unit hydrograph. such
as its peak ilow rate, time to peak or 2lternatively lag time and
catchment and storm characteristics. A wide range of siudies
forming such relatioaships has been conducted.

Early work focussed on physical catchment characteristics and their
influence wupon the unlt hydrograph for a particular catchment and
gave Indications of the need for non-linear effecis to be
incorporated into the upit hydrograph. Rainvall parameters ware
incroporated in later studies with c¢orrelations being done on a unit
hydrograph for each storm within a catchment, thereby accounting for
scme af the non-linearitles present due to storm variation. In
keaping with historical developments this review s directed first at
work incorperating relationships between the unit bhydrograph and
mainly catchment characteristics. Secondly, the effects of rainfall
factors and the non-linearity of the rainfall-runoff processes on the
unit hydrograph will be studied.

2.3.1 Derivation of synthetic unit hydrographs from catchment,
characteristics

During investigations into the effect of catchment characieristics on
the unit hydrograph, wvariables such as the size, shape, slope and
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drainage network of the catchment have frequently been studied. In
describing the significance of these Tactors the British Institute of
Civil Engineers ascribes to catchment size, the scale of the fleod
pracess in each catchment; to the drainage pattern, a time
distribution of floods; to slopes, the infiltration and wvelocity
performance and considers that storage will modify the effect of all
of these {Matural Environment Research Council, 1975). The choice
of the caichment characieristics used in hydrological studies should
be such that those used are both relevant hydrologically and easily
measured for a large number of catchments., In addition, to simplify
ceefficient interpretation, the variables should be chosen to be
uncorrelated (Natural Environment Research Council, 1875).

Snyder {1938) was a forerunner in the determination of synthetic unit
nydrographs and derived Equations 2.12 apnd 2.13 10 determine
catchment lag time and peak flow rate of the vunit hydrograph. The
eguations were given as

_ 0,3
L = Et ilca‘ lm] £q. 2.12
qpm = ED odl
L Eq. 2.13
where
L = ¢atchmeni lag time (h},
q = bpeakTlow rate of unit hydrograph {ft3 s mile-z}
pi ) ) '
lca = distance ¥rom gauging point to centre of catchment
{mile},
ly, = length of catchment (mile) and

Ep and Et are coefficents depending on the units being
used and on catchment physiographic characteristics.
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drainage network of the catthment have frequently been studied. In
describing the significance of these facters the British Instituie of
Civil Enginesrs ascribes to catchment size, the scale of the flood
process in each catchment; to the dralnage pattern, a tTime
distribution of floods; to slopes, the {nfiltration and velocity
performance and considers that storage will modify the effect of zll
of these {(Natural Environmeni Research Council, 1975}, The choice
oi the catchment characieristics used in hydrological studies should
be such that those used are both relevant hydrologically and easily
measured for a large number of catchments. In additien, to simplify
coefficient interpretation, the wvariables should be chosen to be
uncorrelated (Matural Environment Research Council, 1975).

snyder (1938) was a forerunner in the determination of synthetic unit
hydrographs and derivad Equations 2.12 and 2.13 to defarmine
catchment lag time and pexk flow rate of the unit hydrograph. The
equations were given as

L= Gy (1, 10 Eq. 2.12
qpm s GE 640
L Eq. 2.13
where

L = catchment lag time (h),
S neakTlow rate of unit hydrograph (3.5 .mile’z}.
IEa = distance from gauging point to cenire aof catchment

(mile),
lﬁl = lzngth of catchment {mil2) and

CD and Et are coefficents depending on the units being
used and on catchment physiographic characteristics,
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The variable Ct was vound to vary from 1.8 to 2,2 with an average
value of 2,0, The coefficent cp was obtained from Equation 2.14 and
varied frem 0,56 to 0,69 for Snyder's study area.

Cg = L x Ay
td Am Eq. 2.14

td » Unit duration of surtace-runoff proeducing rain {h},

A « effective area contributing to the pesk flow {milez},

cm

A, = catchment area (mile?) and
L = 5

Yy

Snyder (1938) summarised nis findings by suggesting that variations
in the derived unit hydrographs were due malnly to variations in the
duration and areal distribufion of effective rainfall and that a
different lag time should be usad for different types of storms,

Taylor and Schwarz (1952) developed a nomograph to derive lag time
and peak flow rate for & unit hydrograph frém the indices of main
stream slope, basin elongation and rainfall duration. The lag time
was plotted againsi duration of eifective rainfall 25 the first
correlation step, which resultad in the equation,

¥
L= ¢ ™% Eq. 2.15

where

ml

rate of change of lag time with storm duration (-} and
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¢' = lag of an instantanecus unit hydrograph, IUH (h)
which 1is the hydrogreph with an infinitesimal duration
of effective rainfall.

The regression of m' on the product {lca.lm] was calculated as
m' = 0,212
0,36
{1ca'lm} Eg. 2.16

The relationship of ¢' with catchment characterisfics was
investigated and the equation derived was

c' = 0,b
Yor Eq. 2.17
where
Yot = Slope of a uniform channel having the same length as the

longest watercourse and an equal time o travel (-].

The peak flow rate of the unit hydrograph was determined {rom
physiographic catchment characteristics and the unit duration of
surface-runoff producing rain using the equation

It-td

qpm = " eq. 2.18
where

¢" = peak flow rate of an IUH (ft3.5'1.mila'2} and

m* = rate of change of flow rate with storm duration {-).

m" and ¢" wers deiermined {rom the equations



18

¢' = lag ¢f an Instantaneous unit hyd
which (s the hydrograph with an
of effective rainfall.

rograph, iUH (h)
infinitesimal duration

The regression of @' on the product {lca.lm] was calculated as

m' = 0,212

g,36
(1.g-1y)

The relationship of ¢' with catchment
investigated and the equaticen derived was

Eq. 2.16

characteristics was

¢t = 0,6
where
Yer = siope of a uniform channel having the same lengih as the

longest watergourse and an equa

1 time to travel {-).

The peak +low rate of the unit hydrograph was determined fram

physiographic catchment characieristics and
surface-runaff producing rain using the equat

ﬂpm s c" em“td

where
¢" = peak flow rate of an IWW (ft.s°
m" = raie of change of flow rats with

m" and ¢" were detarmined from the equations

the unit duration of -
fon

£q. 2.18

L —2}

.milz and

storm duration (-).
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0,121 yo, 22" - 0,08 Eq. 2.19

and

L
1l

"U 135
382 [lca . lm] Eq. 2.20

Buil (1968) applied synthetic unit hydrograph data obtained from ihe
graphical solution of the aquaticns developed by Taylor and Schwarz
(1952) to the equations derived by Snyder (1938) and obtained
synthetic values of Et and Eﬂ. Main stream slope and a catchment
elongation index were wused” to provide a correlation wifh the
synthetic basin co-efficents C't and C'p. Buil (1968} Tound that
the upit hydrograph could he related to the location of the
concentrated effective rainfall and took account of the storm areal
distribution by sub-dividing the catchments Into three egual sub-
areas. Equations 2.21 to 2.23 were Used to determine lag times fTor
s3ch sub-area. Subscripis 3, 2 and 1 refer to the lower, middle and
upper sub-areas respectively.

X
Ly = cf{lca'lm} -6 . Eg. 2.21
L2 = L3+ flt2 £g. 2.22
whera
L = lag time for relevant sub-area (h},
at, & 4t, = regression constant terms (=} and

X = regression exponent (-].
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Values of atl. ﬁtz and x were determined from regression edquations
on the physiographic catchment characteristics lm’ lca and Yeg
Hickok, Xeppel and Rafferty (1958} also recognised the need to
control the source area of runoff and found that the slope aof the
sqgurce area was important in determining lag times. The source area
was defined by Hickock et al, {198%) as that half of the caichment
with the highest average land slope and was used to define lag time
as

‘min = 232 {1§g * W)
(Yo *+ 44} Eq. 2.24
where
Luin = 129 time {min),
lEa = distance Trom gauge point to the centre of the
source arsa {ft],
W., = average width of the source area [Ft),
You = average slope of the source area {-) and
dqy = drainage density for the entire catchment (ftiacre'1}~

The lag time derived 7rom Equation 2.24 was usad to detzrmine peak
flaw rate for an assumed total volume of runofi using Equation 2.25.

Gor = 5450,
. Eq. 2.25
whara
d.. = peak flow rates (itd.s7Y) and

pr
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Values of at,, at, and X were detarmined Trom regression equations
on the physiographic catchment characterisiics lm‘ [Ca and e
Hickok, Keppel and Rafferty (1959} also recognised the naed o
contrgl the source area of runoff and found that the slepe of the
source area was lmportant in determining lag times. The source araa
was defined by Hickock et al, (1959} as that half of the catchment
with the highest average land siope and was used to define lag time
as

Lujn = 23 (1o, + W)

(¥gq + 4q) | Eq. 2.24
where
bpip = 129 time {min),
1Sa = distance froem cauge point to the centre of the
source area (i},
W, = average width of the source area (Ft},
Yoa = 4dverage slope of the source area {-) and
dy = drainage density for the entire catchiment {ft,acre'1].

The lag time derived Trom Equation 2.24 was used toc determine peak
flow rate for an assumed total volume of runoff using Equation 2.25.

Qe = 5450,
Loin £q. 2.25
whers
q = peak Tlow ratz {fta.s-T} and

pr
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Q, = volume of runoff (acre.ft).

Hickock et al, ({1859) concluded from hydrographs synthesised using
tquations 2.24 and 2.25 that lag time was far more consistent than
time to peak, which they found to vary from 74 to 145 percent of the
lag time. t.ag time was found to be significant in relating
catchment influences to hydrogaph shape. The most  important
physiographic feature tesied for inclusion in Equation 2.24 was land
slope, which showed a higher correlation than channel slope.
Reasons gqiven for this were that for the intense comvectional
thunderstorm common to the arid region, momentum effects of abrupt
translatory waves would dominate channe! resistanca effects.
Dralnage density was included in Equation 2.24, since it reflected
the proportion of channel versus overland flow and provided a measure
of the hydraulic efficiency of the catchment (Hickok gt al, 1959},

Bell and OmKar (1969) derived dimensionless hydrographs for a number
of  catchments with widely differing catchment and climatic
conditions. All the hydrogrpahs were similar and were approximated
by Eguation 2.26, which was shown to correspond closely to the
dimensionless hydrographs described by Mockus (1957) and Hickok
et al, (1958). The similarity between the three dimensionless unit
hydragraphs Is shown in Figure 2.4,

Bell and OmKar {1969) gave

- t

q T m

r M2 {4-4a ®

— = {— e i

q}]f‘ tpm pm Eg. 2.26
where

t. = time after start of hydrograph rise (min},

q. = flow rate at time t. after start of hydrograph

rise {ft3.5'1},
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peak Tlow rate {ft3.5'1} and

A
[}]

pr

o
n

- time to peak Tlow rate {min).

Bell and Omkar {1969) analysed relative catchment lag time, defined
as the lag time vor a particular flood divided by the median lag time
for the catchment and found that it was more consistent than time to
peak and was inversely related to flood magnitude. The fallowing
equation was derived to estimate lag time ¥From the physical
characteristics of the catchment.

T A T Eq. 2.27
where
Lc = critical lag, or, average value of lag for extreme
floods (h),
1m = length of catchment (mila),
¥y = slope of ¥iow for lm(-} and
a = constant to be evaluated.

Attempts were made %o obtaln correlations of the constant, a, with
yvarfous caichment characteristics including channel slope, overland
slope, drainage density, catchment shape, vegetation cover and
precipitation factors. The only characteristic to show a4
relationship with the constant, a, was vegetation cover. Bell and
OmKar ({1969) suggest that such a result illustrates the influence of
vegetation on the relative amounts of interflow and surface runoff
contributing to the flood hydrograph.
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Catchment lag and peak flow rates have been related to siream arder,
catchment area and network magnitude by Beyd (1973) and Gupta,
Waymire and Wang {1980}. Boyd {1978) found lag - defined in his
study as the time from centre of mass of effective rainfall to the
centre of mass of direct runoff - o be reasonably constant for a
given catchment with soma variation due te non-linear effects. The
extent of lag variation is shown in Figure 2.5 where the frequency
distributiocns of logarithmically transformed lag times for four
catchments are plotted. Taking the average lag time f{or each
catchment Boyd (1978} derived the following equatiaon, described as a
law of catchment lag, which has the same form as the stream order
laws (Ward 1975), viz.

L, = LR Eq. 2.28
where
L, = !lag of basin of order u (h},
Ly = lag of first order catchment {h} &nd
Ru = basin lag ratic {-)
= 1,737

Gupta et al, (i980) derived unit hydrographs using Haorton's
bifurcatian ratio, stream length ratic, siream area ratio and a
measure of catchment lag time. Peax flow rates, calculated on large
catchments showed close agreement with those measurad, but on smaller
catchments peak flows were underestimated. The lack of agreement
for the smalier catchmentis was used to question the validity of the
assumption of linearity on the smaller catchments. Changming and
Guangte (1980) differentiate beiween the mechanisms of peak discharge
formation on small and large catchments, noted by Gupta et al,
{1980) . In smaller catchments vegeiation, so0il and geomorphology
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where
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play an imporiani rele in runoff response, while in larger bGasins,
runoff is ithe synthesis of several tributaries and factors affecting
this response are integrated such that individual effects cannot be
readily observed.

in the United Kingdom Flood Studies Report, time to peak is related
to several catchment characteristics, one of which {s & wariable
exprassing a fraction of the catchment impervious to rainfall
(Matural Envirenment Research Council, 1975}, The equation proposed
is

t, = 46,6 vy 0030 uaerh9% qaup0ity 014
Eq. 2.29
where
tp = time to peak (h},
Yq = Stream slope between points located 10 percent
and 85 percent of the distance along the length of the
mainstream (m.km™ '},
L, = stream length (kmj,
RSMD = climatic index of flood rupoff potential (-), and
URBT = 1 + URBAN, where
URBAN = percentage ov catehment impervious to

rainfall.

Slope measurement was the most Important variable axplaining the
variance of tp in Equation 2,29, treamlength was unexpectedly less
c¢ritical, possibly due to the significant inverse correlation of
streamlength with  streamslope. The second most important
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independent variable 135 URBAN which afvects the efficiency of the
drainage network, the velocities of flow and the proportion of total
runoft due te surface rupoff. Research undertaken, for example, by
Ragan, Rooi and Miller (1975} into the effect of percentage
imperviousness on lag time was based mainly on the study of urban
catchments. Such research, however, can be extended fo natural
catchments by means of variables such as the 3C5 Curve MNumber, an
index which estimates relative proportions of surface and subsurface
flow (Matignal Engineering Handbock, 1872).

A comparative study of four synthetic unit hydrograph methods by
Morgan and Johnson {1962) which included the SCS dimensionless unit
hydrograph, indicated that the eguations developed for the estimation
of catchment lag time are the weak link in the application of
synthetic unit hydrographs, especially when applied to small
catchments. Figure 2.6 shows the improved estimate of peak flow
rate and hydrograph shape qbtained by the 5CS Model when a value of
lag time measurad for the storm {5 used. The hydrograph obtained
using a lag time estimated from the area of the catchment has a peak
flow rate equal to 51 percent of the recorded peak flow rate,
cempared with a peak flow rate of 83 pecent of recorded peak flow
rate obtained using a measured lag time.

A review of various methods used o synthesise parameters desc¢ribing
the unit hydrograph from catchment characteristics Indicates the
increased cansistency in prediction obtained when using an index of
catchment lag time rather than time to peak (Hickok st al, 1958;
Beil and OmKar, 1969). Prediction of lag time and peak Tlow rate
can  be made wviing catchment characteristics, but careful
cons ideration must be given to the amount of subsurfaca Tiow present
(Bell and OmkKar, 196%; Ward, 1975} and the source area contributing
to runoff (Hickok et al, 1959; Buil 1968). The determination of the
catchment runoff response to rainfall has beasn faund f£0 be <¢ritical
for small catchments (Murgan and Johnson, 1962). It is, haowever, on
such small catchments that non-linear processes have been found wo
dominate catchment runoff response (Changming and Guanate, 1980;
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Gupta et al, 1980}. With reference to the aforegoing the following
section examines scme methods of relating catchment runoff response
and in particular lag time to rainfall characteristics and flood
magnituda.

2.3.2 Rainfall characteristics and non-linearity of flood response.

Standard, unit hydrograph techniquas are based upon the assumption
that a catchmeni has a constant lag time and responds as a lipear
system unaffected by changing rainfall characieristics. The need
for improved accuracy and greater theoretical justification of
hydrological techniques incorporating a non-lipear time response is
indicated in Figure 2.7, which shows various unit hydrographs derived
for a single catchment from rainfalls of varying intensities {Dooge,
1977} . Similar variations were atiributed {o antecedent conditions
controlling the zones of satuation and overland flow (Anderson and
Kneale, 1982) which were found to be most marked on hollow spur

dominated catchments when compared witn catchments bhaving rectilipear
siopes.

I% has been suggested that f{t is possible to ignore the effects of
rainfall intensity of the runoff hydrograph due to the dampening
manifested vpon these effacts, as runoff passes through the catchment
drainage network. Similar reasons may be advanced to account for
areal distribution of rainfall. However, researchers such as Wilson
{1879) dispute that runofi characterisitics reflecting rainvall
intensity are significantly nullified during drainage processes and
emphasize the importance of spatial and temporal distribution of
rainfall and the accuracy of the precipitation input.

Thearetical reasons  Tor & relationship  betwean recorded
characterisiic times and some measure of storm infensity or
magnitede are indicaiad by Manning's equation for turbulent flow
{Chow ,1964), viz,
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vy = p2f3 2 Eq. 2.30
n
where
¥ = velocity of flow {m.5“1]
R = hydraulic radius {m},

= ratio of the cross-sectional area of the flow to the
perimeter in contact with the fluid,

Y = slope (-) and

n a friction coefficient {-).

High iIntensity rainfall would result in & greater flow depth, an
increase in hydraulic radius and corresponding change of flow from
iaminar to turbulent Flow, with a relative reduction of flow
resistance and an increase in velocity, Gregory (1980] suggests
that due fo rillipg, inherent in a&ll runeff events on rural
catchments, hydravlic radius will always be large and turbulent Flow
is ensured. Stephenson {1980) used kinematic flow theory to develop
a Tc equation which included the effects of rainfall intensity and
absoiute surface roughness, while Gregery (1982} used Manning's
equation to develop a Tc equation incorporating inter alia sixty
minute raiafall iniensity of a given return pericd and the catchment
area.

Difficulties in detarmining times associated with peak discharge of a
hydrograph are complicafed by some uncertzinties in the assumtions
involved in calculating direct runo?7 and effective rainfall. 8y
using an impervicus catchment in a controlled laboratory experiment
to avoid such difficulties Yen, Shen and Chow {1979} datermined the
effect of rainfall intensity, duration and catchment slope on time to
peak. This relationship is shown in Figure 2.8 and described by the
aquatian
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tona T £q. 2.31
where
tpm = time to peak (min),
i, = rainfall intensity {in.h'1) and
A = & constant determined from catchment and rainfall
characteristics

Figure 2.8 illusirates the increase in time to peak with an increase
in rainfall duration, Dm(min} for a fixed rainfal! intemsity and
catchment stope, y(i}. This refationship supports unit hydrograph
theory which envisages a constant lag time and a variation in time to
peak corresponding to the variation in duration of rainfall excess.
The decrease in time to peak with an increase in rainfall intensity,
when vy and Dm are held constant is, however, contrary tc unit
nydrograph theory and corresponds t0 a decresse in lag time with
increasing rainvail intensity. The influence of rainfall intensity
en time to peak and hence lag time generally decrease with increasing
storm duration and siope {Yen gt al, 1979}.

Rastogi and Jones {1971) cite research similar to that done by Yen
et al, {1979}, which makes use of laboratory models to indicate the
non-linear effects in the ralnfall runoff processes. Rastogi and
Jonas (1971} siress that generally the degree of non-linsarity found
in laboratory models does not apply directly to natural catchments
due to the scale differences present and make use of & mathematical
surface flow model developed to be representative of a 0,65 km®
catchment area.

The nen-linsarity of the catchment is indicated In Figure 2.9 where
unit hydrograph peak Tlow raigs are2 plottad against intensiiies of
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effective rainfall for certaln fixed durations of rainfall excess,

In accordance with unit hydrograph theory the peak flow rates for
unit hydrographs of fixed duration and varying intensities should be
constant and thus the curves plotied in Figure 2.9 should be
horizontal. The curves show 2 non-linear relationship which only
tend to linearity when tihe oputflow rate from the catchment
approximates the inflow rate to the catchment at a2 time known as the
time of virtual equilibrium. The time of virtual equilibrium, which
is related to lag time, was found fo shorten with an {ncrease in
rainfall excess intensity (Rastogl and Jones, 1971).

Mcdels of overland flow have been discussed comprehensively in the
literature while other fields such as the expansion and contraction
of the drainage network, together with subsurface flow are more
sparsely  documentad. Roberts and Klipgeman (1970) simulated
permeability in a laboratory model to investigate the effects of non-
linearity on runoff which is not purely surface rupoff. Figure 2.10
shows the variation in hydrograpgh shape for sicrms of fixed intensity
and varylng rainfall duration when the catchment is a) impermeable
and b) covered by a parmeable layer of foam, For the impermeable
surface the rainfalls corresponding {o durations of 20, 30 and 45
seconds reached equilibrium, while the retardation effact of the
simulated opermeability prevented all except the 45 second duration
rainfall from reaching equilibrium. The permeable surface resulted
in a much longer lag time and & smailer rate of peak discharge per
unit volume of runoff. Intensity of rainfall excess was found to be
an important determinant of hydrograph shape, especially a&at low
rainfall intensities {Roberis and Xlingeman, 1970},

The importance of including variablas describimg rainfall intansity
in regressions with a charactersitic irave! time was indicated by
Gregory {1980} as wel! as by Xadoya and Fukushima (1979}, who
incorporatad intensity of rainfall in equations to calculate time of
concentration., Kadaoya and Fukushima (1979) developed a relationship

between Tcm gng rainfall intensity, which included the catchment area
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ard tock the Form

c pd.22 0,385

Tow = m Egq. 2.32
where

T., = time of concentration (min),

A = area {kmz),

i, = rainfall intensity {mm,h'q} and

c = & constant.

Average Iintansity of effective rainfall was used by Changming and
Guangte {1980) in a study of flood peak discharge which incorporated
a factor describing effective contributing catchment area. The
gquation To derive flood pesk discharge was of the form

Qg = [iau . AL Eq. 2.33
where

Gs = flood peak discharge {m3.5'1).

tav = average intensity of excess rainfal! {mm.n'1] and

Ac = effective area that contributes io the formation of the

peak discharge {kmzj .

Average iniansity of excess rainfall was determined by adjusiing the
average total rainfall Intensity, obtained ¥rom rainfall data, by an
average losses intensity, determined +Trom soil and soil flow
propertias. Effective contributing area was evaluated from a2 series
of laboratory tesis using simulated storms of different rainfall
gurations, intansitiss and distributions. The maximum peak
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discharge was calculated by differentiating the product of i, and Ac
and equating the product to zera.

Results of an investigation into the relationship between time to
peak and mean ralnfall intensity (Matural €Environment Research
Council, 1975} revezled little evidence 1o suggest non-linear
relationships between runoff events. The dominance of subsurface
flow and variable source area mechanisms, as depicted by Hewleti and
Hibbert {1967), were suggested as a possible explanation of this lack
of trend. The variable source area concept reflects an expanding
area contributing to runoff, the extent of axpansion being controlled
by caichment moisture status. This increase in effective catchment
size according to the Matural Environment Research Council ([1975)
would result in a longer travel time.

Pilgrim (1974} indicated the degree of nan-linearity of rainfall
runoff prcesses in an axperiment using radio isctopes injectad into
streams at various sites an a 39 hectare catchment. Measurements of
" the base-length and variability of activity-time curves with peak
flow rate for each site, gave an indicaticn of the non-linearity of
the processes on the catchment. A relatianénip betwean +time of
travel, defined as the difference between time from lInjectlon and
time of the centre of mass of the activity time curve, and peak flow
rate was determined for each injection point. The relationship Tor
the prediction of time of travel vrom peak discharge for one sifte in
the catchment, Is shown in Figure 2.11. The results indicate that
although the process 1s grossly nen-linear at low Flow  rates,
linearity is approximated at high Tlow rates. The relationship is
reoresentad by the eguation

o
I

286 -0,492 £q. 2.34

com r

where

P
n

com time of travel {min) and
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discharge was calculated by differentiating the product of iav and A,
and equating the product to zero.

Results of an investigation into the relationship between time to
peak and mean rainfall intepsity (MNatural Environment Reszarch
Council, 1975) revealed little evidence to suggest non-linear
relationships between runoff events. The dominance of Subsurface
flow and variable source area mechanisms, as depicted by Hewlett and
Hibbert {1967), were suggested as z possible explanation of this lack
of trend. The variable squrce arez concept reflects an expanding
area contributing to runoff, the exient of expansion being controlled
by catchment moisture status. This increase in effective catchment
size according to the Natural Enviromment Research Council (1975)
would result in a longer travel time.

Pligrim (1976) indicated the degree of non-linearity of rainfall
runoff prcesses in an éxperiment using radio isotopes injectad into
streams at various sites om a 39 hectare catchment. Measurements of
' the base-length and variability of activity-time curves with peak
Tlow rate for each site, gave an indication of the non-linearity of
the processes on the catchment. A relationship between +time of
travel, defined as the diFference beiween time from injection and
time of the centre of mass of the activity time curve, and peak flow
rate was determined for each injection point. The relatignship for
the prediction of time of travel 7rom peak discharge for one site in
the catchment, is shown in Figure 2.11. The results indicate that
although the process 1s grossly non-linesr at low fFlow rates,
linearity 15 approximated at high low rates. The relationship {s
represented by the equation

o+
|

-0,4%2
con = 286 O Eq.  2.34

where

i
n

com time of travel {min} and
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q.. = peak flow rate {ft3.5'1}.

pr

Askew ({1970) found that variations in the temporal patiern of
rainfall had little effect on lag time, deflned in his study as the
time from the centre of mass of effective rainfal!l io the centre of
mass of direct runoff, ang he found lag time to be correlated sclely
with welghted mean discharge rate. Weighted mean discharge rate is
defined as the mean ratio of total discharge divided by the time of
accurrence of direct runoff, weighted in proportion 1o the direct
runoff discharge of the given rate. The regression equations
determined had the Torm

L = agy’ Eq. 2.35
where

L = catchment lag (hj,

Qy = weighted mean discharge rate {m3.5'1},

b = regrassion coefficient and

a = regression constant.

The magnitude of the regressign coefficlent b, was taken as a direct
indication of the degree oOf non-linsarity present in =ach catchment.
The maanitude oF b was Tound to vary hetween catchment areas, thereby
implying ditferent degrees of non-linearity. Litile correlation was,
however, found between the value of b and the physiographic
characteristics of the catchments and a mean value of b of -0,23 was
taken as the best estimate of the regression c¢oefficeint. Using
this constant axponent as & fixed regression coefficient, the data
were re-axamined to develop 2 means of prediciing the constant term,
a, which relects a measure of the lag time cbtained for a linear



mode] . A good correlation existed between the regression consiani
and catchment area, A in kmz, enabling the estimation of lag Time
using the equation i

L = 2,42 A7 :|w"3‘"’-3 Eq. 2.36

Rogers {198ﬂ]‘] conducted similar research to that done by Askew
{1970} in order to idenfiFy the causes of catchment nan-linearity and

to model non-linear peak discharge distributions. Peak discharges
were comverted to a standardised valuve by taking the log of peak
discharge divided by runoff volume squared. Regrassions  of

standardised peak discharge were run against the log of runoff volume
to form a standardised pesk discharge distribution. The slope of
this distribution is =gual to negative one for catchments with linear
response and is more positive for non-linearly responding catchments.
Values of the coefficient of determination indicated that on average
86 percent of the variation in standardised peak discharge was
accounted for by runoff volumes alone. The remaining 14 percent of
the variation was d4atiributed to variations in precipitation
distribuiion, intensity and duration. Most draipage basins
exhibited nop-linear distributions but there appeared to be little
correlation between the slopes of the distributions and conventional
physical catchment characteristics (Rogers, 1980). The effaci of
rainfall characteristics on the slope of the standardised pezk
discharge distribution was suggested as being impgrtant but
ipsufficient precipifation data were available to test this effact.
Rogers (1980} speculated that drainage basin non-linearity was
related to nom-unitorm  infiltration capacivy distributions.
According to Rogers {1980) infiltration capacities are generally

1 S5ince the procadure Tollowed in Chepter ¢ of this report is
similar to that 7ollowed by Rogers, a review of the research done
by Rogars (1980) is given In detafl.



38

moge]. A good correlation existed between the regression constant
and catchment ar=a, A4 in kmE, erabling the estimation of lag time

using the equation

L = 2124057 ¢ -0.23 Eq. 2.36

Ragers {198ﬂ}1} conducted similar reseiarch to that done by Askew
(1970) in order to identify the causes of catchment non-linearity and

to model nen-linear peak discharge distributions. Peak discharges
ware converted to a standardised value by taking the log of peak
discharge dlvided by runoff volume sduared. Regressions of

standardised peak discharge were run against the log of runoff volume
to form a standardised peak ‘discharge distribution. The slope of
this distribution is equal to negative one for catchments with lipear
rasponse and is more positive for non-linearly responding catchments.
Yalues of the coefficlent of determination indicated that on average
86 percent of the variation in standardised peak discharge was
accounted for by runoif volumes alone. The remaining 14 percent of
the variation was attributed to variations in precipitation
distribution, intensity and duration. Most drainage basins
exhibited non-linear distributions bui there appeared io fe litile
correlation beiween the slopes of the distributions snd conventional
physical catchment characteristics {Rogers, 1380}, The effact of
rainfall characteristics on the slope of the standardised pesk
discharge distribution was suggested as baeing important Dut
insufficient precipifation data were available to test this effsct.
Rogers (1980) speculated that drainage basin non-linearity was
related to  non-uniform  iofiltration capacity distributions,
According to Rogers {1980} infiltration capacities are generally

1 3ince the procedure ftollowed in Chapter 4 of this rsport is
similar to that vollowed by Rogers, 2 review of the ressarch done
by Rogers (1980} is given in detail,
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highest on +he higher regions of the catchment and lowest in the
channel wvalleys. The effect of this bigher infiltration capacity
argund the basin perimeter results in most of the runoff for small to
medium storms occurring near the catchment outlet, giving rise te
short travel times, low storage effects and high peak flow rates in
relation to runoff voimme. for large storms ruenoff would be
expected o originate from the entire catchment resulting in longer
travel times and a lower pesk for the volume of runoff distributed
over the catchment. Rogers {1880) concluded from the study that the
slope of the standardised peak discharge distribution was a unigque
characteristic of each catchment and was dependent largely upon
drainage basin characteristics. In addition Rogers (1980} suggested
that the standardised peak discharge distribution Influenced the
gffects of precipitation duration and antecedent moisture condition,
due to their inter-relaticnship with runof¥ volume.

Murray and Gorgens (1981} predicted peak discharge {from linear
equations of Llog of peak discharge vs log of runoff wvolume. The
s$lope of the eguations for their three semi-arid catchments,
dominated by storms of low intensity and long duration, indicated a
clear non-linear relationship between peak discharge and runoff
valume, Only a weak association was found between peak flow rate
angd the most intense 60 minute rainfall amount, while seven day
antecedent rainfall amount gave a fair correlation with runoff volume
and hence peak discharge.

It has been proposed that the unit hydrograph is not only highly
variable fTrom storm to storm, Dut also from burst to burst within
storms, particularly on small catchments (Beison, Bales and Pratt,
1980) . A triangular unit hydrograph with a double recession limb,
adjusted according to the precipitation excess distribution, was used
by Betson et al, ({1980) to route precipitation =xcess to form the
storm hydrograph. The unit hydrograph, developed from the concent
of partial area coniributions to storm runofi, was varied by means of
a lag time determined fTrcm a pormalisad precipitation  excess
intensity, which was related to the vartation in intensity throughout
the storm and the total rainfzll zmount. The equation used was
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L = a (PEIN)® Eq. 2.27
j,8
whera
L = ¢atchment lag {h},
PEIN = normilised precipitation excess intensity {in.h'1]
and '
a &b = coefficients predicted fraom physicgraphic

characteristics.

A similar triangular unit hydrograph with a double recession limb was
incorporated by Ward, Bridges and Wilson {1981) into a model for
predicting peak flow rates and for developing &8 storm hydrograph.
Estimates of runoff volume were based on the SCS procedures (Equation
2.1) and the response time of the double triangle unit hydrograph was
determined from parameters describing catchment slope, catchment
hydraulic length and the percentage of the catchmeni covered by
forest, grassland, crops and reclaimed surface mined lands.
Whezter, Shaw and Rutherford {1982) included a change in slope in the
recession 1limb of unit hydrograph of long duration buf found a
triangular shape was satisfactory 7or short st2ep unit hydrographs.
Unit hydrograph shape was found to be influenced sirongly by
antecedent 501l moisturs- conditions, which affected the area
contributing to runoft.

Reed, Johnson and Firth (1975) varied lag for successive iInput
elements of rainvall excess within a storm and superimposed the
Incremental hydrographs to 7it an obsarved rainfall-rupoff event.
Preliminary results indicated that by catering for a variable lag
from rainTall burst fo burst within the storm, the model arovided
improved reprasantation of the observad events against which it had
been assessed and that in general & shortened lag time corresponded
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L = a (PEIN)® Eq. 2.27
1.5
where
L = caichment lag (h),
PEIN = normalised precipitation excess intensity (in.h™ ')

and

2 &b = coefficients predicted from physiographic
characteristics.

A similar triangular unit hydrograph with a double recessign limb was
incorporated by Ward, Bridges and Wilson (1981) intc a model for
predicting peak flow rates and for developing a sterm hydrogragph.
Estimates of runoff volume were hased on the 5CS procedures (Equation
2.1) and the response time oFf the double triangle unit hydrograph was
determinaed from parameters describing c<atchment slope, catichment
hydraullc length and the percentage of the c¢atchment covered by
forest, grassiand, crops and reclaimed surface miped lands.
Wheatar, Shaw and Rutherford {1982) included a change in slope in the
racession limb of unit hydrograph of long duration but found a
triangular shape was satisfactory for short stasp unit hydrographs.
Unit hydrograph shape was found to be influenczd stirongly by
antacedent soil moisture- conditions,  which aFfected the area
contributing to runoff.

Reed, Johnson and Firth (1975) varied lag for successive input
elements of raintall excess within a stors and superimposed the
incremental hydrographs to ¥(t an gbserved rainfall-runcfi event.
Preliminary results indicated that by catering for a variabla lag
frem  rainfall burst to burst within the storm, the model arovided
improved represantation of the cbserved evants against which it had
been assessed and thai in general a shortened lag time corrasponded
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with increased storm magnitude.

The various methods ofFf relating parameters describing synthetic
hydrographs to rainfall characteristics and peak flow rate indicate
the signiticant role played by rainfall characteristics, especially
rainfall intensity and duration, in the timing and shape of the
runoff hydrograph (Kadova and Fukushima, 1%79; Pilgrim, 1976;
Rastegi and Jones, 1971; Roberis and Kiingeman, 1970; Yen, Shen and
Chow, 1979) and the non-linear relationship between peak flow rate
and catchment response time  {Askew, 1970; Pilgrim, 1978).
Incorporation of practical methods to improve the estimatiopn of
synthetic unit hydrographs determined from catchment characteristics
seems justified and possible modifications to the equations defining
the SCS triangular unit hydragraphs (Mationa! Engineering Handbook,
1972) will now be considered.

2.4 Modifications to the equations defiping the SC5 triangular
unit hydrograph

The trisngular unit hydrograph usad In the SCS Model to estimate peak
flow rate 1s defined by Equations 2.7 and 2.9. The lag time,
calculated from catchment characteristics using Eguation 2.9, is
combined with Eguation 2.7 to calculate the peak flow rate for a unit
volume of runoff, 0§, and duration of rainfall exgess of constani
intensity, O. Considerable effort has been expended at improving
the estimation of runoff volume using the S5CS technique {Hawkias,
1978; Hope and Schulze, 1981; Schulze, 1982}. Little attention
has however, besen given to the peak 7low rates which are frequently
gstimated poorly by the SCS Mydel, despite accurate estimates of
runoff volume, These poor peak {low rate estimates are most likely
due to inadeguate representation of the shape and baselength of the
triangular hydrograph. Improvements to the %riangular hydrograph
accounting for changing storm characteristics and catchment
conditions ara thus required IT mors accurate estimates of peak Tlow
rate are io be made.
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The shape of the triangular hydrograph is assumed to be constant far
21l catchments and storms within catchments, with 37,5 percent of the
total volume of runoff being under the rising limb of the hydragraph.
Such a basic shape is a simplifying assumption and should be linked
to physical catchment parameters and rainfall characteristics. The
proporiion of +the total volume of the hydrograph under the rising
limb may be varied by means of adjustments to the shape factor, K
(Equation 2.5}. The factor K, has been shown to vary with
different catchment characferistics {(National Engipesring Handbook,
1972) and an adjustment For different rainfall characteristics would
improve the accuracy of the 5C5 technique.

The baselsngth of the triangular hydrograph is given in terms of the
hydrograph time to pesk which is related to effective storm duration,
D and catchment lag time L by Equation 2.6. Unrealistic estimatas
of either 0 or L result in inaccurate estimatas of peak Tlow rate.
The detarmination of catchment lag time is considersd by Morgan and
Johnson (1362) to be the weak link- in the application of synthetic
unit hydrograph tachniques and has been the subject of much research
(Askew, 1970; Bell and OmKar, 1969; Betson et al, 1880; Boyd,
1978, Buil, 1978; Hickok et al, 1853, Reed et al, 1975),.
Equation 2.8 reflecis the influence of catchment size and slope on
lag time by means of the catchment hydraulic length and the catchment

s lope. A description of catchment conditien is inciuded in the
equation by inclusion of the retardance factor {CN') unadjusted or
antecedent so0il moisture (Equation 2.9). An approximation of the
retardance factor by the CN adjusted for antecedent soil moisture
could be made, such an equation would reflect the actuwal catchment
condition, an index more applicable that the ‘“average" catchment
condition reflected by CH'. The lag time defermined from Equation

2.9 depends entirely on catchment characteristics and does not
include indices of rainfall intensity or temporal distribution of
rainfall. The inadequacies of similar equations which are unable to
account  for the nen-linearity of runoff response +ound with
vartations in storm magnitude have been ipdicaiad in Seciion 2.3. A
means to include indices into the SCS lag equation which dascribe
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The shape of the triangular hydrograph is assumed to be constant for
all catchments and storms within catchments, with 37.5 percent of the
total volume of runoff being under the rising limb of the hydrograph.
Such a basic shape is a simplifying assumption and should be linkeg
to physical catchment parameters and rainfall characteristics. The
proportian of the total volume of the hydrograph under the rising
limb may be varied by means of adjustments to the shape factor, K
{Equation 2.5}. The factor K, has been shown to vary with
different catchment characteristics (Nationa! Engineering Handbhook,
1872} and an adjustment for different rainfall characteristics would
improve the accuracy o the 5C5 tachnique.

The baselength of the triangular hydrograph is given in terms of the
hydrograph time to peak which is related to effective storm duration,
D and catchment lag time L by Equation 2.6. Unrealistic estimates
of elther D or L result in inaccurate estimates of peak Tlow rate.
Tha detarmination of catchment lag time Is considersd by Morgan and
Johnsen (1962) to be the weak link in the application of symihetic
unit hydrograph tachniques and has been the surject of much research
(Askew, 1970; Bell and OmKar, 1969; Betson gt al, 1980: Boyd,
1978; Buil, 1978; Hickok et al, 1959, Reed ef al, 1975},
Equation 2.9 reflects the influence of catchment size and slope gn
lag time by means of the catchment hydraulic langth and the catchment
s lope, A description of catchment condition is included in the
equation by Inclusion of the retardance vactor (CN') wnadjusied for
antecedent soil moisture {Equaticn 2.9). An approximation of the
retardancs factor by the CM adjusted for antecedent soil moisture
could he made, Such an equation would reflect the actual r~atchment
condition, an index more applicable that the "averege" catchment
condition reflected by CNH'. The lag time determined from Squation
2.9 depends entiraly on catchment characiaristics and does not
include indices of rainfal! intensity or temporal distribution ofF
rainfall. The inadequacies of similar equations which ara unabla to
account  for the non-linearity o runoff response tound with
variations {n storm magnitude nave been indicated in Section 2.3. A
means to [nclude Indic2s into the SCS lag equation which describe
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variations in lag time, corresponding with variations in storm
maanitude would overcome some of the limitations of this approach.
Advances in the development of Depth-Duration-Frequency eguations
from daily rainfall information producing accurate estimates of
rainfall intensities for shorter durations which are applicable to
both South African conditions {Alexander, 1982) and woridwide
conditions (Hargreaves, 1982} make the inclusion of indices of
rainfall intensity possible for areas where rainfall intensity
measuraements are not availzble,

Calculation of duration of rainfall excess for ungauged catchmenis
may be made by means of the relationship between eftective duration
of rainfall excess and average apnual rainfall amount {Natiomal
Engineering Handbook, 1872). Alternatively, duration of rainfall
axcess may be approximated by the catchment fime aof concentration
{ch, since this represents the duration after which all parts of the
catchment contribuie to the flow at the catchment outlet (National
Enginéering Handbook, 1972). The establishment of incremental unit
hydrographs for incremental time periods of constant rainfall
intensity enables calculation of the peak rate of runeff for
temporally varying rainfall, withowt choosing an appropriate storm
duration, while adhering to the requirements of consiani rainfall
intensity inherent im unit hydrograph theory. It should be
stressed, Hhowever, that the Inc¢remental hydrographs represent a
constant llnear response tunction to rainfall inputs of varying
{ntens{ty, which remain linearly superimposed.

Ideally the ltag time and the shape of the triangular hydrograph
should change for each incremental storm duration, according to the
intensity of rainfall and moisture status of the caichment at the
onset of the incremental pariod. In such & mancer a varying
incremental lag and hydrograph shape, corrasponding to the rainfall
distribution can be envisaged. Alternatively, as a simplification,
the lag time and hydraograph shape could be detarmined for the total
rainfall, but with due consideration being placed upon a
characterisiic rainfall intensity amd the temporal variation of the
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rainfail.

Procedures to improve thz equations defining the trianouiar unit
hydrograph, by incorporating modifications to account for the effects
of wvarying rainfall distribetion and intensity on the unit
hydrograph, have been suggested. These procedures provide a basis
for the research, the aims of which are discussed in the ensuing
sectioen.

2.5 Aims

The present research has been undertaken to improve the estimation of
peak fTlow rate for individual storms using the 5CS triangular unit
hydrograph. Investigations are restricted to the lag equation
defining the baselength and hence peak {low rate of the triangular
unit hydrograph and the shape of the unit hydrograph is held constant
following SCS procadures. The mein aim of the study is io test the
accuracy of the estimation of lag time calculaied for a catchment
using the SCS lag equaftion. Yariations in the lag tTimes for
individual storms within a catchment will also be examined and where
possible, equations to predict both the catchment lag times and their
variability will be determined.

Testing the accuracy of an empirically determined catchment lag time
peses numerous problems since lag time varies with each runofi event
recorded on the caichment and thus has to be determined {or a number
of avents and then averaged in order to obfain a representative
catchment estimate. The lag tine for an individual event cannot
always be measured directly from autographic recerds owing to
difficuliies in determining the start time, end time and temporal and
areal distribution of the effective rainfall. Problems are further
compounded by poorly synchronised rainfall and runoff recorders which
contribute to inaccurate estimatas of the storm lag time. Owing io
the complexity associated with determining the centre of mass of
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rainfall.

Procedures to improve tha sgquations defining the triangular unit
hydrograph, by incorporating medivications to account for the effacts
of varying rainfall distribution and intepsity on tha unit
hydrograph, have besn suggested. Thase procadures provide & basis
for the research, the aims of which are discussed in the ensuing
section.

2.5 Alms

The present ressarch has been undertaken to improve the estlmation of
peak flow rate for individual storms uwsing the S5{S triangular unit
hydrogragh. Investigations are resiricted to the lag equation
defining the baselength and hence peak flow rate of the triangular
unit nydrograch and the shaps of the unit hydrograph is held constant
following 5C5 procedures. The main aim of the study is to test the
accuracy of the estimation of lag time calculated for & catchment
using the SCS lag equation. Variations in the lag times for
individual storms within a catchment will also be examined &nd where
possible, equations to predict both the catchment lag times and their
variabitity will be determined.

Testing the accuracy of an empirically determined catchment lag time
poses numerous problams since lag time varles with each runoff avent
recorded on the catchment and thus has to be determiped for & number
af eavents and then averaged in order to obtain 2 representative
catchment estimata. The lag time for an individual event capnot
always De measured directly ©rom auteographic records owing fo
difficulties in detarmining the start time, =nd time and tomporal and
arsal distribution of the effective rainfali. Problems are further
compounded Dy poorly synchronisad rainfall and runcif recorders which
contribute to inaccurats estimates of the storm tag time. Owing tao
ihe complexity associated with determining the centre of mass of
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effective raipnfall apd therefore of measuring the response time
between effective rainfall and runoff volume, the criteria for the
calculation of an individuzl storm lag fime s often directed towards
the recorded runoff hydrograph. Storm lag time {s thus obtained
following the suppostion that the correct lag time will provide an
accurate estimate of peak flow rate when applied in the given model.

The time response calculated to provide the best estimaies of peak
flow rate for all the siorms within a particular <caichment would
similarly be regarded as the best estimaie of caichment lag time.
Yarious approaches can thus be used 10 eastimate iag time from
recorded data. In this report, the investigations will be
restricted to the following methods:

1. A triangular approximaticn of each runeiT hydrograph for all the
catchments used in the study will be made and the relationship
between peak flaw rate and rynoff volume for the hydrographs of a
catchment investigated to determine the magnitude and variability
of catchment lag time. Such relatlonships will then be
correlated with catchment and ralnfall characteristics.

2. Incrementazl triangular hydrographs will be convoluted with ‘the
storm precipitation excess for the test storms and the resultiing
storm hnydrograph produced. The value of lag time required %o
superimpose the incremental bydrographs io give an accurate
estimaticn of recorded peak flow rata for gach storm will
determine the correct storm lag time, and this value is then
axplained in terms of catchmeat and rainfall characteristics.

3. The time response betweep effective rainfail and runofv will be
measured Trom the autographic racords for each tast storm.
Effective rainfall will be calculated following SCS procadures by
separating an ipitial abstraction from the total storm rainfall,

Initial abstraction will be ¢btained from recorded rainfall and
runorT data.
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The first two methods are orientated towards the runoff hydrograph
with prediction of an accurate peak flow rate being the criterion for
the determination of storm lag time. The third method bases the
aestimation of lag time on the measurad time difference between
effective rainfal! and runoff response. Only the first method will
be applied to all the catchments used in the study. Owing to the
large amgunt of computational work involved, +the second and third
methods will be applied to a smaller sample of selected catchments,
enabling comparison to be made beiween the three methods used,
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The first two methods are orisntatad towards the runoff hydrograph
with prediction of an agcurate psak flow rate being the criterion for
the determination of storm lag time. The third methed bases the
estimation of lag time on the measurad time diffzrence beiween
effective rainfail and runcf{ response. Only the first method will
be applied tc all the catchments usad in the study. Owing to the
large amount of computational work {nvolved, the second and third
methods will be applied to a2 smaller sample of selected catchments,
enabling comparison to be made between the three methods used.
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3. CATCHMENT AND OATA DESCRIPTIONS

Data {rom twelve smail catchments covering s wide range of climatic
and physiographic conditions were selected to study the effect
rainfall and catchment characteristics have on inter- and intra-
- catchment variations in lag time. The catchments, from South Africa
and the United States of America, were selected to he less than 3.5
kmE in area to minimize aresal variations in precipitation
distribution.

The catchmeni locations are shown in Figures 3.1 and 3.2. Deisils
regarding the location, climate, vegetation and lithology of these
catchments are summarised in Table 3.1.  Seven caichmenis from the
USA were selected (Figure 3.1): twao are lgcated at Stillwater
{Ckiahoma), two at Safford (Arizona), one at Coshocton {Ohic}, one
at Hastings (Mebraska) and one at Albuquerque (Mew Mexico}. Five
South African catchments were used, three catchments being located at
the DeHoek and two at the Zululand hydrological research stations
(Figure 3.2). The catchment {dentification codes together with
reélevant physioegraphic catchment charagteristics and the weighted
mean catchment Curve Numbers are given {n Tabls 3.2. The values of
the catchment Curve Humbers are based on field observations and
varigus surveys done by Arnold (1980) for the South African
catchments and Schulze (1982) for the USA catchments. Catchment
hydraulic langth and average catchment siope were determined by
computer from the available maps.

A total of 291 storms was selected 7or the study, with the criteria
for selection being that the hydrograpn resulting from storm rainfall
should have an isolated, clearly defined single peak. A consistent
method of separating stormflow from baseflow was applied using a
line of constant slope of 1,13 mm, day'1.day'1‘ projacted f{rom the
beginning of the hydrograph rise to the point where it intersected
the recession limb of the hydrograph {Hewlett and Hibbert, 1967).
The relevant hydrological data for the selected storms is listed in
Appendix 1.
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Table 3.1

Supmary of location, climate, vegetation and litholegy of the study regions

Mean Annual

Country Location Latitude Longtitude Altitude Climate Precipitation Vegetation Lithology
{m} { mm )
Coshocton, OH 40°22'N H2°01'W 372 Sub-numid 4975 Grassland Shales, and Silstones
overlying sandstone
Stillwater, DK 36°27'N 97°25'M 293 Sub-humid 725 Grassland Shales with interbedded
USA lastings, NE A0°16'Y 98°35'y 597 Suly=humi d 600 Grassland Loess
Safford, AZ 3251'N 1{0°00'W 1090 Arid 225 Sparse shrub, Basalt and calcareous
a5% bare graniie
Albugquerque, 35Y05'N 106°50' W 1805 Arid 175 Shrub and Sandstone and shade
HH short grass,
80% bare
DeHoek 29°01'S 29°10'E 1450 Stib-humid 850 Grassland Mudstone, shale and
South sandstone
Africa
Zulvland 28°50's 31°46'E 250 Humid 1450 Grassland Biotite granite,
qneiss
Sources ; Arnold (19280) ; Schulze {1982}
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Table 3.2 Summary of catchment physiographic characteristics
and catchment Curve HNumbers

Catchment Hydraulic Avarage
Identifi- Location Araa length of Catchment CN
cation (km?)  catchment Siope
(m} )
26003 Coshocton 0,011 125 18,4 73
37601 0,068 445 4,3 aa
Stiliwater
37002 0,372 859 4.7 21
44005 Hastings 0,015 140 7,2 69
45001 2,100 4530 8,6 79
Sarford
45002 2,760 5898 7,8 74
47002 Albuquerque 0,164 802 11,0 a7
Vimiz ¢,500 726 20,0 74
¥1M28 Deboek 0,410 808 10,0 68
¥7MD3 0,450 938 15,2 74
WiMia 3,222 31632 19,5 I7
Zululand
WiML7 0,669 700 18,9 03

Sources :  Arnold {1980} ; Schulze {1982)
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Table 3.2 summary of catchment phys{ographic characteristics
and catchment Curve Numbers

Catchment Hydraul i¢ Average
[dentifi- Locaticn Area length of Catchment  CN
cation {km*) catchment Slope
(m) (3}
26003 Coshocton 0,011 125 18,4 73
37001 0,068 445 4.3 20
Stillwater
37002 1,372 959 4,7 80
44005 Hastings 0,015 140 7.2 63
45001 2,100 4530 6,6 79
safford
45002 2,760 5858 7.8 79
47002 Albugquergue d,164 802 11,0 87
YiM12 0,500 726 20,0 74
yiM28 DeHoek 0,410 808 10,9 68
Y7M03 0,450 938 15,2 74
WiMtg 3,222 3632 19,5 77
Zutuland
WIMi7 0,663 700 18,8 63

Sourcas @ Arnold {1930) ; Schulzs {1982)
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Mo depth-storage relatlionships wers available for the measuring sites
in the USA and no runci{ backrouting could therafors be simulated.
Runoft was backrouted Tor 2 sample of events vrom the South Arrican
weirs but the peaks of the inTlow hydrographs did not divver o any
marked extent From the agbsarved peaks as the stilling basins are all
ralatively small. In order to maintain uniformiiy, no rupoff routing
wWwas thersfore performed and recorded peak 7low rates were used Lo
appraximata the inflow peaks {Appendix 1). Duration of rainfall, O ,
was freguently diTficult to determine owing to periocds of low
intensity rainfall lsading up to, during or following the main starm
period. © This applied particularly to the Zululand catchments where
low intensity rainfalls of long durations iare common.

Rainfall duration, Du was thersfare approximaied ito the nearest hour
Tor the Zulueland storms. Mo rainfall Talling more than wwo hours
betors the hydrograph initiation or arier the termination of storm
flow by the 1,13 wm.day'1.day" slope was included in the storm
rainfall. In addition, continuous periods of rainfall intensity of
less than 1 ma.h™! falling beTore or after the main event were
axcluded from the rainfall amount. The most intanse  30-minuta
period of rainfall, ISU‘ was chosen as an indicator of the rainrall
intensity during each storm. A parameiar of storm kinetic energy, &,
was calculated using the equation develaped by Wischmeier and Smith
(1958)

i
= = - ! P,
£ {11,i9 - 28,73 .ﬂg1ﬂI]}PJ
j=t
whers
. [ 3 H '2
£ = =he Lotal Xineticz snergy (J.m 7),
i = the mean rainfall inta2nsity during the jth

-1
storm pericd {(mm.n )
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and

P. = the rainfall amoynt in the jth storm period (mm).

In order to charactarise storms regianally, mean values of lyg and 0,
were pptained for each lecation from the data in Appendix 1. These
parameters together with a description of the ‘typicai' rainvall
gvent for each region are glven in Table 3.3.

The aims of this ressarch having beén aqutiined and the relevant data
presented, attention is now furned to the procedures by which inter-
and intra-caichment variaticns in lag times were studied and to the
rasults obtained.

Tablz 3.3 Regional storm characteristics for the selected ovents

Ragion ‘EG ﬁFJ Stora Description
(om h ') (n)
Coshecton - 34,5 1,8 Medium intensity ralnfall,

short duration

Stillwater 29,7 3,9 Medium intsnsity rainfail,
aedium durstion

Hastings 48,6 i.0 High intansity rainfsll,
sngrt deration

Sattiord 32,6 i.d degium intansity reinfzil,
saart gduraticn

Albuquerque 23,2 2,2 degium intansity rainfail,
snort guration

D=Hoak 29.8 2,2 Magium intansity rainfzl),
short duration
Zululand 13,2 12,1 Law intansity rainvzl],

tong durstion
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the rainfall amount In the jth storm period {(mm).

In order to characterise storms regionally, mean values of IEE and 0,
wera obtained Vor each location from the data In Appendlx 1. These
parametars together with a description of the 'typical' rainfall
event for 2ach region are given in Table 3.3.

The aims of this research having bean outlined and the relevant data

presented,

attantion is now turned tg the procadures by which intar-

and intra-catchment variaticns in lag times were studied and to the

results obtained.

Table 3.3 Reqiomal starm charactaristics for the szlected avents

long duration

Ragicn T3ﬂ ﬁu Storm Descripticn
(am h™!) (h)
Coshecton - 36,5 1,8 Mzdium intansity rainf2ll,
short duration
Stillwater 29,7 3,8 Mediom intensity rainfail,
medium duraticn
Hastings 18,8 i, High intensity r2infall,
shert duratian
Satvord 32,5 i,4 Medium Intansity rainfzil,
snort dureticn
Albuguergus 25,2 2,2 Aedium intansity rainfail, |
snert duracian i
Datoek 2,3 Z,2 Yeaium intensity rainfall, |
shart durziian i
Zululznd 13,2 12,3 Low {ntansity raindall, !
g
|
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4. DERIVATION OF LAG TIME USING TRIANGULAR

APPROXIMATIONS OF THE RUMOFF HYDROGRAPH

4,1 Background

Although compuier mpdels are frequently used to superimpgse numerous
incremental hydrographs to obtain a compound hydrograph, it is often
preferable, and in the absence of autagraphic rainfall records
necessary, to assume a single triangular approximation of the runof7¥
hydrograph. Such simplifications, which assume uniform rainfall
distribution, are commonly made prior to conducting exiensive
analyses (Natal Provincial Administration Roads Department, 1981).
In this chapter, simpiified procedures have been utilized to form a
itriangular approximation of each runoff hydrograph which has the same
peak flow rate and volume of runoiT as the recorded hydrograph, but
with 37,5 per cent of the total volume of runofi falling under the
risipg limb, Such triangular hydrographs are considered to be
representative of the triangular unit hydrograph for each event and
in this chapter relationships between peak fTlow rate and volume of
runott for the hydrographs for each catchment are used to calculate
the magnitude and variability of catchment lag time.

The use of a hydrograph of non-unit volume fo represent a  unit
hydrograph must not be regarded as contradictory to the assumpiions
upen which unit hydrograph theory is basad.  Such assumptions apply
equally well when non-standard units are used {Rogers, 198¢). The
tarm 'Unit' actually refers to a depth of uniform effective rainfall
falling uniformly over & given time period. Triangular
approximations of +the total runaff hydrographs may be wused fto
represent triangular unift hydrographs provided the effective raintall
1s femporally and spatially uniform cver a specified period of time.
Under natural conditions uniform effective rainfall seldom occurs



54

since both areal and temporal variations affect the gensrated runocff.
Approximate unit hydrographs may, however, be determined from the
runoft hydrographs of small catchments, where areal variations in ihe
distribution of effective rainfall are minimized, by using isolated
single peaked runoff events resulting from rainfalls of approximately
wniform temporal distribution.

Such approximate unit hydrographs are not directly comparable with
one another since they originate from storms of different durations
af effective rainfall. It is difflcult 10 determine the actual
duration of effective rainfall for each storm using the recorded
rainfall data since both the temporal distribution of the rainfall
and catchment storage recharge rates influence this duration. For
this reason a duration of effective rainfall for each catchment can
be approximated by the catchment time of concentration, Tc*
consistent with the procedure usually applisd when design hydrographs
are heing determined (Mational Enginsering Handbook, 1972), which is
considerad to be the best approximation available for the purposes of
Lthe pressnt study.

4.2 Experimenial procedures

According to the linear assumptions upon which the SC3  hydrograph
thegry is based, the lag time for all storms on a catchment is
constant and furthermore, the peak Tlow rate of the hydrograph for
all storms of the same duration of erfactive rainfall will wvary in
proportion with the enclosed volume of runoff. . The actual
relationship beiwsesn peak Tlow rate and runoff volume for a seriss of
triangular hydrographs, considered o be representative of triangular
unit hydrographs with a duration of affective rainfall equal to the
catchment time of concentration, were used to establish a procedurs
to detarmine the magnitude and variability of the lag time for each
catchment. A logarithmic regression analysis of peak flow rate
against runoff volume was initially undertaken vor =ach catchment to
provide equations of the Torm
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since both areal and tempor2l variations affect the generated runoff.
Approximate upit hydrographs may, however, be determined from the
runoff hydrographs of small catchments, where areal variations in the
distribution of affactive rainfall are minimized, by using isolated
single peaked runoff events resulting from rainfalls of approximately
uniform temporal distribution.

Such approximata unit hydrographs are not directly comparable with
one another since they originate from storms of different durations
of effective rainfall. It is difficult to detarmine the actual
duration of effective rainfall for each storm using the recorded
rainfall data since both the temporal disiribution of the rainfall
and catchment storage recharge rates influence this duration. For
this reason a duration of effective raintall for each catchment can
be approximated by the catchment time of concentration, Tc’
consistent with the procedure usually applied when design Rydrographs
are being determined (National Engineering Handbook, 1972}, which is
cons{dered to be the hest approximation available for the purposss of
the present study.

4,2 Experimental procedures

According to the linear assumptions upon which the S5CS hydrograph
theory is based, the tag time for all storms on a catchment is
constant and furthermore, the peak flow rate of the hydregraph for
all storms oFf the same duration of effactive rainfall will vary in
proportion with the enclosed wvolume of runoff. . The agtual
relationship between peak flow rate and runoff volume for a series of
triangular hydrographs, considérsed to be representative of itriangular
unit hydrographs with a duration of efvactive rainfall aquzl to the
catchment time of concentraticn, were used to establish a procedure
to determine the magnitude and variability of the lag time for each
catchment. A logarithmic regression analysis of peak +low rate
against runofy wolume was initially underisken for each catchment Lo
provide aquaticns of the form
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log qp = a+ b log @ Eq. 4.1
where

4 - peak flow rate (mm.n '},

0 = direct runoff volume {mm) and

ad&b = regression coefficients.

The siope, b, of the line best fitting the data gave an indication of
the degree of non-linearity of the rupoff distribution and hence the
consistency of lag time for each catchment. A slope of unity
indicated a linear relationship between peak flow rate and runoff
volume and enabled Equation 4.1 to be re-writien as

q = 10% ¢ £q. 4.2

P

Following the approximation of the duratien of effective rainfall for
gach catchment to be equal io the c¢afchment time of concentration,
Equation 2.19 was re-written as

D = 1,66°L
and combined with Equation 2.7 to give

q = 0,75 @
1,83 10° Eq. 4.3

Assuming the runoff hydrographs to be represented adequately by
triangular hydrographs, the equation describing the runoff
distribution (Equation 4.2) was combined with Eguation 4.3, which
describes the shape of a triangular hydrograph to yield
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L = 0,75
1,83 10° £q. 4.4

gquation 4.4 indicates that lag time is constant for & catchment with
linear responses and its magnitude depends only on the regression
constant, a. A reqression slope, b, not equal to unity indicates a
non-linear relationship between peak flow rate and runoff volume, the
extent of the non-linearity being indicated by the deviation of the
siope of the regression equaiion from unity. Lag for & non-iinear
catchmeni can be deiermined by substituiing the relation

q 108 o°

P

into Equation 4.3 to yield

—
i

0,75 al1-b)
1,83 104 Eq. 4.5

Equation 4.5 {ndicates the dependence of lag time for a catchment
with non-linear response on the size of the runetf event. Similar
eguaticns can be derived, relating catchment lag time o peak flow
rate.

The logarithmic regression equations of peak flow rate on runoff
volume enabled an evaluation to be made of the applicability of the
linear assumpticns used in the SCS Model when applied to the
catchments under study. Although similar equations have been wused
for prediction purposes (Askew, 1970; Rogers, 1980), it was dacided
to relate any non-linear variations in lag fime to the
characteristics of 1the rainfall eveni rather than the size oF the
runctt event, which is to a large extent itsslV related to rginfall
characteristics. In order toc do this the lag times +or each
catchment were re-calculated assuming a linear catchment rasponsz
function using regression equations of peak flow rate on runoivf
volume similar to Equation 4.2 and having the form
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L = 0,75
1,83 102 ' Eg. 4.4

Equation 4.4 indicates that lag time is constant for a catchment with
linear responses and its magnitude depends gnly on the regression
canstant, a. A regrassion slope, b, not equal to unity indicates a
non-linear reiationship between peak flow rate and runofi volume, the
extent of the non-linearity being indicated by the deviation of the
slope of the regression equation from unity. Lag for a non-linear
catchment can be detzrmined by substituting the relation

b

a
h 10 Q

into Equation 4.3 to yield

L = 0,75 gli-B)
1,83 10? £q. 4.5

Equation 4.5 indicates the dependence of lag time Tor a catchment
with non-linear respeonse on the size of the runerf event. Similar
equations <c¢an be derived, relating catchment lag time to peak flow
rate.

The logarithmic regrassion equations of peak flow rate on runoff
volume enabled an evaluation to be made of the applicability of the
linear assumptions used in the 5C5 Model when applied o the
catchments under study. Although similar equations have besn used
Tor prediction purposes (Askew, 1970; Rogers, 19801, it was decided
to relate any non-linear variations in lag time <to  the
charactaristics of the rainfall event rather than the size of the
ronoTT  eveni, which is to a large extent itseli related to rainfall
c¢haracteristics, In order to do this the lag times {or esach
catchment were re-calculatad assuming a linear catshment response
tunction wusing regression =2quations of pesk flow rate on runoff
volume similar to Equaticn 4.2 and having the form
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whera

Iy
I

& regression constant.

substituting Equation 4.6 into Equation 4.3 gave

1,83 ¢ Eq. 4.7

which enabled the calculation of that lag time, for a catchment with
an assumed linear response, providing the most accurate estimates of
peak Tlow rate for the runoff events of the particular catchment.
Such estimated caichment lag times, Lcs {subscripts refer o0 a
catchment lag time estimated using procedures incorporating single
triangular approximations of recorded hydrographs) were compared with
corresponding lag times determined by the defined SCS lag equation
and a raqression equation for catchment lag time prediction was
deve loped. '

The Coefficient of Determination (r%) of Equation 4.6 indicated the
extent to which the variability in peak Tlow rate was proporiional to
variations in runoft volume when a constant caichment lag time was
epployed. Over or under estimation of pesk vlew rates for individual
events on & particular catchment, wusing such a linear relationship,
generally cccurred due to ihe non-linear changes in the rainfall
pattern and catchment condition betwesn individual avents.
Ceviations of the peak flow rates calculated using the estimated
catchment iag time from the observed peak flow rates, were relatad to
the non-linear variations of the individual rainfall evenis ¥for each
catchment, Regression sgquations accounting for such deviations were
galculated as

Ipe
%o £q. 4.8
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where
qu = peak flow rate calculated using the estimated
catchment lag time, obtained from Equation 4.7
(nm.n""),
%o = obsarved peak flow rate {mm.h"] and
Xqsveshy = indices describing the rainfall event.

Owing to the inverse relationship between peak flow rate and
catchment lag time (Equation 4.3), the non-linear deviations of the
observed peak flow rates from pesk flow rates calculated using a
linearly estimated catchment lag time were equated with deviations of
the storm lag times from the linearly esiimated catchmeri lag time to
form the relationship

L55 = f{}[.l, ....... , In} = EEE

Les a0 £q. 4.9
where

Leo = lag time for the siorm (h) when using a single

trianqular approximation oF the runoff
fiydrograph and

Les = estimated catchment lag time {h} calculated
using Equation 4.7,

An estimate of ©he lag time Tor a particular runovf avent, Less
(subscripts refer fo an gstimated storm lag time calculated using
procedures incorporating single triangular approximations of recorded
hydrographs} could thus be obtained by multiplying the limearly
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where
Ge = pesk flow rate calculated using the estimated
catchment lag time, obtained 7rom Equation 4.7
(m.h" ),
%o = observed peak flow rate (m.h™') and
XqaewaXy = Indices describing the rainfall event,

Owing to the inverse relationship bDetween peak flow rate and
catchment lag time {Equation 4.3}, the non-linear deviations of the
observed pesk Tiow rates from peak flow rates calculated using a
linearly estimated catchment lag time were equated with deviations of
the storm lag times fram the linearly esiimated catchment lag time to
form the relationship

L'::5 qpﬂ Eq. 4.9
where
Lo = lag time for the storm (h} when using a single

triangular approximation of the runotf
hydrograph and

Les = astimated catchment lag time (h] caleculated
using Egquation 4.7.

An estimate oif the lag time for z particular runoff avent, Less
(subscripts refzr to an astimated storm lag time calculated using
proceduras incorporating Single triangular approximations of recorded
nydrographs} could thus be obtalped by multiplying the linearly
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estimated catchment lag time (Eguation 4.7) by a correction factor,
determined from the non-linear rainfall characteristics of the
relevant runoff event (Equation 4.8) to give

Less = 0,75 X f[x1, ...... y X} Eq. 4.10
1.83¢

A simple procedure, using noen-linear runoff distribution, was thus
established to assess the applicability of intra-catchment variations
in lag time for the study catchments. In addition, linsar runoff
distributions were determined, enabling the estimation of a catchment
lag time which could be adjusted by means of individual starm
¢haracteristics io provide estimates of individual storm lag times.
The results of such procedures applied to the research catchments
under study are shown in the following sections.

4.3 REésults and discussion

4.3.1 Latchment lag times estimated from. non-linear runoff
distributions

The resylts of the legariihmic regression analysis of peak flow rate
ggainst runofi volume, which in agreement with other researchers
(Murray and Gorgens, 198i; Rogers, 1980) provided the best fit to
the distributions, are shown in Table 4.1 which provides the
regrassion equaticns, Copefficients of Determinatin and VYariance
Ratios for sach of the catcrments. The level of significance of the
regression equations is Indicaied in brackets behind each Yariance
Ratio, consistent with the notation used by Rayner (1965}, which is
used throughout the iazxt. The double asterisk (**) and single
asterisk (*) denot significance at the 0,01 and 0,05 levels
respectively.
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Table 4.1 Logarithmic regression analysis of peak flow rate agalnst
runaff volume

Catchment Regression Equation Coefficient of VYariznce
Detarmination Ratlo
{r) (F)

26003 log qp = 0,651 + 0,754 tog Q 0,52 23,174 (**)
37001 {og qp = 0,224 + 1,032 log Q 0,69 60,600 {**)
37002 log qp = «0,416 + 1,110 log { 0,88 94,230 (**)
44005 log qp = 0,710 + GtBBB log Q 0,96 840,509 {**)
45001 l1og qp = 0,236 + 0,825 log Q 0,94 588,310 (**)
45002 log qp = 0,455 + 0,876 log O 0,95 679,924 (**}
47002 log qp = 0,492 + 0,910 log Q 0,86 101,585 (**)
VimMi2 lag qp = -0,334 + 0,964 log Q 0,96 415,890 {**)
ViM28 - iog qp = 0,238 + 0,701 leg 0,79 45,080 (**)
¥7M03 log qp = -(,440 + 0,926 iog 0,81 88,710 (**)
WiIM16 log qp = -3,964 + 0,934 log Q 0,97 1068,703 {**)
WiM17 log qp = 0,621 + 0,925 log ¢ 0,73 25,6580 {**)
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Table 4.1 Logaritfmic regression analysis of peak flow rate against
runotf volume

Catchment Regression Equation Coefficient of VYariance
Oetermination Ratio
(re) {F)

26003 log 9 = 0,851 + 0,754 log ¢ 0,52 23,174 {**)
3701 [og 9 = -0,224 + 1,032 log § 0,69 60,600 {**)
37002 Log 9 = -0,416 + 1,110 log 0,88 94,230 {**)
44005 log q, = 0,710 + ntsaa log ¢ 0,96 840,509 (**)
45001 log q = 0,226 + 0,825 log Q 0,04 588,310 (**)
45002 log G = 0,455 + 0,876 log Q 0,95 579,924 (**)
47002 log q = 0,492 + 0,910 log @ 0,86 101,585 {**)
¥iMi2 log G, = -0,334 + 0,984 log § 0,96 415,690 (**}
YiM28 . log q, = -0,238 + 0,701 log ¢ 3,7% 45,080 [**)
¥7M03 log q, = ~0,440 + 0,926 log ¢ 0,81 88,710 [**)
WiMi6 log qp = -0,964 + 0,934 log Q 0,87 1068,703 {**)
W17 log q_ = -0,621 + 0,925 log Q 0,73 29,690 (**)
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The Varlance Ratios for all the catchments indicate a high degree of
association between peak fTlow rate and volume of runoff. Hon-
linearity in the runcoff distributions is, however, illustrated in twa
ways. First, the Cgefficients of Oetarmination in Table 4.1
indicate that for twelve catchments, on average, 16 percent of the
variations of the dependent variable are not accounted for by the
independent variable. 5Such variations are most likey due to changes
in the distribution, intensity and duration of each ralpfall event
together with variations In the catchment antecedent moisture status
at the onset of the storm. The regression equations are likaly to
incorporate to some extent the effects of rainfall characteristics
and catchment antecedent conditions which are interrelated with
runoff volume. Rainfall characteristics and catchment antecedent
condition may thus play a more important role in determining peak
flow prate than suggested by the Coefficient of Determination alone.
Secondly, non-linearity is identified by the deviations of the
distribution slopes from unity. All catchments exhibited non-
linearity, as evidenced by their sicgpes being unequal to unlty, which
suggests that a lag time varying with event magnitude may be present
for each catchment. Askew (1970} and Rogers {1980} identified
similar non-linear regression slopes which were attributed to the
catchments' ohysiographic characteristics, but attempis fo determine
Lthe causes of the non-lineariily proved unsuccessful. The effects of
ralnfall factors on the regression slopes were not tested by Askew
{1970} nor by Rogers {1980), but were considered to be of importance.

Student's <t-values were used to establish whether the slopes of the
regressian lines in Table 4.t were significantly different from
unity. The t-values are shown in Table 4.2, OF the twelve
catchments, Tfive have reqression slopes that differ from unity at
least at the five percent level. A method of describing empirically
the slopes of these regression esguations, anabling an exftrapolation
ta be made to ungauged catchments, would provide an important
improvement to existing unit hydrograph methods, which assume
regression slopes of unity.
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Table 4.2 Significance of deviations of regression slopes frem

unity.
Catchment Standard Error Student's
of Coefficient t-value

26003 d,155 1,59
37001 0,133 -0,24
37002 0,114 -0,36
44005 0,031 3,61 {**}
45001 0,034 5,15 (**)
45002 0,034 3,85 (¥
47002 {,090 1,00
ViMiz2 . G,047 1,00
ViMz238 0,104 2,88 (*}
V7M03 0,098 0,76
WiM16 0,029 2,28 (*)
WiM17 0,170 G.,44
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Table 4.2 Significance of deviations of regression slopes from

unigy.
Catchment Standard Error Student's
of Coefricient t-value

26002 0,155 1,59
37001 0,133 -0,24
37002 0,114 -0,96
44005 0,031 3,61 (**)
A5001 0,034 5,15 (**)
45002 0,034 3,65 (*)
47002 0,090 1,00
yiMi2 . 0,047 1,00
V1M28 0,104 2,88 (¥}
Y7M03 0,038 0,76
W1M16 0,029 2,28 (*)
HiM17 0,170 0,44
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Yariations in storm type might play an important role in determining
ihe slope of the runoff distribution as well as in accounting for
deviations of individual events from the catchment runofT
distribution. Rogers (1980} prepounds the most positive slope
possible for the runoff distribution to be unity, which represents
the lipear runoff distribution for an impervious or uniformly
pervicus catchment. The regession slopes for catchments 37001 and
37002 in the Stillwater region oppose this proposition, thereby
providing a possible illustration of the magdifying effect the fypical
rainfall patterns of the Stillwater region (Table 3.3) have on the
runof ¥ distribution.

In order to distinguish bDetween the itwe sources of non-linear
variations, the runoff distributions were re- calculated assuming a
linear relationship between peak flow rate and runoff volume. The
linear vrunoff distributions enabled the estimation of a consiant
catchment lag time comparable w{th the lag time calculated using the
SC% lag equation.

4.32.2 Catchment lag times esiimated from linear runoff
distributions

The approximation of a constant catchment lag time, as represented by
the 5CS lag equation is sometimes a recessary simplification. Linear
equations of peak Tlow rate were ragressed on runoff volume in order
to estimate a constant catchment lag time, Lcs’ providing the best

estimates of peak flow rate for the recorded hydrographs of =ach
catchment.

The regression equations were ¢alculated without an intercept tarm,
in order to facilitate the calculation of & constant value of lag
time and are shown in Table 4.3. Since the regression packages
available at the University of MNatal in Pistermaritzburg
automatically included an intercept term, an intercept-free Titted
regression had to be obfained by enfering szach pair of data twice -
as the pair [yi, xi} and as the pair {-yi, -xi] as suggested by



6d

Table 4.3 Linsar regression analysis of peak Tlow rate against
runaff volume

Caichment Regression Equation Coefficient of Variance
Cetermination Ratio
{r:) (F)
26003 q, = 3,042 Q 0,77 BD,206 (**)
37001 4p = 0,779 0 0,88 213,769 (¥*)
37002 q, = 0,556 ¢ 0,84 242,499 (**)
44005 q, = 3,706 ¢ 0,84 193,764 {**)
45001 q, = 1,245 ¢ 0,97 263,401 (**)
45002 q, = 2,065 Q 0,95 667,548 (**)
47002 q = 2,666 Q 0,97 591,130 (**)
yiM12 4, = 0,545 @ 0,98 1082,985 (**)
V1M28 g, = 0,384 Q 0,82 149,743 (**)
¥7MO3 q, = 0,310 0 0,82 102,165 {**)
WiM16 q, = 0,097 Q 0,39 §477,778 (**)
Wik17 q, = 0,209 ¢ 0,94 620,398 (**]
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Table 4.3 Linear regression analysis of pesk flow rate against
runotf volume

Catchment Regression Equatian gg:ii;gh:g}ggf vﬁgé?gce
{re) (F)
26003 q = 3,042 q 0,77 80,206 (**)
37001 G, = 0773 Q 0,88 213,789 (**)
37002 qp = 0,556 § 0,94 242,499 (*=*)
44005 qﬁ = 3,706 4 0,84 193,764 {**}
45001 qp = 1,245 ( 0,87 263,401 (%}
45002 9p = 2,065 Q 0,95 667,548 ()
47002 qp = 2,806 Q - 0,97 591,130 (**}
VIM12 q, = 0,545 Q 0,98 1082,985 (**)
ViM28 q, = 0,384 ¢ 0,92 149,743 {**}
¥Y7M03 4y = 0,310 Q 0,82 102,165 {**)
HiMiG qp = (097 0,%% 6477,778 {**}
WiMi7 q, = 0,209 0,94 620,398 {**)
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Hawkins (1980). There was no bias in the resultant regression
coafficients Trom which the lag time for aach catchment was
deiermined, buf minor pust analyses adjustments had o be made to the
Yariance Ratios which according to  Hawkins {1983) are
'appreximaiely' double the correct values, shown in Table 4.3, for
the intercept free regressiomn.

The V¥ariance Ratios in Table 4.3 cannot be compared with those in
Table 4.1, since the former were regressed to have no intercept term
and the latter were logarithmiczlly trapsformed. The hignly
significant linear association between peak flow rate and volume of
runoff can, however, be gauged from the significance of the Yarlance
Ratios presented in Table 4.3,

The estimated catchment lag times calculated by substituting the
aquations of Table 4.3 into Equation 4.3 and solving for L, are
compared with the 5CS lag times in Table 4.4, Owing to the short lag
times obtained for scme of the mmall catchments, lag times are
compared in minutes. A scatter diagram of the lag times is shown in
Figure 4.1 which indicates an under-estimation of lag time using the
55 equation dfor all catchmenis except those situated in the arid
regions of Safford (45001/2) and Albuquerque (47002).

An evaluation of the estimates of peak flow rate obtained for the
hydrographs of each catchmet using the 3CS lag time and the estimated
catchment lag ftime was made by way of the Coefficient of
Determination, D, (r®) and the Coefficient of &fficiency, E
(Aftken, 1973). The Coefficient of Efficisncy is expressad as

1 1

2

Bla, - 80" -Ela, - qe}z Eq. 4.1

s
]

gy - o)’

obsarved peak Tlow rate,

=]
]
1l
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mean of the observed peak flow rates and

=)
Lo ]
n

the sstimate of peak flow rate obtained using the
relavant catchmant lag time.

9

The Coefficient of Determination is defined as

o =12 . 2
by = £q, - qU} E[qﬂ qest] Eq. 4.12
= 12
t(q, -3y
where
Qo = the estimatie of peak Tlow rate as obtained +rom the

linear regression of q, on q.

Both D, and £, will always be less than unity, with values tanding
to unity Indicating accurate sstimations of peak fTlow rate. The
Coefficient of Efficiency may be used as an absolute measure of the
effliciancy of peak flow rate prediction when comparing two catchment
lag times. Furthermore, by considering D, and E, together it is
passible to ascerfain whether systematic error is present, the value
of E1 being lower than D, when this i{s so. The error funciion Fq is
defined as the difTference between Dy and E, {Aitken, 1973). Thus the
closer F1 is to zero, the less systematic error gccurs in prediction.
values D, E, and F, associated with the 5CS lag time and the
gstimated catchment lag time Tor each of the twelve catchments are
shown in Table 4.5, _

The resuits of Table 4.5 illustrates the considerably improved
estimates of peak flow rate on all the catchmenis when using the
estimated catchment lag {imes calculated from the lipear runoff
distributions. When approximazing each runoff hydrograph by & single
trianqular hydrograpn, the estimated peak 7icw rate s inversely
propartional to the lag time. The estimates of pesk flow rate for
corresponding storms wusing different catchment lag times are thus
direct muliiples of one another. Consequently the arror function D,
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Table 4.4 Comparison of catchment lag times estimated using single
trianqular procedures with SCS lag times

Catchment Estimated catchment SCS lag
lag time {min) time {min)
26003 8.0 2,6
37001 3,4 8,5
37002 44.0 21,9
44005 6,6 5,2
45001 18,6 66,3
45002 11,8 60,0
47002 9,2 9,8
yimMiz 44,9 10,2
¥imza 83,7 18,5
Y7MD3 78,8 14,3
WiMig 252,1 34,3
WiM17 117,0 13.7
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Table 4.4 Comparison o7 c¢atchment lag times estimated using single
triangular procedurss with SC5 lag times

Catchment tEstimated catchment SCS lag
lag time ({min) time {min}
26003 8,0 2,6
37001 31,4 8.5
37q0e 44.0 21,9
44005 ' 6,6 5.2
45001 19,5 66,3
45002 11,8 60,0
47002 9,2 9,8
¥iMi12 44,9 10,2
YiMz2a 63,7 18,5
Y7MO3 78,9 14,3
WiM16 252,1 34,3
WiM17 117.0 13,7
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Table 4.5 Error functions for predicted peak flow rates
obtained using the sitandard 5C3 catchment lag time
and the estimated catchment lag time

Error Function

Catchment Procegure D1 E, Fi

26003 SCS lag time 0,488 -7.107 7,536
Estimated lag time 0,489 0,460 0,029
37001 SCS lag time 0,704 -4,958 5,662
Estimated lag tise 0,704 0,676 0,028
37002 5C5 lag time 0,824 -1,405 2,229
Estimated lag time 0.824 3,815 0,009
44005 S5CS lag time Q,75% 0,590 ad,169
Estimated lag time 0,755 0,711 0,048
45001 5C5 lag time 0,941 «0,312 1,253
Estimated lag time 0,941 ¢,934 0,007
45002 SCS lag time 0,301 -0,542 1,443
Estimated lag time 0,901 0,890 0,011
47002 SC5 lag time 0,900 0,483 0,417
Estimated lag time 0,900 0,899 0,001
yimMi2 SCS lag time 0,976 -16,060 17,036
Estimated lag time 0,976 0,975 {0,001
VIM28 5C5 lag time 0,853 -5,437 6,250
Estimated lag time 0,853 0,766 0,087
¥7MD3 SCS lag time 0,703 ~28,661 29,364
Estimated lag time 0,703 0,686 0,017
H1M1EI SC5 lag time 0,385 -50,251 51,246
Estimated lag time 0,995 0,994 ¢,0Mm
WiM17/ SCS lag time 0,747 -112,381 113,128
Estimated lag time 0,747 0,737 0,010
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is the same for a particular catchment regardles of lag time used.
It is thus the error function E1 which providas a beiter measure of
the efficiency of peak flow rate prediction when comparing the twe
catchment lag times. From Table 4.5 it is clear that poor estimates
of peak flow rate are gbtained from the lag times calculated using
the SCS lag equation. The values of F1, which are greater than 1,0
en all except catchments 44005 and 47002 indicate the high systematic
error associated with the SC5 lag times. The values of Fyare less
than 0,088 for all catchments when using the estimated catchment lag
times, indicating minimal systematlic errors In peak flow rate
prediction. Significant Improvements to estimations.of peak flow
rate, obfained using the estimated catchment lag fimes, can therefore
enly be made by eliminating 'random' errors - indicated by the
deviation of the error function D1 from unity- which are to 2 large
extent related to variations in the Individual storm characteristics.

A principal facior affecting catchment lag time appears to be the
type of runoff produced in each region. Unpublished research results
for the humid Zululand catchments have indicated that up to 70
percent of direct runoff can be due to sub-surface ¥Flow {Hope, 1981}.
The long estimaied catchmeni lag times for caichments WiMIe and
WiM17, where hydrographs typically have a low peak flow rate per
yolume of runcif indicate the high retardance Tor such sub-surtace
flow. 0On tha other hand, overland flow is generally a major
contributor to the runeff of arid catchments where shallow soils are
frequently underlain by imperviocus rock strata and do not support
sufficient vegetation to promete infiltration or prevent surface
sealing. The inability of the 5C5 lag equation f¢ simulata the
corresponding short travel times 1s indicated in Table 4.4 where the
lag times fTor catchments 45001 and 45002 are <considerably
over-astimated when using the SCS lag equation.

The 5C5 lag equatian ls based on overland flow critariz and the
retardance factor CN is epvisaged as a measure of the retardance of
surface conditions on the rate of runoff (Mational Engineering
Handbook, 1972). The inclusion of CN' Into the 5CS lag equation
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is the same for a particular catchmeni regardles of lag time used.
It is thus the error functicn E1 which provides a better measurs of
the efficiency of peak flow rate prediction when comparing the two
catchment lag times. From Table 4.5 {t {s <lear that poor estimates
of peak flow rate are obtained from the lag times calculated using
the 5C5 lag equation. The values of F,, which are greater than 1,0
on all except catchments 44005 apd 47002 indicate the high systematic
arror associated with the 5C5 lag times. The values of FI are less
than ©.088 for all catchments when using the estimated catchment lag
times, indicating minimal systematic errors in peak flow rate
prediction. Significant improvements to estimations.of peak flaow
rate, obtained using the estimaied catchment lag times, can therefore
only be made by eliminating 'random' errors - indicated by the
deviation of the error function D, from unity- which are to a large
extent related to variations in the individual storm characteristics.

A principal Jactor affacting catchment lag time appears to be the
type of runcff produced in each region. Unpublished research results
for the humid Zululand catchments have indicated that up to 70
percent of direct runoff can be dus to sub-surface ilow (Hope, 1981).
The long estimated catchment lag times for catchments WiIM1G and
WiM17, where hydragraphs typically have & low peak flow rate per
valume of runofi Lndlicata the high retardancs Tor such sub-surface
flow. On the other hand, overland flow is generally a major
contrijutor to the runovf of arid catchments where shallow soils are
frequently underlain by impervicus rock stratsz and do not support
sufficient vegetation to promote infiltration or prevent surface
sealing. The inability of the S0S lag equation to simulate the
corresponding  short Travel times is indicated in Table 2.4 where the
lag timas ¥or catchments 45001 and 45002 are considerably
over-astimatied when using the 5CS lag equation.

The 505 lag equation is pased on overland flow critariz and the
retardance factor CM {s envisaged as a measure of the reiardance of
surface conditions on the rate of runoff (Mational Engineering
Handbook, 1872). The inclusion of CN' into the SCS lag 2quation
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seems inadequate 1o account for either the high percentage of sub-
surface flow preseat in ithe hmid and sub-humid regions or the
dominant surface renoff found in the arid areas. Estimates of Ci'
are derived Trom field surveys of soil type, vegetation type and
condition of the catchment for average antecedent conditions.  Such
estimates are often highly inaccurate when compared with the 'actual'
catchment Curve HNumber for each runcoff event which is obtained by
solving for S in the stormflow equation shown below using recorded
rainfall and runoff data, viz.

Q= (P - 0,257
- {F - 0,85
from wiich
$ = {0,80 ¢ 0,47} + J{0,80 + 0,4P)2 - 0,16(P2 - QP)

0.08
Eq. 4.13

Since the condition that P 0,25 must be satisvied, only the square
root term preceded by the negative is meaningful in Equation 4.13.
Substituting measured wvalues of ¢ and P Into Equation 4.13 to
determine S and hence (N enables the determination of the actual
catchment Curve Number for each storm. A wide range of CNs
calculated for the events of zach catchment using Equation 4,13 are
obtained. The results for catciment 45001 typify such variability
with values of CN ranging from 72,0 to 97,7 and having a mean of 86,8
{c.f. Table 5.1). A mean-catchament Curve Humber calculated using
recorded data {836,8) provides a more répresentative [ndication of
catchment response than a fleld estimatad value (79,0) which assumes
antecedent mo{sture conditions o be average and {s based on
subjective appiications of empirically quantified field
classifications. The SC$ lag equation is highly sensitive to CN' and
2 change from the measured value of 79,0 to 86,8 represents =z
decrease in lag time of 23 percent. Precision in the determination
of CMN' 1s thus critical vor accurate estimates of lag time, Such
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precision is seldom attained.

The relationships between the estimataed catchment lag time of Table
4.4 show strong regional trends, suggesting that lag time is affected
by climatic conditions. Climate has a major influence on both the
spils and the type and condition of vegetation in a region and has
been found to be closely related to varicus drainage characteristics
{Bedient, Huber and Heaney, 1978). Both soils and vegetation affect
the refardance and proportions of surface and subsurface Tlow,
suggesting a link befween climate and lag time,

The temporal distribution and intensity of rainfall has a2 dominating
influence on runoff production which modifies the effact dus to soils
and vegetation. The precipitation rate of short [ntense storms
frequently exceeds soil infiltration rates, resuvlting in a large
proportion of overland runoff. Low intepsity rainfall of long
durations trequently Initiates suobsurface fTlow. Although storm
characteristics will vary widely within a catchment, thereby
affecting individual storm lag times, the average catchment response
time can be expected fto depend, in part, on the tiypical
charactaristics of rainfall for the region,

Owing to the inaccurate esiimates of caichment lag time obtained
using the 5C5 lag equation, a multiple regression analysis was
undertaken teo provide improved estimates of catchment lag time for
ungaugad caichments.

4.3.3 Empirical relationships to determine catchmeni lag {ime

The relationship was investigated beiween estimated catchment lag
time, L (h} and :

{. catchment area, A {kmzj,

2, ¢aichment hydraulic length, 1 {mj,



72

precision is seldom attained.

The relationships between the estimated catchment lzg time of Table
4.4 show strong regional trends, suggesting that lag time is affected
by <¢limatic conditions., <Climate has 2 major influence on both the
sgils and the type and condition of vegetaticn in 2 region and has
been found to be ¢losely related to various drainage characteristics
(Bedient, Huber and Heaney, 1978). Both s0ils and vegetation affect
the retardance and ¢roportions of surface and subsurface Tlow,
suggesting a link between climate and lag time.

The temporal distribution and intensity of rainfall has a dominating
influence on runoff production which modifias the effaci due to soils
ami vegetation. The oprecipiiation rate of short intense siorms
freguently exceeds soil infiltration rates, resulting in a large
proportion of overland runeff. Low intensity rainfzll of lorg
durations fraquently Initiates subsurface flow. Although storm
characteristics will vary widely within a catchment, thereby
affecting individual storm lag times, the average catchment response
time can be expacted to depend, in part, on the typical
characteristics of rainfall for the region.

Owing to the Inaccurate estimates of catchment lag time obtained
using the SCS lag squation, a multiple regression analysis was
undertaken to provide improved estimatas of catchment lag time for
ungauged caichments.

4.3.3 Empirical ralationships to determing catchment lag time

The ralationship was investigated betwesn estimated catchment lag
time, L {h) and :

\. caichment area, A {kmz},

2. catctment hydrawiic length, ! (m),
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3. average catchment slope, y {%],
4, poteptial maximum retention, S {mm),

5. regional most intansz 30-minute period of rainfall
Typlmm.n’),

6. regional storm duration, ﬁu(h}, and
7. mean annual orecipitation, MAP (mm).

The values of the physical catchment charactaristics may be obtained
from Table 3.2, whila catchment mean annual orecipitation and
regignal rainfall indices, obtained by averaging the storm maximum
thirty-minute raintall intepsities and durations vor e=ach region,
have Dezn presantad in Tables 3.1 and 3.3 respectively. Potential
maximum ratantion was transformed by the addition of 3 constani term
to ferm the vartabla (§5 + 25,4), according to the srocadures followed
in the S5C5 WNationa! Engineering Handbook (1972} to enable the
calculation of lag time tor a poientis!l meximum retention of zaro
millimetres, which corresponds with an impervious caichment. The
regression 2quation obtained when comiining s1! the independent
variables is given in Tablz 4.6 together with other relevani
statisiics pertaining to the equation.

The results oFf Tablz 4.6 indicate a nigh degr2s of assaciaticn
betwesn lag time and the indspendani variablss usad. However, the
use of savan indevendent variablas in the ragr=ssion analysis, which
ls basad on zThe rasulis Trom only twelve catchments, lsaves anly four
degrees of ireedom for random error. fn addition, the total
correlation coefvicient mairix shown in Table 4.7 indicates 3 nigh
degres of inter-corrslation betwasn indepandent varisbizs,

In order to reducs ihe number of independant variables, 1| and (8§ +
25,4} wnich nad the smallest correspeonding t-vzluss, weres omititad
from tThe enalysss io form a Fiva parameisr mod2l. The ragrassion



Table 4.6 Statistic's relating to the seven parameter multiple regression analysis
of catchment lag Limes estimated using single teiangular procedures.

CoefFicient of Variance
Reyression Lquation Determination Ratio
{r¢) (F)
Ly = 2,0 a010,0.00 452,10 980 28,400%
yﬂ.ﬂl (s + 251410,36 Téﬂz,ﬂ? ﬁu1.2ﬁ
tndependent variable A | ¥ 5125,4 TSD ﬁu MAP .

Student.'s t-valoe 1,302 0,087 3,085

0,655 2,906*

2,595  4,900%%

174



Table 4.6 Stallstic's relating to the seven parameter multiple regression analysis
of catchment lag Limes estimated using single triangular procedures.

Pp— ——

Coefficient of Variance
Regression Equaticon Deterniination Rakio
(r2) (F)
L, = 2.0 A0-10,0.04 210 980 20, 400%*
0.51 0,36 2,87 5 1,26
¥ {5 + 25.‘1] TBI'J 1 ﬂu !
Ludlependent variable A | ¥ 5+25,4 L Du MAP

Sludient's L-value 1.302 0,087 3,065%

4,055 2,906*

2,595  4,906%*

?L
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Table 4.7 Correlation matrix relating independent variables to lag time

A
1

A 1.00 ¥
1 .35 1.00 S5+£5.4
¥ At -.07 1.00 T3ﬂ
5+25.4 -.14 -.35 .40 1.00 Eu
IEG -.43 -.33 -.50 -.09 1.00 MAP
Du .35 .18 .28 .30 -.54 1.00 Los
MAP -,13 -.36 .46 .67 -.44 wh 1.00
L .58 37 .36 3 -.77 81 -b 1.00
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equation for the reduced analysis with the relevani statistical
information is shown in Tablie 4.8.

The results of Tabie 4.8 provide an accurate means of predicting
catchment lag time with all the variabies making a significant
contribution to ihe prediciion eguation. However, as indicated by
Hewlett (1981), a model that predicts adequately does not always
explain  well. Geperally it 1s accepted that Intense storms
corraspond with storms of short duration and give rise to short lag
times. The regression equation {n Table 4.8, however, indicates that

as Du increases lag time w{}l decrease. Conversely the positive sign
of the correlation between D, and lag time {Table 4.7) indicatas that
as D, increases catchment lag time increases. In an attempt to
simplify coefficient interpretation, ﬁu which was significantly
related to both I, and MAP, was dropped from the regression
analysis. The results of the four parameter rzgression model are
shown In Tahble 4.9,

The regression equation in Table 4.9 is both statistically
significant and is based on meaningful and simply defined varisbles,
In Table 4.10, catchment lag times regressed from the equatlon in
Table 4.9 are compared with catchment lag times estimated wusing
single triangular procedures and SCS lag times (¢.7. Table 4.4.). A
scatter diagram of regressed versus estimated catchment lag time s
given in Figure 4.2, The c¢ioser approximation of ihe point
distribution To the 1:1 iine in Figure 4.2 when compared with that in
Figure 4.1 gives an indication of the improved estimation of ilag time
obtained using the squation in Table 4.9.

The estimatad catchment lag Times presented in Table 4,10 provide the
pest eéstimates of peak Tlow rate for the recorded hydrographs of each
catchment, when intra-catchment variations in lag time are (gnored.
In order o estimate individual stoerm lag times, an attampt |s made
{n the next section to provide non-linsar adjusiments 1o such
constant catchment lag times by considering the stomm characteristics
of the individual events. )
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equation for the reduced snalysis with the relevant statistical
information is shown in Table 4.8,

The results of Table 4.8 provide an accuratz means of predicting
catchment l3g time with all the variables making a signiticant
contribution to the prediction equation. However, as indicated by
Hawlett {1981), a model that predicts adeguately does not always
explain  well. Ganerally it is acceptad that intense storms
correspond with storms of short duration and give rise to short lag
times. The regression equation in Table 4.8, however, indicates that
as ﬁu increases lag time wiil decrease. Conversaly the positive sign
of the correlation between 0 and lag time (Table 4.7) indicates that
a5 Du increases catchment lag time incrgases. In an attempt to
simplify coefficient interpretation, Du which was significantly
related o both ISD and MAP, was dropped from the regrassion
aralysis. The results of the four paramgter regression model are
shown In Table 4.9,

The regression equation in Table 4.9 is both statistically
significant and is based on meaningful and simply defined variables,
In Table 4.10, catchment lag times regressed from the equation in
Table 4.9 are compared with catchment lag times estimated using
single triangular procedures and SC5 lag times {c.f. Table 4.4.). A
scatter diagram of regressed versus estimated catchment lag time i3
given in Figure 4.2. The closer approximation of the point
distribution to the 1:;1 line in Figure 4.2 when compared with that in
Figure 4.1 gives an indication of the improved sstimation of lag time
obtained using the squation in Table 4.9.

The estimated catchment lag times presentad in Table 4.10 provide the
best astimatas of peak flow rate for the recerded hydrographs of =ach
catchment, when intra-catchment variations in lag time are ignored.
In order to sstimate individual storm lag times, an attempt is made
in the next ssaction to provide non-linear adjustments to  such
constant catchment lag times by considering the siorm charactaristics
of the individual events. '
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Table 4.8 Statistics relating to the fine parameter

multiple
regression analysis of catchment lag

times estimated

using singular triangular procedures

Coefficient oF Yariance
Regression Equation Detarminatian Ratio
(r*) (F)
Leg = 1,9 AT42 pp? 10 977 30,320 **
0,85 = 3,00 5 1,25
yh® 1,005,

Independent variable A ¥ Tég Eu MAP
Student's t-value 7,566%% 3 Q27%* 4 4Q5%* 3 526% 7,130%*

Table 4.5

Statistics relating fo the four parzmeter muitiple

regression analysis of catchment lag times estimated
using single triangular procedures

Regression Equation Coarficient orf Yariance
Determination Ratio
(r) {F)
L, = 20435 pypts 10 ,928 22,700+
0,30 ¢+ 0,87
41,67 y 130

Independent variabie A y TBD MAP
Student's t-value 4,278** 1,173 1,897 5, ,253*=
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Table 4.10 Comparisan of catchment lag times estimated using single
triangular proceduras with regressed catchment lag times
and SC5 lag times

Cotctment  time ©ime “Fine "

{min} {min} (min}
26003 8.0 11,6 2,6
37001 31,4 27,3 8,5
37002 44,0 48,4 21,8
44005 6,6 7.2 5,2
45001 19,6 19,1 86,3
45002 11.8 20,0 60,0
47002 9,2 8,9 9.8
YiM12 44,9 41,7 10,2
Y1mM28 63,7 47,7 18,5
y7M03 78,9 43,6 14,3
W16 252, 1 265,0 34,3

WiM17 117,0 155,2 13,7
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Table 4.10 Comparison of catchment lag times estimated using single
triangular procedures with regressed catchment lag times
and 5CS lag times

Estlmated lag Regressed lao SCS lag

Catchment t ime time T ime
{min} (min} {min)

26003 8,0 11,6 2,6
37001 31,4 27,5 8,5
37002 44,0 48,4 21,9
44005 6.5 7,2 5,2
45001 19,6 18,1 66.3
45002 i1.8 20,0 50.0
47002 9,2 6,3 9.8
ViM12 44,9 11,7 10,2
¥imM2a 63,7 17,7 18,5
Y7M03 78,9 43,6 14,3
WiM16 252,1 265.0 34,3

WiM17 117,0 155,2 13,7
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4.3.4 Lag times for individual evenis determined from non-1inear
rainfall characteristics

The relationship between individual storm lag fimes and the estimated
catchment lag time was dete2rmined from a multiple regression analysis
betwean the ratio of estimated peak flow rate divided by observed
peak Tlow rate qpefqpc and :

1. five day rainfall total preceding the svent, APL (mm),
- 2. storm rainfall amount, P (mm],

3. storm duratien, O (mm),

4. kinetic epergy of the rainfall evert, E {J.m '2}

5. most intense 30-minute period of rainfail, [45 {mm.h'i}.

The APl was transtormed by the addition of a constant term to give
the variable (APl + 1}, in order to enable the regression equation to
be calculated when zero values cocurred in the data set. The results
for the five parameter regression analysis are summarised ip Table
4,11,

ror eight of the catchments the Variance Ratios differ significantly
irom unity indicating a high degree of association beiween errors in
the estimated pesk flow ratas and the storm characteristics
cons idered. The relative importance of the various stcrm
characteristics s given in Table 4.12.

The most Important variables afvecting the deviation {n estimated
pegk Tlow rates from observed peak Tlow rates for individual events
are IED’ E and Du. The variable IEG is significantly
correlated with qpef'qpG Tor seven of the catchments, one of which
{45002) shows an increasz in qpeiqpﬂ with increase in 130‘ A hign
value of 130 should produce a recorded peak flow rate higher then



80

4,3.4 Lag times for individuzl events determined from nan-linsar
rainfall charactaristics

The relationship between individual storm lag times and the estimated
¢atchment lag time was detearmined from a muitiple regression analysis
between the ratio of estimated peak flow rate divided by observed
peak Tlow rate qpequﬂ and :

1. five day rainfall foizl preceding the avent, API (mm),
- 2. storm rainfall amount, P (wm},
3. storm duration, ﬂu {mm},
4, kinetic energy of the rainfall event, E {J.m '2},
5. most intense 30-minute peried of rainfall, Iau {nn.h'1}.

The API was transtormed by the addition of a constant term to give
the variable (APIL + 1), in order to enable the regression equation 1o
be calculated when zere values occurred in the data set. The results
for the five parameter regression analysis are sumarised in Table
4.11.

For eight of the catchmenis the Yariance Ratios differ signiTicantly
from unity indicating a high degree of association between errors in
the estimatad peak flow rates and the storm characteristics
cons idered. The relative importance of the wvarious storm
charactaristics is given in Table 4.12.

The mast important variables afvecting the deviation in astimatad
peek Tlow ratas from observed peak flow rates for individual events
are ISE’ E and Du‘ The variatle 13[:| is significantly
corralated with qpe,f'qpG far seven of the catciments, one of which
(45002) shows an ipcrzzsa in qﬁefqu with increasa in ISD‘ 4 nigh
valua of 133 should produce a recorded peak low rate higher than
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Table 4.11 Regrassion squations for the five parametzr multiple regression
analysis of qpefqpn with storm characteristics for individuzl events

Loefficient of VYariancs
Catchment Rear=ssion Equation Determeination Ratia
(r) (F)
26003 q . = 73,95 Pt 018 0,71 9,019 (*+)
0,17.0,33 1,15
U5 (AP1+1)0- 170 Lig
37001 Qpe = 32.76 (APLs1) 0,04 , 0,70 0,46 9,010 (**}
0,13 - 0,61 0,50
Y0 Oy = 30
37002 Qe = 21,86 (AP1+1) .01 , 0,82 0, 0.08 0,82 8,460 (**)
— T B )
qpu E I3ﬂ
44005 g, = 0,73 (aprey) 001 p 0.76p 001 ¢.04 0,201
Ioo g #0931, 000 0,04 0,201
45001 Gpe = 0,10(APL+1) 0,02 0, €.0% ¢ 0,83 0.14 0,934
— .37 70000
950 P I3o
45002 dhe = 0,637 0.81 007 0,41 3,330 (*)
47002 dhe = 1.90(APL+1) 0.06 , 0,30 0,49 2,091
— 0.03. 0.13 . 0.66
qpu Ou E Iaﬂ )
v IM12 Goe = 2,44(APT+1) 0.01 g0,31 0,04 0,65 5,280 ()
— 0,24 0,20
g By l3g
. M
Y 1M28 Ipe = 1,70 (ap1+1) 000 g 0.1 2 033 0,43 1,075
S 3,21 .32
qpn P ISD
YTMO3 Gye = 2,33 pl.01 0, 0.01 0,62 5,530 (*%) |
—— 0,05 8,28 . A58
YIM1G Gpe = 0,34 (APT+1) 0,010,985 9,23 0,54 3,010 ()
— 0.07 .05
A9 £ I30
WiM17 Qe = 4.32 SUREL 0, 0,07 0,75 4,230 (=)

0.17 2 0,31 - 0,26
{API+1) g g
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Table 4.12 Statistics reiating to the five parameter muitiple regrassion
analysis o7 q_./q.. with storm characteristics vor individual

avants pe pah

Catchment Indegendani, Yarizhia
26003 Student’s i-value, t 1,869 0,355 0,949 0,258 3,254%%

Correlation coetfficiant, » 0,061 0,088 0.484* .0,112 -0,083*%*
37001 t 1,318 1,330 0,891 1,735 1,774

3 0,312 -0,422% (0,388* -0,5883%* .J,756**
37002t ) 0,616 1,567 0,499  2,340% 0,249

r 0,230 -G,0%0 0,630 -0,p20* -0,830%*
44005 t 0,304 0,657 0,057 a,19 0,523

r 0,074 ¢,139 0,129 J,019 -0,030
45001 1,814 0,485 0,752 0,920 0,972

3
=
(]
n
(]

0,281 0,203 3,257 0,100

15002 t 1,788 2,085 2,13% 1,028 0,556
r 3,272 0,037%* 0,157 0,486*= 0,378*+

L 47002 + t,409  §,100 0,179 0,308 1,812

r 0,378 43,197 0,383 g.060 -3,1487
Yi1M12 t : g,210 1,069 1,736 g,104 3, 142*>
r 3,210 -0,45%0 0,270 -0,020%* -3, 740%*

YiM28 T ) 0,517 0,281 0,772 0,450 1,268

r 0,260 -0,149 0,409 -0,293 -0,549

Y¥iMo3 t },814 1,560 10,082 2,333 2,806%
r -0,120 -0,380 0,384 -0,45%0~ -0,710%*

PR T ) 9,393 1,051  3,740%% {0,340 G727

r -0,020 2,185 . 0,7tev* 0,019 -g,322

W7 t 1,120 0,835 218 1,000 3,350

VR
r -3,100 0,099 Q,740%* 0,210 -3,310%~
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Table 4,12 Statistics relating to the five parameter muitipls regression

analysis of q__7/q

#with storm charactaristics for individual

avenis pe po
Catchment Independent Yarfadle

26003 Student's t-value, t 1,868 §,355 0,989 0,256 3,254%=
Correlation coefricient, v (,081 {,088 0,484* -0,112 -0,093%*

37001 t 1,218 1,330 Q,8%1 1,735 1,774
r 0,312 -0,422% (1,388 -Q,533%% . 75p**

37002t ) 0,616 1,567 0,499 2,340 0,249
r 0,230 -5,0%0 4Q4,830* -0,020* -0,330*~

45005 t 0,304 Q,657 Q,057 0,194 9,523

r 0,074 0,139 0,129 0,019 -0,030

45001 t i.614 0,498 {(,752 0,320 0,974

r ¢,053 0,281 §,203 0,257 0,100

15002 t 1,788 2,0585* 2,139 1,028 0,536
T -0.,272  0,537** 0,157 0,486 0,375*~

. 47002 t 1,109 1,300 0,179 0,308 1,812

r 0,378 0,197 0,383 0.08% 0,147
YyiMi1z i 0,210 1,009 1,736 0,104 3,142%=
r 0,210 -0,450* 0,270 -0,6820** ., 730%*

¥ 1M28 t 4,517 0,28+ ,772 Q.480 1,268

r 0,260 -0,149 0,409 -0,293 -0,54%

Y7MO3 T G,214 1,588 0,082 3,633 2,306%
r -3,120 -0,180 0,388 0,430 .0,7i0*+

Wi a £ 7,393 1,054 1,780+ 0,340 0,727

r -2,4920 4,193 .Q0,718% .5 19 -3.322

WimM17 L 1,120 9,838 Q0,418 1,000 J,350
r -3,100 0,080 Q,7dQ**+ -3 310 3,310+
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that estimatad using an average catchment lag time and hencz should
correspond with a low valus of qpaquD. Mo reasen Tor the
disagresment of the results of catchment 45002 with this axpeciad
trend could be found. The varigbls, E is signiticantly corrslatad
with qpefqpn for five catchments. As with 130* catchment 45002 shows
a4 positive sien 7or the corrslation cosfficient between £ and
qpefqpa, which is contrary to what would he axpectzd, The variable,
D, has a significant positive correlation with qpefqpﬂ for five
catciments, indicating a decreasa in gbsarved peak Tigw rate ralative
to the estimaied peak {low rate with increase in storm duration. The
variable (APl + 1) was not signiticantly corrslatad with qpefqpn for
any catchment w#hilz ? showed a signivicant correiation sor only thres
catchments. tudent's t-values confirm the domination of IBD’ £ and
D. in determining peak vlow rate and suggest the use of a reducad

u
model ipcormarating only the thres deminant variablss.

Since a high degree of intarcorrelation exists between IEU and E,
they were ccombined as EI3Q, which was found by Wischmelzr and
Smith (1958} to be a good Indicator of rainstorm classification in
tarms of erosion groducing capacity. The results of the raduced two
narameter multiple regression anaiyses are shown in Tablas 4.13 and
4. 1d, The =ame eight catchments have F  values slgnivicantly
diffarent from unily In the reducsd model as in the five parameter
model, confirming that minor comtributions only are made by P and
(API = 1) in determining qpefqu' It 13 evidant from the resulis of
Table 4.12 that 13ﬂ is the major contributor ©To the regression
aquations for the reducsd model shown In Table 4,13, Further studizas
could thersrore invesTigsfte 2 2ne Jerimeisr regression squstion using
I:4 as the only rainfall varizte, It was declded, nowever, that for
tie present study, 5Hoth Du g Z showed suvviclsnt zssociztion with
the dependant variablz o e included in the znalysis.

Multiplying the appropriata lzg %lmes sstimsted for =2ach catchment
using the linear ra2grassicn squations (Tabiz 4.3) oHy the aquations of
Tabia 4,13, introducas 2 qaon-linear correction Io ihe linearly
astimeiad <catsimenmt, !3g vime ind orovides an astimaiz of  ths
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Table 2,13 Regrassion =2quations for the two parameizr multiple regressicn

analysis of qpe,’qpa with storm characteristics for individual events

Coefficiant of ‘fariapce
* Catchment Regression Equation Determinaticn Ratio
(re} (F)
26003 Gpe = 64,71 nu”*42 0,54 12,450(*=)
—_ 0.43
qpo EISH
37001 dpe = 23,06 nu“r“? 3,60 19,601( **)
—_ 0,37
%50 Elag
) 0,13 i
37002 -qp_E = 11,15 DH - 0,75 18,617(**)
qpﬂ Elyg™
84005  q_. = 0,94 00:0% 0,02 0,283
= : 5701 ' ‘
Tng Elqg
45001 e = 0,52 Elaﬂu'ﬂﬁ Dua,ua 0,08 1,344
45002 g, = 0,31 E1yP ! g 002 0,21 4,185 (*)
47002 Qe = 2,05 l::u“*"* 9,20 1,747
— 0.08
Uhq Elzg
¥iM12 I = 7,33 9,49 8,180(**)
— 5,08 0,0
4o Elag ' D,
¥ iM28 Gpe = 6:02 0,04 0,33 2,489
—— . 0.26
Ung £l
y7M03 Qe = 9,31 uuﬂ*” 0,42 7,350(*}
— 0,27
qpu =l3g
a - - ﬂ 2? - .
WiMi3 Gy = 0,47 00" 3,52 14,3100 %)
— 0.01
BT Elyg
Wi 7 Qg = 2.19 uu”*z- 0,56 9,560( *)
_ = 0,14
qgc tIlﬂ
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Tabls 4,33 Regression equaticns f9r the two parameisr multipls regression
anaiysis of qpefqpﬂ with storm characieristics rtor ingividual avents

Coefficiant oF Yarianca
Latchment Regression £quation Detarminaticn Hatio
(r2) {F)
26003 dpe = 64,7 0,04 0,54 12,450( =)
—_— 0,43
%o Elzg
37001 e = 23,06 0,0 0,60 19,601(**)
T g,31
e El3g
i 0,13 )
37002 qu = 11,15 DI.I 0,74 18,617(**)
- 0,26
9 Elsg
A 0,05
14005 qpe = 0,94 Du 0,02 0,253
— 0.01
90 El3g
i .. 0,06 . 0,08
458001 qpe = 0,52 I:ISG DLI 0,08 1,344
%0 .
i 0,11 . 0,02
45002 dpe = 031" oy 0,21 4,185 (*)
47002 .. = 2,050 0.4 9,20 1,747
pe Il u b — 1
P 0.0%
9ha Elzg
Mz g, = 7,33 0,49 8,160(*)
- a,1% o 0,01
%o tlap 0,
s g, = 8,02 p,0-%* 2,33 2,480
— =t .28
Ina Elgg ]
O3 Gna = 9,31 DUG.TK g,44 7.,850( )
— g,27
qpa EIED
(115 Gy, = 0,47 05% 3,52 14,310(")
- _. 0,01
g 2l
AT e = 2,19 nu“*24 3,55 9,550( ")
: e
S50 =130
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Table 4.14 Stafistics relating to the two parameter multiple
regression analysis of q../q o with storm
characteristics for individual eP&ntE

Catchment Independent variable

5130 D,

26003 Student's t-value, t 3,758 4,078%*

Correlation coefficient, r -0,424% Q,484%

t 5,420** 0,839
37001

r -0,768%* 0,388*

T 4,190%* 1,872
37002

r -(,B828%* a,630*

t 0,111 0,710
44005

r 0,008 0,129

t 1,117 1,222
45001

r (0,185 0,203

t 2,719 0,463
45002

r 0,4565%=* 0,157

i 0,965 1,864
47002

r -ﬂ,ﬂn U,333

(o 3,725%* 0,150
YiM12

r -0,690*%* 0,270

t 1,572 1,438
YiM2a

r -0,441 0,408

i 3,230k 1,551
¥7M03

r -0,6Q7%% 0,384

i 0,324 5,348%*
WIM1B

r -, 146 0,7 16%*

t 1,752 2,074
WiM17

r -0,716%* 0,740**
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individual storm lag time. The calculation of such an intra-
catciment lag time thus includes the effecis ofF both the
phys iographic and climatic characteristics of the catchment and the
rainfail characteristics of the storm.

It is interesting to note that of the four catchments shown in Table
4.13 to have non-significant F values {44005,45001,47002 and VY1M28),
three catchments (44005, 45001 and YiM28] have runoff distribution
regression slopes different at the five percent level from unity
(Tabie 4.2). Furthermore, caichmeni 45002, which iogether with
catchment 45001 shows an unexpected increase in qpefqpn with increase
in Elau, also has a runoff regression slope different at the five
percent level from unity.  Such non-linear regression slopes have
been attributed to physiographic catchment characterisiics (Askew,
1970; Rogers, 1980}, which appear to dominate the affect rainfall
characteristics have on the runoft distribution when the rumoif
distribution slopes differ significantiy from urity. The conflicting
riale played by catchmeni and rainfall characteristics in determining
the runofi distribution and deviation of individual svenis from this
distribution mst be separated if the coniribution made by individual
processas is to ke beifer understood. Avtampts to describe
empirically the relationships between catchment characteristics and
the runoif distribution have been unsuccessful {Askew, 1970; Rogers,
1980). The resulis of Tables 4.13 and 4.14 indicate that the effect
rainfall c¢haracteristics have on the direct runoit distribution can
to 2 large axteni be evaluated.

The Imporovements to estimates of peak flow rate, obtained using the
astimated catchment lag time, when modifications to such.a lag time
due to individual stormm characteristics are introduced, are indicated
graphically In Figure 4.3 f7or Tour szlacied cztchments. The
reduction in scatter of the point distribution about the i:1 line
when individugl storm characteristics are iniroducad into the
determination of lag time may be sezen clearly by drawing conneciing
vectors betwean corresponding points.
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individual storm lag time, The calculatfon of such am intra-
catehment  lag  time thus includes the effects of Dboth the
phys iographic and climatic characteristics of the c¢atchment and the
raintall characteristics of the storm.

It is interesting to notz that of the four catchments showm in Table
4,13 ta have non-significant F values (44005,45001,47002 and V1M28),
thres catchments (44005, 45001 and Y1M28) have runoft distribution
regrassion slopes different at the five percant level from unity
{Table 4.2}. Furthermore, catchment 45002, which together with
catchment 45001 shows an unexpectead increase in qpefqpu with increase
in EIED’ also has a runoff regression slope different at the five
percent level from unity.  Such non-linear regression slopes have
been attributed to physiographic catchment characteristics {Askew,
1970; Rogers, 1980}, which appear to dominate the effect rainvall
characteristics have on the runoff distribution when the rupoff
distribution slopes differ significantly from unity., The conflicting
rele played by catchment and rainfall characteristics in determining
the runoft distribution and deviation of individual events from this
distribution must be separated if the contribution made by individual
procasses is 1o be better understood. Attespis to describe
empiricaily the relationships between catchmeni characteristics and
the runoff distribution have been unsuccessful {Askew, 1970; Rogers,
1980). The results of Tabies 4.13 and 4,14 indlcate that the effect
rainfall characteristics have on the direct runoff distribution can
to 4 large axtent be svaluatad,

The improvements to estimates of peak rlow rate, obtained using the
estimated catchment lag time, when modifications o such.a lag time
due to individual storm charactaristics are introduced, are indicated
graphically in Figure 4.3 for four szlected catchments, The
reguction in scatter of the point distribution about the 1:1 line
whan  individual storm c¢haracteristics are introduced inito the
gevarmination of lag time may De saen clearly by drawing connecting
yectors Detwesn corrasponding peints.
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There is evidence which suggests that caichment non-linearity is
related to non-uniform infiltration capacity distribution, which
exists on most catchments and which modifies the erfects rainfall
charactaristics will have on the hydrograph shape and lag time
{Matural Environment Research Council,  1975; Rogers,  1980).
Frequently, according to Regers (1980), infiltration capacities are
highest on 1ihe catchment divide and decrease down the topographic
slope to the flood plains where rupeff producing areas are
permanently moist, approximately identical in size and infiitration
capacity is effectively 2ero (Betson, 1864). The erffect of high
infiltration capacity around the catchment perimetzr would result in
most of the runoff from small fo medium storms originating from near
the catchment outlet with a corresponding short lag time and high
peak flow rate in relation to volume of runoff. For a large storm a
greater percentage of the catchment area would contribute to direct
runoff with sub-surface flow and variable source area mechanisms
domipating in the upland areas, where higher infiltration capacities
and storage effects accur. The affact of this increase n eftective
catchment size contributing to runoff Tor larger storms is for a
relatively lower peak to be produced with corresponding longer lag
times.

It appears therefore that the expected decrease in lag time with
increase in storm size for a catchment where ruroff generation is
spatially uniform, 1is afrvected to a large sxtent by the physical
charactaristics of the catchment and in particular, its s50il
properties. However, the results of Tables 4.13 and 4.14 {ndicate
that the effects of rainfall characieristics on the runevf hydrograph
are nevertheless signiticant, Such non-linearity introduced by
changes in rainfall pattern is shown in Table 4,15 4o Dbe most
gccurately modelled in humid and sub-humid regions. From Table 4,18
Lt can be concluded, however, that although regionalisation ylelds
satisfactory regression equations for the sstimation of individual
storm lag times, the determination of a pocled equation must await
re-gxamination until further data becoms available.
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Table 4.15 Reglomal regression squations for the two parameter
multiple regression apalysis of q_./q with storm
characteristics for individual avents?® P9

‘ {oerticiant of fariance
Region Regression Egquation Detarminatian Ratio
' (r) (F)
USA {sub-humid) 7,87 Du°*15 0,40 313,079(**)
e 0,22
30
USA (arid) 0,49 £1,,008 g 0.0 0,08 3,517(%)
USA (peoled) 1,79 0,018 0.19 21,532( *)
007
€13
SA (sub-aumid} 4,75 ul_i‘:'*"]2 0,16 4,975(%)
0,18
£y,
SA (humid) 0,47 Duu.za 0,44 16,255( *+)
~0.0003
E13G
SA {poolad) {,36 DUG-‘” 0,07 3,845(*)
~0,05
£l

Humid : MAP > 110Cmm  Sub-numid : WAP 30Cmm - 110Cmm
Arid : MAP < 30Cmm
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Tabls 4,15 Regignal regrassion 2quaticns Tor tha twa oarametar
multiplea regression analysis of g o' #lth stomm
charactaristics far individual aventsP® P°

Coerticient af Jarianca
Region fegrassicn Equation Determinatian Ratio
' {rt} (F}
usA (sw-numid) 7,97 o, B 1® 0.40 33,079(**)
i1, 022
USA (arid) 0,49 €1,,7°99 p 0,04 0,08 1,517(%)
USA (pealed) - 1,79 Huﬂ’15 0,19 21,332( =)
SA {sub-numid) 4,75 0 002 0,16 1,375(%)
1,018
SA (humid) 0,47 0,028 0,44 16,253( *)
=1, 0,0003
$& (poolad) 1,36 0,203 0,07 3,346{*)
TNCE

dumid @ MAP = 110Cmm  Sub-numid : HAP 30Cmm - 110Cmm
Arid + MAP < 30Gmm
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4.4 Conclusions

The SCS lag equation, while upnable to account for intra-catchment
variations in lag iime, has been shown to estimate inter-catchment
lag times inaccurately. These inaccuracles are believed due mainly fo
difficulties in differeniiating beiween the mechanisms generating
runeff in difierent caichments. Climatic and regional rainfall
indices provide an indicaiion of the dominant processes contributing
o runeft and hence {hey can be used to estimate an average catchment
lag time. Uliimately, however, it is the characteristics of the
individual rainfall eveni which affect the areal disiribution and
extent of surface and subsurface runoff and thus intra-catchment
adjustments to catchment lag times defisrmined from reglonmal climatic
indices and the catchment physiographic characteristics must be made.

The results presented in this chapter {ndicate the improved estimates
of lag time and hence peak flow rates abtained when incorporating
indices describing inter- and intra-catchment variations in rainfall
characteristics.

These resulis are based upon simplifisd assumptions of a temporaily
vniform rainfall distribution and single triangular approximates of
the runoff hydrograph. In the vollowing chapter & more complex
gpproach using the recorded hyetograph and increméntal triangular

hydrographs will be used to enable comparisons to be mads with the
resutts aiready obtained.
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5. DERIVATION OF LAG TTIME USING INCREMENTAL TRIANGBULAR HYDROGRAPHS

Superimposing incremental hydrographs determinad Trom incremental
pericds of effective rainfall amables the synthesis of peak flow rate
and the total time distribution of runoff for 2 recorded storm event.
The accuracy with which the synthesised rupoff hydrograph
approximates the recorded runoff hydrograph produced by the given
storm, depends on the shape and lag time of the incremental
hydrograph used in the synthesising process.

It 1Is widely accepted that the incremental hydrograph which
anglytically superimposes fo form a representative astimate of the
recorded runoff event typifies the unit hydrograph for the runoff
event (Levi and Valdes, 1964; Mays and Coles, 1980; Mawdsley and
Tagg, 1981}. In the previous chapter such procedures were applied in
a simplified form when the shape of the recorded hydrograph was used
to appreximate a single incremental hydrograph which was assumed to
result Trom a rainfall distributed uniformly over an empirically
determined duration of effective raintall. The procedures of the
present chapter are not restricted by such assumptlons and are wused
to ascertain the reliability of the relationships, obtained in
Chapter 4, describing inter- and intra- catchment variations in lag
time,

5.1 Experimental procadures

5.1.1 Backgroung

The incrementzl hydrograph lag times required to  superimposs
incremental trianqular hydrographs to form 'representative estimatss’
of the recorded runoff events were detérmined Tor the storms of
catchments 26003, 37001, 44005, 45002 and WiM17, Following the
procedures of Chapter 4, synthetic volumes of runofti arz assumed fo
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5. DERIVATION OF LAG TIME USING INCREMENTAL TRIANGULAR HYDROGRAPHS

Superimposing incremental hydrographs determined from Incremental
periods of erfective rainfall anables the synthesis of peak flow rats
and the total time distribution of runoff for a recorded storm event.
The accuracy with which the synthesized runoff hydrograph
approximates the recorded runoff hydrograph produced by the glven
storm, depends con the shape and lag time of the incremental
hydrograph used in the synthesising process.

1t is widely accepted that the incremental bhydrograph which
anzlytically superimposes to form a representative estimate of the
recorded  runoff event typifies the wunit hydrograph for the runoff
event (Levi and Yaldes, 1964; Mays and Coles, 1980; Mawdsley and
Tagg, 1981). In the previous chapter such grocedures were applied in
a simplified form when the shape of the recorded hydrograph was used
toc approximate a single in¢rementz! hydrograph which was assumed to
result from a rainfall distributed uniformly over an empirically
determined duration of effective rainfall. The procgdures of the
present chapter are not restrictad by such assumptions and are used
to ascartaln the reliability of the relationships, obtained in
Chapter 4, describlng inter- and intra- catchment variations in lag
time.

5.1 Experimental proceduras

5.1.1 Background

The Incrementazl hydrograph lag times required to  superimposa
incremantal triangular nydrographs to form 'representative estimatas!
of the recorded runoff events wers detarmiped ¥or the storms of
catchments 26003, 37001, 44005, 45002 and WiM17. Following the
nrocadures of Chapisr 4, synthetic volumes of runo?fT arz assumed 1o
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be predicted accuraiely and are given by the recorded wvolume of
rungff for each event. The shape of the incremental <riangular
hydrographs were held constant wizh 37,5 percent of the total volume
of runoff Talling under the rising limb of the hydrograph.

Since this research was aimed at providing accurate estimates of peak
flow rate the criterion for 'represeniative estimate' of the recorded
hydrograph was directed towards the hydrograph peak flow rate. Lag
time was thus optimised ta determine a storm lag time, LSi
(subscripts refer to a storm lag time determined using incremental
hydrograph procedures}, providing a synthetic hydrograph of peak flow
rate equal fto the recorded peak flow rate. To equate synthetic
runcff volumes with recorded runoff volumes, the actual storm Curve
Numbers determined for each runoff event (Equation 4.13) were used to
calculate the volumes of runoff correspending with each incremental
triangular hydrograph, The Coefficinet of Efficiency, E,, determined
by substituting digitised flow rates obtained at intervals along the
recordad hydrograph trace and corrasponding synthetic hydrograph flow
rates into Equation 4.11 was expressed as a percentage and used to
determine the accuracy to which the shape of the recorded hydrograph
was modelled by the synthetic hydrograph. Since El was required
purely as an indication of the accuracy to which the hydrograph shape
was modelled and thus had to be calculated when no tTime {apse
occurred between the recorded and synthesised hydrographs, ordinates
of peak flow rate for the recorded and synthetic hydrographs of each
storm were 3ligned.

An average oF the storm lag times oF sach catchment was used as an
gstimate of the caichment lag time, L.i- The ratios of storm lag
times divided by the estimated catchment lag time {i.e. Lsi{Lci} were
then regressed against rainfzll characteristics in order to evaluate
the dependence of LSi upon intra-catchment variations in rainfall
characteristics. Hydrographs were also synihesised using incremenial
triangular hydrograpns determined foilowing standard SCS procadures,
using the actual CN as an inpgut into the SC5 lag squation, in order
i0 assess the accuracy of peak Tlow ratz estimatas obtained using the
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5C5 lag equation.

The number of catchments used in this phase of the research was
restricted due to the time required to prepare input data and run the
computer program written to develop the synthetic hydrograph for each
avept. Six catchments were selacted to provide a suitable data base
1o enable catchment lag times estimated using incremental hydrograph
procedures 1o be compared with the caichment lag times estimated in
Chapter 4, Catchments from the USA were preferred since they offizred
the widest range in storm size. One catchment from Zululand was,
however, included in the study to enable a comparison to be made with
the. long lag times obtained for this region In Chapter 4.

Ingcremental triangular hydrographs were convoluted with the rainfall
hyetograph to form a synthetic runof hydrograph. The computer
programs, SCSVL and its subroutines, wused for this procedure are
given in Appendix 2 and discussed in the esnsuing sections.

5.1.2 OQutput options

Oigitised rainfall and runoTf data having besn read, the following
outpui options were possible :

1. The recorded outflow hydrograph could be backrouted to {orm
the inflow hydrograpn to the weir, whera this was deemed
necessary,

2. Synthetic hydrographs could be calculated foilowing
standard SCS procedures,

3. Synthetlic hydrographs could be calculated by optimising
tag time to provide & representative eostimate of the
recorded runoff Rydrograph.
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5CS lag equation,

The number of catchments used in this phase of the rasearch was
restricied due to the time required to prepare input data and run the
computer program written to develop the synthetic hydrograph for sach
gvent. Six catchments were selacted to provide a suitable data base
te enable catcimemt lag times estimated using incresental hydrograph
procadures to be compared with the catchment lag times estimated in
Chapter 4. Caichments from the USA were preferred since they ofiered
the widest range in storm size. One catchment from Zululand was,
however, included in the study to snable a comparison to be made with
the. long lag times obtained tor this region in Chapter 4.

Incremental triangular hydrographs were convoluted with the ralnfall
hyetograph to form & synthetic runoff hydregraph. The computer
programs, 5C5¥L and its subroutines, wused for this procedure are
given in Appendix 2 and discussed in the ensuing sections.

5.1.2 Qutput options

Digitised rainfall and runoff data having been read, the following
output options were possibls :

1. The recorded outflow hydrograph could be backrouted to Form
the inflow hydrograph te the weir, wherz this was deemed
necessary.

2. Synthetic hydrographs could be calculated Toilowing
standard SCS procedures.

3. Syntaetic hydrographs cculd be calculated by oprimising
lag time to provide a representative sstimate of the
recorded  runovT hydragragh,
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5.1.3 Backrouting

Backrouting of the cutflow hydrograph, when required, was done by
means of the level pool flood rowting technique (Subroutine ROUTL).
Owing to an integer ouiput for breakpoint digitised points on the
outflow hydrograph trace, large over- or under-estimations of storage
changes with respect to time were calculated for small time steps and
stage increments, producing marked fluctuations in the inflow
hydrograph. In order to avoid small time steps, stage and time
values were interpolated at constant time intervals on the ouiflow
hydrograph trace. Volumes of runoff for ezch time step (calculated
in Subroutine OQSTEP) were then combined with the corresponding
storage changes determined using stage/siorage equations to determine
an inflow hydrograph largely free of fluctuations.

5.1.4 Synthetic hydrograph calculation

In the calculation of runoff volumes and hence peak flow rates
{Subroutine SYNTL) +or incremental rainfall amounts {calculated in
Subroutine RSTEP) the ordinates of successive incremental itriangular
nydrographs were superimposed fo produce +the synthetic  storm
hydrograph. The number of incremental hydrograpns contributing to
each composite hydrograph ordinate is dependent upon the relationship
between the incremental duration of affective raintall and the time
to peak. Little variation in peak Tlow rate estimates were obtainad
vor variations in the relationship tetween D and t,, provided 3
surficient number of incrementzl hydrographs weres used to cover iha
peak producing period of the storm's rainfall. The incremental
duration of effective rainfall, [, was thus chosen to be

N = .EE
&

and could thus be related tp lag time since
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-
u

80 + b

to form the relationship

AD = L
5.5

Lag time was either determined using the 5CS lag equation or
optimised to form a composite hydrograph of peak Tlow rate equal o
the recorded hydrograph peak Tlow rate. Potential maximum reteniion
was determined From recorded rainfall and runof? data (Subroutine
SYNTL).

5.1.5 Alignment ot recorded and synthetic hydrographs

An option to allign synthetic and recorded hydrographs was provided
(Subroutine FHASE). Alignment of hydrograph pesks providad a
standard method to calculate a Coeffleisnt of Efficlency, thereby
providing an index of the accuracy of hydrograph shape simulation.

5.1.6 Efficiency beiween recorded and synthetic hydrographs

Although synthetic and recorded pesak flow rates will be eque! when
lag Time s optimised, a measure of the extent to which total
hydrograph shape is represaented by the synthetic hydrograph can be
determined using the Coefficient of Efficlency, E, previcusly given
by Equation 4.11, bui where

9, = ilow rate or e2ach point digitisad on the
recordaed hydrograph tracs,
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to form the relationship

a0 = L

5,5

Lag time was either determined using the 5CS lag equation or
optimised io form a composite hydrograph of peak flow rate equal o
the recorded hydrograph peak Flow rate. Potsantlal maximum retention
was determined from recorded rainfall and runoff data (Subroutine
SYNTL).

5.1.5 Alignment of recorded and synthetic hydrographs

An option to align synthetic and recorded hydrographs was proyided
(Subroutine PHASE}, Aligrnment of hydrograph pesks provided a
standard method to calculate a Coefficient of Efficiency, theraby
providing am index of the accuracy of hydragraph shape simulation,

5.1.6 Efficiency between recorded and synthetic hydrographs

Although synithetic and recorded peak low rates will be equal when
lag time is optimised, a measure of the extent to which total
hydrograph shape is reprssentsd oy the synthetic hydrograph can e
determined using the Coefficiant of Efficiency, E, previously given
by Equation 4.11, but where

Ty = flow rata for =2ach point  digitisag an the
recorded hydrograph iraca,
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and

9 = flow rate interpolated an the synthetic
hydrograph trace to correspond with each digitised point
on the recorded hydrograph trace.

Although the magnitude of E1 depends aon the number and location of
points on the recorded hydrograph trace and hence cannot be compared
far different stiorm évents, a comparison can be made Detween £y
values Tor different models applied to the same event.

Since full resulis, which include graphical and listed outputs
obtained from each computer run, cannoi be presepted for all 172
storms used in this phase of fhe research, results have Dean
summarised in tabular form, Examples of printout and graphs obtained
for a few selected events are, however, given In the text.

5.2 Results and discussiom

5.2.1 Estimation of catchment lag times

Details pertaining to the nydrographs synthesised for each event
using o¢ptimised storm lag times and SC5 lag times are ¢lven in Table
§.1. For each avent Table 3.1 indicates the actual storm Curve
Number, the optimised storm lag Time, the 5C5 lag time, the
Coefiicients of Efficiency, expressed as a percentage, for the
hydrographs synthesised usipg =ach lag time and the ratio of oeak
flow rete synthesised using the 5C5 lag sgquation divided by observed
peak Tlow rate {qpesfqpu]‘

for 34 of the 172 events {for s=xamplz the =sveni racorded on  August
27, 1940 on catchment 26003} the recorded peak {low rates could not
be simulated oy means OF adjustments o the i{ncremental hydrograph
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lag time, even when lag time was reduced to zero. Storm lag times
could thus not be optimisad and the events were excluded from furthaer
anaiyses. Such occurrences iliustrate the need to adjust both lag
time and hydrograph shape toc provide accurate estimates of the
recorded runoff avent., Future research should be directed towards
the effects rainfall and catchment characteristics have on hydrograph
shape,

An example 1llusirating tne importance of simulating accurately
hydrograph shape is given in Figure 5.3, which shows the recorded
hydrograph (solid iine) and the syatheiic hydrograph (broken Tine)
synthesised using the storm lag time opiimised for the event recorded
gn catchment 26003 on June 25, 1956, The storm lzg time (4,5
minutes) provides an excellent raproduction of the recorded peak flow
rate, The shape of the iwo hydrographs (when peak fTlow rate
ordinates are aligned) can, however, be seen to dirfer widaly,
resulting in & low value of £, which is shown in Table 5.1 %0 egual
33,2%. Geperally high values of E1 gre obtained wihen synthetic peak
flow rates are estimated accurately. However, in such casas an
incremental hydrograpin having a larger portion of runeff under the
recession limb is required to simulate the short rise time and long
recesion time recorded for the event.

It has been suggested that lag time and unit hydrograph shaps are
highly wvariable from burst to burst within storms, =specizlly on
small catchments (Reed =t al, 1975; Betson et al, 1980). Figure 5.2
shows  the racorded hydroaraph and the synthetic  hydrographs,
developed using the SCS lag time {1.9 minutes) and tha oapiimisad
storm lag time (10.8 minutes) for the storm rzcorded on  cavchment
28003 on Juns 4, 1341, the hystograph for wilich i35 snown in Figurs
5.3. Although the high Cgefficlent of Efficizney, 71.38% (Tablzs 5.1},
indicates good association petwesn the hydrograph Synthasisad using
tne 3C3 lag time and the recorded hydrograph, the bursts of reinfall
shown in Figure 5.3 produce corresponding bursis oF runovy which are
net avident in the recerded hydrograph. Incremental hydrographs
varying with each increment of rainfall wauld provide an exact
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representation of the recorded runoff event. However opiimising the
lag time for the event {10,8 minutes) produces a synthetic hydrograph
providing an accurate sstimate of the recorded svent (£, = 91,7%).

Figure 5.4 indicates the iyplcal overestimaticn of peak Tlow rates
abtained on catchmeat WiM17 when using the 5C5 lag squation. The
estimate of the population mean of the ratic qpesfqpa rar catchment
WiM17 is shown on Table 5.1 te be 5,B5 * 1,30, Such inaccuracies in
nydrograph simulations are further illustratad by the low values of
E1 obtained using 5CS lag times when compared with tThose obtained
using optimised storm lag times. The synthetic hydrograph obtained
by optimising lag time for the event of March 3, 1979 on catchment
WiM17 (Figure 5.4) corresponds with an increase in E, from - 237,2%
to 81,7% (Table 5.1). The short lag times calculated.for catchmeni
WIM17 using the SCS lag equation {estimate of the population mean SCS
lag time = B,80 £ §,65 minutes) are highly ipaccurate when compared
#ith the long lag times optimised for each runoff asvent {=stimate of
the population mean optimised siorm lag time = 150,48 =2 17,94
minutes).

Figure 5.5 shows thé hydrographs synthesised using the 5C5 lag time
(45,0 minutes) and the optimised storm lag time (3,3 minutes) Tor
the storm recorded on August 18, 1865 on catchment 45002. An =2xampla
of the listing, obtaired vor the hydrograph synthesised using the
45,0 minute lag time is shown in Table 5.2, indicating tha shift
required to align ordinatas of peak Tlow ratz and the value of the
Coefficiant of Efficiency for the event. An estimate of the
nopulation mean Tor optimised storm lag times on caichment 45002 is
8,59 = 1,11 minutes which is much shorter than the astimate of the
population mean for SCS lag times which is 52,70 = 2,50 minutas.

The means of the sitorm lag times optimised using incremental
hydrograph grocedurgs for the sample of storm evanis of cach
catchment are compared in Table 5.3, with the catchment lag times
estimated using single triangular proceduras (Chapter 4) and the
catchmeat lag times calculated wsing the SC3 lag 2quetion (Table
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reprasentation of the recorded runoff event. However optimising the
lag time for the event (10,8 minutes) produces a synthetic hydrograph
oroviding an accurate estimate of the recorded event (E, = 91,7%).

Figure 5.4 indicatas the typical cverestimation of peak flow ratas
obtained an catchment WIM17 when using the 5C5 lag equation. The
estimate of the population mean of the ratio qpasfqpn for catchmend
WiM17 is shown on Table 5.1 ta be 5,85 = 1,30, Such inaccuracies in
hydrograph simulations are further illustrated by the low valuas of
E, obtained using 3CS lag times when compared with those obtained
using optimised storm lag times. The synthetic hydrograph abtained
by optimising lag time for the event of March 3, 1979 on catchment
WiM17 (Figure 5.4} corresponds with &n increase in E1 frem - 237,2%
%o 81,7% (Table 5.1). The short lag times calculated-for catchment
WiIM17 using the 505 lag eguation {2stimate of the pepulation mean 3CS5
lag time = 8,80 0,65 minutes) are highly inaccurate when compared
with the long lag times optimised for each runeff avent [astimate of
the pepulation =zean optimised storm lag fime = 150,48 = 17,94
minutes).

Figure 5.5 shows the hydrographs synthesised using the 305 lag time
(45,0 minutes) and the optimised storm lag time (3,3 minutes} {or
the storm recorded on Augusi 18, 1965 on catchment 45002. An sxamle
of the listing, obtained Tor the hydrograph synthesisad using the
45,0 minute lag time is shown in Table 5.2, indicating tha shift
required to align ordinates of peak flow rate and the value of the
{oefficient of Efficlency for the event. An estimsta of the
population mean for optimised storm lag times on catchment 45002 is
8,5% = 1,11 miautes which ts much shorter tnan the sstimate of the
population mean for SCS lag times which is 52,70 = 2,50 minutes.

The means of the storm lag times optimised using incremental
hydrograph grocadures for the sample of storm zvents of =ach
catchment are comparad in Table 5.3, with fhe cazchment 13g times
astimated using single uriapgular procedures (Chapter 2) znd the
caichment lag times calculatsd using the 5C3 lag 2quaiion (Tzble
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Taple 5.2 An ezample of & computer listing vor the recorded
hydrograph synthesised using the 5C5 lag iime for the
avent recorded on catcment 45002 on Auqusi 18,3965,

HYDROGRAPHS FOR CATCHMENT 45002 (18/8/1965)
Time Recorded Time sC5 synthetic
Discharge discharge
(MIN) {L/5) [MIN) (L/S)

25715.,0 Q.00 25664,0 5,54
25716,0 68,97 25672.,0 19,63
25717.,0 291,28 25680,0 104,34
25718,0 758,92 25689,0 215,50
25719,0 3 166,23 25697,0 325,79
25720,0 3304,21 25705,0 435,02
25721,0 3618,52 25713,0 542,41
25722.0 3440, 82 25721,0 631,71
25723,0 3388,47 25730,0 608,16
25724,0 3304, 11 25738.0 541,09
25729,0 2851,85 25748,0 474,02
25730,0 2314,96 257540 405,95
25732,0 1471,57 25762,0 335,88
257340 942,52 25770,0 272,97
25736.0 605,14 25779,0 206,48
25738.0 375,09 25787.0 140,43
257400 252,37 25795.0 74,93
25742.0 160,32 25803,0 16,30
25784 0 106,61 25311,0 0,00
25749.0 29,81 256820,0 0,00
25754 .0 6,69 25828,0 0,00

Synthetic hydrograph was shifted by 2,0 minutes
5B077025,0
45799354, 5

Residual variation

Initial variation

I

Modelling efficiency = -26.8 %
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Table 5.2 An example of a computer listing for the recorded
hydrograph synthesised using the 5CS lag time for the
avant recorded on catchment 45002 on August 18,1965,

HYDROGRAPHS FOR CATCHMENT 45002 {18/8/1965)

Time Racerded Time SC5 synthetic

Gischarge discharge

{MIN} (L/S) {(MIN} {L/5)

258715,0 0,00 25664,0 5.54
25716.,0 58,97 28672.0 19,83
25717.0 291,28 25680,0 104,34
257180 758,92 25689.,0 215,50
25719,0 3166,23 25697 ,0 325,79
25720,0 3304 .21 25705,0 435,02
25721,0 3618,52 25713,0 542,41
25722,0 3449,82 25721,0 631,71
25723.0 3388,47 25730,0 608,16
25724,0 3304, 11 25738,0 541,09
25729.0 2851,65 25746,0 474 .02
25730,0 2314,98 25754.0 406,95
25732,0 $471,57 25762,0 339,88
25734,0 042 52 25770,0 272.97
25736.,0 605,14 25779.0 206,48
25738.0 175,09 25787.0 140,43
25740.0 262,17 25795.,0 74,93
25742.0 164,32 25803.0 16,30
Z25744.0 106,61 25311,0 4,00
25749.0 29.81 . 25820.0 0,00
265754,0 %,69 25828.0 4,00

Synthetic hydrograph was shifted by 2.0 minutes
Residual variation = 5807702%,0
Initial variation = 45799364,5
Modelling erficiency = -26,8 %
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4.4). The results shown graphically in Figure 5.6 indicate the
close association between catchment [ag times estimated from rainfall
and runoff records using single and incremental hydrograph
procedures.

The underestimation of lag time for the humid and sub-humid
catchments when using the 5C5 lag equation, found in Chapter 4, and
the overestimation of catchment lag time on the arid catchments is
confirmed by the results of Table 5.3. The 5C5 lag times shown in
Table 5.3 vary from the mean SCS5 lag times given for each catchment
in Tabie 5.1. Such variations indicate the difference batween lag
times estimated wusing a CH obtained from Fleld surveys and those
obtained wsing CHN based on recorded storm responses.

From the results of Table 5.3 it may be concluded that the simple
technigue (described in Chapter 4} to estimate catchment lag times
from linear runoff reagressions of peak Tlow rate against runoff
volume for single triangular approximations of the runoff hydrograph,
provide accurate astimates of the catchment time response Dbetween
rainfall and runoff. The empirical relationship given in Table 4.9
may thus be considersed tg be a reliable equation for prediciing
inter-catchment variations in lag time.

In order to ascertain the dependence of fthe {intra-catchment
variations in lag time (shown in Table 5.1) on individual storm
characteristics, {% remajns o examine relationships between the
ratios of Individual storm lag times divided by the catchment lag
time and rainfall characteristics.

5.2.2 Relationships between lag fimes rfor individual events and
rainfall characteristics

The effect of selected ralntall characteristics on individual storm
lag times was determined from a multiple regression analysis,
similar to that undertaken in Section 4.3.4., The dependent variable
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Table 5.3 Comparison of catchment lag times estimated wusing
single incremental triangular procedures and the SCS lag

gquation,
Catchment lag times {minutes}
Catchment
Single triangular Incremental triangular 5CS lag
hydrograph nydrographs equation
26003 8,0 6,7 2,6
376001 3t.4 39,6 8,5
44005 0,6 5,4 5,2
45001 19.6 20.4 66,3
45002 11,8 8.8 60,0
WiMi7 117,0 150,3 13,7
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Table 5.3 Comparison of catchment lag times estimated using
single incremental triangular procedures and the 5CS lag
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Catchment lag times (minutes}
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was the fraction of storm lag time divided by estimated catchment lag
time (L_./L.;). The results of the regression analysis are summarised
in Table 5.4 which presents the regression equations, Coefficients
of petermination and Variance Ratios for each catchment.

The results of Table 5.4 indicate that the storm characteristics
consldered are enly significant in determining individual storm lag
times on catchment 37001, Furthermore, Correlatlon Coefficlents
hetween the independent variables and the dependent variate, together
with ths t-values for testing the partial regresslon coefficients,
which are given in Table 5.5, indicate that no independent variable
can be expected to yield consistent and satisfaciory regression
eguations for the estimation of individual storm lag %times when using
incremental hydrographs.

Incremental hydrographs are generally employed in design applications
in conjunction with design storm distributions, such as those shown
in Figure 2.3. Suech approximations of the temporal distribution of
rainfall represent a compromise between the uniform rainfail
distribution accepted in Chapter 4 and the recorded hyetograph used
in this chapter., Improved estimates of peak discharge zccounting for
intra=-catchment variations in rainfall type and distribution could be
made using incremental hydrographs and such design distributions.
Either ralnfall non-1lnearity should be accounted Tor by providing
numerous rainfall distributions representing storms of different
durations and intensifies, which could then be usad together with am
average catchment lag time, or alternatively a single basic shape of
the rainfall distribution could be employed and adjusiments, similar
o those given in Table 4.15, should be usad to introduce non-
Iinearity to the peak Tlow rate esiimates.

5.3 Conclusions

The establishment of incremental hydrographs for [ncremental time
periods of constant rainfall intensity enables the calculation of the
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Table 5.4 Regression equations for the flve parameter multiple
regrassion analysis of LsiKLCi with storm
characteristics

Coefficient Variance

Catchment Regression Equation of Deter- Ratio
mination
(rt) (F)

26003 Ly = 1,77 nu3112 ¢1.83 0,48 2,726
L. (w1008 T [_TTS

37001 Ly = 392,67(ap1+1)P0% p0,29 g, 0,26 0,58 5,606{**)
" 0,028 21,22

44005 L ; = 0,11 (Ap1s)0-0%0-0% 0.05:0.24; 0,08 7 ¢,611
Lo

45001 L = 6,48 x 1077 p 9,23 g7 0,30 2,234
L, (ap1en)0005 p8 19 0,89

s5002 L = 53,05 pU000 ¢ 1.7 0,20 0,738
Ly (ae1ey®: 13 p 029 ¢1.88

W7 L = 5,66 p0>86 0,66 2,79

0,18 , 0,05 -0,69 0,02
Lci (API+1) ﬂu E IEG
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Table 5.4 Regression equations for the five parameter multiple
regression analysis of LsiILci with storm
characteristics

Coefficient Yariance
Catchment Regression Equation of Deter- Ratic
mination
{re) (F)
26003 L = 1,77 uu”*‘2 g1.83 0,48 2,726
0,08 1,8/ 1,79
Loy (aeten)0 08 9187
37001 L = 392,57(APLs1) 0% p0-29 ¢, 0,26 0.58 5. 606({**)
ﬁ,EE 1,22
Lti Du E
Lci
45001 L, = 6,48 x 1077 nuﬂ*ZE gh79 0,30 2,234
0,05 p3,18 [ 0,85
45002 L = 53,05 p%:80 1 174 . 0,20 0,738
0,13 . 0,29 1,88
L; (aere)®1p 0% g
WiM7 L = 5,66 P08 0,66 2,790
g,18 , 0,05 0,69 0,02
Ly (apLen)0i 18 0,05 g0.89 [
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Table 5.5 Statistics relating to the five parameter multiple
regression analysis of L., /L., with storm characteristics

Independent Variable
Catchment

{API+1) P Du E I3ﬂ

26003 Student's t-value,t 0,450 0,673 0,354 0,707 2,762%

Correlation

Coefficient,r 0,261 -0,380 -0,078 -0.,426 -0,65H0%%
37001 ¢ ¢,835 0,328 0,846 2,062 0,578

r 0,303 -0,684** 0,162 -0,057%% -,294
44005 t 0.506 0,060 g.163 0,863 0,377

I 0,289 0,269 g,249 3,339 0,247
45001 t 0,812 2,147 (0,989 2,531 2, j41*

r -0,261 0,215 0,007 0,263 2,097
45002 t .682 0,481 g,800 1,501 1,375

r 0,057 -0,086 -0,175 -0,094 0,023
WiM17 1,265 1,682 0,27% 1,953 0,069

l" -ﬂ,l?z G,DE“ ﬂgssi* -ﬂisﬂa -ﬂ 3548*
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peak rate of runoff for temporally varying raintalls without choosing
an appropriate storm duration, while adhering to the requirement of
constant rainfall intensity within each time pericd. It is, however,
apparent that the lag times far ingremental hydrographs should be
adjusted according to relevant storm characteristics and incremental
bursts of rainfall within the storm.

An indication of the typical catchment response between rainfall and
runoff can be determined using the incremental hydrographs and
recorded autographic rainfall and runoff data. Such catchment lag
times are closely matched with catchment lag times calculated using 2
linear approximation of the time distribution of rainfall and a
single triangular approximation of the runoff hydragraph.

Na relationship between individual storm lag times and the
corresponding rainfall characteristics for the event can,however, be
determined. [t 1is suggestied that empirical relaticnships found to
determine storm lag times from rainfall characteristics would oply
prove practical when incremental hydrographs are applied in
conjunction with generalised rainfall depth-duratien relationships.

The above findings are based on the supposition that the correct
storm lag time is the lag time which provides an accurate estimate of
peak flow rate when applled in the SCS Model. 1In the following
chapter lag estimates are not restricted by the application of &
particular model and are determined directly From autographic
rainfall and runcff records.
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peak rate of runotf for temporally varying rainfalls without choosing
an appropriate storm duration, while adhering to the requirement of
constant rainfall intensity within each time period. It is, however,
apparent that the lag times for incremental hydrographs should be
adjusted according to relevant storm characieristics and incremental
bursts of rainfall within the storm.

A&n indication of the typical catchment response between rainfall and
runoff can be determinad using the incremental hydrographs and
recorded autographic ralnfall and runoff data. Such catchment lag
times are closely matched with catchment lag times calculated using a
linear approximation of the time distribution of rainfail and a
single triangular approximation of the runoff hydrograph.

No relationship between Individual storm lag times and the
corresponding rainfall characteristics for the event can,howsver, he
determined. 1t 1is suggested that empirical relationships found to
detarmine storm lag times from rainfall characteri{stics would only
prove practical when incremental hydrographs are applied in
conjunction with generalised rainfall depth-duraticon relationships.

The above findings are based on the supposition that the correct
storm iag time is the lag time which provides an accuraie estimate of
peak flow rate when applied in the SCS Model. In the following
chapter lag estimates are not restricteqd by the application of a
particular model and are determinred directly from autographic
reainfall and runoff records.



113

6. DERIVATION OF LAG TIME USING MEASURED TIME DIFFERENCES BETWEEN
RAINFALL AND RUNOFF RESPONSZ

Lag time has beesn defined as the tima from the centre of mass of
gffective rainfall to peak flow rate (National Engineering Handbook,
1972). In this chapter time response between effective rainfall and
runoff is measured using auiographic rainfall and runoff records for
the selected storms of catchments 26003, 37001, 44005, 45001, 45002
and WiM17 (c.f. Appendix 1), Lag times are measured for each event
‘and averaged for each catchment to determine an index of catchment
lag Ltime.

6.1 Experimental precedures

Foliowing Aron, Miller and Lakatos {1977} and Schulze and Arnold
(1979) effective rainfall can be calculated in the SC$ Model as

Py = Pl Eq. 6.1
whera

P = accumuizted effective rainfall (mm},

p = accumulatad rainfall {mm) and

—
n

a initial abstraction (mm).

In accordance with 5SCS procedures, Ia can be determined Trom the
retationship

[, = 0,25

Since S was determined for each storm from recorded rainfall and
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runeft data using Equation 4,13, the initial abstraction for gach
event could be estimated by the relationship above, Effective
rainfall duration and thus storm lag time was computed using the
autographic rainfall and runoff records,

6.2 Results and discussion

Table 6.1 depicts the means of the storm lag times of each catchment,
their Standard Errors as well as the minimum and maximum values and
hence the range of the storm lag times.

The means of the storm lag times for each catchment were used as an
estimate of the catchment iag time and they are coepared in Table 6.2
with catchment lag times estimated using single and incremental
triangular procedures (Chapiers 4 and 5) and the 5(5 lag equation.

The results of Table 6.2 indicate a close association between
corrasponding catchment lag times cbiained from recorded rainfall and
runoff data using the three methods covered in this report. An
indication of the association is given graphically in Figures 6.1 and
6.2.

Table 6.1 indicates the high degree of scatter of the measured storm
lag times of each catchment. The relatively large Standard Errors of
the mean storm lag times indicate that estimaies of the population
means for catchment lag times obtained irom Table 6.1 are far less
precizse than those obtained from the corresponding Table 5.1
following incremental triangular hydrograph procedurss. [n addition
the presence of negative lag times and large ranges in dabserved
values suggests that measured time differences between rainfall and
runeff provide poor indices of runoff response to rainfall.

Owing to negative estimates of storm lag times, lugarithmic
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runcfif data using Equation 4.13, the initial abstraction for each
event could be estimated by the relationship above. Effective
rainfall duration and fthus storm lag time was computed wusing the
gutographic rainfall and runoff records.

6.2 Results and discussion

Table 6.1 depicts the means of the storm lag times of each catchment,
their Standard Errors as well as the minimum and maximum values and
hence the range of the storm lag times,

The means of the storm lag times for each catchmeni were used as an
estimate of the catchment lag time and they are compared in Table 6.2
with catchment lag times estimated using single and incremental
triangular procedures (Chapters 4 and %) and the 5CS lag eguation.

The results of Table 6.2 indicate a close assoclation between
corresponding catchment lag times obtained from recorded raipfall and
ruroff data wusing the three methods covered in this repori. An
indicaticn of the association is given graphically i Figures 6.1 and
6.2.

Table &.1 {ndicates the high degree of scatter of the measured storm
lag times of each catchment. The relatively large Standard Errors of
the mean storm lag times indicate that estimates of tihe population
means fTor catchment lag times obtained Trom Tabls 6.1 are far less
precise than these obtained from the corresponding Table 5.1
following incremental triangular hydrograph procedures. in addition
the presence of negative lag times and large ranges in observed
yvalues suggesis that measured time differences betwesn rainfall and
runoff provide poor indicas of runoff response to raintall.

Owing ©o negative estimates of storm lag times, logarithmic
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Table 6.1 Statistics for the storm lag times {in minutes} measured
from autographic rainfall and runoff racords
Catchment Mean S.E. Mean Minimum Maximum Range
26003 8,61 4,12 -44.0 53,4 97,4
37001 41,93 8,23 -75.5 129,9 205.4
44005 1,97 1,83 -29.0 45,5 74.5
45001 13,80 5,31 «54,2 94,2 148.4
45002 10,65 4,02 -50,2 71,0 121,2
WiMi7 92,72 21,51 - 1,0 228,46 229,56
Table 6.2‘ Comparison of catchment lag times estimated using single
and incremental triangular procadures, measured time
differances between raintall and runcff and the 5CS lag
equation.
Catchment lag time {minutes)
Catchment
Single Incremental Measured
triangular triangular time SC5 leg
hydragraph hydrogranhs difference equation
26003 8,0 6,7 8,6 2,6
37001 31,4 39,6 41,9 8,5
44005 6,6 5,4 2,0 5,2
45001 19,6 20,4 13,8 86,3
45002 11,8 8,6 10,6 60,0
WiM17 117.,0 150,3 82,7 13,7
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MEASURED LAC TIHE tMInD
#

a.g a5.3 Te.d 10E. 2 Tae, 3 (3. 2
SINGLE HYDROGRAPH LAG TIME {MIN

Figure 5.1 Comparisen of measured catchment lzg time with those
gstimated using single triangular procedures
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Figure 6.2 Comparison of measured catchment lag time with those
astimated using incremental triangular procedures
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Figure 6.1 Comparison of measured catchment lag time with those
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transformations could not be employed to determine relationships
between storm lag times and rainfall characteristics. A 1lipear
regression analysis between the ratio of individual storm lag time to
the estimate of catchment lzg time and the storm characteristics
described in Section 4.3.4 was thus Investigated. Ne definite
association was found between the measured time response between
ratnfall and runoff for individual storms and any of the rainfall
parameters considered. The poor results may be due to one of three
factors:

1. Poorly synchronized rainfall and runoff recorders may contribute
to inaccurate estimates of the storm lag time. This problem
occurs despite attempis to correct clock errors manually and it
seems to give rise o extreme estimates of storm lag time,
Althouah an Iin-depth examination has not been mads, it appears
that the lag times medasured for individual storms are related
closely to the time shifts that were required to align the
recorded and synthetic hydregraphs in Chapter 5. Clock errors
thus substantizlly reduce the accuracy to which the peak of a
synthesised hydrograph will be temporally aligned with the
recorded hydrograph peak.

2. The determination of effective rainfall by subtracting an initial
abstraction from total storm rainfall is considered inadequate.
Effective rainfall comprises all rainfall contributing to direct
runoff, In its present form {Equation 6.1} P, Includes all
rainfall other than that ceniributing to detention and deprassion
storages or infiltrating into the soil before runoff occurs.
Ideally both an initial absiraction and the portion of
infilirated rainfall which contributes to sub-surface storage
should be subtracted from the total rainfall amount o determine
the effective component of rainfall. Much recent research has
been directed towards the determination of infiltration pattarns
based on ihe 5C5 curve number {for example, Aron et al, 1977;
Hawkins,  1980; Hjelmfelt, 19803; Hjeimfelt, 1980b). The
results of such research could be incorporatad into methods to
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provide more accurate estimates of effective rainfall.

3. A more realistic estimate of initial abstraction should be
achieved by means of adjustments to the coefvicient of initial
abstraciion. Reductions to the coefficient of Iﬂ have been
suggested by Aron et al, (1977) and Arnold {15980}. The season
and aniecedeni moisture siatus of ihe catchmeni may influence the
relationship betwean I_ and S (Arnold, 1980] as may the

d
characteristics of the storm event.

6.3 Conclusions

The 5CS {Maticnal Engineering Handbgok, 1972) has used the definition
of lag time as the time from the centre of mass of effective rainfall
to the time of peak discharge. It can, however, b2 concluded from
the aforegoing discussion that in practice poorly synchronized
rainfall and runctf recorders and inadequacies in determining the
amount and temporal distribution of effective rainfall make such
measured lag times impractical to use for peak flow rate predictions.

Given suificient records, a typical estimate of catchment lag time
¢an be determipad Trom measured storm lag times. The large scatter
of such storm lag times suggest, however, that the concept of
ayaraging may, in this instance, produce inaccurate estimatas of
catchment lag time when a2 limited number of storm records are
available.

On the basis of the above findings it may be concluded that estimates
of inter- and intra-catchment lag times to be used with the SCS5 Model
should be based on the procedures sxamined in the previous two
chapters. The salient features of those procedures are highlighted
again In the following chapier, in which areas whers future research
is required are also discussed.



118

provide more accurate estimates of effactive ralnTall.
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7. CONCLUSIONS

In an attempt fo sstimate peak flow rates more vealistically using
the SCS Model, several procedures towards the improvements of
estimates of lag time were examined. Conclusions that can be drawn
from the research are summarised as follows:

1. Poor estimates of catchment lag time are common on small
agricultural catchments when using the standard SC5 lag aquation.

2. The inadequacies of the 3(S lag squation are due in part o its
inability to distinguish beiween dominant mechanisms generating
runctf on different catchments.

3. Climate, <through its inpfleence on the soil, wvegetation and
rainfall patterns, &l! of which arfect the extent to which
rainfall enters the scil by infiltration, appears to play a major
role in determining dominant runoff processes.

d. Physical catchment characteristics, and in particuiar areal
variagtions In seoil properties, modify the effect rainfall
characteristics have on the hydrograph shape and lag time.
Daspite such mogdifications, Improved estimates of peak flow rate
are obtained on =mall agricultural catchments when indices of
climate and regiopal rainfall characteristics are Iincorporated
with physical catchment characteristics in  empirical lag
gquations.

5. Linear regression equations of peak flow rate against runoff
volume provide a simple and yet effective means of determining an
appropriate catchment lag time or gauged catchments.

6. Marked improvements in the estimations of Inter-catchment lzg
times and hence peak T10W rates are cbtained when using the
aepirical lag equation (developed 7rem linear regression
equations of peak Tlow rates regressed against runoff volumes)
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which is given as

AH.ES HAPi,ID

L =
41,67 yﬂ,iﬂ TjuD’E?
whera
L = catchment lag time (M),
A = catchment area (km?),
¥y = average catchment slope ii}l
MAP = mean annual precipitation (mm) and
TBD = regional mean of the most intense thirty-minute period

7.

of rainfall {mm.h_il.

A storm's most intense thirty-minute period of rainfall appears
to be the best single rainfall varlable when simulating intra-
gcatchment variations in lag time. Storm kinetic energy and storm
duration alse affect individual storm lag times significantly.

Empirical equations describing the effects of rainfall
characteristics on intra-catchment variations in lag time can be
determined for individual catchments or regions. General use of
such eguations should, however, await further examination, with
data from more catchments.

Incremental hydrograph procedures for estimating peak flow rates
are advantageous since no empirical estimation of the duration of
rainfall excess is reguired and the total time distribution of
runoff can De synthesised, Estimates of peak 7low rate are,
however, sensitive to changes in lag time when incremental
hydrographs are comvoluted with recorded hyetographs. Empirical
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which is given as

20,35 HAP1‘1D

where

?.

L = catchment lag time (h),

A = catchment area {km?),

¥ a average catchment slope {i}r

MAP = mean annual precipitation {mm) and

IBU = rtegional wmean of the most intense thirty-minute period
of rainfall {mm.n*1}‘

A storm's most intense thirty-minute period of rainfzll appears
to be the best single rainfall variable when simulating intra-
catchment variations In lag time, Sterm kKinetic srergy aznd storm
duration also affect individual starm lag times sianificantly.

Empirical equations describing the effects of rainfall
characteristics on intra-catchment variations {n lag time can be
detarmined vor individual catchments or regions. General uss of
such equations should, however, await further examination, with
data from mre catchments.

Incremental hydrograph procedures for estimating peak flow rates
are advantageous since 00 awpirical estimation of the duration of
raintall excess is requirzd and the total time distributien of
runof{ can De synthesised. Estimates of peak Tlow rats are,
however, sensitive to changes in tag time when incromental
hydrograpihs are convolutad with recorded hyetographs. Empirical
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relationships determining storm lag times from  rainfall
characteristics are thus only practical when incremental
hydrographs are applied in conjunciion with generalised raintall
depih-duration relaticnships.

10. Measured lag times between raintall and runoff, while defined
simply, are impractical to use for peak flow rate prediction,
possibly due to poorly synchronised rainfall and runoff records
and difficulties in determining the magpitude and temporal
distribution of effective rainfall.

In view of the markedly improved estimates of peak flow rafes that -
have been made following the procedures of this report, it can be
gconcluded that similar research into the estimation of peak flow
rate, encompassing a wider variety of study regions, is warranted.
Three areas where additicnal research is regquired have been
recognised, the details and objectives of which are now susmarised:

1. The proportion of the total volume of runoff under the rising
limb of a recorded hydrogragh varies with both rainfall and
catchment characteristics. The shape of the triangular unit
hydrograph used in the SCS Model is, however, constant for all
catchments and storms within such catchments. Fuiure ressarch
similar to that conducted by Betson gt &l, (1980) and Ward et
al, (1981) should be directed towards the provision of
relationships between rainfall and physical catchment
characteristics and the shape of the unit hydrograph.

2. For design applications two tfypical twenty-four hour siorm
distributions have been derived by the SCS. Future res2arch
should be directed towards the development of regional rainfall
depth-duration curves, as proposed by Cronshey (1982) for two
return periods for the eastern and central USA, {ogether with
indices describing such curves Tor application in empirical
equations ©0 estimate lag time according to localised condiiions
of rainfall duraticn and intensity.
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An extensive study of the relationship of peak flow rate
regressed agalnst runoff volume should be undertaken.  Such
distributions provide a simple and yet effective method for
predicting peak flow rate when limited records are available.
Furthermore, by determining the slopes of linearly regressed
runoff relationships a procedure can be adopted toc provide
accurate estimates of catchment lag time,

Finally, since the SC5 Curve HNumber is widely wused in
hydroliogical studies, it is suggested that better use should be
made of the results of recent research such as that undertaken
by Aron et al, {1977), Hawkins {1980), Hjelmfelf (1980a} and
Hielmfelt {1980b) to refine the present method of effective
rainfall separation.
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I%l{nh?é e ? LETERTES M !
WRTTE (A 1nﬂ93 qTFPTtli,undli HTEFH{I)
IF: {RPTS It (LSTEF .CE, 17}
L HRITE#&,iﬂiD}HTIHEtI} HEYNLI)
18 EDHT;HUE
ENDI
g PHASING OPTION TO LINE UR THE INFLOW & SYWTHETIC HYDROGRARHS OM
E THE TIME SCALE

IF{SHIFT .m&. 0.)GALL PHAac(LSTER ,RTIHE,SHIFT!
[ PLOTTIMG OPTIOH FOR RUMOFF - {IHNFLOU , DUTFLOMW & SYNTHETIC?

— ———————————— -

IF{IPLTE LER, L) THER
LESTEM=LSTEP=HL

C READ LABELE FOR THE PLOT

REARLS, LN 41 %HEAD, THEAR

c SChH FOR Ma&X AHD AIH FLOMRATES
Do

E dnadt iq ETEFﬂt
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IF RACERQUTING 15 DOKE YHE DUTFE OM AHD IWFL OW HYDHOCRAPHS ARE
SPECIFIED AT nM OPTTDIGL, INCREAEMTAL TINE STEP.

ch T 17
EHDT

O L& I=1 NPT
TEPTli]tHT HELT?}
ET"{ ‘.' 1 :'“l.ll]l:lT{ I1-NBRSE(LED

HAXIMUA FLOW BATE OF THE HYDROGRAPH IS LOCATED,

TEFHtI) LGT. QPACTIRSAGTESTEPOL I
ib CONT HU

STNTHESTSING PRUCERS IS EARRIED DUT IF ISYHT IS HOH IFRO

---------- g g

1? IFI(I H ER. 13Ti4
ML sfam iT0Ee

1A, MC. A AFACT
EE EiLEThPth

~M
P,NRE 05YH OP ,LSTEP
E L HFT I CUSFO ) JETID /5TNOT.ID

THTH,
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LIETIHG QFTION OF AYDRUCRARHS

W

trtluﬂg LEQ. 117
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THE TIHNE SCALE

IF{SHIFT .HE. &.)CALL PHaaELLESTEP RTIHE,SHIFTI
PLOTTING OPTION FOR RUNDOFF - (INFLOU,DOTFLOMW & SYMTHETIL?

IF(IPLTA .EQ. 13#THEH
LSTERP=LETER-NC
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SYHTHETIC HYDROGRAPH IS PLOTTED
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THIE SUBROUTIHE CALCULATES THE IWFLEOW HTDR HAPP E h&EN gr
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ENDIF
CONTINUE
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i srzpﬂ,sTEﬁg,ETEﬂn.ETE?¥,ﬁ1 ' 2 '
QRACT=4
bg { [=i.Ipm
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SUSRDUTTNE SYRTL CTSTEF ,&REA RALH OSTH G,
IHSTED PET, TA§H, AI2TSP AT TAE .KF T, L, COEF, J5T LD, ST s, 1D, IHTY,
oITRME, A GPACT ,ATOT, DL, e , L3, ERa L, B0, 75, LACEAL , COEFL)

THEE _SURRQUTYTer. QALCULATES RUNOFE UOLIIMFS ANl HENCE PEAK FLOW AATES
;EESEHF”éi?HhHFHFﬁL R rb ALl VALDES CALCHLATCD Th SUEefIT IHE RETER.

AEHTE. vl UES AIEY THEN SURPEH (HPUSED TO OQBTATe YHF %THTHETIE
HYDRNGRAPH FURE THE STLDRA. THE WALLE OF LpAG ARY BE ALYRREDR T LLTALM A

PEAK EQUAL TO THAT OF THE RECORDED HYDROGRAFH FEAK .
KET TD ARRAYE ANL VARIMHLEH

5A - POTERTIAL BAXIAUN RETENTIOR! FOR CATCHEENT (HM)= THIS URALLE
HAY ELTHER SE LALCULATED FHON fHE RELDMDED FLODD
E L LIHE, r.n PRIHEﬂLL biven O KoYy PE IHPFUTED DY nEANS
n CUEGE HeAdER
ey BENE ARSI e 2R He ADIRCENT. HYDRGCR AP IS
F - T W i
or{Jy - FEﬁk FLEBW RﬁTE Fi# #6EH [MOCEREMEM Ml HYDROGRAPH

Ara et Gt IR i

P P T ol i e P e bl o e et o =
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H

e T TN s e T e D il B
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e

QPT1OM TO APTIKWISE LAG [S GTVEN . IF LAaG IS TO BE OPTIHISEW
5 I5 LALCVLATED FrOd RAINFALL AMD RUNDOFF DEFTHS.
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I I ,
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LR b e b e e
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IF cégﬁtnL} &, i, 2
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=254N0, CH-25-
MLE{CLY®D B3%e(5e25 ahwaf, 73 /COEFL/ (YSX%D . 5)
%%I¥EIE,%EHU}HL,EN,S

Lo IS TO BE OPTIHISED. LAL IS IHITIAYED AT 0.5 HOURS
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2W=1,%&
TSTEF — TIME PERIOP OF THEREMEMTAL RAINFALL = TYIS YALUE I
CHLEULR'J%D a5 BF?EE %L X LAG . LDL ?_EP‘L'_-}"!!H ¥
W THE MUAHER OF TFRE STEFE IH THE UNIT HYDROGEAFH

F THTEF=WLELD TP

ASTEP IS CALLED TO BBTAIN lHCREKENTAL RAINFALL VALUES

CALL RSTEZ (PPT,THIM,TSTER NPTSF ,RALM,RTIME ,RFT ,NSTER ,HD)
POTENTIN 2ihlH RETEMTION CALCULAT
DTERE oAz Nt RETEILION 18 CULATED
AR (QTOT~{QTAT XCTaI +(2 , KAFTEC LA )
E e AE{ (AUATE 1ot h YA (CIAXAZ. 3108, 5712, L(LIALR2 . })
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e LR PR whe
" CHATY . ALRA
EMDIF
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IRITTALIZATION
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SUTRAUT TNE ¥nTL (TSTEP .AREn, Rnli O5YD 5P
ANSTEP PPT. [AlH, 42790 ATIAE oFr.C1A, Cnebl JSTLD sTuoT, 10, [ATY,
SITR,HE, A, GPACT OTOR 0L, 1e, Bl , O, BL, Y5, LAGC AL, COEFL)

[n]

THIS SUBROUT IHr CALGULATES SUMBFE UOLUMPSE AMD HENEE PEAX FLGW BATES
EOR THE LACLintiliel BALHERLL Mal NEE CALIDLATEE T SURcnlT LHE BETER.
THESEE IHERERSHTAL DAl DS ARE THEH SLPER [ERYsEDR T ﬂhgﬁf@ THE EYHTRETIE
HYURNGRARIY Fvf THE 9¥QmrM, THE <ALUE UF oG a0T FE ALTRAED T DLRTale A
PEMK EwUAL TO THAT ¥ THE HECORDED HrYDROUHAPH FEAK .,

K

EY 30 ARRAYS ARD VARTABLES.

= POTENTIAL SARiRUM PETEUTLON FOR CATCHAENT (M= THIS VALUE
b T PR L R Clat e THRLTED BT Oae
1 i oyl - T 3 !
E nhcuﬁbﬂ nuhﬂEﬂ.L P t b %
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SURROUTINE EFFCY (RTIKE ,STEPT . USYH, STZPQ HPTSA , LSTE#*)
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