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EXECUTIVE SUMMARY

BACKGROUND

Considerable e f fo r t has been expended in the Department of

Agricultural Engineering at the University of Natal,

Pietermaritzburg, at improving the estimation of runoff volume using

the 5CS technique, in an attempt to adapt the technique for more

general use and for specific application to Southern Africa. L i t t l e

attention has unt i l recently been given to the peak flow rates, which

are frequently estimated poorly by the SCS Model, despite accurate

estimates of runoff volume. These poor peak flow rate estimates are

due largely to the coarse estimation of catchment lag time in the SCS

equations.

Research into improving the estimation of lag time was conducted

using data obtained from twelve small (<3,5k[ii<i) agricultural

catchments located in South Africa and in the United States of

America. A review of the sensi t iv i ty of estimates of peak flow rate

to changes in runoff response times and the role played by both

physical catchment and ra in fa l l characteristics in determining such

response times was undertaken. Following th is review, i t 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 ra in fa l l event.

METHODS

Three methods were used to estimate lag time from recorded data.

First, linear runoff distributions of peak discharge regressed on
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runoff volume were developed for each catchment using single

tr iangular approximations of recorded runoff events. The magnitude

and var iab i l i t y of catchment lag time was determined from such

distr ibut ions. The results of this analysis indicated that the

standard SCS lag equation provided poor estimates of catchment lag

time when compared with estimates of catchment lag time obtained

using single triangular approximations of the recorded events. Such

inaccuracies were attr ibuted to the inab i l i ty of the SCS lag equation

to distinguish between dominant processes of runoff on di f ferent

catchments. Indices of climate and regional ra in fa l l characteristics

were shown to 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 ungauged

catchments. An examination of the effects of several ra in fa l l

parameters on intra-catchment variations in lag time showed the most

intense thirty-minute period of ra in fa l l to be the dominant

parameter.

Secondly, incremental hydrographs were convoluted with the recorded

storm ra in fa l l excess to form a compound hydrograph. The lag time

for the incremental hydrograph was optimised to develop a compound

hydrograph representative of the recorded hydrograph. Catchment lag

times, averaged 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. No ra in fa l l parameter

was, however, found 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 upon and seemed highly

sensitive to individual ra in fa l l bursts within the storm event. I t

was hypothesised that adjustments to storm lag times due to ra in fa l l

characteristics would only prove practical when incremental

hydrographs are applied in conjunction with generalised ra in fa l l

depth-duration relationships.

Final ly, the time response between effective ra in fa l l and runoff was
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runoff volume were developed for each catchment using single
triangular approximations of recorded runoff events. The magnitude
and variability of catchment lag time was determined from such
distributions. The results of this analysis indicated that the
standard SCS lag equation provided poor estimates of catchment lag
time when compared with estimates of catchment lag time obtained
using single triangular approximations of the recorded events. Such
inaccuracies were attributed to the inability of the SCS lag equation
to distinguish between dominant processes of runoff on different
catchments. Indices of climate and regional rainfall characteristics
were shown to 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 ungauged
catchments. 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 convoluted with the recorded
storm rainfall excess to form a compound hydrograph. The lag time
for the incremental hydrograph was optimised to develop a compound
hydrograph representative of the recorded hydrograph. Catchment lag
times, averaged 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- No rainfall parameter
was, however, found to be satisfactory for the estimation of
individual storm lag times due to the highly variable nature of the
storm lag times, which were dependent upon and seemed highly
sensitive to individual rainfall bursts within the storm event. It
was hypothesised that adjustments 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 rainfall and runoff was
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measured f o r i n d i v i d u a l events and averaged over the data of each

catchment t o determine an index of catchment lag t ime. A large

sca t t e r o f i n d i v i d u a l storm lag times suggested t h a t such measured

lag times were imprac t i ca l f o r peak f low ra te p r e d i c t i o n s .

CONCLUSIONS

I t was concluded t h a t improved inter-catchment estimates of lag t ime

could be obtained f o r unguaged catchments by incorpora t ing indices of

c l imate and reg iona l r a i n f a l l cha rac te r i s t i c s i n to an empi r ica l lag

equat ion. Such an equat ion was developed f o r use on small

a g r i c u l t u r a l catchments wi th the SCS Model and is given as

L = A 0 ' 3 5 MAP1 '1 0

41,67 y ° ' 3 0 I30

where

L = catchment lag time (h),

A = catchment area (km2),

y = average catchment slope (percent),

MAP = mean annual precipitat ion (mm) and

T30 = regional mean of the most intense t h i r t y minute

period of ra in fa l l (mm.h ).

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

scale.

RECOMMENDATIONS FOR FURTHER RESEARCH

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

1. The proportion of the total volume of runoff under the rising
limb of a recorded hydrograph 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 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.

2. For design applications two typical twenty-four hour storm
distributions nave been derived by the SCS. Future research
should be directed towards the development of regional rainfall
depth-duration curves together with indices describing such
curves for application in empirical equations to estimate lag
time according to localised conditions of rainfall duration and
intensity.

3. An extensive study of the relationship of peak flow rate
regressed against volume should be undertaken. Such
distributions provide a simple and yet effective method for
predicting peak flow rate when limited records are available.
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i 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 flow rates are required for the design of a variety
of engineering structures built on small agricultural catchments.
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 important approach used in estimating peak flow rate on
unguaged catchments requires the development of a rainfall-runoff
model, based on an investigation into the factors influencing the
runoff response of the catchment to rainfall.

The runoff response of a catchment is affected by the spatial and
temporal distribution of the rainfall and by catchment
characteristics such as physiography, land use, soil type and
moisture status. There is as yet no deterministic analysis which
can account satisfactorily for the effect of the above factors on the
runoff hydrograph. Empirical relations have thus been developed for
hydrograph synthesis, starting with the Rational Method in the 19th
century, progressing to the unit hydrograph in the 1930's and to the
more recent use of dimensionless hydrographs where the time to peak
and flow rate are used as basic units and the hydrograph is plotted
in ratios of these units.

The United States Department of Agriculture (USDA) Soil Conservation
Service hydrograph generating technique, or SCS Model, uses such a
dimensionless unit hydrograph, which is considered to be an average
characteristic of small agricultural catchments. The Model, which
is described in detail in Volume Four of the USDA National
Engineering Handbook (1972) is at the present time being adapted in
the Department of Agricultural Engineering at the University of Natal
in Pietermaritzburg for general use with individual storms. The SCS
Model, which 20 years ago was first suggested for use in South Africa
by Reich (1962), is practical to use since it is physically based and
the equations developed are relatively simple and can be solved
graphically.

Present day problems with hydrograph development using this Model are



the precise estimation of runoff volume from rainfall and the
determination of lag time between such runoff and the rainfall
effective in its production. The Model has been adapted to Southern
African conditions (Schulze and Arnold, 1979) and is undergoing
continual improvement. Recently Hope (1980) and Arnold (1980)
conducted research into the estimation of runoff volume by way of
improvements to the standard SCS methods for estimating the catchment
antecedent moisture status and the initial abstraction component of
the Model.

The purpose of the research presented in this report is to develop
alternative equations to those given in the National Engineering
Handbook (1972) to estimate lag time, in order to estimate peak flow
rate more accurately. Throughout the present study runoff volumes
have been assumed to be estimated accurately; in fact, recorded
volumes of runoff have been used. The existing 5CS technique bases
the estimation of a catchment lag time solely on physical catchment
characteristics and uses an estimate of lag time to derive the
catchment unit hydrograph. However, the derivation of such a unit
hydrograph frGm catchment characteristics makes a number of
assumptions pertaining to the consistency of the unit response to
inconsistent rainfall inputs. Such assumptions impose limitations
on the technique and thus an improvement was sought for the
estimation of peak flow rate by providing both inter- and intra-
catchment adjustments to estimates of lag time to account for
variations in rainfall inputs.

Before the research procedure and results are discussed a general

description of the SCS Model is given and an evaluation is made of

the unit hydrograph used in estimating peak flow rates.

Furthermore, relationships that have been established in research

elsewhere between the unit hydrograph and physical catchment

characteristics and the modifications to the unit hydrograph by

rainfall characteristics are rev-iewed. Following this initial

review chapter the experimental procedures, results and discussion of

results are presented. Finally, proposals for future research are

made.
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2. ESTIMATION OF PEAK FLOW RATE - THEORETICAL CONSIDERATIONS

2.1 The 5CS runoff equations

The relationship used in the SCS Model to estimate direct runoff

volume - which is required in the determination of peak flow rate -

was derived experimentally for numerous soi l and vegetative cover

conditions using recorded ra in fa l l and runoff data. An equation was

developed for small agr icul tural catchments for which only daily

ra in fa l l and catchment data are normally available. This equation

is given by

i.
( P - Eq. 2.1

where

Q = accumulated direct runoff (mm),

P = accumulated rainfall (mm),

I, = initial abstraction (mm), including surface
d

storage, interception and infiltration prior
to runoff and

S = potential maximum retention of the soil (mm).

A relationship between I and 5 was derived by the SCS from records
a

of rainfall and runoff in order to remove the necessity for
estimating initial abstraction. It is given by

I. = 0,2 S
a

Eq. 2.2

The potential maximum retention, S, is related to soil, vegetative
cover and antecedent soil moisture characteristics and is transformed



i n to a runoff Curve Number, CN, by means of the equation

CN = 254QQ

S + 254 Eq. 2.3

Values of CN are listed in tables which indicate their association
with various hydrological soil-cover complexes for "average"
antecedent soil moisture conditions (National Engineering Handbook,
1972). The CNs have to be adjusted if moisture conditions are not
"average". The SCS uses three soil moisture classes, "wet",
"average", and "dry", based on the five day total rainfall preceding
the storm to make adjustments for antecedent conditions where
necessary (National Engineering Handbook, 1972).

Calculation of peak flow rate using direct runoff volume is made by
means of a dimension less unit hydrograph developed by Mockus (1957)
from natural unit hydrographs and derived from catchments differing
greatly in size and geographical location. A unit hydrograph is
determined as the hydrograph of direct runoff, resulting from one
inch (25,4mm) of effective rainfall generated uniformly over the
catchment area at a uniform rate during a specified unit period of
rainfall excess (National Engineering Handbook, 1972). In the SCS
Model the unit hydrograph, shown in its dimensionless form in Figure
2.1, in terms of time, t, and flow rate, q, after the start of the
hydrograph rise, is approximated by a triangular hydrograph, derived
in Equations 2.4 to 2.7, having the same proportion (37,5 percent) of
the total volume under the rising limb as the dimensionless unit
hydrograph (National Engineering Handbook, 1972).

The triangular unit hydrograph is a practical representation of
excess runoff with uniform rise, one peak and uniform recession and
is described mathematically by the equation

= 0.5 qp (tp + tr) Eq. 2.4

where
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necessary (National Engineering Handbook, 1972).

Calculation of peak flow rate using direct runoff volume is made by
means of a dimensionless unit hydrograph developed by Mockus (1957)
from natural unit hydrographs and derived from catchments differing
greatly in size and geographical location. A unit hydrograph is
determined as the hydrograph of direct runoff, resulting from one
inch (25,4mm) of effective rainfall generated uniformly over the
catchment area at a uniform rate during a specified unit period of
rainfall excess (National Engineering Handbook, 1972). In the SCS
Model the unit hydrograph, shown in its dimensionless form in Figure
2.1, in terms of time, t, and flow rate, q, after the start of the
hydrograph rise, is approximated by a triangular hydrograph, derived
in Equations 2.4 to 2.7, having the same proportion (37,5 percent) of
the total volume under the rising limb as the dimensionless unit
hydrograph (National Engineering Handbook, 1972).

The triangular unit hydrograph is a practical representation of
excess runoff with uniform rise, one peak and uniform recession and
is described mathematically by the equation

Q = 0,5 qp (tp + tr) Eq. 2.4

where



Q = direct runoff volume (mm),

q = peak flow rate (mm. h~ ),

t = time to peak (h) and

t = time of recession (h).

Substituting t 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

"p

qp

=

(1

= K (

2

I

Q
1,67)tp

or
qp = _K_Q_

Eq. 2.5

where

K = a constant defining the shape of the hydrograph,

= 0,75.

As shown in Figure 2.1, time to peak is related to catchment lag and
storm duration by the equation

*p = 2 + L

2 Eq. 2.5

where

D = effective storm duration (h) and

L = catchment lag (h).
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Combining Equations 2.5 and 2.6 the peak flow rate is therefore given

by

qp = 0,75 Q

D + L

2 Eq. 2.7

2
Introducing catchment area, A in km , into the equation to convert

-1 3-1the units of q from mm.h to m .s gives

qps = 0,2083 A Q
£ + L
2 Eq. 2.8

where

q = peak flow rates (m .s }.

Lag may be envisaged as a weighted average of the time for runoff,
from each point of the catchment to reach the catchment outlet. Lag
is defined as the time from the centre of mass cf effective rainfall
to peak flow rate (National Engineering Handbook, 1972) and is
related to the physical properties of a catchment by the SCS equation

L = I0'8 (51 + 25,4)°'7

7069 y0'5 Eq. 2.9

where

1 = hydraulic length of the catchment (m),

y = average catchment slope (percent) and

S1 = 25400 - 254 (mm).
CN1



where

CN1 = measure of the retardance of surface conditions, and is
approximated by the runoff Curve Number unadjusted for
antecedent soil moisture.

Equation 2.9 was developed for areas smaller than 8 km and spans a
broad set of conditions extending from those with a high percent of
the runoff resulting from subsurface flow to those where surface
runoff predominates (National Engineering Handbook, 1972), For user
convenience, a metricated graphical solution for the estimation of
lag, as shown in Figure 2.2 was produced by Schulze and Arnold
(1979).

Where runoff from a catchment approaches uniformity it is usually
sufficient to relate lag to the catchment1s time of concentration,
which is defined as the time taken for runoff to travel from the
hydraulically most distant part of the catchment to the catchment
outlet (Kent, 1973). The relationship is given by Kent (1973) as

= 0,5 T, Eq. 2.10

where

= time of concentration (h).

The estimation of peak flow rate by Equation 2.8 assumes that a storm
has a uniform 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 Model to account for temporally varying
rainfall intensities. The peak discharge for an increment of runoff
is calculated by the equation
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where

- time of concentration (h).

The estimation of peak flow rate by Equation 2.8 assumes that a storm
has a uniform 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
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rainfall intensities. The peak discharge for an increment of runoff
is calculated by the equation
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Aq p s = 0,2083 A AQ

AD + L Eq. 2.11

where

Aq = peak flow rate of the incremental triangular
Ps 3 1

hydrograph (m .s~ ),

AQ = increment of direct runoff volume (mm) and

AD = incremental duration of effective rainfall

(h).

In applying incremental hydrographs the problem of choosing an
appropriate storm duration is 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 A D lies between 1/3 and
1/5 of the time to peak (Haan and Barfield, 1978).

The temporal distribution of storm rainfall for a particular event is
not generally available. For this reason, two 24 hour design storm
distributions (Type I and Type II) were developed from generalised
rainfall depth-duration relationships (Kent 1973). The time
distributions for the two storm types, which are associated with
climatic regimes are shown in Figure 2.3, Summing incremental
hydrograph ordinates, calculated from incremental rainfall depths
determined from the design storm distributions, enables the
development of the complete design hydrograph. Alternatively the
use of only a sufficient number of incremental hydrographs to cover
the peak producing period of the day's rainfall, enables the
calculation of just the peak discharge without further development
for the entire composite hydrograph.
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Aq = £^083 A
AD + L Eq. 2.11
_ _

where

Aq = peak flow rate of the incremental triangular
hydrograph (m .s ),

AQ = increment of direct runoff volume (mm) and

AD = incremental duration of effective rainfall

(h).
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resulting successive incremental hydrographs to form the complete
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1/5 of the time to peak (Haan and Barfield, 1978).
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for the entire composite hydrograph.
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Use of the SCS runoff equations enables the estimation of direct
runoff volume together with peak discharge and if desired, the entire
runoff 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 aplied to
processes which are essentially non-linear. Considerable research
has been undertaken to evaluate the applicability of the unit
hydrograph in hydrological modelling techniques and to assess the
improvements that can be made to peak flow rate predictions when the
unit hydrograph, derived for a catchment, is modified for non-linear
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 SCS Model a unit hydrograph is derived by means of Equations
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), is that since a stream hydrograph is described by
many of the physical characteristics of the catchment area, similar
hydrographs will be produced by similar rainfalls, assuming
comparable antecedent conditions. Consequently, the determination
of a unit hydrograph for certain clearly defined conditions, enables
an estimate of runoff from a rainfall of any duration or intensity,
by superimposing the required number of such unit hydrographs.
Inherent in this, technique is the simplification introduced by
separating the direct response component from the unit hydrograph for
total runoff by some arbitrary method of hydrograph separation. Unit
hydrograph theory is based upon the following three postulates:

1. Constant baselength

For a given catchment the duration of runoff is essentially
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constant for all spatially and temporally uniform rainfalls of a

given duration and is independent of the total volume of runoff.

2. Proportional ordinates

It is assumed that for a given rainfall duration and catchment,
the ordinates of the runoff hydrograph are proportional to the
total volume of runoff or excess rainfall.

3. Superposition

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

The postulates upon which unit hydrograph theory is based are
theoretical and make a number of assumptions concerning 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 unit hydrograph methods commonly pertain to the
assumption of linearity, which is the major assumption of unit
hydrograph theory and is regarded as contrary to hydraulic theory
applied to overland and channel flow {Nash, 1958). The need for a
more mathematical determination of the unit hydrograph, encompassing
non-linear relationships has been expressed by Barnes (1959), who
emphasised that the flow of water is governed primarily by the laws
of hydraulics rather than by imaginary units of water as suggested in
unit hydrograph theory. Recent research (Natural Environment
Research Council, 1975) reiterates the need for the incorporation of
non-linear processes in unit hydrograph theory, with an adjustment of
the unit hydrograph according -to storm magnitude.
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Since linear concepts can be more readily applied than non-linear
ones, synthetic models using unit hydrograph techniques are
preferred, provided they serve the purpose of a study with sufficient
accuracy. In the light of the criticism that has been directed at
the assumptions upon which the unit hydrograph is based, it is
surprising that unit hydrograph techniques do, as sometimes
indicated, serve the purposes for which they are set (Mostaghimi and
Mitchell, 1979). Ward (1975) suggests that the reason they do so
may be due to the fact that direct runoff is not predominantly
overland 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
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
fairly 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
adequately by linear theory, especially for small catchments subject
to rainfall of varying intensities. It is apparent that
modifications to the unit hydrograph procedure made to account for
variations in rainfall inputs are needed to overcome the limitations
of the approach while maintaining its simplicity. Synthetic
relationships that have been established between unit hydrographs and
various physical catchment characteristics and the modifications to
the unit hydrograph which incorporate the effects of varying rainfall
characteristics and flood magnitude, will now be reviewed.

2.3 Derivation of synthetic unit hydrographs

Unit hydrographs can be derived using rainfall and runoff data for

isolated storms having a unit duration of constant rainfall
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intensity, by adjusting the ordinates of the runoff hydrograph to
correspond to a hydrograph of unit volume. Alternatively, the unit
hydrograph may be determined by using iterative solutions and
superimposing the unit hydrograph analytically to form a composite
hydrograph representative of the recorded hydrograph (Mays and Coles,
1980).

Unit hydrograph theory is, however, generally applied to catchments
with no streamflow recording faci l i t ies and hence i t is of great
practical importance to have a procedure whereby a synthetic unit
hydrograph may be constructed for an ungauged catchment. Synthetic
unit hydrographs are usually determined by deriving empirical
relationships between parameters describing the unit hydrograph, such
as its peak flow rate, time to peak or alternatively lag time and
catchment and storm characteristics. A wide range of studies
forming such relationships has been conducted.

Early work focussed on physical catchment characteristics and their
influence upon the unit hydrograph for a particular catchment and
gave indications of the need for non-linear effects to be
incorporated into the unit hydrograph. Rainfall parameters were
incroporated in later studies with correlations being done on a unit
hydrograph for each storm within a catchment, thereby accounting for
seme of the non-linearities present due to storm variation. In
keeping with historical developments this review is directed f i r s t at
work incorporating relationships between the unit hydrograph and
mainly catchment characteristics. Secondly, the effects of rainfall
factors and the non-linearity of the rainfall-runoff processes on the
unit hydrograph wi l l be studied.

2.3.1 Derivation of synthetic unit hydrographs from catchment
characteristics

During investigations into the effect of catchment characteristics on
the unit hydrograph, variables 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 factors the Brit ish Insti tute of

Civ i l Engineers ascribes to catchment size, the scale of the flood

process in each catchment; to the drainage pattern, a time

distr ibution of floods; to slopes, the in f i l t ra t ion and velocity

performance and considers that storage w i l l modify the effect of a l l

of these (Natural Environment Research Council, 1975). The choice

of the catchment characteristics 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

coefficient interpretation, the variables should be chosen to be

uncorrelated (Natural Environment Research Council, 1975).

Snyder (1938) was a forerunner in the determination of synthetic unit

hydrographs and derived Equations 2.12 and 2.13 to determine

catchment lag time and peak flow rate of the unit hydrograph. The

equations were given as

L = C, ( l c a . l / ' 3 Eq. 2.12c a . l

qpm = C p 5 4 0

L Eq. 2.13

where

L = catchment lag time (h),

qDm = peakflow rate of unit hydrograph (ft .s .mile ),

lca = distance from gauging point to centre of catchment
(mile),

lm = length of catchment (mi le) and

C and C. are coefficents depending on the units being
used and on catchment physiographic characteristics.
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V = C P 6 4 Q

Eq. 2.13

where

L = catchment lag time (h),

•3 i p

q = peakflow rate of unit hydrograph (ft .s .mile" },

l c a = distance from gauging point to centre of catchment
(mile),

1_ = length of catchment (mi le) and

C and Ĉ . are coefficents depending on the units being
used and on catchment physiographic characteristics.
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The var iab le C^ was found to vary from 1,8 to 2,2 wi th an average

value of 2,0. The coef f icent C was obtained from Equation 2.14 and

var ied from 0,56 to 0,69 f o r Snyder's study area.

C p = 1 *
A^ Eq. 2.14

where

t^ = unit duration of surface-runoff producing rain (h),

2
AcrJ1 = effective area contributing to the peak flow (mile ),

2
AfT1 = catchment area (mi le ) and

_L_ = 5.

t d

Snyder (1938) summarised his findings by suggesting that variations
in the derived unit hydrographs were due mainly to variations in the
duration and areal distribution of effective rainfall and that a
different lag time should be used for different types of storms.

Taylor and Schwarz (1952) developed a nomograph to derive lag time
and peak flow rate for a unit hydrograph from the indices of main
stream slope, basin elongation and rainfall duration. The lag time
was plotted against duration of effective rainfall as the first
correlation step, which resulted in the equation.

L = c1 em!td Eq. 2.15

where

m' = rate of change of lag time with storm duration (-) and
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= lag of an instantaneous unit hydrograph, IUH (h)

which is the hydrograph with an infinitesimal duration

of effective rainfall.

The regression of m1 on the product U c a-l m)
 was calculated as

m1 = 0,212

( l c a . l / '
3 5 Eq. 2.16

The relationship of c1 with catchment characteristics was

investigated and the equation derived was

c' = 0,5

y s t Eq. 2.17

where

yst = slope of a uniform channel having the same length as the

longest watercourse and an equal time to travel (-).

The peak flow rate of the unit hydrograph was determined from

physiographic catchment characteristics and the unit duration of

surface-runoff producing rain using the equation

q p m = c" emlitd Eq. 2.18

where

c" = peak flow rate of an IUH (ft3.s~1.mile"2) and

m11 = rate of change of flow rate with storm duration (»).

m" and c" were determined from the equations
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qpm = c" em!<td Eq. 2.18

where
c" = peak flow rate of an IUH (f t3 .*"1 .mi le~2) and

m" = rate of change of flow rate with storm duration (-)
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m" = 0,121 y ° ' 1 4 2 - 0,05 Eq. 2.19

and

C" = 382 (lca . lm)™°'
36 Eq. 2.20

Buil (1968) applied synthetic unit hydrograph data obtained from the
graphical solution of the equations developed by Taylor and Schwarz
(1952) to the equations derived by Snyder (1938) and obtained
synthetic values of C^ and C . Main stream slope and a catchment
elongation index were used' to provide a correlation with the
synthetic basin co-efficents C'+ and C' Buil (1968) found that

t p

the unit hydrograph could be related to the location of the
concentrated effective rainfall and took account of the storm areal
distribution by sub-dividing the catchments into three equal sub-
areas. Equations 2.21 to 2.23 were used to determine lag times for
each sub-area. Subscripts 3, 2 and 1 refer to the lower, middle and
upper sub-areas respectively.

L3

L2 = L3 + A t 2 Eq. 2.22

L1 = L? + i t 1 Eq. 2.23

where

L = lag time for relevant sub-area (h ) ,

At̂ j & At« = regression constant terms (-} and

x = regression exponent ( - ) .
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Values of At., at- and x were determined from regression equations
on the physiographic catchment characteristics 1 . K , and y_..

m Co SX

Hickok, Keppel and Rafferty (1959) also recognised the need to
control the source area of runoff and found that the slope of the
source area was important in determining lag times. The source area
was defined by Hickock et al, (1959) as that half of the catchment
with the highest average land slope and was used to define lag time
as

Lmin = 23

(ysa + dd) Eq. 2.24

where

L m i n = lag time (min),

1 = distance from gauge point to the centre of the
source area (ft),

w,3 = average width of the source area (ft),
id

= average slope of the source area (-) and

drainage density for the entire catchment (ft.acre )

The lag time derived from Equation 2.24 was used to determine peak

flow rate for an assumed total volume of runoff using Equation 2.25.

V
Lmin

where

q = peak flow rats ( f t .s~ ) and
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Values of At^, A to and x were determined from regression equations
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Ill w U J tr

Hickok, Keppel and Rafferty (1959) also recognised the need to
control the source area of runoff and found that the slope of the
source area was important in detennining lag times. The source area
was defined by Hickock et al, (1959) as that half of the catchment
with the highest average land slope and was used to define lag time
as

(ysa + dd) Eq. 2.24

where

LJJJ. = lag time (min),

l s a = distance from gauge point to the centre of the
source area (ft),

w = average width of the source area (ft),

ysa = average slope of the source area (-) and

dj = drainage density for the entire catchment (ft.acre )

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

V s 545Qa
Lmin E ^ 2-25

where

q = peak flow rats (ft^.s" ) and
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Q3 = volume of runoff (acre . f t ) .
a

Hickock et al, (1959) concluded from hydrographs synthesised using
Equations 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. Lag time was found to be significant in relating
catchment influences to hydrogaph shape. The most important
physiographic feature tested for inclusion in Equation 2.24 was land
slope, which showed a higher correlation than channel slope.
Reasons given for this were that for the intense convectional
thunderstorm common to the arid region, momentum effects of abrupt
translatory waves would dominate channel resistance effects.
Drainage 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 et 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 Equation 2.26, which was shown to correspond closely to the
dimensionless hydrographs described by Mockus (1957) and Hickok
et al, (1959). The similarity between the three dimensionless unit
hydrographs is shown in Figure 2.4.

Bell and OmKar (1969) gave

qr , lm .4 (4 - 4 ~ )

v = V v ^ 2-26 •

where

tm = time after start of hydrograph rise (min),

q = flow rate at time t after start of hydrograph
"3 1

rise (ft .s~ l),
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3 1q = peak flow rate (ft .s~ ) and

t = time to peak flow rate (min)

Bell and OmKar (1969) analysed relative catchment lag time, defined

as the lag time for a particular flood divided by the median lag time

for the catchment and found that i t was more consistent than time to

peak and was inversely related to flood magnitude. The following

equation was derived to estimate lag time from the physical

characteristics of the catchment.

Lc = a l m ° ' 7 7 y , - ° ' 3 9 Eq. 2.27

where

Lc = critical lag, or, average value of lag for extreme
floods (h),

1 = length of catchment (mile),

y1 = slope of flow for lm(-) and

a = constant to be evaluated.

Attempts were made to obtain correlations of the constant, a, with
various catchment characteristics including channel slope, overland
slope, drainage density, catchment shape, vegetation cover and
precipitation factors. The only characteristic to show a
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 stream order,
catchment area and network magnitude by Boyd (1978) 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 - to be reasonably constant for a
given catchment with some variation due to non-linear effects. The
extent of lag variation is shown in Figure 2.5 where the frequency
distributions of logarithmically transformed lag times for four
catchments are plotted. Taking the average lag time for each
catchment Boyd (1978) derived the following equation, described as a
law of catchment lag, which has the same form as the stream order
laws (Ward 1975), viz.

Lu = Li RU
U"1 Eq. 2.28

where

Lu = lag of basin of order u (h),

L.j = lag of first order catchment (h) and

Ru = basin lag ratio (-)

= 1,737

a st al, (1980) derived unit hydrographs using Horton's
bifurcation ratio, stream length ratio, stream area ratio and a
measure of catchment lag time. Peak flow rates, calculated on large
catchments showed close agreement with those measured, but on smaller
catchments peak flows were underestimated. The lack of agreement
for the smaller catchments was used to question the validity of the
assumption of linearity on the smaller catchments. Changming and
Guangte (1980) differentiate between the mechanisms of peak discharge
formation on small and large catchments, noted by Gupta et al,
(1980). In smaller catchments vegetation, soil and gecmorphology
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play an important role in runoff response, while in larger basins,
runoff is the 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 is a variable
expressing a fraction of the catchment impervious to rainfall
(Natural Environment Research Council, 1975). The equation proposed
is

tp = 46,6y d-°'
3 8URBr 1' 9 9RSMD- 0' 4 l / ' 1 4

Eq. 2.29

where

t = time to peak (h),

y^ = stream slope between points located 10 percent
and 85 percent of the distance along the length of the
mainstream (m.knf ),

ls = stream length (km),

RSMD = climatic index of flood runoff potential (-), and

URBT = 1 + URBAN, where

URBAN = percentage of catchment impervious to
rainfall.

Slope measurement was the most important variable explaining the
variance of t in Equation 2.29. Streamlength was unexpectedly less
critical, possibly due to the significant inverse correlation of
streamlength with streams lope. The second most important
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independent variable is URBAN which affects the efficiency of the
drainage network, the velocities of flow- and the proportion of total
runoff due to surface runoff. Research undertaken, for example, by
Ragan, Root 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 to natural
catchments by means of variables such as the SCS Curve Number, an
index which estimates relative proportions of surface and subsurface
flow (National Engineering Handbook, 1972).

A comparative study of four synthetic unit hydrograph methods by
Morgan and Johnson (1962) which included the SCS dimensionless unit
hydrograph, indicated that the equations 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 obtained by the SCS Model when a value of
lag time measured for the storm is 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,
compared 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 to synthesise parameters describing
the unit hydrograph from catchment characteristics indicates the
increased consistency in prediction obtained when using an index of
catchment lag time rather than time to peak (Hickok et ai, 1959;
Bell and OmKar, 1969). Prediction of lag time and peak flow rate
can be made using catchment characteristics, but careful
consideration must be given to the amount of subsurface flow present
(Bell and OmKar, 1969; 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 been found to be critical
for small catchments (Morgan and Johnson, 1962). It is, however, on
such small catchments that non-linear processes have been found to
dominate catchment runoff response (Changming and Guangte, 1980;
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Gupta et al, 1980). With reference to the aforegoing the following
section examines sense methods of relating catchment runoff response
and in particular lag time to rainfall characteristics and flood
magnitude.

2.3.2 Rainfall characteristics and non-linearity of flood response.

Standard, unit hydrograph techniques are based upon the assumption
that a catchment has a constant lag time and responds as a linear
system unaffected by changing rainfall characteristics. The need
for improved accuracy and greater theoretical justification of
hydrological techniques incorporating a non-linear 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 attributed to 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 with catchments having rectilinear
slopes.

It has been suggested that it is possible to ignore the effects of
rainfall intensity of the runoff hydrograph due to the dampening
manifested upon these effects, 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
(1979) dispute that runoff characterisitics reflecting rainfall
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.

Theoretical reasons for a relationship between recorded
characteristic times and some measure of storm intensity or
magnitude are indicated by Manning's equation for turbulent flow
(Chow ,1964), viz.
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V = R2 / 3 Y 1 / 2 Eq. 2.30

where

1
V = velocity of flow (m.s )

R = hydraulic radius (m),

= ra t io of the cross-sectional area of the flow to the

perimeter in contact with the fluid,

Y = s l o p e ( - ) and

n = a friction coefficient (-).

High intensity rainfall would result in a greater flow depth, an
increase in hydraulic radius and corresponding change of flow from
laminar to turbulent flow, with a relative reduction of flow
resistance and an increase in velocity. Gregory (1980) suggests
that due to rilling, inherent in all runoff events on rural
catchments, hydraulic 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
absolute surface roughness, while Gregory (1982) used Manning's
equation to develop a T equation incorporating inter alia sixty
minute rainfall intensity of a given return period and the catchment
area.

Difficulties in determining times associated with peak discharge of a
hydrograph are complicated by some uncertainties in the assumptions
involved in calculating direct runoff and effective rainfall. By
using an impervious catchment in a controlled laboratory experiment
to avoid such difficulties Yen, Shen and Chow (1979) determined 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
equation
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c n m a i j " A Eq. 2.31
pm 1 ^

where

t = time to peak (min),

i. = rainfall intensity (in.h" ) and

x = a constant determined from catchment and rainfall

characteristics

Figure 2.8 illustrates the increase in time to peak with an increase

in rainfall duration, D (min) for a fixed rainfall intensity and

catchment slope, y(%). This relationship 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 y and Dm are held constant is, however, contrary to unit

hydrograph theory and corresponds to a decrease in lag time with

increasing rainfall intensity. The influence of rainfall intensity

on time to peak and hence lag time generally decrease with increasing

storm duration and slope (Yen et 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 rainfall runoff processes. Rastogi and

Jones (1971) stress that generally the degree of non-linearity found

in laboratory models does not apply directly to natural catchments

due to the scale differences present and make use of a mathematical

surface flow model developed to be representative of a 0,65 km

catchment area.

The non-linearity of the catchment is indicated in Figure 2.9 where

unit hydrograph peak flow rates are plotted against intensities of
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effect ive ra in fa l l for certain fixed durations of ra infa l l excess.

In accordance with unit hydrograph theory the peak flow rates for

uni t hydrographs of fixed duration and varying intensities should be

constant and thus the curves plotted in Figure 2.9 should be

horizontal. The curves show a non-linear relationship which only

tend to l inear i ty when the outflow rate from the catchment

approximates the inflow rate to the catchment at a time known as the

time of v i r tua l equilibrium. The time of v i r tua l equilibrium, which

is related to lag time, was found to shorten with an increase in

ra in fa l l excess intensity (Rastogi and Jones, 1971).

Models of overland flow have been discussed comprehensively in the

l i terature while other f ields such as the expansion and contraction

of the drainage network, together with subsurface flow are more

sparsely documented. Roberts and Klingeman (1970) simulated

permeability in a laboratory model to investigate the effects of non-

l inear i ty on runoff which is not purely surface runoff. Figure 2.10

shows the variation in hydrograph shape for storms of fixed intensity

and varying ra in fa l l duration when the catchment is a) impermeable

and b) covered by a permeable layer of foam. For the impermeable

surface the ra in fa l ls corresponding to durations of 20, 30 and 45

seconds reached equilibrium, while the retardation effect of the

simulated permeability prevented a l l except the 4-5 second duration

ra in fa l l from reaching equilibrium. The permeable surface resulted

in a much longer lag time and a smaller rate of peak discharge per

uni t volume of runoff. Intensity of ra in fa l l excess was found to be

an important determinant of hydrograph shape, especially at low

ra in fa l l intensit ies (Roberts and Klingeman, 1970).

The importance of including variables describing ra in fa l l intensity

in regressions with a charactersitic travel time was indicated by

Gregory (1980) as well as by Kadoya and Fukushima (1979), who

incorporated intensity of ra in fa l l in equations to calculate time of

concentration. Kadoya and Fukushima (1979) developed a relationship

between Tcm and ra in fa l l intensity, which included the catchment area
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and took the form

T _ . 0 , 2 2 i 0,385
'cm ~ c A ln\ Eq. 2.32

where

= time of concentration (min),

A = area (km ),

-1-i = rainfall intensity (mm.h" ) andi

c = a constant.

Average intensity 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
equation to derive flood peak discharge was of the form

qn. = (i.u . Ar) Eq. 2.33

where

3 -1
q = flood peak discharge (m.s ),

i a v = average intensity of excess ra in fa l l (mm.h ) and
av

Ac = effective area that contributes to the formation of the
peak discharge (km ).

Average intensity of excess ra in fa l l was determined by adjusting the

average tota l ra in fa l l intensity, obtained from ra in fa l l data, by an

average losses intensity, determined frcm soi l and soi l flow

properties. Effective contributing area was evaluated from a series

of laboratory tests using simulated storms of dif ferent ra in fa l l

durations, intensit ies and distr ibut ions. The maximum peak
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discharge was calculated by differentiating the product of i and A
u V C>

and equating the product to zero.

Results of an investigation into the relationship between time to
peak and mean rainfall intensity (Natural Environment Research
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 a possible explanation of this lack
of trend. The variable source area concept reflects an expanding
area contributing to runoff, the extent of expansion being controlled
by catchment moisture status. This increase in effective catchment
size according to the Natural Environment Research Council (1975)
would result in a longer travel time.

Pilgrim (1976) indicated the degree of non-linearity of rainfall
runoff prcesses in an experiment using radio isotopes injected into
streams at various sites on a 39 hectare catchment. Measurements of
the base-length and variability of activity-time curves with peak
flow 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 between 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 relationship for
the prediction of time of travel from peak discharge for one site in
the catchment, is shown in Figure 2.11. The results indicate that
although the process is grossly non-linear at low flow rates,
linearity is approximated at high flow rates. The relationship is
represented by the equation

W ^ 286 V " 0 ' 4 9 2 Eq" 2 ' 3 4

where

t = time of travel (min) and
L> Ufll
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+• 0Q£ n "U|f3t c 11,1

teem = 285 qpr Eq- 2'34

where

= time of travel (min) and
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3 1q = peak flow rate ( f t .s" )

Askew (1970) found that variations in the temporal pattern of
rainfal l had l i t t l e effect on lag time, defined in his study as the
time from the centre of mass of effective rainfall to the centre of
mass of direct runoff, and he found lag time to be correlated solely
with weighted mean discharge rate. Weighted mean discharge rate is
defined as the mean ratio of total discharge divided by the time of
occurrence of direct runoff, weighted in proportion to the direct
runoff discharge of the given rate. The regression equations
determined had the form

L = a *J> Eq. 2.35

where

L = catchment lag (h),

q ^ = weighted mean discharge rate (m.s ),

b = regression coefficient and

a = regression constant.

The magnitude of the regression coefficient b, was taken as a direct
indication of the degree of non-linearity present in each catchment.
The magnitude of b was found to vary between catchment areas, thereby
implying different degrees of non-linearity. Little 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 coefficeint. Using
this constant exponent as a fixed regression coefficient, the data
were re-examined to develop a means of predicting the constant term,
a, which relects a measure of the lag time obtained for a linear
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model. A good correlation existed between the regression constant
and catchment area,
using the equation

2
and catchment area, A in km , enabling the estimation of lag time

= 2,12 A0 '57 q ^ " 0 ' 2 3 Eq. 2.36

Rogers (1980) ^ conducted similar research to that done by Askew
(1970) in order to identify the causes of catchment non-linearity and
to model non-linear peak discharge distributions. Peak discharges
were converted to a standardised value by taking the log of peak
discharge divided by runoff volume squared. 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 linear
response and is more positive for non-1inearly 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 attributed to variations in precipitation
distribution, intensity and duration. Most drainage basins
exhibited non-linear distributions but there appeared to be l i t t l e
correlation between the slopes of the distributions and conventional
physical catchment characteristics (Rogers, 1980). The effect of
rainfal l characteristics on the slope of the standardised peak
discharge distribution was suggested as being important but
insufficient precipitation data were available to test this effect.
Rogers (1980) speculated that drainage basin non-linearity was
related to non-uniform inf i l t rat ion capacity distributions.
According to Rogers (1980) in f i l t ra t ion capacities are generally

Since the procedure followed in Chapter 4 of this report is
similar to that followed by Rogers, a review of the research done
by Rogers (1980) is given in detail.
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. 2,12 A0 '57
 q m ° ^ Eq. 2.36
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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 attributed to variations in precipitation
distribution, intensity and duration. Most drainage basins
exhibited non-linear distributions but there appeared to be little
correlation between the slopes of the distributions and conventional
physical catchment characteristics (Rogers, 1980). The effect of
rainfall characteristics on the slope of the standardised peak
discharge distribution was suggested as being important but
insufficient precipitation data were available to test this effect.
Rogers (1980) speculated that drainage basin non-linearity was
related to non-uniform infiltration capacity distributions.
According to Rogers (1980) infiltration capacities are generally

Since the procedure followed in Chapter 4 of this report is
similar to that followed by Rogers, a review of the research done
by Rogers (1980) is given in detail.



39

highest on the higher regions of the catchment and lowest in the

channel valleys. The effect of this higher infiltration capacity

around the basin perimeter results in most of the runoff for small to

medium storms occurring near the catchment outlet, giving r ise to

short travel times, low storage effects and high peak flow rates in

relation to runoff volume. For large storms runoff would be

expected to originate from the entire catchment resulting in longer

travel times and a lower peak for the volume of runoff distributed

over the catchment. Rogers (1980) concluded from the study that the

slope of the standardised peak discharge distribution was a unique

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

effects of precipitation duration and antecedent moisture condition,

due to their inter-relationship with runoff volume.

Murray and Gorgens (1981) predicted peak discharge from linear

equations of log of peak discharge vs log of runoff volume. The

slope of the equations 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

volume. Only a weak association was found between peak flow rate

and the most intense 60 minute rainfall amount, while seven day

antecedent rainfall amount gave a fair correlation with runoff volume

and hence peak discharge.

I t has been proposed that the unit hydrograph is not only highly

variable from storm to storm, but also from burst to burst within

storms, particularly, on small catchments (Betson, 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 a l , (1980) to route precipitation excess to form the

storm hydrograph. The unit hydrograph, developed from the concept

of partial area contributions to storm runoff, was varied by means of

a lag time determined from a normalised precipitation excess

intensity, which was related to the variation in intensity throughout

the storm and the total rainfall amount. The equation used was
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L = a (PEIN)b Eq. 2.27

1,6

where

L = catchment lag (h),

PEIN = normalised precipitation excess intensity (in.h )
and

a & b = coefficients predicted from physiographic
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 a 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 catchment covered by
forest, grassland, crops and reclaimed surface mined lands.
Wheater, Shaw and Rutherford (1982) included a change in slope in the
recession limb of unit hydrograph of long duration but found a
triangular shape was satisfactory for short steep unit hydrographs.
Unit hydrograph shape was found to be influenced strongly by
antecedent soil moisture- conditions, which affected the area
contributing to runoff.

Reed, Johnson and Firth (1975) varied lag for successive input
elements of rainfall excess within a storm and superimposed the
incremental hydrographs to. fit an observed rainfall-runoff event.
Preliminary results indicated that by catering for a variable lag
from rainfall burst to burst within the storm, the model provided
improved representation of the observed events against which it had
been assessed and that in general a shortened lag time corresponded
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incorporated by Ward, Bridges and Wilson (1981) into a model for
predicting peak flow rates and for developing a 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 frcm parameters describing catchment slope, catchment
hydraulic length and the percentage of the catchment covered by
forest, grassland, crops and reclaimed surface mined lands.
Wheater, Shaw and Rutherford (1982) included a change in slope in the
recession limb of unit hydrograph of long duration but found a
triangular shape was satisfactory for short steep unit hydrographs.
Unit hydrograph shape was found to be influenced strongly by
antecedent soil moisture- conditions, which affected the area
contributing to runoff.

Reed, Johnson and Firth (1975) varied lag for successive input
elements of rainfall excess within a storm and superimposed the
incremental hydrographs to. fit an observed rainfall-runoff event.
Preliminary results indicated that by catering for a variable lag
frcm rainfall burst to burst within the storm, the model provided
improved representation of the observed events against which it had
been assessed and that in general a shortened lag time corresponded
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with increased storm magnitude.

The various methods of relating parameters describing synthetic

hydrographs to ra in fa l l characteristics and peak flow rate indicate

the signi f icant role played by ra in fa l l characteristics, especially

ra i n fa l l intensity and duration, in the timing and shape of the

runoff hydrograph (Kadova and Fukushima, 1979; Pilgrim, 1976;

Rastogi and Jones, 1971; Roberts and Klingeman, 1970; Yen, Shen and

Chow, 1979) and the non-linear relationship between peak flow rate

and catchment response time (Askew, 1970; Pilgrim, 1976).

Incorporation of practical methods to improve the estimation of

synthetic unit hydrographs determined from catchment characteristics

seems jus t i f i ed and possible modifications to the equations defining

the SCS triangular unit hydrographs (National Engineering Handbook,

1972) w i l l now be considered.

2.4 Modifications to the equations defining the SCS triangular

unit hydrograph

The triangular unit hydrograph used in the SCS Model to estimate peak

flow rate is defined by Equations 2.7 and 2.9. The lag time,

calculated from catchment characteristics using Equation 2.9, is

combined with Equation 2.7 to calculate the peak flow rate for a unit

volume of runoff, Q, and duration of ra in fa l l excess of constant

intensi ty, D. Considerable e f for t has been expended at improving

the estimation of runoff volume using the SCS technique (Hawkins,

1978; Hope'and Schulze, 1981; Schulze, 1982). L i t t l e attention

has however, been given to the peak flow rates which are frequently

estimated poorly by the SCS Model, despite accurate estimates of

runoff volume. These poor peak flow rate estimates are most l ikely

due to inadequate representation of the shape and baselength of the

tr iangular hydrograph. Improvements to the triangular hydrograph

accounting for changing storm characteristics and catchment

conditions are thus required i f more accurate estimates of peak flow

rate are to be made.
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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 linked
to physical catchment parameters and rainfall characteristics. The
proportion 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 (National Engineering Handbook,
1972) and an adjustment for different rainfall characteristics would
improve the accuracy of the 5CS technique.

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 either D or L result in inaccurate estimates of peak flow rate.
The determination of catchment lag time is considered by Morgan and
Johnson (1962) to be the weak link in the application of synthetic
unit hydrograph techniques and has been the subject of much research
(Askew, 1970; Bell and OmKar, 1969; Betson et al, 1980; Boyd,
1978; Buil, 1978; Hickok et al, 1959, Reed et al, 1975).
Equation 2.9 reflects the influence of catchment size and slope on
lag time by means of the catchment hydraulic length and the catchment
slope. A description of catchment condition is included in the
equation by inclusion of the retardance factor (CN1) unadjusted for
antecedent soil 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 actual catchment
condition, an index more applicable that the "average" catchment
condition reflected by CN1. The lag time determined 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 non-linearity of runoff response found with
variations in storm magnitude have been indicated in Section 2.3. A
means to include indices into the SCS lag equation which describe
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means to include indices into the SCS lag equation which describe
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variations in lag time, corresponding with variations in storm
magnitude would overcome some of the limitations of this approach.
Advances in the development of Depth-Duration-Frequency equations
from daily rainfall information producing accurate estimates of
rainfall intensities for shorter durations which are applicable to
both South African conditions (Alexander, 1982) and worldwide
conditions (Hargreaves, 1982) make the inclusion of indices of
rainfall intensity possible for areas where rainfall intensity
measurements are not available.

Calculation of duration of rainfall excess for ungauged catchments
may be made by means of the relationship between effective duration
of rainfall excess and average annual rainfall amount (National
Engineering Handbook, 1972). Alternatively, duration of rainfall
excess may be approximated by the catchment time of concentration
(T ), since this represents the duration after which all parts of the
catchment contribute to the flow at the catchment outlet (National
Engineering Handbook, 1972). The establishment of incremental unit
hydrographs for incremental time periods of constant rainfall
intensity enables calculation of the peak rate of runoff for
temporally varying rainfall, without choosing an appropriate storm
duration, while adhering to the requirements of constant rainfall
intensity inherent in unit hydrograph theory. It should be
stressed, however, that the incremental hydrographs represent a
constant linear response function to rainfall inputs of varying
intensity, which remain linearly superimposed.

Ideally the lag 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 catchment at the
onset of the incremental period. In such a manner a varying
incremental lag and hydrograph shape, corresponding to the rainfall
distribution can be envisaged. Alternatively, as a simplification,
the lag time and hydrograph shape could be determined for the total
rainfall, but with due consideration being placed upon a
characteristic rainfall intensity and the temporal variation of the
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rainfall.

Procedures to improve the equations defining the triangular unit
hydrograph, by incorporating modifications to account for the effects
of varying rainfall distribution 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
section.

2.5 Aims

The present research has been undertaken to improve the estimation of

peak flow rate for individual storms using the SCS triangular unit

hydrograph. Investigations are restr icted to the lag equation

defining the baselength and hence peak flow rate of the tr iangular

unit hydrograph and the shape of the unit hydrograph is held constant

following SCS procedures. The main aim of the study is to test the

accuracy of the estimation of lag time calculated for a catchment

using the SCS lag equation. Variations in the lag times for

individual storms within a catchment w i l l also be examined and where

possible, equations to predict both the catchment lag times and their

va r iab i l i t y w i l l be determined.

Testing the accuracy of an empirically determined catchment lag time

poses numerous problems since lag time varies with each runoff event

recorded on the catchment and thus has to be determined for a number

of events and then averaged in order to obtain a representative

catchment estimate. The lag time for an individual event cannot

always be measured direct ly from autographic records owing to

d i f f i cu l t i e s in determining the start time, end time and temporal and

areal distr ibut ion of the effective ra in fa l l . Problems are further

compounded by poorly synchronised ra in fa l l and runoff recorders which

contribute to inaccurate estimates of the storm lag time. Owing to

the complexity associated with determining the centre of mass of
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rainfall.

Procedures to improve the equations defining the triangular unit
hydrograph, by incorporating modifications to account for the effects
of varying rainfall distribution 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
section.

2.5 Aims

The present research has been undertaken to improve the estimation of
peak flow rate for individual storms using the SCS triangular unit
hydrograph. Investigations are restricted to the lag equation
defining the baselength and hence peak flow rate of the triangular
unit hydrograph and the shape of the unit hydrograph is held constant
following SCS procedures. The main aim of the study is to test the
accuracy of the estimation of lag time calculated for a catchment
using the SCS lag equation. Variations in the lag times 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
poses numerous problems since lag time varies with each runoff event
recorded on the catchment and thus has to be determined for a number
of events and then averaged in order to obtain a representative
catchment estimate. The lag time for an individual event cannot
always be measured directly from autographic records owing to
difficulties 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 estimates of the storm lag time. Owing to
the complexity associated with determining the centre of mass of
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effective rainfall and therefore of measuring the response time
between effective rainfall and runoff volume, the criteria for the
calculation of an individual storm lag time is often directed towards
the recorded runoff hydrograph. Storm lag time is 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 estimates of peak
flow rate for all the storms within a particular catchment would
similarly be regarded as the best estimate of catchment lag time.
Various approaches can thus be used to estimate lag time from
recorded data. In this report, the investigations will be
restricted to the following methods:

1. A triangular approximation of each runoff hydrograph for all the
catchments used in the study will be made and the relationship
between peak flow rate and runoff volume for the hydrographs of a
catchment investigated to determine the magnitude and variability
of catchment lag time. Such relationships will then be
correlated with catchment and rainfall characteristics.

2. Incremental triangular hydrographs will be convoluted with the
storm precipitation excess for the test storms and the resulting
storm hydrograph produced. The value of lag time required to
superimpose the incremental hydrographs to give an accurate
estimation of recorded peak flow rate for each storm will
determine the correct storm lag time, and this value is then
explained in terms of catchment and rainfall characteristics.

3. The time response between effective rainfall and runoff will be
measured frcm the autographic records for each test storm.
Effective rainfall will be calculated following SCS procedures by
separating an initial abstraction from the total storm rainfall.
Initial abstraction will be obtained from recorded rainfall and
runoff data.



The f i r s t two methods are orientated towards the runoff hydrograph

with prediction of an accurate peak flow rate being the cr i ter ion for

the determination of storm lag time. The th i rd method bases the

estimation of lag time on the measured time difference between

effect ive ra in fa l l and runoff response. Only the f i r s t method w i l l

be applied to a l l the catchments used in the study. Owing to the

large amount of computational work involved, the second and th i rd

methods w i l l be applied to a smaller sample of selected catchments,

enabling comparison to be made between the three methods used.
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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
estimation of lag time on the measured time difference between
effective rainfall and runoff response. Only the first method will
be applied to all the catchments used in the study. Owing to the
large amount of computational work involved, the second and third
methods will be applied to a smaller sample of selected catchments,
enabling comparison to be made between the three methods used.
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3. CATCHMENT AND DATA DESCRIPTIONS

Data from twelve small catchments covering a 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 be less than 3,5
km in area to minimize areal variations in precipitation
distribution.

The catchment locations are shown in Figures 3.1 and 3.2. Details
regarding the location, climate, vegetation and lithology of these
catchments are summarised in Table 3.1. Seven catchments from the
USA were selected (Figure 3.1): two are located at Stillwater
(Oklahoma), two at Safford (Arizona), one at Coshocton (Ohio), one
at Hastings (Nebraska) and one at Albuquerque (New 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 identification codes together with
relevant physiographic catchment characteristics and the weighted
mean catchment Curve Numbers are given in Table 3.2. The values of
the catchment Curve Numbers are based on field observations and
various surveys done by Arnold (1980) for the South African
catchments and Schulze (1982) for the USA catchments. Catchment
hydraulic length and average catchment slope were determined by
computer from the available maps.

A total of 291 -storms was selected for the study, with the criteria
for selection being that the hydrograph 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, projected from 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 Summary of location, climate, vegetation and lithology of the study regions

Country

USA

South

Africa

Location

Coshocton, OH

Stillwater, OK

Hastings, NE

Safford, hi

Albuquerque,
NM

Delloek

Zululand

Latitude

40Q22'N

36°27'N

40°16'N

32°51'N

35u05'N

29'J0TS

28u50'S

Longtitude

82°01'W

97°25'W

98°35'W

110°00'W

106o50'W

29°10'E

31°46'E

Altitude

(m)

372

293

597

1090

1805

1450

250

Climate

Sub-humid

Sub-humid

Sub-humid

Arid

Arid

Sub-humid

Humid

Mean Annual
Precipitation

(mm)

975

725

600

225

175

850

1450

Vegetation

Grassland

Grassland

Grassland

Sparse shrub,
85% bare

Shrub and
short grass,
80% bare

Grassland

Grassland

Lithology

Shales, and Silstones
overlying sandstone

Shales with interbedded

Loess

Basalt and calcareous
granite

Sandstone and shade

Mudstone, shale and
sandstone

Biotite granite,
gneiss

Sources : Arnold (1980) ; Schulze (1982)
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Table 3.2 Summary of catchment physiographic characteristics
and catchment Curve Numbers

Catchment
Identifi-
cation

26003

37001

37002

44005

45001

45002

47002

V1M12

V1M28

V7M03

W1M15

W1M17

Location

Coshocton

Stillwater

Hastings

Safford

Albuquerque

DeHoek

Zululand

Area
(km*)

0,011

0,068

0,372

0,015

2,100

2,760

0,164

0,500

0,410

0,450

3,222

0,669

Hydraulic
length of
catchment

(m)

125

445

959

140

4530

5898

802

726

808

938

3632

700

Average
Catchment
Slope
(%)

18,4

4,3

4,7

7,2

6,6

7,8

11,0

20,0

10,0

15,2

19,5

18,9

CN

73

80

80

69

79

79

87

74

68

74

77

63

Sources : Arnold (1980) ; Schulze (1982)
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Catchment
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0,068

0,372
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0,410
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3,222

0,669

Hydraulic
length of
catchment

(m)

125

445

959

140

4530

5898

802

726

808

938

3632

700

Average
Catchment
Slope
(X)

18,4

4,3

4,7

7,2

6,5

7,8

11,0

20,0

10,0

15,2

19,5

18,9

CN

73

80

80

69

79

79

87

74

68

74

77

63

Sources : Arnold {1980} ; Schulze (1982)



No depth-storage relationships were available for the measuring sites
in the USA and no runoff backrouting could therefore be simulated.
Runoff was backrouted for a sample of events from the South African
weirs but the peaks of the inflow hydrographs did not differ to any
marked extent from the observed peaks as the s t i l l ing basins are al l
relatively small. In order to maintain uniformity, no runoff routing
was therefore performed and recorded peak flow rates were used to
approximate the inflow peaks (Appendix 1). Duration of ra infa l l , D ,
was frequently d i f f i cu l t to determine owing to periods of low
intensity rainfal l leading up to, during or following the main storm
period. ' This applied particularly to the Zululand catchments where
low intensity rainfalls of long durations are common.

Rainfall duration, D was therefore approximated to the nearest hour

for the Zululand storms. No rainfall falling more than two hours

before the hydrograph initiation or after the termination of storm

flow by the 1,13 mm.day" .day" slope was included in the storm

rainfall. In addition, continuous periods of rainfall intensity of

less than 1 mm.h falling before or after the main event were

excluded from the rainfall amount. The most intense 30-minuta

period of rainfall, I — , was chosen as an indicator of the rainfall

intensity during each storm. A parameter of storm kinetic energy, E,

was calculated using the equation developed by Wischmeier and Smith

(1958) :

n

E = z (11,19 - 3,73 loginl.)p.
W!U j j

j=1

wnere

E = the tota l kinetic energy (J.m"~),

I = the mean ra in fa l l intensity during the j t h

storm period (mm.h"')
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and

= the rainfall amount in the jth storm period (mm)

In order to characterise storms regionally, mean values of I ™ and Du

were obtained for each location from the data in Appendix 1. These

parameters together with a description of the 'typical1 rainfall

event for each region are given in Table 3.3.

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

presented, attention is now turned to the procedures by which intar-

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

results obtained.

Table 3.3 Regional storm characteristics for the selected events

Region

Coshccton

Stillwatar

Hastings

Safford

Albuquerque

OaHoek

Zululand

T30

(mm h"1)

• 36,5

29,7

43,5

32,5

25,2

29,3

13,2

Du

(h)

1,8

3,9

1,0

1,4

2,2

12,0

Stonn Description

Medium intensity rainfall,
short duration

Medium intensity rainfall,
medium duration

High intensity rainfall,
short duration

Medium intensity rainfall,
short duration

Medium intensity rainfall,
short duration

Medium intensity rainfall,
short duration

Low intensity rainfall,
long duration
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and

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

In order to characterise storms regionally, mean values of I,Q and Du

were obtained for each location from the data in Appendix 1. These

parameters together with a description of the 'typical' rainfall

event for each region are given in Table 3.3.

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

presented, attention is now turned to the procedures by which inter-

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

results obtained.

Table 3.3 Regional storm characteristics for the selected events

Region

Coshccton

Stillwater

Hastings

Safford

Albuquerque

OsHoek

Zulu!and

T30

(mm IT1)

• 35,5

29,7

48,5

32,5

25,2

29,9

13,2

~Du
(h)

1,8

3,9

1 ,0

i,4

2,2

2 ^

12,0

Storm Description

Medium intensity rainfall,
short duration

Medium intensity rainfail,
medium duration

High intensity rainfall,
short duration

Medium intensity rainfail,
snort duration

Medium intensity rainfall,
snort duration

Medium intensity rainfall,
snort duration

Lew intensity rainfall,
lana duration
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4. DERIVATION OF LAG TIME USING TRIANGULAR

APPROXIMATIONS OF THE RUNOFF HYDROGRAPH

4.1 Background

Although computer models are frequent ly used to superimpose numerous

incremental hydrographs to obtain a compound hydrograph, i t is often

preferable, and in the absence of autographic r a i n f a l l records

necessary, t o assume a single t r i angu la r approximation of the runoff

hydrograph. Such s imp l i f i ca t i ons , which assume uniform r a i n f a l l

d i s t r i b u t i o n , are commonly made p r i o r to conducting extensive

analyses (Natal Provincia l Administrat ion Roads Department, 1981).

In th is chapter, s imp l i f i ed procedures have been u t i l i z e d to form a

t r i angu la r approximation of each runoff hydrograph which has the same

peak f low rate and volume of runoff as the recorded hydrograph, but

wi th 37,5 per cent of the t o t a l volume of runoff f a l l i n g under the

r i s i n g l imb. Such t r i angu la r hydrographs are considered to be

representative of the t r iangu la r un i t hydrograph f o r each event and

in t h i s chapter re lat ionships between peak flow rate and volume of

runof f f o r the hydrographs fo r each catchment are used to calculate

the magnitude and v a r i a b i l i t y of catchment lag time.

The use of a hydrograph of non-unit volume to represent a un i t

hydrograph must not be regarded as contradictory to the assumptions

upon which un i t hydrograph theory is based. Such assumptions apply

equally wel l when non-standard units are used (Rogers, 1980). The

term 'un i t 1 ac tua l ly refers to a depth of uniform e f fec t ive r a i n f a l l

f a l l i n g uniformly over a given time per iod. Triangular

approximations of the t o t a l runof f hydrographs may be used to

represent t r i angu la r un i t hydrographs provided the e f fec t ive r a i n f a l l

i s temporally and spa t i a l l y uniform over a specif ied period of t ime.

Under natural condit ions uniform e f fec t i ve r a i n f a l l seldom occurs
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since both areal and temporal variations affect the generated runoff.
Approximate unit hydrographs may, however, be determined from the
runoff hydrographs of small catchments, where areal variations in the
distribution of effective rainfall are minimized, by using isolated
single peaked runoff events resulting from rainfalls of approximately
uniform temporal distribution.

Such approximate unit hydrographs are not directly comparable with
one another since they originate from storms of different durations
of effective rainfall. It is difficult to 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, T ,
consistent with the procedure usually applied when design hydrographs
are being determined (National Engineering Handbook, 1972), which is
considered to be the best approximation available for the purposes of
the present study.

4.2 Experimental procedures

According to the linear assumptions upon which the SCS hydrograph
theory is based, the lag time for all storms on a catchment is
constant and furthermore, the peak flow rate of the hydrograph for
all storms of the same duration of effective rainfall will vary in
proportion with the enclosed volume of runoff. . The actual
relationship between peak flow rate and runoff volume for a series of
triangular hydrographs, considered to be representative of triangular
unit hydrographs with a duration of effective rainfall equal to the
catchment time of concentration, 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 flow rate
against runoff volume was initially undertaken for each catchment to
provide equations of the form
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log q = a + b log Q Eq. 4.1

where

q = peak flow rate (mm.h~ ),

Q = d i rect runoff volume (mm) and

a & b = regression coeff icients.

The slope, b, of the l ine best f i t t i n g the data gave an indication of

the degree of non-l inearity of the runoff d is t r ibut ion and hence the

consistency of lag time for each catchment. A slope of unity

indicated a l inear relationship between peak flow rate and runoff

volume and enabled Equation 4.1 to be re-writ ten as

qp = 10a Q1 Eq. 4.2

Following the approximation of the duration of effective ra in fa l l for

each catchment to be equal to the catchment time of concentration,

Equation 2.19 was re-writ ten as

D = 1,66*L

and combined with Equation 2.7 to give

qp = 0.75 Q
1,83 10a 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 Equation 4.3, which
describes the shape of a triangular hydrograph to yield
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0,75
1,83 10a Eq. 4.4

Equation 4.4 indicates that lag time is constant for a catchment with
linear responses and its magnitude depends only on the regression
constant, a. A regression 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
slope of the regression equation from unity. Lag for a non-linear
catchment can be determined by substituting the relation

qp

into Equation 4.3 to yield

L = 0,75Q ( 1- b )

1,83 10a Eq. 4.5

Equation 4.5 indicates the dependence of lag time for a catchment
with non-linear response on the size of the runoff event. Similar
equations can be derived, relating catchment lag time to 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 assumptions used in the SCS Model when applied to the
catchments under study. Although similar equations have been used
for prediction purposes (Askew, 1970; Rogers,. 1980), it was decided
to relate any non-linear variations in lag time to the
characteristics of the rainfall event rather than the size of the
runoff event, which is to a large extent itself related to rainfall
characteristics. In order to do this the lag times for each
catchment were re-calculated assuming a linear catchment response
function using regression equations of peak flow rate on runoff
volume similar to Equation 4.2 and having the form
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volume enabled an evaluation to be made of the applicability cf the
linear assumptions used in the SCS Model when applied to the
catchments under study. Although similar equations have been used
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to relate any non-linear variations in lag time to the
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runoff event, which is to a large extent itself related to rainfall
characteristics. In order to do this the lag times for each
catchment were re-calculated assuming a linear catchment response
function using regression equations of peak flow rate on runoff
volume similar to Equation 4.2 and having the form
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qp = c Q Eq. 4.6

where

c = a regression constant.

Substituting Equation 4.6 into Equation 4.3 gave

I = 0,75

1,83 c 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 flow rate for the runoff events of the part icular catchment.

Such estimated catchment lag times, L (subscripts refer to a

c_atchment lag time estimated using procedures incorporating s_ingle

triangular approximations of recorded hydrographs) were compared with

corresponding lag times determined by the defined SCS lag equation

and a regression equation for catchment lag time prediction was

developed.

The Coefficient of Determination (r ) of Equation 4.6 indicated the

extent to which the var iab i l i t y in peak flow rate was proportional to

variations in runoff volume when a constant catchment lag time was

employed. Over or under estimation of peak flow rates for individual

events on a particular catchment, using such a linear relationship,

generally occurred due to the non-linear changes in the ra in fa l l

pattern and catchment condition between individual events.

Deviations of the peak flow rates calculated using the estimated

catchment lag time from the observed peak flow rates, were related to

the non-linear variations of the individual ra in fa l l events for each

catchment. Regression equations accounting for such deviations were

calculated as

q p o Eq. 4.8
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where

q = peak flow rate calculated using the estimated

catchment lag time, obtained from Equation 4.7

(mm.h ),

q = observed peak flow rate (mm.h~ ) and

x, , , . . . ,x = indices describing the ra in fa l l 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 peak flow rates calculated using a

l inearly estimated catchment lag time were equated with deviations of

the storm lag times from the linearly estimated catchment lag time to

form the relationship

Lcs q p o Eq. 4.9

where

Lss = lag time for the jtorm (h) when using a ^single

triangular approximation of the runoff

hydrograph and

Lcs = estimated catchment lag time (h) calculated

using Equation 4.7.

An estimate of the lag time for a particular runoff event, L

(subscripts refer to an estimated _storm lag time calculated using

procedures incorporating _sjngle triangular approximations of recorded

hydrographs) could thus be obtained by multiplying the l inearly
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where

q = peak flow rate calculated using the estimated

catchment lag time, obtained from Equation 4.7

(mm.h ),

q = observed peak flow rate (mm.h" ) and

X. . . . . .X = indices describing the ra infa l l 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 peak flow rates calculated using a

linearly estimated catchment lag time were equated with deviations of

the storm lag times from the linearly estimated catchment lag time to

form the relationship

Lcs

where

Lss = lag time for the _storm (h) when using a _single

triangular approximation of the runoff

hydrograph and

L = estimated catchment lag time (h) calculated

using Equation 4.7.

An estimate of the lag time for a particular runoff event, L

(subscripts refer to an estimated _storm lag time calculated using

procedures incorporating _s_ingle triangular approximations of recorded

hydrographs) could thus be obtained by multiplying the linearly
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estimated catchment lag time (Equation 4.7) by a correction factor,
determined from the non-linear rainfall characteristics of the
relevant runoff event (Equation 4.9) to give

Less = °'75 x f<xi xn } Eq" 4J0

1,83 c

A simple procedure, using non-linear runoff distribution, was thus
established to assess the applicability of intra-catchment variations
in lag time for the study catchments. In addition, linear runoff
distributions were determined, enabling the estimation of a catchment
lag time which could be adjusted by means of individual storm
characteristics to 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 Results and discussion

4.3.1 Catchment lag times estimated from, non-linear runoff
distributions

The results of the logarithmic regression analysis of peak flow rate
against runoff volume, which in agreement with other researchers
(Murray and Gorgens, 1981; Rogers, 1980) provided the best fit to
the distributions, are shown in Table 4.1 which provides the
regression equations, Coefficients of Determinate and Variance
Ratios for each of the catchments. The level of significance of the
regression equations is indicated in brackets behind each Variance
Ratio, consistent with the notation used by Rayner (1965), which is
used throughout the text. The double asterisk (**) and single
asterisk (*) denot significance at the 0,01 and 0,05 levels
respectively.



60

Table 4.1 Logarithmic regression analysis of peak flow rate against
runoff volume

Catchment Regression Equation Coefficient of Variance
Determination Ratio

(rO (F)

0,651 + 0,754 log Q 0,52 23,174 (**}

-0,224 + 1,032 log Q 0,69 60,600 (**)

-0,416 + 1,110 log Q 0,88 94,230 (**)

0,710 + 0,888 log Q 0,96 840,509 (**)

0,236 + O',825 log Q 0,94 588,310 (**)

0,455 + 0,876 log Q 0,95 679,924 (**)

0,492 + 0,910 log Q 0,86 101,585 (**)

-0,334 + 0,964 log Q 0,96 415,690 (**)

-0,238 + 0,701 log Q 0,79 45,080 (**)

-0,440 + 0,926 log Q 0,81 88,710 (**)

-0,964 + 0,934 log Q 0,97 1068,703 (**)

-0,621 + 0,925 log Q 0,73 29,690 (**)

26003

37001

37002

44005

45001

45002

47002

V1M12

V1M28 •

V7M03

W1M16

W1M17

log

log

log

log

log

log

log

log

log

log

log

log

V
V
V
V
V
V
V
V
V
V
V
V
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log

log

log

log

log

log

log

log

log

log

log

log

V
V
V
V
V

V
V

V
V
V

Coefficient of
Determination

(rO

0,52

0,69

0,88

0,96

0,94

0,95

0,86

0,96

0,79

0,81

0,97

0,73

Variance
Ratio
(F)

23,174

60,600

94,230

840,509

588,310

679,924

101,585

415,690

45,080

88,710

1068,703

29,690

(**)

(**)

(**)

(**)

(**)

(**)

(**)

(**)

(**)

(**)
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The Variance Ratios for all the catchments indicate a high degree of
association between peak flow rate and volume of runoff. Non-
linearity in the runoff distributions is, however, illustrated in two
ways. First, the Coefficients of Determination 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. Such variations are most likey due to changes
in the distribution, intensity and duration of each rainfall event
together with variations in the catchment antecedent moisture status
at the onset of the storm. The regression equations are likely 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 rate 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 slopes being unequal to unity, 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
catchments1 physiographic characteristics, but attempts to determine
the causes of the non-linearity proved unsuccessful. The effects of
rainfall 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
regression lines in Table 4.1 were significantly different from
unity. The t-values are shown in Table 4.2. Of the twelve
catchments, five have regression slopes that differ from unity at
least at the five percent level. A method of describing empirically
the slopes of these regression equations, enabling an extrapolation
to 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 from
unity.

Catchment

26003

37001

37002

44005

45001

45002

47002

V1M12 •

V1M28

V7M03

W1M16

W1M17

Standard Error
of Coefficient

0,155

0,133

0,114

0,031

0,034

0,034

0,090

0,047

0,104

0,098

0,029

0,170

Student's
t-value

1,59

-0,24

-0,96

3,61

5,15

3,65

1,00

1,00

2,88

0,76

2,28

0,44

(**)

(**)

(*)

(*)
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Variations in storm type might play an important role in determining
the slope of the runoff distribution as well as in accounting for
deviations of individual events from the catchment runoff
distribution. Rogers (1980) propounds the most positive slope
possible for the runoff distribution to be unity, which represents
the linear runoff distribution for an impervious or uniformly
pervious catchment. The regession slopes for catchments 37001 and
37002 in the Stillwater region oppose this proposition, thereby
providing a possible i l lustration of the modifying effect the typical
rainfal l patterns of the Stillwater region (Table 3.3) have on the
runoff distribution.

In order to distinguish between the two sources of non-linear
variations, the runoff distributions were re- calculated assuming a
linear relationship between peak flow rate and runoff volume. The
linear runoff distributions enabled the estimation of a constant
catchment lag time comparable with the lag time calculated using the
SCS lag equation.

4.3.2 Catchment lag times estimated from linear runoff
distributions

The approximation of a constant catchment lag time, as represented by
the SCS lag equation is sometimes a necessary simplification. Linear
equations of peak flow rate were regressed on runoff volume in order
to estimate a constant catchment lag time, L , providing the best
estimates of peak flow rate for the recorded hydrographs of each
catchment.

The regression equations were calculated without an intercept term,
in order to faci l i tate the calculation of a constant value of lag
time and are shown in Table 4.3. Since the regression packages
available at the University of Natal in Pietermaritzburg
automatically included an intercept term, an intercept-free f i t ted
regression had to be obtained by entering each pair of data twice -
as the pair (y., x.) and as the pair (-y., - x^ as suggested by
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Table 4.3 Linear regression analysis of peak flow rate against
runoff volume

Catchment

26003

37001

37002

44005

45001

45002

47002

V1M12

V1M28

V7M03

W1M16

W1M17

Regress

qp =

S =

V
qp =

qp =

QP =

QP =

qp =

qp =

qp =

qp =

V

ion Equation

3,042 Q

0,779 Q

0,556 Q

3,706 Q

1,245 Q

2,065 Q

2,666 Q

0,545 Q

0,384 Q

0,310 Q

0,097 Q

0,209 Q

Coefficient of
Determination

(rO

0,77

0,88

0,94

0,84

0,97

0,95

0,97

0,98

0,92

0,82

0,99

0,94

Variance
Ratio
(F)

80,206 (**)

213,769 (**)

242,499 (**}

193,764 (**)

263,401 (**)

667,548 {**)

591,130 (**)

1082,985 (**)

149,743 (**)

102,165 {**}

6477,778 (**)

620,398 (**)
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Table 4.3 Linear regression analysis of peak flow rate against
runoff volume

Catchment

26003

37001

37002

44005

45001

45002

47002

V1M12

V1M28

V7MQ3

W1M16

W1M17

Regression Equation

QP =

qp =

qp =

QP =

qp =

qp =

qP =

QP =

V
V
qp =

qP =

3,042 Q

0,779 Q

0,556 Q

3,706 Q

1,245 Q

2,065 Q

2,666 Q

0,545 Q

0,334 Q

0,310 Q

0,097 Q

0,209 q

Coefficient of
Determination

(r=)

0,77

0,88

0,94

0,84

0,97

0,95

- 0,97

0,98

0,92

0,32

0,99

0,94

Variance
Ratio
(F)

80,206 (

213,769 (

242,499 (

193,764 (

263,401 (

**\

**)

**\

*•*•)

* * \

667,548 (**)

591,130 ( * * }

1082,985 (**)

149,743 (
* * )

102,165 (**}

6477,778 (

620,398 {

*•*)
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Hawkins (1980). There was no bias in the resultant regression
coefficients from which the lag time for each catchment was
determined, but minor post analyses adjustments had to be made to the
Variance Ratios which according to Hawkins (1980) are
'approximately1 double the correct values, shown in Table 4.3, for
the intercept free regression.

The Variance 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 logarithmically transformed- The highly
significant linear association between peak flow rate and volume of
runoff can, however, be gauged from the significance of the Variance
Ratios presented in Table 4.3.

The estimated catchment lag times calculated by substituting the
equations of Table 4.3 into Equation 4.3 and solving for L, are
compared with the SCS lag times in Table 4.4. Owing to the short lag
times obtained for some of the small 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
SCS equation for all catchments 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 SCS lag time and the estimated
catchment lag time was made by way of the Coefficient of
Determination, D1 (r ) and the Coefficient of Efficiency, E.,
(Aitken, 1973). The Coefficient of Efficiency is expressed as

E1

where

qQ = observed peak flow rate,
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q = mean of the observed peak flow rates and

q = the estimate of peak flow rate obtained using the
relevant catchment lag time.

The Coefficient of Determination is defined as

- V 2

where

qesi: = the estimate of peak flow rate as obtained from the
linear regression of q on q .

Both D̂  and E^ will always be less than unity, with values tending
to unity indicating accurate estimations of peak flow rate. The
Coefficient of Efficiency may be used as an absolute measure of the
efficiency of peak flow rate prediction when comparing two catchment
lag times. Furthermore, by considering D, and E. together it is
possible to ascertain whether systematic error is present, the value
of E.| being lower than D̂  when this is so. The error function F1 is
defined as the difference between D̂  and E^ (Aitken, 1973). Thus the
closer F1 is to zero, the less systematic error occurs in prediction.
Values D.j, E. and F, associated with the SCS lag time and the
estimated catchment lag time for each of the twelve catchments are
shown in Table 4.5.

The results of Table 4.5 illustrate the considerably improved
estimates of peak flow rate on all the catchments when using the
estimated catchment lag times calculated from the linear runoff
distributions. When approximating each runoff hydrograph by a single
triangular hydrograph, the estimated peak flow rate is inversely
proportional to the lag time. The estimates of peak flow rate for
corresponding storms using different catchment lag times are thus
direct multiples of one another. Consequently the error function D.
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Table 4.4 Comparison of catchment lag times estimated using single
triangular procedures with SCS lag times

Catchment

26003

37001

37002

44005

45001

45002

47002

V1M12

V1M28

V7M03

W1M16

W1M17

Estimated catchment
lag time (min)

8,0

31,4

44,0

6,6

19,6

11,8

9,2

44,9

53,7

78,9

252,1

117,0

SCS lag
time (min)

2,6

8,5

21,9

5,2

66,3

60,0

9,8

10,2

18,5

14,3

34,3

13,7
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Table 4.5 Error functions for predicted peak flow rates
obtained using the standard SCS catchment lag time
and the estimated catchment lag time

Catchment

26003

37001

37002

44005

45001

45002

47002

V1M12

V1M28

V7M03

W1M16

W1M17

Procedure

SCS lag time
Estimated lag

SCS lag time
Estimated lag

SCS lag time
Estimated lag

SCS lag time
Estimated lag

SCS lag time
Estimated lag

SCS lag time
Estimated lag

SCS lag time
Estimated lag

SCS lag time
Estimated lag

SCS lag time
Estimated lag

SCS lag time
Estimated lag

SCS lag time
Estimated lag

SCS lag time
Estimated lag

time

time

time

time

time

time

time

time

time

time

time

time

D1

0,489
0,489

0,704
0,704

0,824
0,824

0,759
0,759

0,941
0,941

0,901
0,901

0,900
0,900

0,976
0,976

0,853
0,853

0,703
0,703

0,995
0,995

0,747
0,747

Error Function
E1

-7,107
0,460

-4,958
0,676

-1,405
0,815

0,590
0,711

-0,312
0,934

-0,542
0,890

0,483
0,899

-16,060
0,975

-5,437
0,766

-28,661
0,686

-50,251
0,994

-112,381
0,737

F1

7,596
0,029

5,662
0,028

2,229
0,009

0,169
0,048

1,253
0,007

1,443
0,011

0,417
0,001

17,036
0,001

6,290
0,087

29,364
0,017

51,245
0,001

113,128
0,010



70

is the same for a particular catchment regardles of lag time used.

I t is thus the error function E, which provides a better measure of

the eff iciency of peak flow rate prediction when comparing the two

catchment lag times. From Table 4.5 i t is clear that poor estimates

of peak flow rate are obtained from the lag times calculated using

the SCS lag equation. The values of F^ which are greater than 1,0

on a l l except catchments 44005 and 47002 indicate the high systematic

error associated with the SCS lag times. The values of F̂  are less

than 0,088 for a l l catchments when using the estimated catchment lag

times, indicating minimal systematic errors in peak flow rate

prediction. Signif icant improvements to estimations-of peak flow

rate, obtained using the estimated 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 factor 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 estimated catchment lag times for catchments W1M16 and

W1M17, where hydrographs typ ica l ly have a low peak flow rate per

volume of runoff indicate the high retardance for such sub-surface

flow. On the other hand, overland flow is generally a major

contributor to the runoff of arid catchments where shallow soils are

frequently underlain by impervious rock strata and do not support

suff ic ient vegetation to promote i n f i l t r a t i on or prevent surface

sealing. The inab i l i t y of the SCS lag equation to simulate the

corresponding short travel times is indicated in Table 4.4 where the

lag times for catchments 45001 and 45002 are considerably

over-estimated when using the SCS lag equation.

The SCS lag equation is based on overland flow c r i te r ia and the

retardance factor CN is envisaged as a measure of the retardance of

surface conditions on the rate of runoff {National Engineering

Handbook, 1972). The inclusion of CN1 into the SCS lag equation
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seems inadequate to account for either the high percentage of sub-
surface flow present in the humid and sub-humid regions or the
dominant surface runoff found in the arid areas. Estimates of CN1

are derived from 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 'actual1

catchment Curve Number for each runoff event which is obtained by
solving for S in the stormflow equation shown below using recorded
rainfall and runoff data, viz.

Q = (P - 0,2S)2

• (P - 0,8S)

from which

S = {0,8Q + 0,4P) + 7(0.8Q + 0,4P)2 - 0,16(P2 - QP)
_ _

Eq. 4.13

Since the condition that P Q,2S must be satisfied, only the square
root term preceded by the negative is meaningful in Equation 4.13.
Substituting measured values of Q and P into Equation 4.13 to
determine S and hence CN enables the determination of the actual
catchment Curve Number for each storm. A wide range of CNs
calculated for the events of each catchment using Equation 4.13 are
obtained. The results for catchment 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-catchment Curve Number calculated using
recorded data (86,8) provides a more representative indication of
catchment response than a field estimated value (79,0) which assumes
antecedent moisture conditions to be average and is based on
subjective applications of empirically quantified field
classifications. The SCS lag equation is highly sensitive to CN1 and
a change from the measured value of 79,0 to 86,8 represents a
decrease in lag time of 23 percent. Precision in the determination
of CN! is thus critical for accurate estimates of lag time. Such
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precision is seldom attained.

The relationships between the estimated 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
soils and the type and condition of vegetation in a region and has
been found to be closely related to various drainage characteristics
(Bedient, Huber and Heaney, 1978). Both soils and vegetation affect
the retardance and proportions of surface and subsurface flow,
suggesting a link between climate and lag time.

The temporal distribution and intensity of rainfall has a dominating
influence on runoff production which modifies the effect due to soils
and vegetation. The precipitation rate of short intense storms
frequently exceeds soil infiltration rates, resulting in a large
proportion of overland runoff. Low intensity rainfall of long
durations frequently 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 expected 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 equation, a multiple regression analysis was
undertaken to provide improved estimates of catchment lag time for
ungauged catchments.

4.3.3 Empirical relationships to determine catchment lag time

The relationship was investigated between estimated catchment lag
time, L (h) and :

1. catchment area, A (km ),

2. catchment hydraulic length, 1 (m),
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3. average catchment slope, y {%),

4. potential maximum retention, S (mm),

5. regional most intense 30-minute period of rainfall

LjQtmm.h ),

6. regional storm duration, Du(h), and

7. mean annual precipitation, MAP (mm).

The values of the physical catchment characteristics may be obtained

from Table 3.2, while catchment mean annual precipitation and

regional rainfall indices, obtained by averaging the storm maximum

thirty-minute rainfall intensities and durations for each region,

have been presented in Tables 3.1 and 3.3 respectively. Potential

maximum retention was transformed by the addition of a constant term

to form the variable (S + 25,4), according to the procedures followed

in the SCS National Engineering Handbook (1972} to enable the

calculation of lag time for a potential maximum retention of zero

millimetres, which corresponds with an impervious catchment. The

regression equation obtained when combining all the independent

variables is given in Table 4.6 together with other relevant

statistics pertaining to the equation.

The results of Table 4.6 indicate a high degree of association

between lag time and the independant variables used. However, the

use of seven independent variables in the regression analysis., which

is based on the results from only twelve catchments, leaves only four

degrees of freedom for random error. In addition, the tctal

correlation coefficient matrix shown in Table 4.7 indicates a high

degree of inter-correlation between independent variables.

In order to reduce the number of independent variables, 1 and (S •*-

25,4) which had the smallest corresponding t-values, were omitted

from the analyses to form a five parameter modal. The regression



Table 4.6 Statistic1s relating to the seven parameter multiple regression analysis
of catchment lag times estimated using single triangular procedures.

Regression

Lqr = 2>0A°^°l
0'

y0'91 (S + 25,4)°

Independent variable

Student's t-value

Equation

04 m p 2 ,

,36 T 2
J30

A

1,302

10

,87 B

0,

1,26
u

1

087

y

3,065**

Coefficient of
Determination

S+25,4

0,655

,980

2,906*

Variance
Ratio
(F)

20,400**

Du MAP •

2,595 4,906**
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Table 4.7 Correlation matrix relating independent variables to lag time

A

1

y

5+25.4

!30

Du

MAP

L__

1.00

.95

.11

- .14

- .49

.35

- .13

.58

1.00

- .07

- .35

- .33

.18

- .36

.37

y

1.00

.40

- .50

.28

.46

.36

S+25.4

1.00

- .09

.30

.67

.31

ho

1.00

- .84

- .44

- .77

Du

1.00

.71

.81

MAP

Lcs

1.00

.55 1.0C
cs
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equation for the reduced analysis with the relevant statistical

information is shown in Table 4.8.

The results of Table 4.8 provide an accurate means of predicting
catchment lag time with all the variables making a significant
contribution to the prediction equation. However, as indicated by
Hewlett (1981), a model that predicts adequately does not always
explain well. Generally it is accepted 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 0 increases lag time will decrease. Conversely the positive sign
of the correlation between D and lag time (Table 4.7) indicates that
as D increases catchment lag time increases. In an attempt to
simplify coefficient interpretation, D which was significantly
related to both 1 3 Q and MAP, was dropped from the regression
analysis. The results of the four parameter 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 SCS lag times (c.f. Table 4.4.)- A
scatter diagram of regressed versus estimated catchment lag time is
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 estimation of lag time
obtained using the equation in Table 4.9.

The estimated catchment lag times presented in Table 4.10 provide the
best estimates of peak flow rate for the recorded hydrographs of each
catchment, when intra-catchment variations in lag time are ignored.
In order to estimate individual storm lag times, an attempt is made
in the next section to provide non-linear adjustments to such
constant catchment lag times by considering the storm characteristics
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

Regression Equation

Lrs = 1,9 A 0' 4 2 MAP2'

0,95 T 3,00 R

J i3Q u

Independent variable

Student's t-value

10

1,25

7,

A

555**

Coefficient of
Determination

(r2)

,977

y !30

3,927** 4,405**

Variance
Ratio
(F)

30,320 **

Du MAP

3,526* 7,130**

Table 4.9 Statistics relating to the four parameter multiple
regression analysis of catchment lag times estimated
using single triangular procedures

Regression Equation Coefficient of
Determination

Variance
Ratio
(F)

cs
A0'35 MAP1'10

41,67 y0'30! °'87
30

,928 22,700**

Independent variable

Student's t-value

I30 MAPA y

4,278** 1,173 1,697 5,253**
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Table 4.10 Comparison of catchment lag times estimated using single
triangular procedures with regressed catchment lag times
and SCS lag times

Catchment

25003

37001

37002

44005

45001

45002

47002

V1M12

V1M28

V7M03

W1M16

W1M17

Estimated lag
time
(min)

8,0

31,4

44,0

6,6

19,6

11,8

9,2

44,9

63,7

78,9

252,1

117,0

Regressed lag
time
(min)

11,6

27,5

48,4

7,2

19,1

20,0

6,9

41,7

47,7

43,6

265,0

155,2

SCS lag
time
(min)

2,6

8,5

21,9

5,2

66,3

60,0

9,8

10,2

18,5

14,3

34,3

13,7
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Figure 4.2 Catchment lag times estimated using single triangular
procedures versus regressed catchment lag times using
four parameters
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4.3.4 Lag times for individual events determined from non-linear
rainfall characteristics

The relationship between individual storm lag times and the estimated
catchment lag time was determined from a multiple regression analysis
between the ratio of estimated peak flow rate divided by observed
peak flow rate qDe/qD0 and :

1. five day rainfall total preceding the event, API (mm),

2. storm rainfall amount, P (mm),

3. storm duration, D (mm),

4. kinetic energy of the rainfall event, E (J.m ),

5. most intense 30-minute period of rainfall, I,Q (mm.h" ).

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

For eight of the catchments the Variance Ratios differ significantly
from unity indicating a high degree of association between errors in
the estimated peak flow rates and the storm characteristics
considered. The relative importance of the various storm
characteristics is given in Table 4.12.

The most important variables affecting the deviation in estimated
peak flow rates from observed peak flow rates for individual events
are I,n, E and D . The variable I Q n is significantly
correlated with Q D e/Q D 0 for seven of the catchments, one of which
(45002) shows an increase in QDe/qD0 with increase in I3Q. A high
value of I 3Q should produce a recorded peak flow rate higher than
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Tab le 4 .11 Regression aquat ions f o r the f i v e parameter m u l t i p l e regress ion
analysis of qD e /qQ 0 with storm characteristics for individual events

Coefficient of Variance
Catchment Regression Equation Determination Ratio

( rO (F)

26003 q = 179,95 P°'44DU ° ' 1 8 0,71 9,019 (**)

" q ^ (API+1)° ' l 7E 0 - 3 3 I 3 Q
 1 ' 1 5

3 7 0 0 1 q p e
 = 32,76 (API+1) ° ' 0 4 P 0 l 7 0 0,56 9,010 ( * * )

— n 0,18 F 0 ,61 T 0 T 5 0 ~
q po u u c A30

37002 q = 21,56 (API+1) O t ° 1 P 0 > 5 2 0 u
 0 > 0 8 0,82 8,460 ( * * )

g Q j 5 3

Mpo 30

44005 qpe = 0,73 (API+1)
 Q)01 P °'16 Du °

l Q 1 0,04 0,201

E 0 ' 0 3 I 3 0
0 ' 0 5 0,04 0,201

45001 qno = Q,10(API+1)
 Q l ° 2 0M °'

09 E °'83 0,14 0,934

q

q

q

q

q

q

q

q

q

q

po

pe

po

pe

po

pe

po

pe

po

pe

45002 qnp = 0,53 P °
l 5 1 I3Q °'

07 0,41 3,930 (**)

- ( A P I + 1 ) ° - 0 3 D u
0 ' 1 7 E 0 ' 2 5

47002 qnfl = 1,90(API+1) ° l 0 5 P °l3° 0,49 2,091

D u ° ' 0 3 E 0 ' 1 3 I 3 0 ° > 6 5

V1M12 q n o = 2,44(API+1) ° ' 0 1 P 0 ' 5 1 E 0 ) 0 4 0,65 5,230 ( * * )

n 0 . ^ i 0 ~ ^
u 30

V1M28 q n a = 1,70 (API+1) ° ' 0 5 0,, ° ' l b E 0 l 3 3 0,43 1,075
u

p 0.21 r ° - 3 2
qoo p L30

V7MO3 q p e = 2,58 P 1 ' 0 1 0 u
 O l Q 1 0,62 5,530 ( * * ) j

— f , p i . n 0 , 0 5 c 0 ,29 r 0,75

WIM16 q Q f l = 0,44 (API+1) ° ' 0 1 ? 0 , 0 9 ^ 0,23 Q j 5 4 5 j Q 1 Q ^ ,

qpo
, 0 , 0 2 T

W1M17 q Q e = 4,94 P 0 ' 3 5 Du ° ' 0 7 0,75 4,230 ( * )

^ ( A P I + 1 ) 0 ' 1 7 E ° ' 3 t I 3 0
0 ' 2 6
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Table 4.12 Statistics relating to the five parameter multiple regression
analysis of q /q with storm characteristics for individual
events • p o

Catchment

25003

37001

37002

44005

45001

45002

.47002

V1M12

V1M28

V7M03

W1M15

W1M17

Student's t-value, t
Correlation coefficient,

t
r
±.

r

t
r

j.

i,

r

t
r

±.

u
r

r

t
r

t
r

r

t
r

—(-API+

1,869
r 0,061

1,318
0,312

0,616
0,230

0,304
0,074

1,514
0,053

1,788
-0,272

1,109
0,378

0,210
-0,210

0,517
0,260

0,314
-0,120

0,393
-0,020

1,120
-0,100

Independent

1) P

0,355
0,088

1,330
-0,422*

1,567
-0,090

0,657
0,139

0,495
0,281

2,055*
0,537**

1,100
0,197

1,069
-0,450*

0,281
-0,149

1,566
-0,130

1,051
0,195 .

0,335
0,090

Variable

Du

0,959
0,484*

0,891
0,388*

0,499
0,630*

0,057
0,129

0,752
0,203

2,139*
0,157

0,179
0,383

1,736-
0,270

0,772
0,409

0,082
0,384

3,750**
0,716**

0,418
0,740**

E I

0,256
-0,112

1,735
-0,693**

2,340*
-0,620*

0,191
0,019

0,920
0,257

1,028
0,486*^

0,308
0,069

0,104
-0,620**

0,460
-0,293

0,533
-0,450-

0,340
-0,019

1,000
-0,510

30

3,254**
-0,693**

1,774
-0,756**

0,249
-0,830**

0,523
-0,030

0,974
0,100

0,556
0,378**

1,812
-0,157

3,142*-
-0,740**

1,268
-0,549

2,306*
-0,710**

0,727
-0,322

0,350
-0,310**
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Table 4.12 S t a t i s t i c s relating to the f i v e parameter mu l t ip le regression
analys is of QDe/3DQ w i th storm cha rac te r i s t i cs for ind iv idua l

Catchment

26003

37001

37002

44005

45001

45002

.47002

V1M12

V1M28

V7M03

W1M16

W1M17

Student's t-value, t
Correlation coefficient,

t
r

t
r

t
r

4.
I

r

t
r

t
r

t
r

t
r

r

r

r

t
r

Independent

—(API+1

1
r 0

1
0

0
0

0
0

1
0

1
-0

1
0

0
-0

0
0

0
-0

0
-0

1
-0

,869
,061

,318
,312

,616
,230

,304
,074

,614
,053

,788
,272

, tO9
,378

,210
,210

,517
,260

,314
,120

,393
,020

,120
,100

) p

0,355
0,088

1,330
-0,422*

1,567
-0,090

0,557
0,139

0,495
0,281

2,055*
0,537**

1,100
0,197

1,069
-0,450*

0,281
-0,149

1,556
-0,180

1,051
0,195 .

0,335
0,090

. Variabl

Du

0,959
0,484*

0,891
0,388*

0,499
0,630*

0,057
0,129

0,752
0,203

2,139*
0,157

0,179
0,383

1,736-
0,270

0,772
0,409

0,082
0,384

3,750**
0,716**

0,413
0,740**

e

E I

0,256
-0,112

1,735
-0,693**

2,340*
-0,520*

0,191
0,019

0,920
0,257

1,028
0 , 4 8 6 "

0,308
0,069

0,104
-0,520**

0,460
-0,293

0,533
-0,450-

0,340
-0,019

1,000
-0,5 10

30

3,254**
-0,693**

1,774
-0,755**

0,249
-0,830**

0,523
-0,030

0,974
0,100

0,556
0,378**

1,812
-0,157

3,142*-
-0,740**

1,268
-0,549

2,306*
-0,710**

0,727
-0,322

0,350
-0,310**
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that estimated using an average catchment lag time and hence should

correspond with a low value of QDS/QD0' NO reason for the

disagreement of the results of catchment 45002 with th is expected

trend could be found. The variable, E is s igni f icant ly correlated

with CLe/qD0 f ° r f ive catchments. As with I 3 Q , catchment 45002 shows

a positive sign for the correlation coeff ic ient between E and

q /q , which is contrary to what would be expected. The variable,

D has a s ign i f icant positive correlation with qD e /qD 0 f ° r f*v e

catchments, indicating a decrease in observed peak flow rate relat ive

to the estimated peak flow rate with increase in storm duration. The

variable (API + 1) was not s igni f icant ly correlated with qDe/qQ0 for

any catchment while P showed a signi f icant correlation for only three

catchments. Student's t-values confirm the domination of I 3 Q I E and

Du in determining peak flow rate and suggest the use of a reduced

model incorporating only the three dominant variables.

Since a high degree of intarcorrelat ion exists between I™ and E,

they were combined as EI^Q» which was found by Wischmeier and

Smith (1958) to be a good indicator of rainstorm c lassi f icat ion In

tarms of arosion producing capacity. Trie results of the reduced two

parameter mult iple regression analyses are shown in Tables 4.13 and

4.14. The same eight catchments have F values s igni f icant ly

d i f fe ren t from unity in the reduced model as in the f ive parameter

model, confirming that minor contributions only are made by P and

(API -i- 1) in determining q^a''0.™- I t *s evident from the results of

Table ,4-12 that I™ is the major contributor to the regression

equations for the reduced -odei shown in Table 4.13. Further studies

could therefore investigate a one parameter regression equation using

U Q as the only ra in fa l l variate. I t was decided, however, that for

the present study, both Du and E showed suff ic ient association with

the dependant variable to be included in the analysis.

Mult iplying the appropriate lag times estimated for each catchment

using the linear regression aquations (Table 4.3) by the aquations of

Table 4.13, introduces a non-linear correction to the l inearly

astimatad catchment lag time and provides an estimate of the
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Table 4.13 Regression equations for the two parameter multiple regression
analysis of Q D e/Q 0 0 with storm characteristics for individual events

" Catchment

26003

37001

37002

44005

45001

45002

47002

V1M12

V1M28

V7M03

W1M1S

W1M17

qp e

%o

qpe

V"
qpe

qpo

qpe

V
qpe

qpo

%e

T
qpo

qpo

%e

po

q D e

qpo

%e

Regression Equation

= 64,71 Du
0 '4 2

El ° ' 4 3

= 23.06 Du
0 '0 7

El ° ' 3 1
t l 3 Q

= 11,15 D u
0 ' 1 3

pT 0,26
t x 3 0

= 0,94 D u
0 ' 0 5

E I 30

= 0 , 5 2 E I 3 Q
0 ' 0 5 0 U

0 ' 0 8

- 0 31 C I O l 1 1 D 0 j 0 2

' "- 30 u

n 1A
= 2,05 D U

U ' 1 4

^T 0,08
c i 3 0

7,33

C I 0,19 D 0,01
u 30 u

• = 5,02 D u ° ' 2 4

r-T 0 , 2 6
c l 3 0

= 9,31 0 u
Q l 1 7

PI ° ' 2 7

= 0 , 4 7 D u
0 ' 2 7

cT 0,01
^ 3 0

= 2,19 D u
0 ' 2 2

,-T 0,14
L i 30

Coef f ic ient of
Determination

0,54

0,50

0,75

0,02

0,08

0,21

0,20

0,49

0,33

0,44

0,52

0,56

Variance
Ratio

(F)

12,450{

19,601(

18,617c

0,253

1,344

4,185

1,747

8,160(

2,489

7,35G(

14,9101

9,560c

**)

**)

•kic j

( * )

*-* \

**)

* * )

* * )
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Table 4.13 Regression equations for the two parameter multiple regression
analysis of <!Da/q0Q with storm characteristics for individual events

Catchment Regression Equation
Coefficient of
Oetarmination

Variance
Ratio

(F)

26003

37001

37002

44005

45001

45002

47002

V1M12

V1M28

V7M03

W1M16

M 1 M 1 '

= 64,71 D °'42

po
El30

= 23,06 D

° ' 4 3

° ' 0 7

EI3Q

= 11,15 D

0,31

0 ' 1 3

FT
30

= 0,94 D

° ' 2 6

° ' 0 5
u

n 0,01EI30

= 0 , 5 2 E I 3 0
0 - 0 6 D u

0 ' 0 8

- 2,05 D 0 ' 1 4

u

FT ° ' 0 8
30

7,33

CT 0,19 n 0,01

0 ' 2 4• = 5 , 0 2 D
u

El

= 9,31 D

0 l 2 5

30

u
0 ' 1 7

1oe
. 0,47

DC
- T 0,01
^ 3 0

0,22
q n a = 2,19 D

0,54

0,60

0,75

0,02

0,08

0,21

0,20

0,49

0,33

0,44

i 52

0,55

12,450(**)

I9,5Q1{**)

18,6170

0,253

,344

4,185 (*)

1,747

8,160(**)

2,439

7,a50(**}

U,91O(**)

•DO
ci 30
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Table 4.14 Statistics relating to the two parameter multiple
regression analysis of Q Q P ^ D O W ^ storm
characteristics for individual events

Catchment

26003

37001

37002

44005

45001

45002

47002

V1M12

V1M28

V7M03

W1M16

W1M17

Student's t-value, t
Correlation coeff icient, r

t

r

t

r

t

r

t

r

t

r

t

r

t

r

t

r

t

r

t

r

t

r

Independent

EI30

3,758**
-0,424*

5,420**

-0,768**

4,190**

-0,828**

0,111

0,008

1,117

0,185

2,719*

0,455**

0,965

-0,034

3,725**

-0,699**

1,572

-0,441

3,230**

-0,607**

0,324

-0,146

1,792

-0,716**

variable

Du

4,078**
0,484*

0,839

0,388*

1,872

0,630*

0,710

0,129

1,222

0,203

0,463

0,157

1,864

0,383

0,150

0,270

1,438

0,409

1,591

0,384

5,348**

0,716**

2,074

0,740**
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individual storm lag time. The calculation of such an intra-
catchment lag time thus includes the effects of both the
physiographic and climatic characteristics of the catchment and the
rainfal l characteristics of the storm.

I t is interesting to note that of the four catchments shown in Table
4.13 to have non-significant F values (44005,45001,47002 and V1M28),
three catchments (44005, 45001 and V1M28) have runoff distribution
regression slopes different at the five percent level from unity
(Table 4.2). Furthermore, catchment 45002, which together with
catchment 45001 shows an unexpected increase in %J%Q with increase
in EI^Q, 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 rainfall
characteristics have on the runoff distribution when the runoff
distribution slopes differ significantly from unity. The conflicting
role played by catchment and rainfall characteristics in determining
the runoff distribution and deviation of individual events from this
distribution must be separated i f the contribution made by individual
processes is to be better understood. Attempts to describe
empirically the relationships between catchment characteristics and
the runoff distribution have been unsuccessful (Askew, 1970; Rogers,
1980). The results of Tables 4.13 and 4.14 indicate that the effect
rainfal l characteristics have on the direct runoff distribution can
to a large extent be evaluated.

The improvements to estimates of peak flow rate, obtained using the
estimated catchment lag time, when modifications to such-a lag time
due to individual storm characteristics are introduced, are indicated
graphically in Figure 4.3 for four selected catchments. The
reduction in scatter of the point distribution about the 1:1 line
when individual storm characteristics are introduced into the
determination of lag time may be seen clearly by drawing connecting
vectors between corresponding points.
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There is evidence which suggests that catchment non-linearity is
related to non-uniform infiltration capacity distribution, which
exists on most catchments and which modifies the effects rainfall
characteristics will have on the hydrograph shape and lag time
(Natural Environment Research Council, 1975; Rogers, 1980).
Frequently, according to Rogers (1980), infiltration capacities are
highest on the catchment divide and decrease down the topographic
slope to the flood plains where runoff producing areas are
permanently moist, approximately identical in size and infiltration
capacity is effectively zero (Betson, 1964). The effect of high
infiltration capacity around the catchment perimeter would result in
most of the runoff from small to 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
dominating in the upland areas, where higher infiltration capacities
and storage effects occur. The effect of this increase in effective
catchment size contributing to runoff for 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 runoff generation is
spatially uniform, is affected to a large extent by the physical
characteristics of the catchment and in particular, its soil
properties. However, the results of Tables 4.13 and 4.14 indicate
that the effects of rainfall characteristics on the runoff hydrograph
are nevertheless significant. Such non-linearity introduced by
changes in rainfall pattern is shown in Table 4.15 to be most
accurately modelled in humid and sub-humid regions. From Table 4.15
it can be concluded, however, that although regionalisation yields-
satisfactory regression equations for the estimation of individual
storm lag times, the determination of a pooled equation must await
re-examination until further data become available.



c
m

UJ OBSERVED PEAK FLDW RATE CMM/H) OBSERVED PEAK FLDW RATE CMM/fO

n
CO

r+
n

I
CU

iQ

r+
»—'*
3
fD

•A-

a>
i/i
r+
3
cu

ru

o
- s

IQ

r+

i /)

cu
r+

O
-5fo

u

l/l
fD

rp
n

Ocr
in
m

ft)
Q.

-)l T3ea

o

n

nrr

c
i/i

Cu
D

ru
Lr)
r+
3
PJ
r-l-
fl)
CL

i/i
c
Lf)

rp
ui

ru
LO

O
- t |

-a
m

in
U)

t

>
j

fi
a

in

p
a

-i

(1)
Ul
Ul

m
in
H

H
m
a

m
>

r~
CD

31
>
-1
rn
/̂
3:

1

ca

P _

~

0

IV)
10 _
ta

UJ
UJ _
ca

*;

ca

Ul
Ul

\
- N

_

-

-

£1

| I
1 '

1 1

c

1 1
! 1 1
1 1 1

* ' • t *

1 \ +* +

* \ *
* \ ,

\

ca

i i 1
I ' !

\
\\

ca

I i 1 1
1 | 1 1

*

\ \

\

ts

1
1

*

\

r, DO
> CD
H

n
x
m
-i
01
El
a
01

-1-



55.0

88
CATCHMENT 26003

a.
3. 0 11.0 22.3 33. a 4

ESTIMATED PEAK FLOW RATE CMM/H)

55.0

CATCHMENT 37001

a

LU
a.

a

35. a

^ 23. a

21.a

14.3

\ a

3. 3

V

2.3 7.2 1*1. 3 21.3 23.3

ESTIMATED PEAK FLCW RATS CMM/H>

35.3

Fiaurs 4.3 Observed peak flow rate versus estimates of peak flow

rate for four selected catchments using an estimated

catchment lag time (*) and estimated storm lag times (•



25. a

2 20. 2

Id
•J l
CD

a

15. 3

5 T
y 10. 3 H -

•
>

5. 3 - r

1

89
CATCHMENT 37302

..N/

/

a. a

/

a. a

, , , i , , ,
1 i * ' i i t

5.3 13. 3 15.3 23.3 25.3
I5TIMATSD PE.AX "LOW R.*~ CHM/'-1)

N

LJ

-i. 3

]

2.

L. 3

Ul

on a. 3 - r

CATCHM£NT WlMi7

a . a > ' ; : : ; ; ; ;i

3. 3 a. 3 1.3 2. 4 3. 2 -i. 2

ESTIMATE!: PS- / FLOW SATE O'M/'-O

igure 4.3 ccntinuad



90

Table 4.15 Regional regression equations for the two parameter
multiple regression analysis of qnp/Qnn w i t n s t o r m

characteristics for individual eventsp •

Coefficient of Variance
Region Regression Equation Determination Ratio

( r Q ( F )

USA (sub-humid) 7,97 Du°>15

USA

USA

(arid)

(pooled)

0

1

CT 0,22
^30

,49 EI30°

,79 D u
0 ' 1

,06

5

,04

0,40

0,08

0,19

33,079(**)

3,517(*) ,

21,532(**)

0,07

5A (sub-humid) 4 ,75 D u ° j Q 2

SA (humid)

E T 0 ,18
E 1 30

0,47 D ° l 2 8

1 0,0003
^30

0,15

0,44

4,975(*)

16,255{**)

5A (pooled) 1,35 0 0 ' 0 3

E I -0,05
h i30

0,07 3,845{*)

Humid : MAP > 1100mm Sub-numid : >!AP SOCram - 1100mm
A r i d : MAP < 30Qnm
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Table 4.15 Regional regression aquations for the two parametar
multiple regression analysis of qnp/qnn with storm
characteristics for individual eventsp •

Coefficient of Variance
Region Regression Equation Detennination Ratio

(r») (F)

USA (sub-humid) 7,97 DM
0 '16 0,40 33,079(**)

u
El 30

0,22

USA ( a r i d ) 0,49 E I 3 0 ° ' 0 6 D u°> 0 4 0 ,08 3 f 5 1 7 ( * ) _

USA (pooled) • 1,79 D u
0 ' 1 5 0,19 2 1 , 5 3 2 ( " )

SA

SA

SA

(sub-humid)

(humid)

(pooled)

4

0

1

" 3 0 ° •

.47 Du°

E l O l

"30"°

07

,02

18

,28

0003

,03

,05

0,16 4,975(*)

0,44 16,255(**}

0,07 3,a45(*)

Humid : MAP > 1100mm Sub-humid : W\P 30Cmm - UOCmra
Ar id : MAP < 30Cmm
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4.4 Conclusions

The SCS lag equation, while unable to account for intra-catchment
variations in lag time, has been shown to estimate inter-catchment
lag times inaccurately. These inaccuracies are believed due mainly to
difficulties in differentiating between the mechanisms generating
runoff in different catchments. Climatic and regional rainfall
indices provide an indication of the dominant processes contributing
to runoff and hence they can be used to estimate an average catchment
lag time. Ultimately, however, it is the characteristics of the
individual rainfall event which affect the areal distribution and
extent of surface and subsurface runoff and thus intra-catchment
adjustments to catchment lag times determined from regional climatic
indices and the catchment physiographic characteristics must be made.

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

These results are based upon simplified assumptions of a temporally
uniform rainfall distribution and single triangular approximates of
the runoff hydrograph. In the following chapter a more complex
approach using the recorded hyetograph and incremental triangular
hydrographs will be used to enable comparisons to be made with the
results already obtained.
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5. DERIVATION OF LAG TIME USING INCREMENTAL TRIANGULAR HYDRQGRAPHS

Superimposing incremental hydrographs determined from incremental
periods of effective rainfall enables the synthesis of peak flow rate
and the total time distribution of runoff for a recorded storm event.
The accuracy with which the synthesised runoff 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 is widely accepted that the incremental hydrograph which
analytically superimposes to form a representative estimate 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 approximate a single incremental hydrograph which was assumed to
result from a rainfall distributed uniformly over an empirically
determined duration of effective rainfall. The procedures of the
present chapter are not restricted by such assumptions and are used
to ascertain the reliability of the relationships, obtained in
Chapter 4, describing inter- and intra- catchment variations in lag
time.

5.1 Experimental procedures

5.1.1 Background

The incremental hydrograph lag times required to superimpose
incremental triangular hydrographs to form 'representative estimates1

of the recorded runoff events were determined for the storms of
catchments 26003, 37001, 44005, 45002 and W1M17. Following the
procedures of Chapter 4, synthetic volumes of runoff are assumed to
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result from a rainfall distributed uniformly over an empirically
determined duration of effective rainfall. The procedures of the
present chapter are not restricted by such assumptions and are used
to ascertain the reliability of the relationships, obtained in
Chapter 4, describing inter- and intra- catchment variations in lag
time.

5.1 Experimental procedures

5.1.1 Background

The incremental hydrograph lag times required to superimpose
incremental triangular hydrographs to form 'representative estimates'
of the recorded runoff events were determined for the storms of
catchments 26003, 37001, 44005, 45002 and W1M17. Following the
procedures of Chapter 4, synthetic volumes of runoff are assumed to
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be predicted accurately and are given by the recorded volume of
runoff for each event. The shape of the incremental triangular
hydrographs were held constant with 37,5 percent of the total volume
of runoff falling under the rising limb of the hydrograph.

Since this research was aimed at providing accurate estimates of peak
flow rate the criterion for 'representative estimate1 of the recorded
hydrograph was directed towards the hydrograph peak flow rate. Lag
time was thus optimised to determine a storm lag time, L •
(subscripts refer to a jjtorm lag time determined using ^incremental
hydrograph procedures), providing a synthetic hydrograph of peak flow
rate equal to the recorded peak flow rate. To equate synthetic
runoff 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 corresponding with each incremental
triangular hydrograph. The Coefficinet of Efficiency, E,, determined
by substituting digitised flow rates obtained at intervals along the
recorded hydrograph trace and corresponding 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 E. was required
purely as an indication of the accuracy to which the hydrograph shape
was modelled and thus had to be calculated when no time lapse
occurred between the recorded and synthesised hydrographs, ordinates
of peak flow rate for the recorded and synthetic hydrographs of each
storm were aligned.

An average of the storm lag times of each catchment was used as an
estimate of the catchment lag time, Lci- The ratios of storm lag
times divided by the estimated catchment lag time (i.e. L ./!_.) were
then regressed against rainfall characteristics in order to evaluate
the dependence of L , upon intra-catchment variations in rainfall
characteristics. Hydrographs were also synthesised using incremental
triangular hydrographs determined following standard SCS procedures,
using the actual CN as an input into the SCS lag equation, in order
to assess the accuracy of peak flow rate estimates obtained using the
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SCS 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
event. Six catchments were selected to provide a suitable data base
to enable catchment lag times estimated using incremental hydrograph
procedures to be compared with the catchment lag times estimated in
Chapter 4. Catchments from the USA were preferred since they offered
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.

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

5.1.2 Output options

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

1. The recorded outflow hydrograph could be backrouted to form
the inflow hydrograph to the weir, where this was deemed
necessary.

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

3. Synthetic hydrographs could be calculated by optimising
lag time to provide a representative estimate of the
recorded runoff hydrograph.
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5.1.3 Backrouting

Backrouting of the outflow hydrograph, when required, was done by

means of the level pool flood routing technique {Subroutine ROUTL).

Owing to an integer output for breakpoint digi t ised 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 outflow

hydrograph trace. Volumes of runoff for each time step (calculated

in Subroutine QSTEP) were then combined with the corresponding

storage changes determined using stage/storage equations to determine

an inflow hydrograph largely free of f luctuations.

5.1.4 Synthetic hydrograph calculation

In the calculation of runoff volumes and hence peak flow rates

{Subroutine SYNTL) fo r incremental ra in fa l l amounts {calculated in

Subroutine RSTEP) the ordinates of successive incremental triangular

hydrographs were superimposed to produce the synthetic storm

hydrograph. The number of incremental hydrographs contributing to

each composite hydrograph ordinate is dependent upon the relationship

between the incremental duration of effective ra infa l l and the time

to peak. L i t t l e variation in peak flow rate estimates were obtained

for variations in the relationship between D and t , provided a

suff ic ient number of incremental hydrographs were used to cover the

peak producing period of the storm's r a i n f a l l . The incremental

duration of effective ra in fa l l , D, was thus chosen to be

and could thus be related to lag time since
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t p

to form the relationship

AD = L
5,5

Lag time was either determined using the SCS lag equation or
optimised to form a composite hydrograph of peak flow rate equal to
the recorded hydrograph peak flow rate. Potential 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 provided
(Subroutine PHASE). Alignment of hydrograph peaks provided a
standard method to calculate a Coefficient of Efficiency, thereby
providing an index of the accuracy of hydrograph shape simulation.

5.1.6 Efficiency between recorded and synthetic hydrographs

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

qQ = flow rate for each point digitised on the
recorded hydrograph trace,
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tp = AD + L
2

to form the relationship

Lag time was either determined using the 5CS lag equation or
optimised to form a composite hydrograph of peak flow rate equal to
the recorded hydrograph peak flow rate. Potential 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 provided
(Subroutine PHASE). Alignment of hydrograph peaks provided a
standard method to calculate a Coefficient of Efficiency, thereby
providing an index of the accuracy of hydrograph shape simulation.

5.1.6 Efficiency between recorded and synthetic hydrographs

Although synthetic and recorded peak flow rates will be equal when
lag time is optimised, a measure of the extent to which total
hydrograph shape is represented by the synthetic hydrograph can be
determined using the Coefficient of Efficiency, E. previously given
by Equation 4.11, but where

q = flow rate for each point digitised on the
recorded hydrograph trace,
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and

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

Although the magnitude of E, depends on the number and location of
points on the recorded hydrograph trace and hence cannot be compared

for different storm events, a comparison can be made between E,

values for different models applied to the same event.

Since full results, which include graphical and listed outputs
obtained from each computer run, cannot be presented for all 172
storms used in this phase of the research, results have been
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 discussion

5.2.1 Estimation of catchment lag times

Details pertaining to the hydrographs synthesised for each event
using optimised storm lag times and SCS lag times are given in Table
5.1. For each event Table 5.1 indicates the actual storm Curve
Number, the optimised storm lag time, the SCS lag time, the
Coefficients of Efficiency, expressed as a percentage, for the
hydrographs synthesised using each lag time and the ratio of peak
flow rate synthesised using the SCS lag equation divided by observed
peak flow rate (q p e 5/q p o).

For 34 of the 172 events (for example the event recorded on August
27, 1940 on catchment 26003) the recorded peak flow rates could not
be simulated by means of adjustments to the incremental hydrograph
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Table 5.1 Details pertaining to hydrograph synthesised using
optimised storm lag times and SCS lag times

CATCHMENT 260 03

DATE CN DPTIHTSED
STDFili

LAG
CHIN)

SCS
LAG

<MIN)

Ipes

ia/6/40
29/6/40
27/H/40

7/7/41A
7/7/4 IB
23/S/44
6/6/47
7/6/47
16/B/17
25/6/56
27/7/56
2B/6/S7
31/7/58
4/B/59
21/B/60
29/7/61
2/9/64
7/7/69
27/7/69A
27/7/69B
29/1/70
24/4/7D

3 2 , 0
9 2 . 5
7 2 . h2
3 3 .
70
8
9

5 . 1
2 , 7

-
1 0 . 9

2 . 1
8 2 , i
93,7
7 S . 5
a7 .5
? 2 . 4
H8,3
9 2 . 1
8 5 , 3
7 7 . 8
8 6 . 9
62
60
63.9
V l l . 6
8 7 . 5
3 1 . 4
93
90

2.
4

.
4 . 5
2.7I D

.9
.4

3 .
9 0 , 2

4 . 5
4 , 5
2 . 4
6 . 3
5 . 1

-
4 . B
2 . 1
7 . 8
3 . 9

12.3
3 7 . S

9B.Q
9 3 , 3

-
9 1 . 76 1 . 3
S5 . 7
6 2 . 3
6 9 . 4
3 1 . 7
8 1 . 6
9 9 , 0
3 3 , 2
6 5 , 6
7 9 . 5
6 2 . 3
5 7 . 1

-
3 6 , 9
6B .7
9 1 . 2
9 5 . 2
7 6 .
79

.3
.7

2 . 0
1.4
2 . 7
I •"?2 . 8
2 , 0
1,3
2 . S
1.7
1.4
1.6
1,4
l.fl
2 , 3
1.7
3 , 5
3 . 7
3 ,0
2 . 9
1.7
2 . 1
1.3
1.5
2 . 3

B l . i
33.2
28.7
71.n
64.3
06.2
19.0
12
70
62
37

-38
58
30

- 3 2 . 0
49.3
l l . i
74,0
72-6
66.0
3B.U

296.3
- B l . D
- 7 9 . 7

1 . 2 6
1 . 2 7

tl'. 9 2
i . OR
1 , 40

Ufi
2. 44
1.24
1,18
1 . 03
2.93
i,70
1 . 06
U ,60
1.24
1) , Si
1 .45
1 . 13
2 . OV
2,29
0 ,23

M E A N
S . E . H E f t f J
M I N I M U M

31,60
2 . 0 1

60 .40
9 7 . ' 0

fa,73
1,66
2 .10

3 7 . 5^

2 ,10
0.14
1,30
3 .70

i , 3 7
Q . 14
0 .£3
Z.92

CATCHMENT 3700 1

DATE OPTIMISED
S10HP1

LAG
(MINI

SCS
LAG

18/4/59
S/5/59
2&/5Z59

88.7
83. 3
36. 1

?0'5/6f)
27/7/60
7/6/JbL
15/11/61
21./11/61
4/9/63
1/3/6-1
1 0/5/64
29/3/ o-l
2O/S/67
2 4/6/67
2t9/67

77
97

2t
7/1D/B7
ia/3/68
6/5/69
7/6/^1

9w
93. ?
7 D . •?
37 , 1
95.3
91.1
.37. 3
73,7
91.7
93. 1
93 4
8 5 ! 0

2/6/71
24/9/71
29/12/72
b/h/73
4/9/73
J i/J.0/73
3/12/73
20/4/74

3
9 8 .

5-i. 9
97. a
98 . 4
94. B

110,1
26, 1

66,3
19.5
32. i
3 V , 7
•S G . 3
98, 2
79 .3
9 .3

sa. 2
27 .3
69.9

14.7
45. 9
IS , ?
6.9

2o,7
24. 9

23.7
27. 6
26.7
27. 4

7 5 , 7
89 , 0

3 3 . 4
7 4 . 6
6 0 , 4
1 3 . 3
3 5 . 1
3 2 . 8

3 2 . ' l
2 2 . 7
9 1 , 0
3 0 . 3
7 6 . 0

4 077
32.3

-44 . 1
67 . 3
66 . a
36.7
87 . 4

&:§
73.2
33.9
64.5
35. 0

9.2
9 ,2
10
5.9
8.B
a. 4

5.9
S . a

16.3
9,3
6.9
3.2
9 ,3

7.?
5.3

10.6
9 .3
9 9
5^3
5.7
i>. 3

23.4
6 . 3
5 , 8
7. 1

-69. 0
-55.2
44.2

-190,7
6 S . •?

-2^1.3
-1 S 0 4 . S
-9SR.4
-190.0

- 1 1 fl n . 7
33 .2

-146.6
32.9

-1239. -i
61.7
2,3
-3.3

-73 , 0
-477.7

1 . 66
2. 02
0 .73
2 . 97
1 . 16
? . 79
i . i 2
A .63
3 .26
5. 24
0 . 26
1 . 77
1.37
4,57
1 .27
0 . 56
1 , 22
2'. 43
1 , 3 4

I
22

-10713
35.3

3
1233.0
-iO9,7

73.2
-129,7
-28,5

-30

1 . 30
1 . 77
4 ,33
1.4 0
1 . 02
1.39
1 , 17

7.3 2.72

MEAN
S.E.MEAN
KINIfiUM
HAXI MUM

89. $7
i. , 76

56. 9i!
98.'?tl

39.3V
1.23
6.90

110.10
I 03 . Z O

3.97
0.71
5,70

2 3 , •; 0

Z. 16
0 . 24
0 . 56
5. 24
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Table 5.1 Details pertaining to hydrograph synthesised using

optimised storm lag times and SCS lag times

DATE

ia/6/40
29/6/40
27/9/40

29 / 6/141
7/7/41A
7/7/41B
23/9/44
6/6/47
7/6/47
16/9/47
25/6/56
27/7/56
2B/6/57
T1/7/5B

21/8/60
29/7/61
2/9/64
7/7/69
27/7/69A
27/7/69B
29/1/70
24/4/70

MEAN
S.E.HEAN
MINIMUM
rt.'V^ T H U H
RANGE

DATE

IB/4/59
9/5/59
26/5/59
22/7/59

27/7/60
7/6/61
15/11/61
21/11/al
4/9/63
1/5/54
1U/5/O4
39/3/b4
20/5/57
24/5/57
2t/9/67
7/10/57
13/3/sB
6/5/ i)9
7/5/'7l
2/5/71
24/9/71
2°/!2/72
6/5/73
4/9/73
*" •* / 1 Q /"•* 3

3/12/73
20/4/7 4

5 . H.MF4-N
KINJ.-iUM
MAXIMUM
SAhGE

CN

32 . 0
92.5
72 .6
O "I "7

82.'1
93 .7

92.'4
wa.a92, 1
95.3
77. a
86.9
62. 9
60 . 4
63.9
*/ ll . h
87.5
ai. 4
93.9
90 , 2
7H,9

91 ,60
2. 01

60 , 40
9~*. 91)

33.50

CN

98.7
69.3

9°. 1
9 0 . t

77] 0
97. 0
9C. t
98."
73 . 9
37 . L
9;5.3
91.1
.37. 3
79.7
CJ * T

93! 1
= a 4
es. 0

'36 .?
98. 4
?fl . 5
9 ^ _ .<,

5 a , °
97. 5
93. 4
94.5

3 9. 37
1 .76

36.9-1
94 ,'?' 1

CATCHMENT 260 03

OPTIMTSED
STORM
LAG
(MTN)

S.I
2.7

1 2 : X
2. 4
4,8

2',7
10.5
4.5
4.5
2.4
6,3
5. 1
4 ,5

4 ,3
2, 1
7.9
3,9

37 , 5

6 .73
1 .66
2,10

37. 5^

E_

7.

98, 0
93.3

91 ,7
61 .3
35.7
62,3

81 .'6
99. 0
33.2
65,6
79.5
62 .3
57. ).

96.9
68. 7
94 . 2
95.2
76.3
79.7

-

CATCHMENT

OPTIHTSED
51 OHM
LAC
(HIM)

110. 1
26, 1

66.3
19.5
32. 1.
3.1 .7
•-.0.3

9S.2
79.5
9 .3
53. 2
27.3
59. 9
22. 5

14 ,7
45, 0
12.9
5.9

26.7
24,9
19.3
63 . 9
JV.9
23.7
27.6

2? . 4

39.39
1.23

110 . 10
1 52 . ID

E,

V

75.7
39, 0

33. 4
74.6
60 .4
13 .3
35. 1
32. 3
35.0
32. I

?t ,'d33 .0
76. 0

—
4 5.7
32.3

— 4 4 1
57 .3

36^7
97 . 4
• a • 2

36.3
73 .2
23,-?
64 .5
35. D

SCS
LAG

(MIN)

2. 0
1 .4
2,7
L. 9
2,8
2. 0
1 ,3

\31.4
1 ,6

1 fJ
2.3
1 .7
3 . S
3 .7
3. 0
2.9
1 .7
2. 1
1 ,3
1 .5
2.3

2.10
0 . 14
1 .3D
3. 70

37001

SCS
LAG

(MIN)

9 .2
9,2
10 .2
5.9
8.3
3. 4

13.7
6.2
5.9
3 . 6

15.3
? '3^ . ?
3.2
9 .3

13. 0
3.2
7.7
5. 3

in. i
y .3
9 .9
5 . 3
5.7
6.3

IT J
ii • 3
S .3
7, 1

3 .97
a . 71
5.70
23.40
• ~!.~O

E|

X

31.1
33.2
28.7
71 .A
61.3
86.2
19. 0

62 .'3
37 3

-38 , 6
59 + £
30 . 1

-3?.. 0
49.3

74 ,'f]
72.6
56. 0
36. 0

-236.3
-S1.0
-79.7

E

-99 , 9
-55.2
44.2

-190.7
61 .'?

-2-il .3
-1304.5
— y£vj , ^
-190.0
-1100.7

S3 .2
-146.0

32. 9
-1233,J

61.7
2.S

-3, 6
-93. d

-477.7
n h ""*

-1 D 7 ! 3
3S.3
22 .3

-1233.0
-109 . 7

73, 2
-123.7
-28.3

-3Q7.3

Qpes
<ipo

1 .26
* 27
0'. 48

!»•.?!
1 . OH
1 , 40

\ '. V$2.'44
1.24

1.03
2. 93
i'.7O
1 . 06
U .60
1 .24
0 .31
1 , 45
1.13
2 . O'-'
2. 29
0.23

1 ,37
0.1-1
0 .23
2..?3

Mpo

i .66
2, 32
3 ,'73
2.97
1 . 16
2 . 79
4 , ' 3
4 .53
3.26
5.24
0 . 26
1 . V7
1 . 37
4 . 57
1 .27
0 . 56

2.'. 43
1 . 34
0 • 2 4

1.37
1,30
1 . 77
4.3?i
1.40
1 . 02
1 ,3?

2.'7 2

2. 15
0 . 24
Q . 56
5.24
— -i
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DATE

20/5/39
15/6/39
20/6/39
i/3/39
17/5/4 0
B/6/40
5/6/41
7/9/42
10/6/43
14/6/43
5/6/45
16/7/45A

7/B/46
5/9/4 6
17/6/47
16/6/50
iS/9/Sfl
26/6/S2
22/5/54
20/9/55

W'A'fo
12/6/58
3/7/59
15/5/60
11/9/61
23/8/62
21/6/64
26/7/64A
£6/7/646
27/S/64
1 / L / ii 5
12/6/65
26/7/66
29/7/66
8/7/67

MFr'lN
sTe.Mcr.N
MINIMUM
rt n y i H' Jci
RANGE

DATE

22/B/39
29/6/40
1/a.Mtl
6/9/40
26/4/41
16/3/42
11/9/42
28/6/43
23/F3/ 43
i 7 / S.'" 4
5/9/44
3/H/45
11/3/43
6/8/46
20/9/47
2/7/4?
7/7/50
6/9/51
7/7/53
2"? / •"* ' ̂ o

3/B/5 4
22/8/54
11/9/^4
22/7/55
26/7/57
5/3/S7
5/7/53
3/3/S9
24/7/cO
25/9/62
25/9/63
3 0/^/63

15/9/66
23/9/67

MEAN
S . E . ME.-;M
M I M T -j! K-l
MAMt-'Jh
RANCH:

CN

83.3
77 . 4
7 0 , ?
S3. 0
7 5.4
73. 1
61,7
72.7
64 . 0
65. 1
65 .9
73 , 1
75. (1
62. 3
66. B
67.5
77 , 4
37, 4
58 . 4
5 8 , 6
60 . 4

7i'.9l
7 0 .' 4
67 . 4
76 . d
6 9 , 0
5 6 , 3
7 7 . 6
3 0 . 2
B 3 , 6
9 7 . 2
8 7 . 7
7 4 , 7
6 B . 2
B4.7
77,2

73, 13
1 .30

5B . 40
R7 .40
Z9 -cro

CN

97,7
P i . 9
? i . 5
03 . i
77 . 5
33.3
99 , 0
27 . 4
ai, a
36 .3
'6h . 4
90,4
91.7
3 7,3

3 3 '.&
37 . ?
39 .3
SB .6

95'. 3
op 7
89". 7
S3 .4
sS, 4
Q9 . 3
CJ2 . 0
R^ 2
72'. i:
DD . -?
33. 4
yi • 3.

3 0 .' 5
32 . i

Du . 35

72'. DO
9 7 ~ri>

CATCHMENT 44 0 05

OPTIMISED
STORM
LAI?
CHIN)

5.1
2. i
5 . 4
1.5
3 .3
5.4

3 .3
_

6.6

—
5 .1

5.7
9 . 0
3 .3
9.3

3 .6
6 .3
B .7

-
9.9
6 .9
6.3
4.5

2 , i
3.9
2.1

9T3
-
—

I'. 52
1 .50
9 . 90
?.. tr-O

E
'

aa.6
88,0
Bl, I)
77 .6
41 .8
92. 3

—
92.9

—
83.3

—
94 .3

31,3
79, 1
SO , S
39.7

48. 0
59 .9
B8.4

_
7B.4
97 , il
47.7
B9.0

_
5 , 6

95. 3
58.0
—

93, 0
—

-

SCS
LftG

3. 4
4. i
4 .9
3.4
4.3
4.6
6,2
4,7
6.3
5.7
5,6
4,6
4 , 4
6,2
5.5
5.4
4 . 1
2.9
6.8
6.3
3.7
4.7
4 . 4
5,0
5.4
4 .5
5.2
7.1
4. 1
3.7
3. 4
2.9
2.9
4.4
5.3
3.2
4 . i

4,70
a .i?
2.90
7. if)
Lt-,20

CATCHMENT 450 01

•PTIMISFD
STORM
LAG
(hl.'U

32. 1
3S. 4
27 ,3

—
24.9
26 ,7
17.1
22.5
1 D , J
2B . 3
29 , 7
20 . 1

_
2S ,3

2 4.'3
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!>^TF

26/7/40
23/7/4i
7/8/42
9/3/43
9/B/4S
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3/7/46
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26/8/'l6
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29/9/51
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9 .3
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3 ,7
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DATE
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lag time, even when lag time was reduced to zero. Storm lag times
could thus not be optimised and the events were excluded from further
analyses. Such occurrences illustrate the need to adjust both lag
time and hydrograph shape to provide accurate estimates of the
recorded runoff event. Future research should be directed towards
the effects rainfall and catchment characteristics have on hydrograph
shape.

An example illustrating the importance of simulating accurately
hydrograph shape is given in Figure 5.1, which shows the recorded
hydrograph (solid line) and the synthetic hydrograph (broken line)
synthesised using the storm lag time optimised for the event recorded
on catchment 26003 on June 25, 1956. The storm lag time (4,5
minutes) provides an excellent reproduction of the recorded peak flow
rate. The shape of the two hydrographs (when peak flow rate
ordinates are aligned) can, however, be seen to differ widely,
resulting in a low value of E, which is shown in Table 5.1 to equal
33,2%. Generally high values of E1 are obtained when synthetic peak
flow rates are estimated accurately. However, in such cases an
incremental hydrograph having a larger portion of runoff 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 shape are
highly variable from burst to burst within storms, especially on
small catchments (Reed et al, 1975; Betson et al, 1980). Figure 5.2
shows the recorded hydrograph and the synthetic hydrographs,
developed using the SCS lag time (1,9 minutes) and the optimised
storm lag time (10,8 minutes) for the storm recorded on catchment
26003 on June 4, 1941, the hyetograph for which is shown in Figure
5.3. Although the high Coefficient of Efficiency, 71,55 (Table 5.1},
indicates good association between the hydrograph synthesised using
the 5CS lag time and the recorded hydrograph, the bursts of rainfall
shown in Figure 5.3 produce corresponding bursts of runoff which are
not evident in the recorded hydrograph. Incremental hydrographs
varying with each increment of rainfall would provide an exact
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representation of the recorded runoff event. However optimising the
lag time for the event (10,8 minutes) produces a synthetic hydrograph
providing an accurate estimate of the recorded event (E. = 91,7%).

Figure 5.4 indicates the typical overestimation of peak flow rates
obtained on catchment W1M17 when using the SCS lag equation. The
estimate of the population mean of the ratio q /q for catchment
W1M17 is shown on Table 5.1 to be 5,85 ± 1,30. Such inaccuracies in
hydrograph simulations are further illustrated by the low values of
E. obtained using SCS lag times when compared with those obtained
using optimised storm lag times. The synthetic hydrograph obtained
by optimising lag time for the event of March 3, 1979 on catchment
W1M17 (Figure 5.4) corresponds with an increase in E^ from - 237,2%
to 81,7% (Table 5.1). The short lag times calculated-for catchment
W1M17 using the SCS lag equation (estimate of the population mean SCS
lag time = 8,80= 0,65 minutes) are highly inaccurate when compared
with the long lag times optimised for each runoff event (estimate of
the population mean optimised storm lag time = 150,48 ± 17,94
minutes).

Figure 5.5 shows the hydrographs synthesised using the SCS lag time
(45,0 minutes) and the optimised storm lag time (3,3 minutes) for
the storm recorded on August 18, 1965 on catchment 45002. An example
of the listing^ obtained for the hydrograph synthesised using the
45,0 minute lag time is shown in Table 5.2, indicating the shift
required to align ordinates of peak flow rate and the value of the
Coefficient of Efficiency for the event. An estimate of the
population mean for optimised storm lag times on catchment 45002 is
8,59 ± 1,11 minutes which is much shorter than the estimate 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 procedures for the sample of storm events of each
catchment are compared in Table 5.3, with the catchment lag times
estimated using single triangular procedures (Chapter 4) and the

catchment lag times calculated using the SCS lag equation (Table



104

representation of the recorded runoff event. However optimising the
lag time for the event (10,8 minutes) produces a synthetic hydrograph
providing an accurate estimate of the recorded event (E. = 91,7%).

Figure 5.4 indicates the typical overestimation of peak flow rates
obtained on catchment W1M17 when using the SC5 lag equation. The
estimate of the population mean of the ratio Q D 6 S/q D 0 for catchment
W1M17 is shown on Table 5.1 to be 5,85 ± 1,30. Such inaccuracies in
hydrograph simulations are further illustrated by the low values of
E. obtained using SCS lag times when compared with those obtained
using optimised storm lag times. The synthetic hydrograph obtained
by optimising lag time for the event of March 3, 1979 on catchment
W1M17 (Figure 5.4) corresponds with an increase in E1 from - 237,2%
to 81,7% (Table 5.1). The short lag times calculated-for catchment
W1M17 using the SCS lag equation (estimate of the population mean SCS
lag time = 8,80= 0,65 minutes) are highly inaccurate when compared
with the long lag times optimised for each runoff event (estimate of
the population mean optimised storm lag time = 150,48 ± 17,94
minutes).

Figure 5.5 shows the hydrographs synthesised using the SCS lag time
(45,0 minutes) and the optimised storm lag time (3,3 minutes) for
the storm recorded on August 18, 1965 on catchment 45002. An example
of the listing, obtained for the hydrograph synthesised using the
45,0 minute lag time is shown in Table 5.2, indicating the shift
required to align ordinates of peak flow rate and the value of the
Coefficient of Efficiency for the event. An estimate of the
population mean for optimised storm lag times on catchment 45002 is
8,59 ± 1,11 minutes which is much shorter than the estimate of the
population mean for SCS lag times which is 52,70 r 2,50 minutes.

The means of the storm lag times optimised using incremental
hydrograph procedures for the sample of storm events of each
catchment are compared in Table 5.3, with the catchment lag times
estimated using single triangular procedures (Chapter 4) and the
catchment lag times calculated using the SCS lag aquation (Table



105
L/

S 
)

CD

izs

270 .0

210 .0

150 -0

SO -0

30 .0

-

_

-

-

Synthetic
— — — Synthetic

3 7 G G . 0

T

hydrograph
fiydrogresfl C5C3 lag time)
nydrosroph CoatimLaed Jag tJnuj)

3 3 0 C 0 -i 1C0.

I ME f M 11NUTF5 j
' KIM 17 CR'E

,-.

\\ :

/

3

3 / 3 / 7 9

•

\

1 " ^

J 3 0 C C t-1G G • G

-

-

-

-

Figure 5.4 Comparison of the hydrographs synthesissci using the
SCS lag time and the optimised storm lag time with the
hydrograph recorded on catchment W1M17 on March 3, 1979

3 2 5 5 . 0 -

_ 253-1 -0

I 3 10 . G

Lr- L

F.ecOrdBd hydrogiauh
• - - -Synthetic f'ydrogrcpniSCS I j g timei
— —-5ynihollc hydrograpfi wptfrntsad lag time}

: C - G

T J Me MIN :J"ES
12/3/3=

1
I !

1

Figure 5.5 Comparison of the hydrographs synthesised using "he SCS
lag time and the optimised storm lag time with the
hydrograph recorded on catchment 45002 on August IS, 1965



106

Table 5.2 An example of a computer listing for the recorded
hydrograph synthesised using the SCS lag time for the
event recorded on catchment 45002 on August 18,1965.

Time

(MIN)

25715,0
25716,0
25717,0
25718,0
25719,0
25720,0
25721,0
25722,0
25723,0
25724,0
25729,0
25730,0
25732,0
25734,0
25736,0
25738,0
25740,0
25742,0
25744,0
25749,0
25754,0

HYDROGRAPHS FOR CATCHMENT

Recorded
Discharge
(US)
0,00
68,97

291,28
758,92

3166,23
3304,21
3618,52
3449,82
3388,47
3304,11
2851,65
2314,96
1471,57
942,52
605,14
375,09
252,37
160,32
106,61
29,81
6,69

45002 (18/8/1965)

Time

(MIN)

25664,0
25672,0
25680,0
25689,0
25697,0
25705,0
25713,0
25721,0
25730,0
25738,0
25746,0
25754,0
25762,0
25770,0
25779,0
25787,0
25795,0
25803,0
25811,0
25820,0
25828,0

SCS synthetic
discharge
(US)
5,54
19,63

104,34
215,50
325,79
435,02
542,41
631,71
608,16
541,09
474,02
406,95
339,88
272,97
206,48
140,43
74,93
16,30
0,00
0,00
0,00

Synthetic hydrograph was shifted by 2,0 minutes

Residual variation = 58077025,0

Initial variation = 45799564,5

Modelling efficiency = -26,8 %
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4.4). The results shown graphically in Figure 5-6 indicate the
close association between catchment lag 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 SC5 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 SCS lag times shown in
Table 5.3 vary from the mean SCS lag times given for each catchment
in Table 5.1. Such variations indicate the difference between lag
times estimated using a CN obtained from field surveys and those
obtained using CN based on recorded storm responses.

From the results of Table 5.3 it may be concluded that the simple
technique (described in Chapter 4) to estimate catchment lag times
from linear runoff regressions of peak flow rate against runoff
volume for single triangular approximations of the runoff hydrograph,
provide accurate estimates of the catchment time response between
rainfall and runoff. The empirical relationship given in Table 4.9
may thus be considered to be a reliable equation for predicting
inter-catchment variations in lag time.

In order to ascertain the dependence of the intra-catchment
variations in lag time (shown in Table 5.1) on individual storm
characteristics, it remains to 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 times for individual events and

rainfall characteristics

The effect of selected rainfall 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 using
single incremental triangular procedures and the SCS lag
equation.

La LUlltlcM L

25003

37001

44005

45001

45002

W1M17

Single triangular
hydrograph

8,0

31,4

6,6

19,6

11,8

117,0

Catchment lag times (minutes)

Incremental triangular SCS lag
hydrographs equation

6,7

39,6

5,4

20,4

8,6

150,3

2,6

8,5

5,2

66,3

60,0

13,7

103.

3. K

a. a 36. a 72. a iaa. a i-i-t. a xaa, a

SINGLE HYDROGRAFH LAG TIME CMTMJ

Figure 5.6 Comparison of catchment lag times estimated using

and incremental triangular procedures
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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
j 1 Ln X

in Table 5.4 which presents the regression equations, Coefficients
of Determination and Variance Ratios for each catchment.

The results of Table 5.4 indicate that the storm characteristics
considered are only significant in determining individual storm lag
times on catchment 37001. Furthermore, Correlation Coefficients
between the independent variables and the dependent variate, together
with the t-values for testing the partial regression coefficients,
which are given in Table 5.5, indicate that no independent variable
can be expected to yield consistent and satisfactory regression
equations 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. Such approximations of the temporal distribution of
rainfall represent a compromise between the uniform rainfall
distribution accepted in Chapter 4 and the recorded hyetograph used
in this chapter. Improved estimates of peak discharge accounting for
intra-catchment variations in rainfall type and distribution could be
made using incremental hydrographs and such design distributions.
Either rainfall non-linearity should be accounted for by providing
numerous rainfall distributions representing storms of different
durations and intensities, which could then be used together with an
average catchment lag time, or alternatively a single basic shape of
the rainfall distribution could be employed and adjustments, similar
to those given in Table 4.15, should be used to introduce non-
linearity to the peak flow rate estimates.

5.3 Conclusions

The establishment of incremental hydrographs for incremental time

periods of constant rainfall intensity enables the calculation of the
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Table 5.4 Regression equations for the five parameter multiple
regression analysis of L ./L . with storm
characteristics

Catchment

26003

37001

44005

45001

45002

W1M17

Lsi

LCI

Lsi

L
si

Lci

Lsi

Lci

Lci

Lci

Regression

= 1,77 Du
0'12

Equation

E1,83

(API+1)0'08 P1'87 I 3 Q
1' 7 9

= 392,57(API+1)0'05 P0'29 I 3 Q
0' 2 6

= 0,11 (API+1]

= 6,48 x 10~7

(API+1)0'05

= 53,05 P0'60

(API+1)0'13

= 5,66 P 0 ) 8 6

(API+1)0'18

28 E1,22

0,05D0,03n 0,05r0,24T

D 0,25 E4,79

P4,19 T 0,89
v x30

! 1.74

D 0,29 E1,88

n 0,05 F0,69 T 0,02
u 30

Coefficient
of Deter-
mination

0,48

0,58

i0
0'08 0,17

0,30

0,20

0,66

Variance
Ratio

(F)

2,726

5,606(**)

0,611

2,234

0,738

2,790
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Table 5.5 Statistics relating to the five parameter multiple
regression analysis of L ./L • with storm characteristics

Catchment

26003

37001

44005

45001

45002

W1M17

Student's t-value,t

Correlation
Coefficient,r

t

r

t

r

t

r

t

r

t

r

(API+1)

0,460

0,261

0,835

0,303

0,506

0,289

0,812

-0,261

0,682

0,057

1,265

-0,172

Independent Variable

P

0,673

-0,380

0,326

-0,684*^

0,060

0,269

2,147*

0,215

0,461

-0,066

1,682

0,084

Du

0,354

-0,078

0,846

' -0,162

0,163

0,249

0,989

0,007

0,800

-0,175

0,275

0,555*

E

0,707

-0,426

2,062

-0,657**

0,863

0,339

2,531*

0,263

1,501

-0,091

1,953

-0,503

2,762*

-0,659**

0,578

-0,294

0,377

0,247

2,141*

0,097

1,375

0,023

0,069

-0,648*
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peak rate of runoff 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 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 a
linear approximation of the time distribution of rainfall 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.however, be
determined. It is suggested that empirical relationships found to
determine storm lag times from rainfall characteristics would only
prove practical when incremental hydrographs are applied in
conjunction with generalised rainfall depth-duration 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 applied in the SCS Model. In the following
chapter lag estimates are not restricted by the application of a
particular model and are determined directly from autographic
rainfall and runoff records.
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6. DERIVATION OF LAG TIME USING MEASURED TIME DIFFERENCES BETWEEN
RAINFALL AND RUNOFF RESPONSE

Lag time has been defined as the time from the centre of mass of
effective rainfall to peak flow rate (National Engineering Handbook,
1972). In this chapter time response between effective rainfall and
runoff is measured using autographic rainfall and runoff records for
the selected storms of catchments 26003, 37001, 44005, 45001, 45002
and W1M17 (c.f. Appendix 1). Lag times are measured for each event
and averaged for each catchment to determine an index of catchment
lag time.

6.1 Experimental procedures

Following Aron, Miller and Lakatos (1977) and Schulze and Arnold
(1979) effective rainfall can be calculated in the SCS Model as

Pe = P - Ia Eq. 6.1

where

Pe = accumulated effective rainfall (mm),

P = accumulated rainfall (mm) and

Ia = initial abstraction (mm).

In accordance with SCS procedures, I. can be determined from the
a

relationship

Ia = 0,2S

Since S was determined for each storm from recorded rainfall and
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runoff data using Equation 4.13, the initial abstraction for each
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 lag time and they are compared in Table 6.2
with catchment lag times estimated using single and incremental
triangular procedures (Chapters 4 and 5) and the SCS lag equation.

The results of Table 6.2 indicate a close association between
corresponding catchment lag times obtained 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 estimates of the population
means for catchment lag times obtained from Table 6.1 are far less
precise than those 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
values suggests that measured time differences between rainfall and
runoff provide poor indices of runoff response to rainfall.

Owing to 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 records

Catchment

26003

37001

44005

45001

45002

W1M17

Mean

8,61

41,93

1,97

13,80

10,55

92,72

S.E. Mean

4,12

8,23

1,83

5,31

4,02

21,51

Minimum

-44,0

-75,5

-29,0

-54,2

-50,2

- 1,0

Maximum

53,4

129,9

45,5

94,2

71,0

228,6

Range

97,4

205,4

74,5

148,4

121,2

229,6

Table 6.2 Comparison of catchment lag times estimated using single
and incremental triangular procedures, measured time
differences between rainfall and runoff and the SCS lag
equation.

Catchment

26003

37001

44005

45001

45002

W1M17

Single
triangular
hydrograph

8,0

31,4

6,6

19,6

11,8

117,0

Catchment lag time

Incremental
triangular
hydrographs

6,7

39,6

. 5,4

20,4

8,6

150,3

(minutes)

Measured
time

difference

8,6

41,9

2,0

13,8

10,6

92,7

SCS lag
equation

2,6

8,5

5,2

56,3

60,0

13,7
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2.

36.3 72.3 IBS. B l i d . 3
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1
193. 3

Figure 6.1 Comparison of measured catchment lag time with those
estimated using single triangular procedures

iSE. 3

3. 2 •
I

53. 2 36.3 72. 3 128.3 1-U, 0 IBS.!

INCREMENTAL MYQKUGRAPH LAG TIME CMIN)

Figure 6.2 Comparison of measured catchment lag time with those

estimated using incremental triangular procedures
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Figure 6.1 Comparison of measured catchment lag time with those
estimated using single triangular procedures
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Figure 5.2 Comparison of measured catchment lag time with those
estimated using incremental triangular procedures
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transformations could not be employed to determine relationships
between storm lag times and rainfall characteristics. A linear
regression analysis between the ratio of individual storm lag time to
the estimate of catchment lag time and the storm characteristics
described in Section 4.3.4 was thus investigated. No definite
association was found between the measured time response between
rainfall 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 attempts to correct clock errors manually and it
seems to give rise to extreme estimates of storm lag time.
Although an in-depth examination has not been made, it appears
that the lag times measured for individual storms are related
closely to the time shifts that were required to align the
recorded and synthetic hydrographs in Chapter 5. Clock errors
thus substantially 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) PQ includes all
rainfall other than that contributing to detention and depression
storages or infiltrating into the soil before runoff occurs.
Ideally both an initial abstraction and the portion of
infiltrated rainfall which contributes to sub-surface storage
should be subtracted from the total rainfall amount to determine
the effective component of rainfall. Much recent research has
been directed towards the determination of infiltration patterns
based on the SCS curve number (for example, Aron et al, 1977;
Hawkins, 1980; Hjelmfelt, 1980a; Hjelmfelt, 1980b). The
results of such research could be incorporated into methods to
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provide mare accurate estimates of effective rainfal l .

A more realist ic estimate of in i t ia l abstraction should be
achieved by means of adjustments to the coefficient of in i t ia l
abstraction. Reductions to the coefficient of I have been

a

suggested by Aron et a l , (1977) and Arnold (1980). The season

and antecedent moisture status of the catchment may influence the

relationship between I and S (Arnold, 1980) as may the

characteristics of the storm event.

6.3 Conclusions

The SCS (National Engineering Handbook, 1972) has used the defini t ion

of lag time as the time from the centre of mass of effective ra infa l l

to the time of peak discharge. I t can, however, be concluded from

the aforegoing discussion that in practice poorly synchronized

ra in fa l l and runoff recorders and inadequacies in determining the

amount and temporal d istr ibut ion of effective ra in fa l l make such

measured lag times impractical to use for peak flow rate predictions.

Given suf f ic ient records, a typical estimate of catchment lag time

can be determined from measured storm lag times. The large scatter

of such storm lag times suggest, however, that the concept of

averaging may, in this instance, produce inaccurate estimates of

catchment lag time when a limited number of storm records are

available.

On the basis of the above findings i t may be concluded that estimates

of inter- and intra-catchment lag times to be used with the SCS Model

should be based on the procedures examined in the previous two

chapters. The salient features of those procedures are highlighted

again in the following chapter, in which areas where future research

is required are also discussed.
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again in the following chapter, in which areas whera future research
is required are also discussed.



119

7. CONCLUSIONS

In an attempt to estimate peak flow rates more realistically 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 SCS lag equation.

2. The inadequacies of the SCS lag equation are due in part to its

inability to distinguish between dominant mechanisms generating

runoff on different catchments.

3. Climate, through its influence on the soil, vegetation and
rainfall patterns, all of which affect the extent to which
rainfall enters the soil by infiltration, appears to play a major
role in determining dominant runoff processes.

4. Physical catchment characteristics, and in particular areal
variations in soil properties, modify the effect rainfall
characteristics have on the hydrograph shape and lag time.
Despite such modifications, improved estimates of peak flow rate
are obtained on small agricultural catchments when indices of
climate and regional rainfall characteristics are incorporated
with physical catchment characteristics in empirical lag
equations.

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 for gauged catchments.

6. Marked improvements in the estimations of inter-catchment lag
times and hence peak flow rates are obtained when using the
empirical lag equation (developed from linear regression
equations of peak flow rates regressed against runoff volumes)
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which is given as

L = A 0' 3 5 MAP1'10

41,67 y0'30 T 3 0
0' 8 7

where

L = catchment lag time (h),

A = catchment area (km2),

y = average catchment slope {%)

MAP = mean annual precipitation (mm) and

I = regional mean of the most intense thirty-minute period
of rainfall (mm.h_1).

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

8. 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 equations should, however, await further examination, with
data from more catchments.

9. Incremental hydrograph procedures for estimating peak flow rates
are advantageous since no empirical estimation of the duration of
rainfall excess is required and the total time distribution of
runoff can be synthesised. Estimates of peak flow rate are,
however, sensitive to changes in lag time when incremental
hydrographs are convoluted with recorded hyetographs. Empirical
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41,67 y ° ' 3 0 T 3 0
0 > 8 7
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relationships determining storm lag times from ra in fa l l

characteristics are thus only practical when incremental

hydrographs are applied in conjunction with generalised ra infa l l

depth-duration relationships.

10. Measured lag times between ra in fa l l and runoff, while defined

simply, are impractical to use for peak flow rate prediction,

possibly due to poorly synchronised ra in fa l l and runoff records

and d i f f i cu l t i es in determining the magnitude and temporal

distr ibut ion of effective ra in fa l l .

In view of the markedly improved estimates of peak flow rates that

have been made following the procedures of this report, i t can be

concluded that similar research into the estimation of peak flow

rate, encompassing a wider variety of study regions, is warranted.

Three areas where additional research is required have been

recognised, the details and objectives of which are now summarised:

1. The proportion of the total volume of runoff under the rising

limb of a recorded hydrograph varies with both ra in fa l l and

catchment characterist ics. The shape of the triangular unit

hydrograph used in the SCS Model is, however, constant for a l l

catchments and storms within such catchments. Future research

similar to that conducted by Betson et a l , (1980) and Ward et_

aj_, (1981) should be directed towards the provision of

relationships between ra in fa l l and physical catchment

characteristics and the shape of the unit hydrograph.

2. For design applications two typical twenty-four hour storm

distr ibut ions have been derived by the SCS. Future research

should be directed towards the development of regional ra in fa l l

depth-duration curves, as proposed by Cronshey (1982) for two

return periods for the eastern and central USA, together with

indices describing such curves for application in empirical

equations to estimate lag time according to localised conditions

of ra in fa l l duration and intensity.
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3. An extensive study of the relationship of peak flow rate
regressed against 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 to provide
accurate estimates of catchment lag time.

4. Finally, since the SCS Curve Number is widely used in
hydrological 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), Hjelmfelt (1980a) and
Hjelmfelt (1980b) to refine the present method of effective
rainfall separation.
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9. APPENDICES

Appendix 1 : Hydrologies! storm data
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0 , 3
1,0
5 . 9

2 , 9

6.'7
3 . B
7 , 3
1 . 4
I , 1
2 . 7
a. 1
3 . 7

"* 3
7 .'?
0 .7
6 . 3
a.2
2 . 3
3 . 3
2 . 2
4 ' 6
2. 1
2 . 3
6 . 7
0. ?
1 .3
i , 3
3 . 6
2 . 7
a ,3

9 . 2

^ . 3
1 . 4
"> -T

3 . 7
7 '
1 . 7

2:i
3 .3

•1 6
1 . I

6 . 7

5-DAY
ART
(Mfl 1

13.5
59.7
33.3
47.7

a . 5
15.7
45 .7

3, 4
25 .9
&.%
4 1 . 9
2 4 . 3

if .4
1 9 . 0

J '• D
133,2

6. 1
50 .5

6.123,1

3 . 6
23. 4
15.a
35.3
29.5
29.2
11 ,2
71 . I

5 . 1
2 , 5
S.b
1 .3

13.3
70 . 9

0. 0
4fl . 0

0 . 0
0 .0
0 , 0

4 3 . 9
1 3 . 8

0 , 2
0. 0
Q .0
0. 0
>! . 0
a , 3
0 . a
0 , 0

2 3 . 4
15 .3
^? 9

-* ^ ^
^ 5

13 . 3
7 n ^

'-3 • 3

• i . 0
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9 . APPENDICES

Appendix 1 : Hydrological storm data

CATCHMENT 5T0HM
HO.

26003 1
2
3
4
5
6
7
a9n
12
13

13
16
17
^a
1 9
20
21a
24

37001 1
2
3
4t/i

6
7
9
9
10
U
12
13
14
15
16
17
13
1?
20
21

23
2 4
25
26
27
33
29

37102 1

3
A

5
3

k
: )

• ;

DATE

IB/6/40
23/6/40
27/3/40
4/6/41
29/6/41
7/7/41A
7/7/41B
23/3/44
6/6/47
7/6/47
16/8/47
25/6/56
27/7/56
31/7/11
4/B/59
21/a/60
29/7/61
2/a/64
7/7/69
27/7/69A
2797/t?70
2 4/4/70

19/4/59
9/5/59
26/4/59
22/7/59
26/7/59
20/5/60
27/7/60
7/6/61
15/11/61
21/11/61
4/9/63
1/3/64
10/5/64
29/9/64
20/5V67
24/6/67
26/9/67
7/10/67
13/3/68
6/5/69
7/6/71
2/6/71
24/9/71
29/12/72
6/5/73
4/9/73
11/10/73
3/1.2/73
20/4/74

3/5.-59
i b / 5 / 5 9
- ij / T : c;9

2 0 / 5 / 6 0
7.' 6 / 7 1
2 t / | l l / - > l

j , 9 r ^,' ~ 4

^{', ?'X~7
-: ! - i . ' i ?
L 3, 3 ' S3
«/=. -3i

2 -J • ; ' "* 1

RAINFALL

(MH)

2 7 . 7
19.5
3 2 . 3
2 5 , 2
3 9 , 6
3 0 . 0
ia.3
3 0 . 0
31.5

2 3 . 9
21 .9

tl'.S
4 4 . 4
61.5
3 3 . 9
36. a
22.9
44 .4
14 .0
2 1 . 9
4 0 . 6

27.0
35 5
31,2
20 .5
33,5
23.6
31.7

i. 9.3
1 4 . 4
7 2 , 6
3 2 . 9
3 4 . 0
2 0 . 1
2 9 . 5
73.6
47.0
36.3
25.4
50,3
36.3
4 3 . 7
3 3 . 0
i.9.3
2 3 , 9
3 7 . 1
3 6 . 3
2 9 . 2
1 9 . 9

35 5
11 .2
3 3 . 5
2 3 . 6
: 9 .3
i.4 . 4
; J 0
10 L

3 c , 3

lU3 3 . 0

RUNOFF

(MM)

3 , 7 9 2
6 .546
1 . 699
3. 610
2.B52
4 . 3 2 6
6 . 9 3 0
1 .92 0
9.960
V 05?
9.' 29 0
3 . 030

IB ,031
1.430
1 .257
4. 100
1 .966
2.014
4.717

U.BBO
4 . 200
5 . 9 5 4
7 . 6 7 0

7 . 9 5 0
13 .B50
B.25B

15.502
1 4 . 0 2 0

9 . 034
2.962

12.664
4.420

11.290
17.1B0
10.112
22.460

6.279
3.2SB

27.380
27.450
21 .057
20.940
19.9311
12.720
17.540
29.506
15.070
13.150
1.633

2 9 . 4 0 0
23.320

9.332

1 2 . 4 6 0
a. 22 0

1 3 , 3 7 0
3 . 56L

* •J 1 h 2
8 ' a9

16 393
2.7=31,
j 3,8 0

1 9 . 2 7 3
i-i 34n
'.2 332

23 . ^6,1

PEAK 130 .
DI5CKABCE

CrIM/H)

15. 05
23.53

5.95
4.91
3.33

IS. 41
12.53
13.76
49.64
25' 47
52 .'90
13.76
2a'.l3

5.'02
14, 13
7.B1
7. 44

12. 18
48. 15
l 5 " . 2 6

6.'14

2 . 4 5
1 0 . 6 2
2 . 3 4
6 . 04
5.03
7.59
1.72
6.93
3,91
4.67

10 , 41
4 , 2 7

10 . 62
3.5a
5.03

27. 19
33.77
13.03
26.54
20.96
12.34
16.37
17.01
9,20
3.43
2.21

23.61
13.6 0
U .73

6,63
1 . 3 •»
4 -W
5 . 3 4
i- 24
3.15
7,56
1 .72
1 3.7

I 3 ^43 , 35
~ s i

i i Vl

inn/H>

47.15
2 3 . 5
3 B . 6
2 3 . 6
6 1 . 3
5 2 . 9
2 3 , 5
5a. 4
4 9 . 3

4 2 ' 2
3 5 . 6
2 7 . 7

in33. 1

27.'5
4 5 . 3

l l " . 9
12.' 9

32. 1
20.2
15.3
20.5

9 , 4
41 , 6
3 7 , 6
2 4 . 4

1 4 . 2
4 4 . 3
19. 3
IS. 1
3 6 . D
15.6
35.6
44. 4
26.6
32, 3
35,7
53.5
4 B . 3
151 • 3
31.. a
31 .0

1 0 6 . 2
3 5 . 6
20 .9
3 S . 7

- - 1 ->

".3'.3
• ' 4

•11 n

1">2
* ^ *
2= "i

2 J ^
32 ̂
l | "-.
3 : 3

<INFTTC

( J / S Q . d )

7 1 4 . L
4 2 3 . 9
7 4 2 . 4
601 . 9

10 7 7 . 4
76a. 1
406. I
362.2
327. 1
57V. 9
67°, 3
5 4 1 . 4

1333.2
430 .6

1Q57.5
V4b7 .0

L 0 09 . 0
441 , 6

1219.7
Il3'.3
660 .6

S B 4 . 1
649' . 0
330 , 3
2 6 8 . 6
4 8 7 . 4
6 0 4 . 5
792 . 4
399.9-
124.2
229,3

L42Q.3
625.7
463.7
493.4
537,5

1-160 .6
1199.7

743. 7
5 6 7 . 9

1162.6
910 .2

1019,3
iti2. i
1 2 7 , 3
549 . 0

1 6 5 5 . 3
765 6
6 l a 3
5 2 4 . 9

64 9 0
330 . 3
487 . -I
3'14 3
3'? 3 ?

At-)3 7
4 9 1 ' . \

3 a " 5

3 • 2 1

( H )

1 . a
1 ^
2.U
1 - 4
1 .2
1 , 4
1 .a
11.7
0 .9

3 ' 2
o.'i"1 .2

n-.i3 . 9
2 . 6

i-.I
2 . 6
1 ,4

1:1
5 . 9

2 . B
5 . 2
6 . 7
3 . B
7 , 3
1 . 4
1 , 1
2 . 7
3 . 1
3 . 7
5 , 7
3 . 3
7 . 9
0 . 7
6 . 3
3 . 2
2,a
3 . 3
2.2
4'. 6
2 . 1
2 . 3
6 . 7
0 . 9
1 .3
1 . 3
3 , 6
2 , 7
0 . 3

5 . 2
S . ?
~ . 3
1. . 4

2 7

1 7

li
3 3

t .1

5-DAf
APJT
(( in J

13.5
59 .7
33 ,3
4 7 . 7

0 .5
15,7
45.7
a. 4

25 .9

41 .'9
2 4 . 3

1 1 . ' 4
1 9 . 0

7 . •
t 3 B , 2

6 . 1

23 , ' l

3 . 6
2 3 . 4
1 5 . 3
3 5 . 3
2 9 . 5
2 9 , 2
1 1 . 2
7 1 . 1

5 . 1
2 . 5
5. 6
1 ,3

IB .3
70 . 9

0 , 0
40 , 0

0 . 0
0 . 0
3 0

4 3 , 9
1B.S

0 . 2
O.O
a . 0
0 . 0
0 . 0
o . a
0 . ii
0 , 0

2 3 . 4
13.3
2 9 . 5
29 2

13.' 3
71 "

j 0
0 1
1 )
] . 1

i i 3
1 2



131

CATCHMENT STORM
NO.

44005 1
3
3
4
5
6
7
g
9
10
11
12
13
14
15
16
17
IB
19
20
2 1
22
23
24

ii
IS
29
30
31
32
33
34
35
36
37

45001 1
-5

3
4
5-
$
9

10
11
12
13
14
15
16
17
IB
i.9
2a
21

23
24
25
26
27
23
29
30
31
32
33
34
35

DATE

30/5/3?
13/6/39
20/6/39
li/S/39
17/5/40
Q/6/40
5/6/41
7/9/42
10/6/43
14/6/43
5/6/45
16/7/4SA
16/7/45B
7/3/46
5/9/46
17/6/47
16/6/50
15/9/50
2b/hJ52
22/S/54
20/9/55
15/6/57
16/6/57
12/6/583/7/59
15/5/60
11/3/61
23/9/62
21/6/64
2fa/7/64A
26/7/646
27/B/64
1/6/65
12/6/65
26/7/66
29/7/66
3/7/67

22/B/40
29/6/40
l/B/40
e/9/40
26/4/41
16/S/42
11/9/Jj
29/6/43
17/BV44
5/9/ M
3/9/ *5
li/Q/456/9/'16
20/8/47
2/7/49
1/1/50
6/9/50
9/7/53
27/7/53
3/8/54
22/3/54
11/9/54
22/7/55
26/7/57
5/3/57
5/7/53
3/3/S9
24/7/60
25/9/62
26/9/62
30/7/63
24/7/ba
13/9/66

RAINFALL,

(MM)

12,2
17.3
27 .2
19.6
2 0 . 1
20 .a
36.9
22.6
33.5
33,3
32.5
20 .3
21 . 6
40. 1
30.5
27.7
16.3
13.0
IS. 2
62.5
25. 1
SO, 5
45 . 0
39 . 1
5̂  "I
&.1
25.9
32.5
34.8
21 . 1
28.4
26.9
40.9
26.2
45,0

15.5
26.2
15.7
13.7
20 .9
21 .6
25\9
16. 0
45.2
23.6
45.7
2 1 . 1
21 .6
13.5
13,5
'.0 ,9
15.7
1 4 . 0
12.7
20 .3
10 .4
21 .3
19. 0
11.4
17 .3
IS . 0
17.5
25- 1
31.5
33 . 0
15 • 2
30. a
22. 4
23 .7
• ' 9 . 7

RUNOFF

( rtrt )

0 . 074
0 . 117
a. 363
1. 3Q0
0 . 140
0 . 0 4 8
3 . 173
0 . 122
0 . L65
0 .257
0 .277
0 , 046
0 .249
0 ,544
0 .206
0 . 0S6
0 . 028
a .759
2.532
3.454
2. 154
7.37?
6 .939
3 .543

1 9 ; 1 ^ 1
?'*3o6
i .'501
4.823
3,287
3.660
7.97a
0.99a
2. 195
4.575
8.378

10.119
6,035
3.4B5
4.510
1 .351
2.090
7.582
1 .648

12.710
4 .6 i a

13 .290
5, 799
7.191

i.m0 .344
1 , 7 3 2
1 .646
0 + ?Q6
7 . 6 3 6
2 . 312
3 . 070
4 . 0 6 7
0 .592
6. 462
2, 146
0 . 648
7 . 7 6 7
1 357
5 . 3 0 3
1 .758
a. 553
3 , 231
3. 664
4 252

PF.AK 130,
DISCHARGE

(MM/H)

0 . 15
a , 71
1.79
9.5a
0.71
0,30
1 , 17
1 .17
1.26
1.44
2.30
0 .42
1 .34
4.BS
0.86
0 .33
0 .24
2,79

16. OB
16.76
11.20
21.56
34.29
17.20

1 \ ' %2
9,'52

3B.10
32,26
27. 18
IB ,31
3.3a

15,39
19.91
44,70

11, 16
6.01
4,17
4.66
2.34
2.66
3,4-4
2.34

19.24
21 ,'l9

h. 45
a. 45
0.73
2.34i . 18
4. 44
2.34
2.24

12.12
3.42

10.IB
3. 44
1,25
B. 11)
2 . 5 5
1 . D 3
9. 31
I 92
3.30
2, 03
1. 40
3.5a
a, 97
5,9?.

(HM/H)

24.4
35.6
4(3.5
37 .2
36. 1
39. 0
35. 1
45.2
52.5
35.7
59.9
40 . 4
39.2
73.7
53. 9
48. a
32.6
26,0
ai .9
40,6
50.2
47 .7
34 . 6
72.9

l 7 V *
"9 'a
37.223,2
65.0
42.3
39.6
43. 1
49. a
31 .9
16.9
47.9

3 1 , 0
32.7
29,7
21 .7
26.4

**5 • 9
28.4
92. 2
30 .6
97. B
41 .6
34 . 6
19.3
27. 0
21,3
30.5
27.6
30 . a
40 .6
20 .3
38.7
3a . 0
20 .9
35, 1
20 .4
28.9
47.3
24.0
62.9
i (i t
30 .0
•til. 6
30.?
33 .3

KINETIC
ENERGY

(J/SQ.tt)

320 .a
495.8
741 .2
523. 0
510.9
541 .3
327.3
6 6 0 . 6
ass. 1
901 -3
903.5
56a. s
545, 1

1170.9
323.5
7 2 i - 3
451 .9
336,4

1625.S
1633.5

735 . 3
1326,2

952,6
1176.1

13SS".6
636 .3
997 . 4
904. 6
539. 0
719.4
752.1

10 23.5
592.6

1209.7

442. 1
642. 4
429 .2
304.9
446.7
567.?
627,3
369.2

126a,7
611 .0

1324.7
SB1 .2
521,9
301-4
370,3
291 ,9
39B. 3
372.7
302,9
532,6
267. 1
517. 4
564 .7
248.6
463 . 9
414.7
fi3'1. i
71b ' 5
" 2 6 . 7
3 1 4 3
7 1 i •
= ns 2
099 7
7 & 1 . 7

I H )

1 .3
a . 3
0 .3
0 . 5
0.7
0 . 5
3 . 1
0 . 2
2 , 0
0 .9
0 .6
0 .3
1 .3
0 .6
1 . 1
0 .3
0 .3
0 .2
0 .3
2 . 0
0 . 3
0 .7
: . 1
4 . 0

\t' i
1 .'0
0 . 9
0 , 2
1 . 2
a,7
1 . 0
0 , 3
1 .3
1 .6

a . =
0 ,9
1.1
1 .0
2. 3
9 .6
1 . a
1 .3

1 ,0
0 . 7
2 . 3
4 . 2
0 . 3
; ) . 4
0 .3
1) .3
il .3
0 . 4
1! . 4
3 4
5". 3
a . 3
0.5
1.0
1 3
i .3
? • a
1 . 3
1 . 5
1 4
H 5
! T
5 • 9

irirt)

4, 6

i.7'.%
16, 3

6 . 9
i . 0

S9 . 1
93.2
S2.6
55. 1

S .3
17.5
4 2 , 4
-331 3
33 .6
47.2
10,6
0 .3
2 .a
9 . 1
8 . 4

41 .7
191 ,5

p . 0

Ma. 0
o.a

3 4 . 3
0 , 0
1,3

5 2 . 3
3 . 9

42.4
2 .5

0 . a
0 . 0
9 , 1

12 ,0
14 ,3

0 , Q
2 . 0
0 . 0
0 . 0
0 ,0
0 ,0

1 3 . 5
1 7 . 3

0 . 0
1 .3
1 .3

14 .2
0 . 0
6 , 3

11 ,4
14 .5

5 . 1
0 . 0
0 . 0

13, 3
0 . a
4 . S

'"(]' ' J
3 . 3

213. ~i
3 =

•,4 j

' I . if
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CATCHMENT STORM
NO.

45002 1
2
3
4
5
h
7
3
9
10
11
12
13
14

il
17
ISw
21
22
23
24
25
26
27
29
29
30
3 1
32
33
34

47002 1
2
3
4
5
6
7
a9
10
u
12
13
14
15
La
17

LJ1M16 L
2
4
5
3
7
3
9
11)
1 1
12
13
14
15
16
1 7
I B
19
21)
.? I
22
23
24
.^5
26
~*~?

29
2 9
30
3 1

Ul 11117 1
p
3
4
5
6
7
3
9
10
11
12
13

DATE

26/7/40
23/7/41
7/B/42
9/9/43
9/8/45
27/7/45
3/7/46
9/7/46
26/8/46
15/B/47
12/10/47
7/8/49
15/9/51
29/9/51
29/7/52
16/7/53
22/7/54
13/7/55
29/7/55
16/3/56
20/9/56
30/9/57
16/7/59
29/7/59
15/8/59
22/S/61
30/7/62
30/7/64
13/9/65
3/9/65
27/7/66
29/7/66
20/9/66
13/a/69

14/9/39
13/7/40
20/9/41
3 a .-'6/42
4/9/42
14/9/43
20/7/44

16/ 10/44
2V5/47
4/9/48
10/9/49
7/7/52
21/7/54
22/7/55
19/9/55
19/6/99

25/11/76
.1^3/1.2/7 6

1/3/77
LU/3/77
14/6/77
2/7/77
24/9/77
7/10/77
1.9/10/77
22/ 10/77
29/10/77
14/12/77
1/1/7B
10/2/70
21/2/79
1/4/78
22/4/7B
\?./ 111/78
2/1. 1/79
14/11/78
21/11/79
17/12/78
2/1/79
7/1/79
3/3/79
4/S/79
13/6/79
1/9/79
7/9/79
23/9/79

3 4/1/79
16/11/76
22/4/78
3/6/78
11/7/79
B/9/7B
12/1(1/711
18/10/78
ia/li/7H
21/U/7B
3/3/79
4/5/79
12/1.2/7?

RAINFALL

35.6
10.9
25.4
25.7
20 . 1

9 . 9
14.5
23.6
35.1
41.7
33. 0
25.7
10.2
17.5
13.5
14.7
32.3
13.4

9 .1
9,9

16,3
14,7
32.3

a .9
22,6
33.0
14. 0
16.3

a .6
53.8
25,6
17.5
19.9
20. 1

13.7
13.7
19.6
27.7
11.2
10 .9
21.9
14.5
19.3
13.7
15.2
7. 1

15.5
21 .6

9 . 9
9 , 9

17.3

12.2

12.' b
25.3
20 .3
17.4
72.9
22 .3
1 1) ,9
12. 4
1 3 , 5
2 2 . 9
13 .B
U .0
27 .5
16, il
75.6
23. It
16.9
11.3
23. 1
13.3
213.7
11 .8
37.6
3a. s
19.11
? I. S
17.5
11.9

4-1, a
23.2
75 6
23.7
?) .4
5 6 . Q
2 3 . 0
43 . 6
34.9
23. 1
4 6 . 9
S l . O
32.0

RUHQFF

(MM)

17.996
1 .446

11.565
17.399
13,150
1 .773
1 .242
6. 172

20.353
13.090

7.7BB
10.320

4, 112
4.051
4.323
3.993
7. 600
0 ,320
1 .407
0.909
3.282
5,400

11.4B i
1 .300
3.746
7.132
0.199
0.724
1 , 041

14,308
3.017
0 .920
1,753
i . 0 6 7

6.930
1.483
4.4B0
3 ( 3"?Q
3 .620
3 , 7 4 6
5.900
3. 106

10 .620
1 . 146
4 .470
1.960
4 .590

10.920
4,710
7,740
9 , 690

11 .512

1) .'563
2.337
1) . 534
0 . 448
7 . 1 1 1
6 .100
I) . 21)9
I . I) 4 I
1) . 33B
1) . a 0 7
1) . 6 11
1) . 546
11 . 0 91
1) . H77

17,HS3
1.747
11 . 5 7 3
1) . 3116
3 . 1 1.9
i) . 327
(1 . 693
(1 . 190
1 . ii 1) 0

1) .5411
11 , 2 45
0 . 4Un
(i . 152

5. W>3

i V.'oill
2 . 147
*? 16^>

11'. <55B
^ . 757

1 5 . 4 9 2
3 . olS
3 . Sil7
2 . i, 1 4
I . 7S 4
4 . 1 4 9

PF.AK
DISCHARGE

1MM/H)

4 1.56
6 . 3 9

2 9 . 3 2
3 3 . 35
2 9 . 0 5

4 . 3 2
2 . 5 0

1 2 . 2 5
3 3 . 15
16 .90
2 1 . B 9
2 2 , 7 0
1 0 . 6 3
9 .30

1:1?
21,22

1.10

2 < 77
10.37
14.95
30 .63
3.57
5.93

15.91
' 0.64

" 2.13
4.72

20 .98
6.05
1.77
5.77
2,69

11.93
4.Q9

12.37
10 . 49
9.4B
3. 04
9 .29
9,60

31 .70
3 .55

14. 19
5,37

13.94
29.26
14.95
2 1 . L0
29.26

11 . D5
0 . 04
I . 10
1) . 0 5
0 .22
0 .05
0. 05
(1 . 67
0. 1)6
il . IM
il . 15
II . 11 4
0 . na
11 . 11 4
n. 06
si, a?

i .'S8
0 . 36
1) . ilV
I) . 1)4
0 .29
0 . 1)3
1) . 1) R
1) , 113

1)'. "I i)
I) . 0^
0 . !>,?
11 . 11 •!
I) . 1) 2

2 .119
1 . n l

o'.'ss
il . .1'?
1 .2?
11 . 5ri
3 , hi
a. s H
il . 46
I) . SS
1) . 2 8
1) . ?5

130 .

(Hfi/H)

10 .7
7 . 4

45. B
51.4
39,7
16.4
17.9
33.6
40 , 6
23 .6
16.6
3 1 . a
15,4
IS.2
17.3
29.6
63.4
17, 0
10,6
1b. 2
28.1
24.4
59.5
17.9
29,4
57.6
24.0
3 0 . 4

9 . 4
70 . 4
5 0 . 5
32,0
34,1
29. 1

17,1
24.1
34.6
49.3
22.4
19.9
23, 0
24.2
3 1 . 1
26. i
23.4
14.2
19,9
31.3
19.3
19.3
29.7

2.H

4,' 3
14 . U

5 . U
6 . 9

211 . 4
ID .7
7 . 7

5 .' 3
1 4 . 7
4 .?
rt.ft

1 '1 . o

1 *i 1)
7'. 1)

1 7 . 2
4 .!)
9 . 4
4. 4

19 .4
a. i

1 si . 2
9 . 1
1 , 7

1 -1 . 1
h , 9
3 . 9

M 1
3 B . 9
i . J . 0
1 3 . 3
'? . a

1 3 . 9
y. ii

3 1 . 8
B.=5
'? , 4

lr> . I1

9. 1
?0. 1

KINETIC
ENERGY

<J/SQ.M)

743.3
142.7
67B.4
729 , 0
526.8
199.5
323,5
592.7
908, 1
954 .2
513.9
399. B
230 .7
279 . 4
220 . 1
3B4.6
902.2
296. 9
110 .9
254,2
434.7
321.4
917, 0
223.6
579. 1
B97.4
335.3
405.7
179.B

1393.9
699.2
64B. 6
507 .2
460.9

298. 7
320.1
516.2
715.3
298.6
252.7
420 .3
307.7
472,9
331 .9
289. 1
192.6
351.5
S32.2
232.9
245.a
43 0. 0

ua o
383 ,'S

1246,4
61 .?

37 I . 9
29? . (1
311 .B

1 4 1 3 . 0
164 . 11
11) 4 . S
I 89 . 0

329'. 3
I n . S

1117 , H
4113,7
361) . 4
9H4 . 4
111 I . 1
21-U . 4

35 . P.
1 r'B . 7

H5 . 4
5 i H . n
L RII .,'-

5iS2 . 4
3411 . 7
3II'.' 2
237 . il

BS . 7'
13 .9

1 1 S11 , -1
ill) .2
979 . 3
37T' , :
lb '1 , II
a .1 11 . 3
1 t'i . 7
732. II
M' '1 . 7
14 n. ri

64', ' .11
571) . 5

D

CH>

3,3
3 . 0
1 .0
0 . 4
0 , 6
1 , 4
2 . 0
I . 1
1-2
2. 0
3 . 5
9 . 5
0 .6
4. 1

0 ' ?
a'. 4
1 . I
0 .3
0 .9
0 . 7
0 . 4
0 .9
0 .3
1 .0
2 , a
0 .6
1.9
i .1
2. 0
0 .5
0.6
0 ,9
2 . 3

1 .3
1 . 2
0 .6
1 .5
0 . 4
0 .7
3 . 7
1 . 1
1 . 1
0 .9
2 . 6
0 . 2
I . 1
1 . 1
0 .5
1) .5
1 . i

I S . 11
17,1)
11» . 0
1 6 . 0
23 . 1)
1 SH . 11
17 .0
1 5 . 0
2 5 . II

R . il
5 . 1)
9 . il

ia . n
17 11
16 . 0
7 . 11
3 . 0

1 7 . II

:i. l)
IQ . n
In.O
In , (1

V . 1)
5 . n
7 . 11

13. (1
I 4 . 11

h . n

7'. 0

'J . !!
1 . 0

17 • il
1 , il

) 7 . 1)
16 . 0
1 'J . I)

"' • 1)
1 It . >!
16 . (1
Ifi . II
14,0

4 . i!

5-DAY
jc^ p~r~

Crtrt l

0 . 0
4 . 1
0 . 0

1 1 . 4
3 3 , 0

0 . 0
i) . 0
3 , 3
2 , 5
a . o
4 , 1
a . a
8 . 4
o . aLO .2

39.4
28.2
11.3
22. 1
20.6
14,7
13,2

5 . 8
11 .9

5 . 3
10 .2
15.5
19,6

4 . 6
4 . 9

15.0
50. 0
12.7

0 . 0

6 . 9
0 . 0
3 . 9
0 .0

1 0 . 2
4 , 9

1 1 , 9
1 .3
2 . 3
3 . 8
2 . 3
3 . 3
2 . B
5 . 2
1 .5

20 . ii
a.9

1 I .a

2 4 .' 1
4 . 1
5 . H
5 . 8
7 . ci
1 .5
4 , 4

LI.J.7
5 . H

1. b . 4

'i'A'. *3
1 5 . S

11") 7 . 2
1 H . 7
IB . I

• •> t

ui'.::
,1B . 1
i ?.. 0
s.; '

"* t-t V

1 3 . 1
12.5
1 * > . 1

1 . iS
1 i' 6
1 6 . 5

LI , . '
14 .9
IS .7

7 .5
i 4 , 7

1 . B
1 H . 1
I.1 . 0
14.9
^h . 1

1 '>.'. 5
2? .6
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CATCHMENT STORM
NO ,

45002 1
3
4
5
a

3
9
10
1 1
12
13
14

If
17
13
19
20
31
23
23
24
35
26
27
28
29
30
3 1
32
33
34

47002 1

3

5
6
7
a
9
10
I t
12
13

15
16
17

U1M16 1
2
4
5
a
7

a
9
111
11
12
13
14
15
16
17
I B
19

^ i,
22
23
3-1
.15
26
2 7
29
2 9
3d
3 1

'J1M17 '.

3

D

7
9
•?

in
L1
L 2
13

DATE

26/7/40
23/7/41
7/3/42
9/9/43
9/9/4S
27/7/45
3/7/46
9/7/46
26/8/46
15/3/47
12/10/47
7/9/49
IS/B/51
29/9/5128/7/52
16/7/53
22/7/54
13/7/5=

20/9/56
30/9/57
16/7/59
29/7/59
15/9/59
22/9/61
30/7/62
30/7/64
ta/9/65
3/9/65
27/7/66
29/7/66
20/9/66
13/3/69

14/9/3?
12/7/40
20/9/41
30/6/42
4/9/42
14/9/43
2U/7/A4
1-7/9/44
16/ 10/44
25/5/47
4/9/48
10/9/49
7/7/52
21/7/54
22/7/55
19/3/53
19/6/59

25/U/76

WAiKi
1/3/77
10/3/77
14/6/77
2/7/77
24/9/77
7/10/77
V9/10/77
22/10/77
29/10/77
11/12/77
1/L/7B
IQ/2/7B
21/2/7B
1/4/79
22/4/79
>.?/ 10/79
2/1L/73
l-l/ l L/7H
22/11/7B
17/L2/73
2/1/79
7/1/79
3/3/79
4/5/79
13/6/79
1/9/79
7/9/79
23/9/79

34/1/79
I .-3/ 11/76
22/4/79
3/6/79
11/7/79
R/V/7B
12/L0/7F)
In/VO/78
lti/ti/7H
21/11/79
3/3/79
4/5/79
12/12/79

RAINFALL

(MM)

3 5 . 6
10 .9
^5 4
2 5 '.7
20 . I

9 , 9
1 4 . 3
23. a
35. I
41.7
33,0
25.7
L0.2
17.5

32', a
13.49 .19.9
16.3
14,7
32.3
a,9

22.6
33.0
14. 0
16.3

9 . 6
53.B
25.6
17.5
19.3
20.1

13.7
13.7
19.6
27,7
11.2
10.9
21.?
14.5
19.9
13.7
15.2
7. 1

15.5
21 ,6

9 . 9
9 . 9

17.3

12,2
67'tj
12. '6
25.3
an .3
17.4
72.9
22.3! 0.9
12. 4
13.5
2? 9
13" .'a
i t . o
27.5
L6 . 0

7 5 . 6
2 3 . 0
L6 , 9
L l . 3

2 3 , 1
13.3
2 8 . 7
u .a3 7 , 6
3a, a
! ? . 0
3.1 .5
1 7 . 5
1 1 . 9

4 4 . 9
2 3 . 2
75 6
2.3'.7
?1 .4
=56. 0
23 . 5
•1,'i . 6
3-1.9
2 3 . 1
•lfc.9
5 1 . 0
3 2 . (1

RUNOFF

<r!M)

17,996
1 ,446

I L . 5 6 5
L7.399
13. ISO

1 . 773
L . 2 4 2
6 . 1 7 2

20.353
13.090

7.7BB
10 ,320

4.112
4 ,051
4,323
3.993
7. 600
0.320
1 .407
0,909
3,292
5 . 4 0 0

11,491
1.300
3.746
7.132
0.19B
0 .724
1. 041

14.30B
3,017
0 .920
1,753
1.067

6.930
1 .483
4.690
3,390
3,620
3.746
5.900
3,106

10.620
1 . 146
4 . 4 7 0
1 ,960
4 . 5 9 0

1 0 . 8 2 0
4 . 7 1 0
7 .740
9 . 6 9 0

0 , 5 L 2

Ll)1 956
0 .'563
2.337
n . 534
0 , 44B

ef L i 3
fa'. i o li
(1 .21)9
v . n i i0 , 33B
II .60 7
II . 6 1 1
1) .5 46
1) . Q9«5
1) . H77

17.1)53
1.7 47
1) . 573
1) .3 06
3 . 11.9
0 . 327
0 , 69.3
0 . 190
1 , -i 0 0
(1.96 1
II , 5411
ll .3-13
0 . 40n
(1 . 1S2

5 . 1 £3

W.'03 IS
2 . 147

I I Mso."' . 757
1 2 . 192
j . b l S
3 . S.T7
3 .61 . -1
L .78-1
•1 . 149

PEAK
DISCHARGE

iMd/HJ

4 1.56
6. 39

2 9 . 3 2
33 . 35
29 .0 5

4 . 3 2
2 .50

12 . 25
3 3 . 15
1 6 . 9 0
21 .99
22.70
10.63
9.30
a. 53
9 , 9 721.22
1. 102.37
2,77

10.37
1 4 , 9S
30 .63
3,57
5.B3

15.91
' 0 . 6 4

2.13
4.72

20 .9B
6. 05
1.77
5.77
2.69

11.93
4.09

12.37
10 . 4 9
9 , 4 8
a.04
9 , 2 ?
8 .60

3 1 . 7 0
3 . 5 5

1 4 . 19
5 , 9 7

L 3 . 9 4
2 9 . 2 6
1 4 . 9 5
2 1 , 10
2 9 . 2 6

11 . 05

\-.n0 . 0 5
11 . 22
11 . I) 5
0 . 05
11 ,67
0. 1)6
II . 0 3
II . 15
(1 . 11 4
ll . OB
ll , I) 4
il . Do
ll , a L?
0 . 12
i . SIS
0 . 3 6
il . i) 7
H . il 4
•J . 29
0 . 113
1) . 11 fl
11 , 113
1) . 2 i)
a. io
a . i i ;•>

i ) . ii 4
H . I I 2

^ . si-?

* . VJ

1) .'.19
1 27

1] ^ ^
^ _J ^
if 5 H
ll 1 h
J . 5S
11 . 2H
(1 .95

130 .

CMH/H)

10 . 7
7 . 4

4 5 , 9
51 . 4
3 9 . 7
16 . 4
17.3
3a.6
1 0 . 6
23.6
1 6 . 6
31 .9
15.4
15,2

&:l
63.4
17.0

29'. 1
2 4 . 4
59.5
17.9
39.4
57.6
24,0
30.4

9 . 4
70 .4
50,5
32.0
34 .1
29.1

17, 1
21 .1
3 4 . 6
4 9 . 3
2 2 . 4
I B . 9
2 3 . 0
2 4 . 2
3 1 . 1
2 6 . 1
2 3 , 4
1 4 , 2
1 9 . 9
31,3
19.8
19.9
29. 7

2 , 6

\ \ . \
•1,3

14 , It

6 9
L?l) .'4
11) . 7
7 . 7

16 . 2
n .3

1-1.7
4 .2
H.fl

LI .h
22.5
1 J.. 11

7 II
17 . 2

•\ , l i
f , -1
4 . 4

1 9 . 4
a. iI n .2
9 . 1
1 7

1 4 '
h .9
3 . 9

V I
2 B .9
1 -!. 0
1 3 . 3
-?. a

' . 3 . 9
7.11

.31.3
3 . 5
•1 i

i n . ; 1

9 . 1
311 . 1

KINETIC
ENERGY

( J / S Q . M )

7 4 3 . 3
1 4 2 , 7
6 7 9 , 4
7 2 9 . 0
5 2 6 , 8
1 9 9 . 5
3 2 3 . 5
5 9 2 . 7
9 0 3 . 1
5^4 . 2
5 1 9 , 9
3 9 9 . B
2 3 0 . 7
279 . 4
220 . 1
3 9 4 . 69 0 2 . 2
2 9 6 . 3

2 - s 4 ° ; l
434.7
321.4
917,0
223.6
S79. I
997,4
335.3
405.7
179,8

1393,9
699,2
649,6
507.2
460,9

298,7
330.1
516.2
715.9
298.6
252.7
420 . 3
3 0 7 , 7
4 7 2 . 9
331.9
289. 1
192.6
351 ,5
932.2
232.3
245. a
4 2 0 . 0

1.J2.D
3133 .5

1246 ,4
6) , ?

371 .9
39H . 0
31 1 .9

1413 .0
164 . 1)
10 4 . 5
139 . 1)

339' .3
3 n . .1

107 .3
4113 . 7
361) .4
9H4 . 4
1 ll V . 1

?S *. ^
1 ~Tfl 7

H1? . 4
5 '1 13 . a
tflu . .;
5 tl Ll . 4

3ilV ' 2
337 , 0

H S . ?
1 3 . 9

11 sn. -i
.tin 2
•??'->. 1

tO'l . il
s.iil .3
', 1S . 7
732 . :l
•VJ'} , 7
1 -111 . -1

&•»;••'. i i
5711 . 5

D

(H)

3 . 3
3 . 0
1 .0
0 . 4
0 . 6
1 . 4
2 . 0
1 . 1
1 ,2
2 . 0
3.5
9 . 5
Q .6
4 . 1

o l:?
7

2 , 4
1 . 1

J:?
0 . 7
0 , 4
0 . 3
0 . 3
1.0
2 , 0
0 . 6
1 .?
1 , 1
2 . 0
0 . 5
0.6
0 . 9
2.3

1 . 3
1 ,2
0 . 6
1 .5
0 . 4
0 .7
3 . 7
1 . 1
1 . 1
0 . 9
2 . 6
0 , 2
1 . 1
1 . 1
0 . 5
I) . 5
1 . 1

1 5 . 0
17, 11
111 , 0
16. il
23.. 0
) H . 11
17 .0
1 S , 0
25 , 1)

H . il
"a . 0
9 il

ta. n
1 7 . 0
1 6 . 0
7 . (1
3 . 0

1 7 . tl
1 ; ; . 0

; i . ti
1 0 . n
1 0 . 0
l a . 0
') . (1
<5 . 0
7 . il

L3. (1
1 •> .1

f> , 0
1 2 . U

7 . 0

\ '. Q
1 7 !l

•t . il

1 6 . a
1 j 'i
7. ii

1 1:1 . !l

1 b . 11
t 1 . i)

•1 . I)

5-DAY

(rtrt)

0 . 0
4 . 1
0 . 0

1 1 . 4
33 . 0

0 . n
> ) . a
3 . 3
2 . 5
0 , 0
4 . 1
0 .0
9 , 4
0 . 0

10 , 2
39 . 4
28 ,2
11.3

lit
1 4 . 7
19.2

5 . 8
11.9

5 . 3
10 .2
15,5
19,6

4 , 6
4 . 9

15.0
SO .0
12.7

a , a

6 . 9
a . 0
3 . 3
o . 0

10 .2
4 .8

11 .9
1 ,3
2 . 3
3 . 8
2 . 9
3 . 3
2 . 8
S .2
1 .5

20 , Q
3 . 9

1 L -B

24 ,'l
4 . 1

=;. ti
< a
7. ^
1 .5
'! , 4

5 R
1 6 . 4
2t l . H
T»4 .3
1 S S

1117 . 2
1 H '.'
IB . 1

1 ii ^

1 r-'. ti
S P

"IH' 9
1 "( 1

W. 5In . 1
1 . Q

1 I1 . A
1 6 . 5

1 1 *.'
1 -1'. ?

" 7 '. 'i
1 - 1 •'

i . a
i n. 1
1 . ' , ii
i -1 . -?
ih . 1
1 .S . 1
i '_ - tl
2? . 6
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CATCHMENT STDRH
N O .

V1H12 1

3
4
5
6
7
a
?
10l i
12
13
1415
16
17
13
1 9
20

U1H29 1
Z

4
5
6
7
a
<?
10
11
12
13

U7M03 1
2

4
5
6
7
a
7
ia
u
12
13
14

1 6
17
13
19
20
21

23

DATE

29/1/65
21/12/65
3/12/66
6/1/69
23/1/63
15/2/68
4/12/69
3/12/69

21/9/71
19/2/72
23/2/72
12/3/72
11/4/72
27/11/72
5/1/73
20/1/73
23/1/73
19/3/73

21/12/76
25/1/77
5/3/77
23/4/77
9/10/77
22/12/77
5/3/73
9/4/18
26/9/73
1/12/7B
16/1/79
6/1/79
22/2/79

2/12/7S
21/L2/76
25/ 1. ,'77
7/2/77
5/3.77
23/1/77
7/4/77
9/10/77
29/ 1 0/77
22/12/77
15/1/78
6/1/79
2/?.'7g
3/1/73
26/9/79
1/12/73
L3/L2/73

2S/J2/79
i/L/79
17/1/79
22/2/79
21/1/79
V'a/79

SAINFALL

I htt)

23.4
16.0
30 . 1
23.3
17.4
51.4
39.5
21 .9
15.5
3 6 . 4
IB,3
24.2
20 .2
17.2
20 .3
37,3
33. S
33.3
47 .5
16,2

22. 0
22 .3
13.2

ia.517.8
2 4 . 3
3 9 . 4
14.9
21.3
29 .8
26.0
16 .1
26.4

26.9
24 , 0
22 .4
20 .4
13.0
iB .3
12.0
17 .9
24,9
24 . 0
17.3
15. 3
21 .1
39 .3
25.3
29 .3
15 . 4
2 3.5
16. 1
3 1 . 6
2< ->
25 .'J"
27 0

RUNOFF

(MM)

1 .510
0 , 051
0 .209
0 .036
0 .033
0 .491
0 .051
0 .337
0.025
0 .076
0 .906
0 .012
3 .360
D .242
3 .514
2 . 6 0 1
0. OSS
0 .649
1 .667
0., 146

0 .395
0 .370
2 . 0 44
0 . 142
0 .335
0 .399
3 . 2 3 3
O . S J O
0 .474
0 .825
5.060
2.320
1 .843

1 .378
0.3B7
0 .487
0 , 9 0 9
Q . 4 7 4
0,255
1 ,529
1 . 132
3,991
0 .322
1 . 239
6.640
7 . 390
3. 190
2.010
3 H7G

14.540
2 .671)
2. 765
1 , ran
0 . "J16
L . 3 n 9
1.013

PEAK
DISCHARGE

(HH/H)

Q .79
0.03
0.11
0 , 03
0 . 02
D , 3 a
0 , 03
0 . 10
0 .01
0 . 05
0 . 15
0 ,01
0.09
0 . 07
0,22
1 .37
0, 03
0 . 03
1 . 07
0 . Q5

0 .21
0.14
0 .35
0. 16
0.23
0,58
1 .29
0.51
0 . 6 4
0 .65
2 .76
0 .73
0 .43

0.70
0 . 09
0 .16
0 ,25
0 , 19
0 .11
0 .36
0 ,30
0 .96
o , 2 a
0 .52
1 , 16
1 .20
1 .34
1 . 93
2 . 6 3
5 . 0 7
0 .38
2.0 3
0 . 91
0 .21
•n .75
0 . 44

130 ,

(Hf i /H)

37.4
28,4
33.7
37.9
29,7
61.5
57 ,2
15.8
30 ,?
66.0
18.1
19.7

3.6
3.3

40 .6
5 7 , 6
27 .6
6 5 , 2
46.5
29. 4

13.2
19.9

36.6
15.3
24 .6
2 6 . 9
2 7 , 9
3 9 , 4
54. 4
31.9
23.0
20, 9

37,7
12.3
19.9
19.2
12.5
36 .5

3 . 3
15.3
22. Q
24.5
24, 1
13. 3
15 ,2
26 . 0
43. 1
54 . 4
41 . 1
2 3 . ^
23. !)
27, 1
12.7
• 1 6 . '•
~*7 7

KINETIC
ENERGY

(J/SQ.M)

658. 9
422. 2
obi .9
621,7
463 ,7

1302.1
L0 93.2
496 ,9
5 48 , 3

1195.2
48B. 0
453. 1
323. 1
174.2
722.9

1195.7
723 ,7

1200.5
1335,4
502.8

306. 1
334,7

5 3 9 ^
292. 0
55J..3
907,3
4 1 1 , 6
6 4 9 , 2
913.1
533.4
374.a
50O .9

654. 0
340 ,7
384.7
374 ,2
isa .25S9 . 0
124. 1
292. 0
539.3
S a l . S
•121 , 4
2 3 7 , 4
lai.a
91)7 . 9
3 U 5 . 3
9 lid 1
341 . 0
5 1 1 . 7
374 .3
39 4. I
25- R
b~4 i

D

<rl>

Q .6
0 .6
1 . 4
1 . 1
I) .6
3 ,3
0 .9
1 .2
0 .3
a .51 . 1
1 ,5
5 . 0
4 . 0
0 .3
1 . 1
1 .7
0 . 2
T 2
0 .'6

2 . 5
2 . 4
0 .6
0 , 4
5 . 0
4 . 1
1 .6
0 . 9
0 ,7
2 .4
4 . 0
4 . 3
5 . 0

4 . 4
2 . 4
2 . 4
2 . 4
0 . 6
n .4
2 , -̂
1 ' , 0
3, 1
4 , 1
1 . D

3 , 7
1 .6
(1 . 5
2 . 4
l ,5
• -i

2. . Q

; , 5
7 , 0

5-DflT
APT.

'. hM)

a . 0
a , o
2 . 1
2 . a
0 . 0

12.2
4 , 9
a , a
0 , 0

17. 1
12 ,6

0 . 0
n . a
a . 7
n . o

^9 . 0
24 . 0

0 . 0
34 .3

0 . 0

0 . 0
fl .0

33 . Q
0 ,0

15,4
5 . 7

21 .5
J . 0
9 . 3

13,9
10 .9

1.3
24 . 3

9 . 5
a . o

l i .?
7. 2

3 3 , 0
0 . Q
0 . 3

IS. 4
3 . 2
5 , 7
1 .3
a . o
3 . 7

17 . a
i o . a
13 .3

7 - j
5 , 2
I .3

1 1 ) . • '

25 0
2 0
•J ]



Appendix 2 : Main program SCSVL and subroutines

1 c FRCPL^HH TO AJPACKKDUT;-: THF OUTFLOW HYDROGRAPH TO DETAIN
2 C AfJ INFl.CU !IYDftOl-SAPH
3 C BlCft l .CLlLtMt THK SYNTHETIC: HYDROCHAPH UBTNG STANDARD SCS
4 c PRorEiiu:;:;. t INCHE.^ENTAL U ^ I T HYDROCRAPH SHAPE AND LAG
5 C VALUCB CAN PE r.HAHLIKD AS1. Mi OP T J O N ) ,
b C C)OPTT!U"iH; LA!; TO Ufcl f i tM ASYNTHF.IIC PKAK SYNTHETIC PEAK
7 C MAGNITUDE r :QUnL TO CITHl-.R THT 1MFI DW OR W T F I U U HYEHHRRAFH
B C AMD CALCULATE THt HUE DISTRIBUTION OF KUIfHFF FOH THIS LAG.
*? c

10 11

3.2 C DATA IS READ IN A3 FOLLOWS : UEIR AND RAINGAUGE DATA
JL3 C
i 'l C JSTII) - SITE IDENTIFICATION )
15 C STNOJ - S"tTE NUMBER >
16 C Q ( I > - OUTFLOU I'.AIE ( L / S ) ) UEIR
17 C & ( 1 ) - &AS£ FLtfU RATE £L /S ) )
I B C S T ( I ) - STrtf.E CM1 )
.19 C [JT1D - TW1E <!UNUTt-:3) )
2Q C J Q ( I ) - USA t lUIFLnU RATE(HH/H) )

22 C ISTTD - BITE IDENTIFICATION )
23 C STNTSI - S ITE MUI1EER )
a<S C JD( I ) - DM ) RAIHGAUGE
25 C J H d ) - HOUR )
2 t C JMt l ) - h!t<UTE )
27 C J S I I ) - DEPTH (Mi1> )
HB C
Z<? C
3D C : CONTROL CARD
3 1 c
32 C TSTFO - ir.F1.nU/DUTFLOki RDUTINC TIME IftTER'JAI. (KINS)
33 C CIA - COEFFICIENT OF IMIT I f l L ABSTRACTION (PERCENT)
34 C QTOT - QUICK FLOU yOl.UKf '.liH)
35 C AREA - LftrCHHEMT ftRiirt (S3 KH)
34 C Cli - CUfCJE KUMBFJi FPH A.H.C CONDITION 2
37 C CNfl - " " " ACTUAL fl.H.C CONDITinN.
;',Q C t L - HYIJKAUL.IL: LENGTH GK CATCHHENT (M)
3? C YS - AYrlRAGE CATCHIIEMT SLOPE ( t l /H )
4(! C C i - STILLING ErtSIH DEPTH STdRACE COEFFICIENT S=Ci*H+CaSHS*2
^ i C C3
42 C 5HIFT - TIME NEEDKD TO ALLTGH HYDRCICBflPHB (MINUTES)
A3 C +VE SHIFTS SYNTHETIC HYDROLJKAPH TO THE RIGHT
14 C COEFP - 1/li-rTR/TP) ri lflDfl NURMAIJ.Y ?nS.3 IN STANDARD SCS PROCEDURE
45 C THTP FACTOR DESCRIBES THE SHAP'-; OF THE TRIANGULAR HYDROMnPH
-16 C CDEFL - CONSTANT IM JWE yCS LAG CALCULATION EQUATION. NOKhALLY 7069.0
47 C IRUTE - OPTION TO &ACKRDLITE CUTFLOW HYDRQGRAPH
4B C ISYNT - OPTION TO CALCLILATF '3YNTHFTIC HYDROGRAPH
4? C IPLTQ - OPTION TO PLOT HYlJSQr.PftPHS
50 C lUjUfJ - OPTION TO TABULATE HYDROGRAPHS
51 C I?FCY - DP"i ION TO CALCULATE THF. EFFICIENCY OF FIT OF THE SYNTHETIC
52. C HYWOPUAPH.
53 C LAGCAL - OPTION TO OPTIHISF LAG TO OBTAIN CORRF.CT PEAK DISCHARGE.
54 C IUSAI) - SPECIFICATION AS TO UHF.THF.H DATA tS LOCAL OR U.S. A
53 C HZ - NUMBEK OF TIME STEPS PER UfilT HYPP.OGHAPH
54 C ID - IJ(!Y
57 C HP - NUMBER OF TI ' IF. STEPS IM THF. UNIT HYDRHGRAPH TIME TO PEAK
5Q C A < I ) - COEFFICTEHTS TD MULTIPLY ORIGINATES OF UNIT HY^ROGR.IPH FOR
59 C LINEAR SUPERPOSITION EG. .333 .biifs i , . a . Ci .4 , 2

i\ g fit"" - ^P^^»FLUFACT^ B ^ ^ ^ m i f t E ^ r a S ^ & T E P TO LAG TIME
b?.
63
bA
65 PARAMETER IBIJ1 =15.10

67 DIMENSION Q I N d P I H ) . O O U T d D I H ) , n G Y N ( I H I H ) .STAGE( ID I«> , 6)T1HE( ID I.H) ,
63 i R A l N d U I r t ; t?9Ti VJXM ,RT I«E ( TDI i l ) , T!tIN< IDTH) , X i Tu IH) . 1 t I D I n ) , .")0 17 ) ,
69 2 S T C . ) .QT(4 ) , JD l7> , J H ( 7 ) , J H ( 7 ) , JR (7 ) . R f M i D I M ) .XHEADCIO ) ,YHFAD(^6) ,
70 3O3r tSE( ID I iD , f l ( 4 ) , A ( 4 D ) , 3 T E P Q ( I D I H ) , S T E P Q t I D I H ) ,STEPS* IO IH) ,
71 4STEPT<I .MH) , Q ( 4 )

73 DATA BLANK/ ' '/,1BLHK," ' / . I B L A W / ' V
74
7S C INITIALIZATION
76
77 XHAX-0.
79 XHIM=0.
7t YMAX=O.

02 J--Q

83 TT=0.
Q4 B3Q=Q .
as SLDPE=O.
Si. TI = 0.
137 X-U
sa SFT=O.
P9 EFF-0.
90 DO i T = i,IBT,H
91 QO'JT'. IJ-U.
92 QFiASE(I) = 0 .0
93 STAGE?1)^0.
9<l QTIME<I) = il .

! I t I )

95
96 HPTCI>=a.
97 TMIN(I)-!].
9B X(I ) -Q .
9 9 Y(I)=Q.
100 RTi;iECI) = Q .
101 Q5YNII)-I).
1 II2 1. CGNTINUE
103
104
.105 C READ CUNTP.OL CARD
B

VD7 C
103
iU?
110
Hi
112
113
i i -'. £
115 C
1 16 C READ DlGITISci) SUNQFF KEttliiSS
1.17 Z
113 Z

P . E f . i K S , ! tttll) ; T " , T F n CM . CU-; S-V . YS CT !i Q^DJ , C i , Z'J., S H I F T . C G L I F Q , CC i lFL ,
1 fiRp-H . f K . S P , T O . T S l J T E . t f . V N T , I P L T ' j , I U R Q 1

•?. i FFCY ,!./.Gi:.Vu. , :U5A!>, i h i , ' ;
H E.'iD t 5 , 11! n 1 i I)L . (i"i'. \> , i -' t , 4(J :



Appendix 2 : Main program SCSVL and subroutines

1 C PRCiGKhH TO AJPftCKHtlUTf-: THF C1UTFLOU HYDROGHrtPH TO DSTAIN
2 C AN IWFl.CU IIVDHQiiRAPH
-J Z B)CfM.r .L l l , - . l t TH'r" SYNTHETIC HYtaOHilAPH UPTNG STANDARD SCS
4 c PRanFoi):;::. (INCREMENTAL W I T HYDRDQIAPH SHAPE AND LAG
5 C VrtLUrS CAM F'E r.Mf.HCKD AS Ml OPf J DM) .
b C O D P T I l U o l T I . IM ; TO tlM'SUN ASYNTHKI IC Hf.AK SYNTHETIC PEAK
7 C MAGNITUDE 7QUAL TO CiTHl-.H THr INFLOW 0!* PUrFLUU HYMUCR AF H
3 C rtMD CALCULATE THi£ T i n t D ISTRIBUTION OF RUIJI1FF FOH THIS L « G .
9 C

10 C
1 1 C
12 C DATA I S HEAD I N H5 FDL.Li.HJS : UEIR ft NO RAINGAUGE DnTrt
13 C
M C JSTII> - SITE IDENTIFICATION >
15 C STNDJ - 5 ( T £ NUMBER >
16 C Qili - DLITFLOU I! A IE U./f>) ) UEIR
17 C U U ) - 6 A tie FLIJU RATE SL/S) )
J.B C S T ( I ) - STAGE (H) )
19 C H T I I ) - 1 i n E (MINUTES) >
20 C Jii(I) - USrr UUIFLOU Rr iTE(HM/H) )
22 C IE3TID - SITE IDENTIFICATION >
23 C STNHE - SITE NUMBER )
?.A C JIM I ) - DAY > nniNGAUGE
25 C JH( I ) - HOUR )
26 C JM'. I ! - hlfiUTE )
27 C J R t U - DEPTH (MM) )

II
3D C i CONTROL CARD
31 C
32 C TSTPO - IKFLGU/ODTFLDW HQUTIHC TIME INTERVAL (MT.N5)
33 C CIA - C.OEFFICIEMT QF I f i l T I A L ABSTRDCTIOH (PERCENT)
34 C QTOT - QUICK FLHU y o i U1--F (I-.H)
35 C AREA - CJA fCHNENT AREA (S3 !<(1)
3h C CM - CURUE N'JhBEB FOH A .H .C CDNDITIDN 2
37 C CNA - " " " ACTUAL A .H .C CDND1TIOM.
38 C C L - HYlJKAUL.IG LENGTH OF CATCHMENT (M)
39 C Y5 - AYKPAGE CATChllENT dLDf'E (H/M)
1(1 C C i - ST ILL ING ErtSIfJ DEPTH STGaflCE COEFFICIENT S=ClT.H+C2IHt*2
4 1 C C J - H

42 C SHIFT - T IME NFEDKD TO ALLTGH HYDRQCRAPHB (MINUTES)
43 C +VE SHIFTS 'SYMTHCTIC HYDROGHAPH TO THE RIGHT
44 C COEFQ - l / d - T R / T H ) ;( 1000 MDRMALt.f ?(1S.3 I N STANDARD SCS PRnr.EDURE
45 C THTR PACTOa nESCS E3ES THI-: SHAf1!-: OF THE THIoHGIiLf iR HVT>ROf.i*nPH
46 C COEFL - C3.NSTAMT IW T! IF BC!3 LAG CALCULAT'IUN fUL IATIQN. NUlShALLY 7Q69 . 0
47 C IRSJTE - QPTTQH TO E'ACKRDljTE OUTFLOW HYCRQGnAPH
48 C ISTNT - OPTION TO CALCULATF '3YMTHFTIC HYDPOGRAPH
47 C IPLTQ - OPTION TO PLOT HYOPOCSfiPHS
55 Z lUrtO - OPTION TO TABULATE HYMOGRAPHS
5 1 r I r fCY - GPiiOH TO CALCULATE THE EFFICIENCY Or FIT OF THE SYHTh£TlC
52 C HYPHaGHftPH.
53 C LAGCAL - OPTION TO OPTIHIBF LAG TO OBTAIH CORRECT PEAK DISCHARGE.
54 C IUSAD - SPECIFICATION AS TO UHETHF.H DATA TS5 LOCAL OR U.S. A
'iS C N1- - NUMBER OF TIME STEPS PES UNIT HYDPDGHAHH
Sb C ID - liAY
57 C HP - NUMBER OF TIME STEPS I N THE UMIT HYDSnGBfiPH TTHE TD PEAK.
58 C A ( I ) - CDEFFTCISHTS TO MULTIPLY ORDTNATES OF UNIT HYDROGRAPH FOR
5 9 C LINEAR SUPERPOSITION ZG, . 3 3 a .bbb 1 . . 3 .i> . 4 , 2
it) C QPCtCT - MAXIMUM FLUU t>.l\V& OF THE RECORHEn HYDRCIfJH APH.
61 C DL - I M P - O . S ) FACTOR RELATING IHCRSflEHTriL TIMC STEP TO L H G TIME
6 P.
63
64
65 PARAMETER 13IM =1530
bo
67 DIMENSION QIK'(IDIM) .QOUTtIDIM),CGYN(IPIM).STAGE{IPIM) ,QTIME<IDLH1,
68 IRAINt 11)1 M) .P°T'. VJtlii .RTZKZi IDIfl) . TMIHIIDIH) , Xi T DIH) . i t IDTrt ) , .10 17 ) ,
b9 !ST(',J ,QTM J ,JDl7) , JH<7> ,J!1<7) , JR (7) .Qr%(iDIMS ,XHEAD<10) .YHF"AD(26) ,
70 3QBrt5E(IDIM),3(4),A(40J,STEP(}<TDIMJ,STEPS(IDIH).STEPS(IDIH),
7 1 4 S T E P T ( I i U N > Q ( 4 )
70 3QBrt5E(IDIM),
71 4STEPT(IiUN>,
72 DATA BLANK/' '/,IBLNK/' »/,IBLAN/* '/
74
75 C INITIALIZATION
7L.
77 XMf.X-0 .
79 XMIM-0,
79 YMAX=fl.

B2 J-Q
H3 TT = Q ,
B4 B3Q=Q .
B5 SLDPE=0.
B6 T I - 0 .
B7 X-0
83 SFT=Q.
n? EFF^a.
90 DO 1 I = i , I C T M
91 OOUT'. I J - U .
92 QFiASEt I ) = 0 ,0
?3 5T f lGE(T) -0 .
94 OTIHE; I )=f] .
95 WilHll-0,
>?6 P P T C I > = 0 .
V7 T M T f l ( i ) - O .
93 X ( I ) = 0 .
9 9 Y f I > = 3 .

100 R T i : i E C I ) = 3 .
1 0 1 Q S Y N ( I ) - I ) .
Hi Z 1 CClMTIrl-JE
1 0 3
10 4
.ID'S C S E H D CtJrJTFiQL CARD
1.0 6
107 C
:oa
1U?
no
i l l
112
113
114 C
115 C
i l a - READ DIGITIScj) SUNOFF
1.17 ~
513 C

REft iUS , i 0 II U ;T",TFP I'H , Cl.'n .-"L. YS C I 'I QrrjJ CI , Z'2 , SHIFT , ZZZFQ
1 ftRir.=i,Mn,.-ip : O , I ; ) I J T £ . i J i Y N T . i P L T g , i i i r t G ,
2 iK?CY1!.,--.c;r.,VL.. l u a r t D , ! h i ; ;

fiE;;D(Si,llini'il>L. (;-.! 1 ) , i " 1 , -Hi ;



135
130 C READ OUTFLOW RATE (GAUGED) , STAGE AND CORKESPONDING TIME ARRAYS
iHH C .
123
124
125 IFdUSAD . EQ.. (l)THEN
126 C
127 CJl!i_!Ln ___________ _GA_UGED5, B A S E F L D W RATE AND STAGE FOR SA DATA
129 2 BEAD < 5 , J 0 1)2 USTID.STNDJ , W I) , B< I > ,ST< I > ,QT( T ) . I = i .3)
130 IFUJSTtI) .Ed. 1BLNK) .AND. (STrlOJ .EQ,, BLANK >) CO TO 2
132 DO 3 1-1.3
133 IF(QTCt> .Eq. 0.0)GOTO 10
134 J=J + i
135 QDUT(J)=Q<T>
136 OBASECJ)-D(l)
137 _TftGE<J)=ST!l>
138 qTIME(J)=QTd)
13? 3 CONTINUE
140 RO TO 2
1.41 ENDIF
142 C
143 C READ OUTFLOW RATE (GAUGED) FDR USA DATA
144 c
145
146 4 R_AD<5, iG05)JSTTD.STMOJ. IYR, IMTH,<J J) ( I ) , J H ( I ) , J H ( I ) , J Q C I ) , 1 - 1 , 7 )
147 IF ( ( JSTTC . Eq . IBLHK) .AMD. (STMOJ ,EQ. BLANK 1)GO TO A
14a DD 5 1 = 1 . 7
14? I F U l K I ) .EG. 0)GD TO 6
150 J=J+i
151 njQUTt J)=FLCAT(JQ£T ) ) /10O .
152 (JOUTi J>=iaOUTCJ)*AHEft«10UBOnO./'36011 .
154 QTIME CX>-FLOAT(JD( I ) - i ) * 1 4 4 0 , + F L O A T ( JHV I >#iOt-Ji1{ I. ) )
155 S CONTINUE
156 GO TO 4
157
153
159 C SEPARATE DASE Fl.GU FROM TOTAL FLDW FDR USA CATCHMENTS
161) C
161 b HPTSfl=J
162 DO 7 1 = 1 .NPTSI3
163 IF(QOUTCI + i > .GT, QDLSTtmTHEN

M=I
1,4-5 BSQ=OOUTCI)
166 QBASE(I)=BSQ
167 ED TO 9
168 ENDIF
169 7 CnNTINUF.
171) B NPTSR=NPTSQ-1
171 I>2 7 I=H,NPTSC1
172 SLDPE = 1 ,13:lfAREft*10 ,•»*£>/!-iflO . /364ao.
173 J-I+i
174 TI=TT + (pTIHE( J)-QTIHE(D)
175 Q3A3E( J)=BSQ+(TI.«!SLOPE)
176 9 CONTINUE
177 NPTSCl=NPTSQ+i
178 C
179 C RRAD RAINFALL INPUT TD SYNTHETIC HVDRQGR.1PH
i (3 n C
1 B 1
1E!2 10 IFdMTN ,EB. 0 ) THEN
183 MPT3q=J
1B4 HEA1)(S , in03)I5TID,STNOI . JYR , II1TH , ( JD (.1 > . JH(T) . JHf II JR ( T ) j-y .7)
IBS IFJdStlD .EQ. IBLAH) ,AND. (SThtOI . £Q,'BLANK 1 ) UO TfJ 10 '
1B6
187 DO 11 1=1,7
IBS TF(JU(li .EQ. 0)GO TO 14
1B9 K=K+1
190
191
iV?, C COHORTS DAY , HOUR , MINUTE READINGS TO MINUTES FROM THE START
i?4 C - —
19S THIN(K)=FI.DAT( JO( I ) - i ):K14 40 .+FLOAT( .THd) *6 0 + JM< I ) >

il^ S^> F L 0 A T U H l i n
193 GD TD 10
199 ENDIF

£H? C READ RAINFALL TIMES IN HIMUTES FROM START OF HDNTH
202 C203 S 3 J
?.O4 12 READ (5 .1006) I S T I D , STNDI .IYR , I t iTH , (JM< I ) . JR ( I ) , 1 = 1 , 7)
205 I F ( d S T I i ) , El), I B L A I H ) . AND, (STMQI ' . Ef). ifLAilft} >GQ TO 12
^ 3 6 DO 13 1 = 1 , 7
20 7 I F I J H ( I ) , ? D , 0 )GO TD i ' l
200 K=K+1
209 TMIN<K >-FLOAT( J t 1 < m
210 PPTCK)=F!.OATt J R ( I ) )
211 13 CONTIrfUE
a12 GO TO id
213 14 NPTSP=K
214
215 C IN n!?nEr.R TO PREVFNT PLIPLICflTE T in t " !JHSH THE FLQU RATES ASK ,'JGT THE
216 C SAME , THE TIME VALUES ARE SErViKATf-t) ?Y HALF A Mti-lliTE . THE DrtTA
LM7 C ERHOR IS DUE TD THt LIMITATIONS DiJ ACCURACY OF THE D j S i T l / h ^ .
I— i U C ~ * " " ^ ~ u n m i ^ m —•—- —. . ^ _ ^ . _ , _.-^^-u _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ , _ _ . _,—-• - _ — . — . — _ _ — — — - . — —

219
22(1 J = J -1
221 UO 15 1=1,J
?.2Z 11=I + i

I F ( Q T i M E ( M ) . E Q . P T T H F ( 1 ) 1 T H E N
P i T I M E d ) = O T I K E O ^ S
Q T I E >ZS QTI.MEi

26 EJIfjIF
27 15 CQNTIMUE
•2B

,2"? C FiACli-RrjUTTIJC- DPTIDN IS CARRIED OUT I F IRUTE IS NOfir! "HK

3 2
33 I F (IRIJTE ,FQ, i) 7HGW
34 C H L ) . RO'JIH ; i>Ei i ,Cl >C2,T3TPO,GnUT , QBASS , oTrtCE .QTIHE , r
35 i 3TEPQ,SIEPl i ,STEPS,STEP!,«1H,K,QPACT)
•iS>

f ih C IF t-Jt'j riAr.KKOHM!1!" tS RHHr: THI:. P .1 T.T 7 T-CTTI =nii-!TB O!-" T!'.r C I T f
3? c HYiii.-uCKr-.HH U T T I I i"-,Kf F i T s



136
240
24J
242
243
24 4
H45
246
£47
24 fl

250
251
252
*D C A
254

256

259

261
262
263

§K
266
267263
269
2711
271m
a/4
275
276
277
278
279
23 D

2SVi
2B3
2B4
23S
2B6
2H7

290

cv_
293
29 4

296
297

%9?
300
30 i
302

:Vo'q3D b
306
307

310
311
3 IS
313
314
31S

3iB
319

3 -
322
324

326

3R8329
-I-J i.
j o O
33 L
332
333

335
337
33H
339
34 0
341

346
3 4V

347
3SB
3SI
352

C
c

c

c
c*

c

c
c
p _

c

c

c

c
c

cc

IF BACKROltTING IS DONE THE OUTF1 LIU AND INFLOW HYDIiOGRAf'HS ARE
SPECIFIED AT AN OPTIDHAL INCREMENTAL TIME STEP.

GO TO 17
ENDIF

DO 16 I=i,NPTSQ
STEPT(i)=tUIME(I)
STEPQt1)-UOUT CI)-QBflSECI)
Q i r m j=o.

MAXIMUM FLQU HATE OF THE HYDROGRAPH IS LOCATED.

IFCSTEPQCI) .GT, QPACT>OPACT=STEPQ(I>
16 CONTINUE

5YNTHESTSING PROCESS IS CARRIED OUT IF ISYNT IS NON ZERO

17 IF< ISYNT ,EO. fJTHF.N
CAI L SYHTLCTSTEP,AREA,HAIH.flSYM , QP.LSTEP,

1 PPT,TMIN,rtPT5P ,HTIhE,SFT , CIA , COEFQ , JSTII), STNOJ , II) .IHTH,
2 IYR.MC,A,qPACT,QTDT,DL,NP,CN,CHA,CL,YS,LAGCAL,COEFL)

LST£>=lISTEP+NC
ENDIF

LISTING OPTION OF HYDRUGRAPHS

IFCIURQ .EQ. DTHFN
UHITE(6,lD0V) .TSTTD.STNOJ, ID,I11TH,IYR
DO IB 1 = 1 ,?.1)ni)

IF((MPT5Q ,CE, I) .AND. ILSTEP .GE. I>)
1 WRITEC6,10OH)STliPT(I),qiN<I> .5TEPGK I> .RTIHEtl) ,P3YN(I)

IF((MHTSR .GE, 1) .rtND. (LSTEP .LT. I))
1 URrTECfe.iOO?) RTFPTCI) ,G)IN<I) .STF.PQd)

IF((NPTSQ .LT, I) .AND. (LSTEP ,GE, I))
1 URITE(6,101Q)RTIHE(i:) ,«5YNCI>

IB CONTINUE
EUDIF

PHASING OPTION TO LINE UP THE INFLOU i SYNTHETIC HYDROGRAPHS ON
THE TIME SCALE

IF(SHIFT ,NE. 0.)CALL PHnaEtLSTEP .RTIHE,SHIFT)

PLOTTING OPTIDH FDR RUNOFF - {INFLOW(OUTFLOW 4 SYNTHETIC)

IFCIPLTQ .ED. DTHEN
LSTEP=LSTEP-MC

READ LABELS FOR THE PLOT

READCS.iaO-mHEAD.YHEAD

SCAN FOR MAX AND MIN FLOURATES

DO 17 I--1 IDIM

IFCYHAX !LT.' fllNt I) >YHAX = I3IN(I )
IFCYMAX .LT, QS7N(I) ) ThAX=qSYN(I)
IFCYHIN , GT. STEP 13(1 ) ) YHIH=5TEPQt 1 >
TF ( YHIN . GT . Q CN (ID YMTN=OIH ( I)
IFCYHIN .GT. QSYN(I))YMIN-QSYN<I)

19- CONTINUE

IF(ISYNT .E0. 11THEN

TFtXHlji .GT. RTTHFf 1> ) XMTfJ,~RTTMF ( 1 )
IFtXHAX .LT. (RTIME( n + <Mri-f*Pl*T5TEP3 )

IFtXMAX ,LT. STEPT(D) Xf1AX=STEPT (I)
20 CONTINUE

ENDIF

GRAPH AXES ARE PLOTTED

READ(5. 10 11) XMIN.XMAX.YMIN,YMAX
1011 FDR MAT (AF1D,3)

NY=IO
HX=10
XLH=3 0,
YLN=1S .
IEHTR=1
CALL UP).OT(X?1AX,X.1IN,YHAX .YHIN , MX , NY . XHF.AO , YHFAD ,

1 IEHTR , IPHT .N.X/f jlCMCT, iS.1TH,ICGRR ,XUI, fUJ.nQ)

OUTFLD'J HYDROGHAPHS P-MS. PLOTTED.

7F.NTR=2
DO 21 I^l.NPTSQ

X(I )=5Tl-"PT< T)
Y d ) -STF.F-;:)

21 CONTINUE

W~MPTSQ
IP NT=7

2W
354 ISHTH-1
3 55 ICORR=3
3K.;< CALL 1JPLC)T<XHCiX,XHT.r,l,''HAX ,
3TJ7 \ f I C C S
'.̂  S d
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240
241 C IF BACK ROUTING IS DONE THE OUTFI LIU AND IHFLDU HYDUOGRrtF'HS ftRE
242 C SPECIFIED AT AN OPTIONAL INL.fiEiiKNTAL TIHE STEP.
HI 3
245 CO TO 17
246 ENDIF
t! 47
24P DD 16 I=1,NPTSQ
249 STEPT<I)=fJTIME(I)
PSD STEPQCI)"UQUTtI)-«BASECI)
asi qiN(i)=a.

253 C MAXIMUM FLQU HATE OF THE HYDROGSAPH IS LOCATED.
2S4
?S5 IF(STEP«<I) .GT, aPACT)0PACT=5TEPQ(I)
256 16 CONTINUE
HS7
25 S

HI C 3YNTHESISING PROCESS IS CARRIED OUT IF ISYNT IS NON ZFRO
2fai C
262
2lb3 17 IF (ISYNT .Ed . J STHF.N
?64 CA1..L SYrtTHTSTEP .AREA .RAIN,QSYN ,QP , LSTEP ,
265 1 PPT.ThUN.KPTSP , KTJhE ,SFT , CIA , CtlEFQ , JSTID , STNOJ , ID , IHTH ,
266 2 IYR.NC.A.gPACTjQTQTjDL^IP.CN.CNA.CL.YS.LAGCALjCOEFL)
267 LSTEP=LSTEP+NC.
26B EHBIF
££.9
2711 C LISTING OPTION OF HYDRUGRAPHS
2 7 1 C •m
274
275 IFdURQ ,EQ. DTHFN
276 URITE</b,i007) JSTTB.STNOJ, ID , IMTH , IYR
277 DO ia I>-1,?000
278 IFCUIPTSQ . GE. I) .AND. (LSTEP ,GZ, I))
279 1 UIRITE(6.iOOEI)STEPT(I) .QIN(I) .STEPO(I) .RTIMECI) ,Q3YN<I)
2QQ IF((H»>Tif4 . GE. 1) .;-iND, <LSTEP .LT, I))
2S1 i URITE(6,1QO9) RTFPTiI) ,qiW<I) , STEPq<I)
292 IFCCMPTSQ. . LT. I) .AND, (LSTEP . GE, I ) !
293 1 URITE(6.1D10)RTIME(I),QSYN(I>
2B4 IS CONTINUE
235 • ENDIF
2B6
2fi7 C PHASING OPTION TO LINE UP THE INFLOU (. SYNTHETIC HYDRQGRAPHS OH
229 C THE TIHE SCALE
ae9 c
290
291 IF(SHIFT ,NE. 0.)CALL PHMSE(LSTEP,RTIME,SHIFT)
•391
273 C PLOTTING OPTION FOR RUNOFF - CINFLOW.OUTFLOW (. SYNTHFTIC)
29A
295 C
29 o
297 IFCIPLTQ .En. DTHEH
298 LSTEP=LSTEP-MC
299
300
3fll C READ LABELS FOR THE PLOT
302
303
2114 READ(5,1004)XHEAD,YHEftD
305
306 C SCAM FOR HAX AND HIN FLOURflTES
307
309 D ° IF tYHAi .LT, STEPQ(I))YMAX=STEPQ<I)
310 IFtYHAX ,LT. niN ( I ) ) YHAX=I3,[N< I )
311 IF<YHAX .LT. IJSYf* ( I ) ) mft!<=Q!3YH ( I )
312 IF<YMIN .GT. STEFQ( I ) ) YHT.N=STEPQC I )
313 IFfYMIH .«T.QIH( I ) " )YMtN=QIH( I )
314 IFtYHIN .GT, QSYN(I))YMIH-QSYNCI)
315 19- CONTINUE

3ifl IFdSYMT . EQ. 1 JTHEN
319 DO 20 I=1, IDIH
3?0 IFtXMIN , GT. RTIME( 15 )XHi;i=HTTMF( I )
331 IFCXttrtX ,LT. (RTlME( t ) + (MC-r*P)*t3TEP
3?.2 1 XMC-.X =(HTIME(I ) + (NC-NP) STSTEP J
323 IFCtHAX .LT. STEPT( I ) ) XMAX^STEPTCI)
324 20 CONTINUE
32^ ENDIF
32fj C

3its C GRAPH AXES ABE PLOTTED
329
33
331 SEADt5, tail* XHIN'<MAX,YMIN,YMAX
37.2 lOii FORMAT ( 4F1B. 3 >
333 HY=IB
334 HX=10
335 XLN"3D.
33A YLN=15.
337 IEHTR-1
33'd CALL VPI OTtX.' inX.XMIM, YHAX .YHIN . NX .MY , XHtTAO , rHF
33? 1 IENTS . IP t I T . N , X . Y . I CilCT, CS.1TH , ICC-Rf! , X L N , r L N , i)Q)

341
7.14? C QUTFLQU HYDP-OGROPHS Atf£ PLOTTED.
3 3 c

3'i 5 2
346 DO 21 I = i.NP"r;
347 X(I )=STi- = T! T 1
349 Y(I) =STE? •".::)
3 4V 21 CONTINUE
3SQ
3SI H--NPTS3
35.1 IPNT«7

354 IShTH-l
3?5 ICORS1
35.'. T.MLL y^LOT (XMAX , Xhl.'J ,''MAX , YM Trt.HX . »v , J'
357 I lliNTM , IP N I \ M , X , T , ICHCT.ISHTH.ICOnP. .XI.i", YL;f ,Z
,Sha
359
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360 C SYNTHETIC HYDROGKAPH IB PLOTTED
361 C
3 6 2
3 6 3 DO 22 I = i , IDIH
364 22 Y ( J ) = Q .
365 I F t l S Y N T ,EQ, DTHEN
3 6 6 . DO 23 I = 1 . I D I M
3 6 7 IF<RTIt lE(I> . LE. Q,0>GO TD 2 1
368 XCI>=RTIME(I)
3 6 9 V(I)=QSYNCI)
370 23 CONTINUE
371
372 24 N=I-1

373 IPNT=7

374 DO 25 l"iAN

375 IF C<(±> .LE. Q . O)XGI1=XHIN
377 2S C ™ L T " PLOT C XMAX , XMIN , YMAX , YMIM .NX .NY , XHEftD , YHFAD,
378 1 I E N T R . I P M T . N J X . Y , ICMCT , ISHTH,ICORRjXLM,YLN,DO)

ENCIF
3^
3HS r. INFLOW HYDROGRftPH IS PLOTTED
383 C
394394
3H5 IFdRUTE ,EQ, DTHEN
386 DO 2b 1=1,IDIM
387 iF (STEPTd) .Eq. Q.01GO TO 27
3BB X(1>=STEPT(I)
389 Y( I )=CHN( I )
390 26 CONTINUE
391 27 N=I-i
392 IPMT=7
393 ISHTH^l
394 CALL yPLaTCXMAX,XHIH,YMAX,YMIH,NX,NY ,XMEflD,YHhAD,
395 1 IF.HTR.IPNT ,N,X. Y, ICMCT. ISHTH, ICDKR .XLN , YLH , 1)0)
39i ISHTH=i '39i
397
390

400
4U1 C OPTION TO CALL MODEL EFFICIENCY SUBROUTINE.
402
4O C
404
4 05 END I F
406 ENDIF
407 IFCIFFCY . E Q . D C A L L EFFCY CRTIME, STEPT. QGYH.STEPQ ,NP1SC| .LSTEP )
408 STOP
4D9
410
411
412
413 C
414 1000 F O R H f l T C a F l O . D . / , 5 F 1 0 . 0 , 3 T 2 . 1 3 X , S T 1 )
415 100!. FORMAT; 16F5. 3)
' l i b 1.002 F r iR f i nT (A^ ,A3 ,3 (FB .3 ,F6 .3 ,F5 .3 ,F6 . 0) >
M7 l f l 0 3 FORi ' l f iK I X . A l ' f t 4 , 2 I 2 ' 7 ( 3 I 2 , 1 4 ) '
4 1 B 100-1 r n R i i f l T C l D r t ' l , 1 O A 4 )
4 1 9 1 0 0 5 F D R M A T f A H . A 4 , 2 1 2 . 7 ( 3 1 2 . 1 - 1 ) )
4 2 0 l B O i F C I R M n T C i X . f t i . r " i 4 . 2 i : ? , 7 < I 6 , I 4 M
421 Ufl7 FOR HT< 'M35X>HYDROCRPHS F
422
423
424 3DISCHftRGE
425 4 ' ( L / T ) ' , / / )
4P6 1008 Ff lRHnTC9X,F6. 0 , 5X ,F10 ,2 ,?X ,fB .2. . S6X ,Fa . 0 , 1 0 X ,
427 1009 FI. iRHATi9X.F6. 0 J 5 X J F 1 0 . 2 ' 9 X , F9 . 2 i . r
429 1U1J1 F C R M r t T t 6 3 > 4 F ( d l d x F B 2 )
429 END

l B O i FCIRMnTCiX.fti . r i 4 . 2 i : ? , 7 < I 6 , I 4 M
tUfl7 FOR HAT< 'MX,35X,>HYDROCRrtPHS FDR CATMhEUT' . I X , A 2 , A 4 I X ,

a.?X'.'••eCDRbED* .16X, •hfiE>- , 1W, ' SYt'jTHET t t < ^ 40X,^OUTF^Jil!)'?', 3 l ) ^ L ° J

3'DISCHftRGE' , / , 9 X , ' (MINI ' , 1 UX , '' ( L / S i ' , 12X , ' ( l l / S ) ' , 17X, ' t i l l h } ) ' , ' 3 X ,
4 ' ( L / T ) ' , / / )



138

_f
sh
7
0
9
10
11
12
13

15
1-
17
IB
SO
21
22
23
24
25
2_
27
2S
2?
30
31
32
33
34
35
36
37
38
39
40

42
43
44
45

4?
48
49
SO
51
52
53
54
55

57
58
-0
_i
_2

C
c
cc
ccc
ccc
cc
c

5

1

2
4

3

THIS SUBROUTINE CALCULATES THE INFLOW HYDROCTAPK BY MLANS OF
BflCKROUTIMG THE INCREhEHTflL QUICKFLGU 'JULUhES CALCULATED IN
SUBROUTINE QSTEP THROUGH THE STOWAUIi Gl1 THI-: UEIR .
CHANUE3 U\ STORAGE WITH ItESPGCT I"Q TIhE AttE CALCULATED BY
MEAHS QF THE DEPTH/STORAGE EQUATIONS, FOR THE PARTICULAR

DIMENSION QOUT(i),QBASE(1),STAGEt1),QTIHEfi),STEPQ(1),ST_PS(i),
3 STEPBU) ,STEPTCll,Q_Nll>
QHAX=0Q
BHftX=Q .
THAX=0.
UO 5 X=l.NPTSq
IF <Q_UT(I> .GT. QMAXITHEN

QHaXi3OUT(I)Q X O U T ( I )
BrtAX=QCASE(I)
lHXQTIHE(
l

ENDIF
CONTINUE

CALL QSTEP < IDIM , QOUT ,{]BASE , STAGE , OTIME,TSTPQ, NPTSQ,
i STEP,,STEINS,STEPS,STEPT,K>

(JPACT=Q.
DO 1 I = 1 , I D I M
Q I N ( I ) = 0 . 0

S1=C1*STEPS(1)+C2*STEPS<1)**2,
NPTSq=HPTSQ-l
DO 2 I=i.NPTSQ

J=I+i
CS 2 C * S P S (

D_LTS=S2-S1
If-CSTEPQ<I) .LE. STEPB ( I ) )GO TD 4
C|lNlI)=STEPQtI)+DELTS
QlNtI)=QlN(I)-STEPB(IJ
_1EFQ(I)=STEPQ(I)-STEFBCI)
S1=S2

CONTINUE
00 3 I=i,NPTSB

S1EFQ(I>=nTEP_<n/TSTPq/60.*1000.
IF(STEPQd) ,GT. QPACTITHEN

QPACT=STEPQtI)
rt=:t

EMDIF
QIII t l ) = Q I N < I ) / T S T P Q / _ O . * i 0 0 0 .

CONTINUE
STEPQ(IU=QMAX
QIH(H)nHAX
STEPTltt) =
NPTSI3 = «PTSQ+1
RETURN
END
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,QBASE,STAGE,qTIME,HPTSq,

4 C

I
7 C THIS SUBROUTINE CALCULATES THE INfLOU HYDROGKAPK BY MLAHS CIF
0 C BACKRUUTING TtlE INCREnENTAL QUICKFLOU 'JULUhES CALCULATED IN
'? C SUBROUTINE QSTEP THROUGH THIi STCJUnlili Ol1 I1 Hi-: UEIK .

i.0 C CHANGES I:J 'JFUHAGE UtTH UESJ'ECT IU TIME ARE CALCULATED BY
ii C HEANS QF THE DEPTH/STURAGE EQUATIONS, FUR THE PARTICULAR
13 C
14 C
15 C
I t C
17 DIHENSION QOUT( l ) .QEf lSEt l ) .STAGE( l ) ,3TIHE 1 (1) .STEPQC1).STCPSf1) ,
13 3 STEPBCiS,STEPTl l$,QINU>
1? QMAX=0,
20 BHAX=Q.
21 ThAX=0,
22 1)Q 5 1 = 1,NPTSQ
23 I F CQOUT(I) ,GT. QHAX)THEN
2t QMAX=l3DUT(I)
25 BrtAX=QBASEtI)
2b 1MAX=QTIMECI)
27 ENDIF
28 5 CONTINUE
29
30 CALL QSTEP ( IDIM,QOUT.QBASE.STAGE,QTIME.TSTPq,NPTSQ,
31 i STEP(i,STEJ!S,STEFB,STEPT,SO

33 QPACT=Q.
34 DO 1 I=t,IDlH
35 i QiN(D-a.a
37 S1=C1*STEP5C1>+C2*STEFS<1)**2.
3B NPTSO=NPTSQ-i
39 DQ 2 1=1.NPTSQ
40 J=I+i
41 S2=Ci.*STEP5C.n+C2*STEPS< J)**2 .
42 DbLTS=52-Sl
43 IKBTEPQ(I) ,LE. STEPB<inGQTO 4
44 tllN(I)=STEPQ(I)+DELTS
45 QIH(I)=Q1N(I)-STEPB(I)
4t S1EFQ(I)=STEPQ(I)-5TEPB(I)
4? S1=S2
48 2 CONTINUE
49 4 DQ 3 1=1,NPTSQ
50 SIEFQ11)=STEPQ(I) /TSTPQ/60.* 10 0 0,
51 IF(STEPQCI) .GT. QPACTiTHEN
52 QPACT=STEPQ(I)
53 M=I
54 END IF
55 Qina
56 3 CONTINUE
57 STEPQ(H)=QMAX
5Q QIN(R)=qHAX
57 STEPT(H)=THAX
60 NPTSQ = NPTSQ+1
61 RETURN
bZ END
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1 SUBROUTINE 35TEP(IDIM.GOUT,QBASE,STAGE,QTIME,TSTPQ,NPTSQ,
2 iSTEPQ.STEPSTSTEPB.STEPT.K) '
4 C~~*—" . — — — „_„-,_« .*--.——— „„_—

s c
fa C THIS SUBROUTINE DIVIDES THE OSJTFLOU HYDRCGRAPH INTO STRIPS OF
7 C OPTIONAL DURATION , AND CALCULATES THE VOLUME OF TUTAL FLOW AND
0 C DASE FLOW IN EfiCH STRIP, TOGETHER WITH THt CORRESPONDING TIME
9 C VALUE, THESE VOLUMES HAY THEN BL USED IN SUEll'.OUTIttE RUUTL.

10 C
1 1 C •
1 2 C
13 C KEY TO ARRAYS AND VARIABLES.
14 C
15 C
16 C STEPQ - TOTAL VOLUME OF RUNOFF IN THE TIME INTERVAL
17 C STEPB - UOLUHE OF BASE FLDU IN THE TIME INTERVAL
IS C STEPS - STAGE AT THE END OF THE TIHE INTERVAL
17 C 5TEPT - TIME AT THE END OF THE TIHE INTERVAL
20 C
21 C NOTE
22 C ======
23 C IF A TIME INTERVAL (TSTPQ) STRADDLES A NUMBER OF DIGITISED
24 C POINTS THE VOLUME FOR THE TIHE INTERVAL 13 CALCULATED BY
25 C ADDING THE VOLUMES BETUEEN THC DIGITISED POINTS AND .ADDING
26 C TO THESE THE VOLUME CALCULATED 3ETUEEN THE FIRST/LA'JT DIGITISED
27 C POINT IN THC TIME INTERVAL AND THE POSITION OF THE BEGINNING/
2B C END OF THE TIME STEP,THE BEGINNING AND E»U POINTS OF A TIHE
29 C STEP ARE CALCULATED BY LINEAR INTERPOLATION. IF A TIME
30 C INTERVAL IS SMALLER THAN THE TIME BETUEEN TWO DIGITISED POINTS
31 C THE VOLUME IS CALCULATED FROrt THE LINEARLY INTERPOLATED
32 C TIHE INTERVAL.
33 C
34 C
35 C
36 C
37 DIMENSION Q0UT< i),QBASE<1),STAGE(1),QTIME(i1,STEPqtl),STEP3(1),
3B 1 STEPB U J jSTEPTU)
40 DO 1 I=1,IDIH
41 STEPQ(I) = 0.
42 STEPBtl) = 0.
43 STEPS(I) = a.
44 SIEPT(I) = 0.
45 i CONTINUE
46
47 K = 1
48 TDIFF =0.0
49 QDIFF =0,0
50 BDIFF =0.0
51 TEND = TSTPQ+QTIHEU)
52 HPTSQ = HPTSq-1
53 3TEF'S(i) = STAGE! 1)
54 DO 2 I=l,HPTSq
55 J=I+(
Sb SS=STflGE(I)
57 Ob=QOUT(I)
5G BS=QDfiSElI)
S? IKgTIME(J) ,GT. QTIMEUnTHEN
60 D IFFT=nT IME(J ) -QT IME<I )
6 1 D I F F Q = t Q O U T ( J ) + P O U T < I ) ) / 2 , * D I F F T * 6 0 . / 1 0 Q 0 .
62 3 I F F B = C Q E A S E ( J ) + Q B A S E ( I ) ) / 2 , * D I F F T * 6 0 , / i O O O .
63 IF<QTIHEC.T) , L T . TEWOTHEN
64 TDIFF=T0IFF+DIFFT
65 QDIFF=QDIFF+DIFFq
bb BDIFF=BDIFF+DIFFB
^8 FRAC-=(TSTPQ~TD1FF)/DIFFT
69 FRACT=(TSTPQ-TDIFF)/DIFFT
70 3 STEPT(K)=TEND-TSTPQ/2,
71 DE=QSi + tnDUTtJ)-QG)*FaACT
72 BE=Ea+(DBftEECJ)-3S)*FRACT
73 SE=5S^(STAGE(J)-5S)*FRACT
74 QDlFF=QI3IFF+{qE+aB)/2.*D7FFT*FRftC*i0 ./1000 .
75 BDIFF=BDirF+(BE+BS)/2.*DIFFT^FRAC*60,/ iOOD,
76 STEPg(!O=0DIFF
77 ' STEPBCK)=BDIFF
7G IF(STEPQ(K) ,LE. STEPBtKnGO TO 4
7? K=K+L
80 3TEPS(1O=SE
Bl . D1FTT=QTIHE<J1-TEND
92 FRACT=TSTrQ/DIFTT
33 TEND=TEMD+TSTPQ
34 FRAC=TSTPq/DIFFT
35 QS=Q£
a6 BS=BE
37 SS=SE
3B QDIFF=a.O
Q? BDIFF=0.0
70 IF(qTIHECJ) ,GE. TEND)GO TO 3
91 TDIFF=QTIH£(J)-TEND+TSTPQ
92 FRAC=TDIFF/DIFFT
93 QE=OUUTtJ!
94 SE=ODASE(J)
95 QDIFF=(aSiQE)/2.*DIFFT*FRACt60./10 00.
<th . 3DIFF=(B5+DE)/2.*0IrrT*FRAC#6D ./10Q0 •
97 LNDIF
9H ENDIF
99 2 CONTINUE

100 4 I F t Q T I M E m ,LE. TEND) THEN
101 STEPT ( K ) =TEND-T13TP q+TDIFF/2.
102 STEPQCK)=qOIFF
103 STEPB (IO=BDIFF
104 K=K+1
105 STEPS(K)=STAGE<J)
106 ENDIF
107 NPT5Q=K-1
10B RETURN
109 END'
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SLIGRnUTTNe EfHTL (TSTF.P .AREA,KAIM.QSYM.GP,

INSTEP,PPT . rnlM.flr 'TSP . HTI.iE . RF T . Girt , CQEFQ . JF5THD , STHOJ , I D , I HTM,
2I'fK ,iJC , A .QPrtCT ,QTDT , liL , fJH ,CN , CNA,CL,YS.LAGCftL,CUEFL)

THIS SUBHQUTTfJt-. HAL CULA TFiS RUNOFF VCILUHFS AND HENCE PEnK Fl.PU RATES
FOR THE i r lCUSi iE i lTAL Hfi I HP ALL VALUES f.ALCULATKD lit SLJ&KfiUT.INi-: RSTEi' .
THf.SV. 1 MCrjEMEHTiU Vfll.LII-S rtHK THEN SLIPEHIMPOiJI-I) TO OBTftTi-1 THF SYNTHETIC
HYDROCKAPH FDR THE 5 ! 0 R M . THE VALUE OF LAG <1AY BE ALTKRED TIJ U&TAIfJ A
PtrtK EQUAL TQ THAT OF THE HECOKDED HYDHDGRAfH PEAK.

KEY TO ARRAYS OHO V A R I A B L E S .

SA - POTENTIAL HrtXIHUM RETENTION FOR CATCHMENT ( M M ) - TH IS VALUE
MAY EitTHEft BE CALCULATED fRDM TH^ REHOttDED FLOOD
VOLUME r.ttfl RAJHFf l l .L DrtTA DR HAY BE IMPUTED 3Y HtCAHS
OF A cur;yf; MUfi&ER.

CfJrt - CATCHMENT CUHUE NUMBER (ADJUSTED FOR A.M.C)
IJSYN(J)- PEMK RESULTING FROH MC ADJACENT HYWRDGRAPHS
OP(J) - PEAK FLOW RCiTE FOR EftCH INCREMENTAL HYDROGRAPH

DIMENSION
P=0 .
L1PRES=(1.

C

C
C
C
C
C

C
C
C
C
C

C
C"
C

OPC1),l}SYNCi> .RAINCI),PPT<i),THIN(1) ,RTIMECi),A £ 1>

qPREfl.
QPMOX-0,
IDH1-1500
[)IR1 = O.
DIR2=0,
DIR3-0.
VALUEi=0,
VALUI£2=0 .
FINTS=0,
ACCHO-1.
ALTER=Q.
CHANGE=0.
DIFF=0.

OPTION TO OPTIMISE LAG IS GIVEN . IF LAG IS TQ BE OPTIMISED
S IS CALCULATED FROM HAINFALL AND RUNOFF DEPTHS.

IF CLAGCAL) 2, 1 , 2
1 SA=a5400./CNA-254,
S-a510 0 ./CH-25-t.
UL=(CL**U,B)*((S+25.'1)**D.71/COEFL/(YS**0,5)
WRITE(3,10n0)UL.CW,S
GQ TO 3 '

LAB IS TO BE OPTIMISED. LAC IS INITIATED AT 0.6 HOL5K5

2 UL=0.6

TSTEP - TIME PERIOD GF INCREMENTAL RAINFALL - THIS VALUF, 13
CALCULATED AS BEING DL X LAG . DL DEPENDS
ON THE NUMBER OF TIME STtPS IN THE UNIT HYDROGRAPH

3 TbTEP=UL*60 .iCPL

RSTEP IS_CALLED_TO DBTAIN_IHCREHENTAL RAINFftLJ-JJALUES

CALL RSTE? {PPT,TMJN,TSTEP,NPTSP,RAIN.RTIHE,RFT,NSTEP,NO

POTENTIAL MAXIMUM RETENTION IS CALCULATED
I F C L A G C H L . EI3. UTHEN

AB=tQTQT-{nT0T;RCTA3+(2,*HFT*ClA)J
C=( (HFT**a, )-(l3TOT*RFT) >
SA=CAB-<(AIDS*2.)-(4.*B*(CIA**2.)>)**,5)/<2.*(CIA#»2.))
CNA=(3A+S54.)/2S40fl.
CHA=1./CNA

EUDIF
URITE[3,H)(H>CMA,SA

INITIALIZATION

DO 4 I = i,IDIM

OP(I)=0,
4 CONTINUE

P=0,
C)PH

C
C
C
C
C

C
C
C
C

CPH
I-Q
J = 0
QPS'EV=0.
QPK£S=0,

NUMBER OF INCREMFNTAL HVDRDGSAPHS UI5ED MUST EtE INCREASFD TO
ALLOW FOR CALCULATIONS Ol- FLDU RATE DUF TO THE RECEEDiiJG
LIMIi DF THE LfiiiT IM.CHEMENTAL HYDROGKOPH.

NSTEP=MSTE?+(HC-NP>

IHtSEHENTAL P£i\&S ARE CALCULATED

C
C
C

1)0 9 I - ,
J = I+HC-r)P
P-RAIHCD+P

VOLUME OF RUNOFF pno crtCH IHCSEHFCMTAL HYDKOGRAPH IS CALUJLAl

0PPES = iPp.5<P-CIA*SA> ) m . / ( P + ( i ,-CIfi)*:S(\>
IF (P-CLH+SAi S, 5, 7

5 QP< J)-(l ,
O-O.
QPRE5=a.

6 CO TC a
7 Q=np=.ES-OPRECV

PEAK FLLJU RATE OF EACH INCREMENTAL HYDRnGRAPH 13 CALCULATED
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1 SUBROUTINE C-'YHTL C TSTEP .AREA .RAIN .QSYM, !3P ,
2 INSTEP ,PPT, rn IN, ; lHTSP,RTT. i£ -HF T .CIA .COEFQ , JKTJD . STHCIJ , ID , IMTH,
3 SlYft (NC,A, '3PACT1QTQT,I)L,NP,CN1CNA,CL, ' ! ' f>, LAGCftl. .CUt'FL )

5 C
6 C THIS SU&HOUTTflh CALCULATES RUNOFF '.'OLtiMFS AND HENCE PF.AK Fl PU RATES
7 C FOR THE I ,-ini<t-;i£iJ IV, L ^A iNh f i l . L VALUES r.ALCULATi-.D lit S U B K H U T I N I - : HETEI1.
0 C THRSE Jr-JniJEKKHTOI Vnl.UFS rtKK THF.N SUPBHIHPlJSKD TO OSTA/r) THf SYNTHETIC
9 C HYDHOCKAPH FOfi THE STURH. THE VALUE OF Lf\C, flAY BE ALThftED TU UIiTAIM A

10 C PEAK ElWAL TO THAT OF THE HECOHDEU HYDHOC'RAPH PEAK.
11 C
12 C KEY TO ARRAYS rtNU VARIABLES.
1 3 c
14 C Sfl - POTENTIAL MAXIMUM RETFNTIClri FOR CATCH^PNT (MM)- THIS VALUE
15 C MAY EI1HES BE CALCULATED FHOM THE RECOHOET) FLOOD
ih C y n i UMF r.t",'!l R A I ^ J F A I . L DATA OR MAY bE IMPUTED BY MKANS
1? C Of-' A CURV1-: flUflBER,
13 C Cf.'A - CATCHMENT CLiHVE NUMBEH (ADJUSTED FPS A . M . C )
19 C QSYN<J) - PEAK REHIJLTIMG FROM HC ADJACENT HYDROGRAPHS
^0 C Q H ( J ) - PEAK__FLUU SfiTE FOR _EACH_I_.NC;3EM£M TAL HYMDGRAPH

22 C
23 ' DIMENSION QP C1) , lJSYN( 1 ) ,RAIN (15 ,PPTC 1) , T?1IN( 1 > ,RTIME( 1) , A 11)
24 P=Q,

26 QPSEV=Q,
27 OPhAX=0.
28 IDIH-1500
2? DIR1=O.
30 DIR2^Q.
31 D32 VftLUEi=0.
33 UALUl£2=Q ,34 F I I 5 a .
35 ACCNO=i.
36 ALTEH=Q.
37 CHANGE=0,
3B DIFF=0.
3? C
40 C
Hi C OPTION TD OPTIMISE LAG IS GT.UEN . IF LAG IS TO BE OPTIMISED
A?. C S IS CALCULATED FROH RAINFALL AND HUNOFF DEPTHS.
43 C
44 C
45 C
4t IF (LACCAL) 2, 1, 2
47 t 5A=2S4 0l} ./CNA-254.
49 5=3540 0 ./CM-25-1.
49 UL=(CLT-*U .8)*( (S+25.4)*a0 . 7)/COEFL/( YS**0 ,5)
50 URITE(3,10n0>UL.CW,S
51 GO TO 3 -

52 C
53 C
54 C LAG IS TO BE OPTIMISED. LAC IS INITIATED AT 0.6 HOURS
SA C
57 2 UL=0,6
59 C

I? " 5 TSTEP - TIME PERIOD OF INCREMENTS. RAINFALL - THIS VALUE £S
bi C CALCULATED AS hElHG DL X LAG . DL DEPKHDb
62 C DN THE HUHbER DF Ti"HE STHPS IN THE UNIT HYDRQGBfiPH

64 3 TbTEP=UL*60.*nL
65 C
67 C RSTEP IS CALLED TO OBTAIN INCREMENTAL RAINFALL VALUES
no C ^-^-^-- —-————--—••f-™-™—™-——.«—..-.——-——•———••——-—™^———•._.-_— — ————--^™--~——•—.———»._

70 CALL RSTE? <PPT,THIN,TSTEP,NPTSP,RAIN,RTIME,HFT,NSTEP,NC)

72 C POTENTIAL MAXIMUM RETEHTION IS CALCULATED
73 IF(LAGCHL ,EU. DTHEH
74 AB=(aTDT-COTaT.KCTA)+{2.*HFT*CIA))
75 Ii=< (HFT«2. )-(OTOT*RFT>>
76 SA=(AB-((AB«*2. )-f4,*B*iCIS**2.)>)*S.S)/(2.*<CIA*«2 . ))
77 CNA=(SA+254.J/254U0.
78 CNr-.=l./CNA
79 ENDIF
^0 UIRITE13, il)Ol)CHA,SA
92 C INITIALIZATION
93 C
B4 DO -1 I = t,IDIH
as OKYN(I>=0s I>
Bh OP(I)=0.
97 4 CONTINUE
B9 P=0.
39 RPMnX=0.
91 J = 0
92 QPREV=0.
93 QPS£S=0.
94 C
95 C NUKSF.H OF INCSEHFMTAL HYDROGSAPHS IJ5F.D MUST BE INCHEASFD TO
9h C ALLOW FOR CALCHLATIDf.'S Of- .-LOU HATH DUE TO THE RECEED3UG
97 C LIKB OF THE LAii T IUCHEMENTrtL HYDHOGWnPH.
99 C
99 NSTEP=NSTE?*<NC-»tP>

1QQ C
101 C INCSEHENTAL PEfiXS ARE CALCULATED
1 02 C
103 C
104 DO ? I- t .NSTEP
105 3 = l + t\C-rt?
106 ? - R A I N I
ln7 C
HID C. yOLUMi£ OF RUNOFF FOP EACH TNC3EHEMTAL KYDECKSr.PH 15 CALCULfl 1 <iS
109 C
110 0r1l'F3 = t»:p- i(?-CIA*SA! ) * *C . / (P +( 1 . -CIA )i:Srt >
111 IF <?-CL«*iAi S, 5 . 7
112 5 OP ( J )-fl .
113 o-a .
114 QPRE5=0.
115 a CO TC a
116 7 Qj>np=.ES-OPREU
117 C
118 C PEAK FLlJLJ RATE OF EACH INCHEHEMTAL HY9R0GRAPH 13 CALCULATED
li? C
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ill a S
122 9 CONTINUE
123 C
3,?c £ WdJ^^SfMt^NWEa D F INCREMENTAL HYDROGRrtPHS ARE SUPERIMPOSED
127 DO 12 I=i,NSTEP
128 ISTftR=I
IP? IEND=I+NC-1
130 DO in J = I5TAR , IF.ND
131 K-NC+ISTAR-J
132 QSYN(I)-QSYNU)+A<!< J*QP<J)
133 10 CONTINUE
134 C
135 C
$ £ .Hl?£W..£l-Py SS^.P^YNTHETIC HYDRQGRAPH FOR THIS PARTICULAR
13B C
139 C
i 4 a C
14 L IF (QSYN(I)-qPMAX) 12, 12, 11
142 11 aPHAX=QSYN(I)
143 12 CONTINUE
144 C
115 C .
146 C IF NO OPTIMISATION IS TO BE DONE, THE SYNTHETIC HYDROGSAPH IS
147 C RETURNED TO THE MAIN PROGRAMME FOR PLOTTING. IF OPTIMISATION
14B C IS TO BE EXECUTED , LnG 15 INCREASED OR DECREASED TO FIND CHE
X *t* L. L»UH iv tL. T vALLItii
150 C
151 C
152 C •
153 IF iLAGCAL) 13, 34, 13
\ll 13 IF (.FINIS ,NE,_f,.)THEN.

156 Eh'SlF
157 IF(FINI5 ,EQ. i.)THEN
15B I)IFF=ftBS(nPMftX-OPACT)
159 IFiDIFF ,CT. CHANGE)THEN
160 UL=WL-OLTER
161 CHANGE=DIFF
162 GQ TO 3
163 ENDIF
164 ENDIF
165 WRITE (6,1002) UL.ACCNO
166 UR1TE (6,1003) QPMAX.QPftCT
167 IF (UL-0.&1) 33. 33. 14
3 68 14 IF (FINtS-i.) IS, 31, 15
169 15 ACCMO=ACCMO+i.
i. 70 IF (ftCCKO-50.,1 16, IS, 32
171 16 IF (QPtiftX-QPACT) 17, 31, 19
172 17 IF (DIRl-1.) 25, 18, 25
173 ia 0IR2=i.
174 UL-UL-a,01
175 GQ TU 3
176 1? IF (UALUEi-i,) 22. 20. 22
177 20 IF (DIR3-1.) 21, 22, 21
178 21 VALLJE2=i .
179 " "L l
III 22

G[F(5lR3^.> 23, 30, 23
8 23 TF(DIR2t) 24 30 24

2 2 ( ^ . 2 , ,
23 TF(DIR2-t.) 24, 30,
Si DiRl-1.

1
18?
133 Si DiRl
i 84 UL---UL + Q . 1
185 GO TO 325 ^ T & as, 27

170 WL=UL-0.Oi
191 WRITE (6,1006) UL
192 GD TCI 3
193 27 WALUEi=l.

.194 URITE(6.it!D71, WL
195 IF (VALUE2-1.0 2B, 29, 2B

i 99 27 rINI5 = 1.
199 UL='-IL-Q . 0 05
\\\ ^ TT R0 =-'3 Q 5

2D2 30 FINI'3=1.
2Q3 ULWL+0
?0
20? GO TO 3

2U7 'JRITF ' ( o', LOOS) UL.QPrlAX
?0d URITE (6.101)9) RFT
209 GO TO 34
210 32 WRITE (6,1 DID)
211 GO TO 34
212 33 URIT^ (6,1011)
213 34 M5TEP-NSTE?-(NC-NP)
Si A RETURN
215
216
217
218
-IT9
221
''•'22

225

?2?
231 EMD
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A C THIS SUBROUTINE SUMS THE TOTAL RAINFALL IN SUCCESSIVE PERIODS OF
5 C DURATION TSTLT AND STORES THEM IN A|;RAY RAIN . Tilt: ARRAY BTIHE
6 C CONTAINS THE TIME AT THE END OF THE PCRI'JD CORRESPONDING TO THE
7 C RAINFALL IN ARRAY RAIH . Tilt RAINFALL IN ARRAY I'.AIN IS TO BE USED
B C AS THE INCREMENTAL RAINFALL INPUT TO THE SUUROUTIflE SYNTH .
9 C

10 C
11 C
12 C KEY YO ARRAYS AND VARIABLES
13 C
14 C
15 C PPT - ARRAY OF DIGITIZED RAINFALL READINGS
16 C THIN - TlrtC ARRAY CORRESPONDING TO PPT
17 C RAIN - ARRAY 01' INCREMENTAL RAINFALL (RAIN IN SUCCESSIVE PERIODS
IB C OF DURATION TSiTtCP)
19 C RTIME - TIME ARRAY CQllRESf'ONDING TO RAIN ,_ __ ._ ____
20 C TSTEP - INCREMENTAL TIME STEP OVER UHICII THE RAINFALL IS TO BE ADDED
21 C RFT - RAINFALL TDTAL FOR COMPLETE STGKh
22 C NPTS - NNUHBER OF DIGITIZED POINTS IN ARRflt PPT
23 C LSTEP - NUhEER QF ENTIES IN ARRAY RAiN . (IE. THE MUMlSEH QF IN-
24 C CREhEHTAL UNIT HYDRQGRAPHS THAT HftUE TO BE CONSTRUCTED IN
25 C SUBROUTINE SYNTH)
2b C KSTEP - STEP COUNTER
27 C RDIFF - RAIUPALL AMOUNT THAT FELL BETWEEN TUQ SUCCESSIVE DIGITIZED
2Q C POINTS
29 C TDIFF - TIME DIFFERENCE CORRESPONDING TO RDIFF
30 C PQSNE - TIME AT END OF PRESENT TIME STEP
31 C
32 DIMENSION PPT(1),THINl1) ,RAIN(1},RTIHEC1>

34 1DIM=15OQ
35
3fa DO 1 I=i,IDIM
37 HAIN(I)=O.
38 RTIMEC1)=Q.
37 i CONTINUE
40
AX RDIFF=a.
A2. P = 0.
43 QPRES=Q.
44 QPREV=O.
S QPHAXfl45 Q H A X ,

46 RFT=Q.
47 1=0
48 J-Q
49 TDIFF=O.
50 KSTEP=1
51 LSTEP=IFIXt(TMIN(NPTS)-TMIN(l))/TSTEP)+i

53 IHLSTEP .GT. IDIHiTHEN
54 UK17E(3,2)TSTEP,LSTEP,IDIM
55 31 OP
Sh ENDIF
57 NPTS=NPTS-1
5B
59 DO 3 1=1,NPTS
60 J=I+1
°\ A I F ( P P T d ) ,GE. - 5 0 , ) THEN
^2 4 I F ( P P T ( J ) . L T . -5B. )THEK
?3 J=J+i
t?£ GO TD 4
o5 ENDIF
*•>% RDIFF=(PPT(J)-PPT(in/10,
" TOIFf=TMIH(J)-THIN(n
" | IFtRDiFF , LT, U . )R»iP'F=fl. 0
%l I F < T D I F F . L T . Q . ) U R I T E < 3 5 )
^ ? IF(TDIFF .HE. Q.QJTHEH

3 MS^M ^S?PM S ^ M ^?QSN1
RFT=RFT-*RDIFF
IF(POSNJ ,GT. 0.1THEN

rRAC=(POSNE-THIH( I )J /TDIFF

11
B O *•. ?pr^^pG?
§4 KSTEP =I(STEP + 1
Si; PasnE=rLOAT (KSTEP ):XTSTEP+THIN( 1)
S^ PQSNJ=THIN(J)-POSNE
12 IF(PUGNJ . L T . O.JTHEN
| | !fRflC=(TSTEP+POSNJ)/TDIFF

I! E N B i r r R f l C = T S T E p / T D i ! r F

I? GO TO 6
IX ENDIF
92 LNDIF
93 3 CONTINUES T ^ L ^

DO 7 1 = 2,LSTEP

?? LSTEP = LSTEP-NC
10Q NPTS=MPTS+1

1SI 2 ^ H l
^ g | R I T U R N I M CHRQflDl-OGICAL ORDER')
10b END
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1 SUBROUTINE RSTEPCPPT,THIN,TSTEP , NPTS ,RFilfl ,RTI«E,RFT ,LSTEF ,NC5
2 C

4 C THIS SUBROUTINE SUttS THE TOTAL RAINFALL IN SUCCESSIVE PERIODS OF
5 C DURATION TSTLl' AND STORES THCM IN AURA* RAIN . Tilt: ARRAY a TIME
6 C CONTAINS THE TIME AT THE END OF THE PCRI'JD CORRESPOND ING TO THE
7 C RAINFALL IN AfiKAY RAIH . Tilt SAINFfiLL IN ARRAY Itfilri 15 TO BE USED
B C A3 THE INCREMENTAL RAINFALL INPUT TU THE SUBROUTINE SYNTH .
? C

10 C~—*" * ~" *" '———>———* '—— "- — — — -»~ —*- -"- "• ~~

12 C KEY YO ARRAYS AND VARIABLES
13 C
15 C PPT - ARRAY OF DIGITIZED RAINFALL READINGS
16 C THIN - TIMC ARRAY CORRESPONDING TD PHT „ „ „
1? C RAIN - ARRAY 01" INtRCH.fc.NrAL FSAINFALL (RAIN IN SUCCESSIVE PERIODS
IB C OF DURATION T^TEP)
1'? C RTIHE - Tint AKHAY CORRESPONDING TO RAIN „„_„,
2Q C TSTEP - IMCRCMEMTAL TIHt Stt'.' Q'-'£R UHICII THE RAINFALL IS TO BE ADDED
21 C RFT - RAifiFALL TOTAL FOR COMPLCTE STQKM
22 C NPTS - NNUfiSEH OF DIGITIZED POIftTS IN ARRAY PPT
23 C LSTEP - NUMBER GF EN TIES IN fiRRAT RALN , tIE. THE NUMBER OF IN-
24 C CREhENTAL UMIT HYDROGRAPHS THAT HAV£ TO BE CONSTRUCTED IN
25 C SUBROUTINE SYNTHJ
2t C KSTEP - STEP COUNTER
27 C RDIFF ~ SAItiFALL AMOUNT THAT FELL BETUEEN TUQ SUCCESSIVE DIGITIZED
29 C POINTS
29 C TDIFF - TIME DIFFERENCE CORRESPONDING TO RDIFF
30 C POSNE - TIME AT END OF PRESENT TIME STEP
31 C
32 DIMENSION PPT( 1) ,THIN< i.) ,RAIN( 1) ,RTIMEt 1)

34 IDIM=1SOQ

36 DO 1 I=1,IDIM
37 RAIN<I)=0.
33 RTIHEU)=0.
39 1 CONTINUE
40
41 RDIFF=0.

P02
43 Q ,
44 QPREV=>0.
45 QPHAX=0.
46 BFT=0,
47 1=0
43 J = 0
4? TDIFF=0.
50 KSTEP=i
51 LSTEP=IFIX((TMIN<NPTS)-TMIN(1)5/TSTEP)+i

53 IKLSTEP ,GT. IBIMJTHEN
54 UKITE(3,2)TSTEPJLSTE
55 51 OP
S i ENDIF
57 NPTB=HPTS-1
S3
59 DO 3 1=1|NPTS
ha J = I + I
j?£ , I F ( P P T ( I ) ,GE. - S O . ) THEN
§2 ^ IFCPPT(J) ,LT. -5Q.1THEN
W G° TD 4
05 ENDIF
6 RDIFF=(PPT(Jl~PPT(I) l / ia .
*g TDIFF=THIH<J)-THIH(I)
2 | IFtRDIFF ,LT, G.)RD£FF=0.0
%Z 1F(TDIFF .LT. O. )URITE(3 ,S>
? ? I F ( T D I F F . M E . 0 , 0 1 THEN
7A P S i K S U ? ^ % S4EPM?^ % 40 S N E
7.3 RFT=RFT+RDIFF
?.$ IFtPQSNJ .GT, 0.1THEN
5 | • FRftC = (PaSNE-THimi>) /TT) lFF

I* pR
? | - , ENDIF

I^^S^G
14 KSTEP=I(STEP + 1
f l POSNE=FLOAT(KSTEP):KTSTEP+TMINCi)
| 3 PaENI=TMIN(J)-POSNE
| g tfRfiC=(TSTEP+POE;Nj:/TDIFF

U ENKF
j ; ENDIF0 TQ

2i ENDIF
92 hNDIF
?3 3 CONTINUE

L S T E P L 5 T E P t
DO 7 I=a,LSTEP

C 0 N T l S u T
E

K e ( n =

LSTEP = LSTEP-NC
N P T 5 P T S

\aak
 2 J°$*\i'\fa>nnr*R$iiW,£*%iil 51ZE.FC1R THE PRESENT TIhE INCREMENT OF

\l$ *11R ONLY' 15 ) ' ' R E Q U I R E D . ' , / , ' PROVISION l a MADE F

\H S K E T U ^ N ' i " ' ' T I M E A R R A Y N ° T lU CHSQNQLOGICAL ORDER')
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120 DP < J)=COEFg*AREA*Q/<ULt-TSTEP/tO ./2. >
121 S QPREV=QPRES

'? CONTINUE
124 C THE NECESSARY NUMBER OF INCREMENTAL HYDROGRAPHS ARE SUPERIMPOSED
125 C DEPENDING UPON NC.
127 DO 12 I= i ,NSTEP
12Q ISTAR=I
12? IEND=I+NC-i
130 DO ID J=ISTAR,IEND
131 K=NCHSTAR-J
132 QSYN(I)=QSYNCI)+AtK)*OPCJ)
133 10 CONTINUE
134 C
136 C MAXIMUM FLOW RATE OF SYNTHETIC HYDRQGRAPH FOR THIS PARTICULAR
137 C LAG VALUE IS CALCULATED.
138 C
139 C
* A n Q—-» — — — — — — — — — — — •- — — — — — • ^ • - - ' " — ' - • - • " — — — "-•'»mr^trrmr^rm^^m — *- _**_̂ _*— v —
141 tt tOSYNCD-QPMAX) 12, 12 , 11
142 U QPHAX=QSYN(I)
143 12 CONTINUE
144 C
146 C IF NO OPTIMISATION IS TO BE DONE. THE SYNTHETIC HYDROGRAPH IS
147 C RETURNED TO THE MAIN PROGRAMME FOR PLOTTING. IF OPTIMISATION
14Q C IS TO BE EXECUTED , LAG IS INCREASED OR DECREASED TO FIND THE
14? C CORRECT VALUE.
150 C
151 C
152 C •
153 IF (LAGCAL) 13, 34, 13
154 13 IFCFINIS .NE. i.lTÎ EN
155 CHANGE=AB5<QPMAX-QPACT)
156 ENDIF
157 I F t F I N I S ,EQ. i . )THEN
150 D1FF=ABS(CPMAX-QPACT>
159 I fCDIFF ,GT. CHANGE)THEN
160 UL=UL-ALTER
161 CHANGE=DIFF
162 GQ TQ 3
163 ENDIF
164 ENDIF
16,5 URITE (6.10021 UL.ACCNO
166 UNITE (6,1003) QPHAX.QPACT
167 IF (UL-fl.Ql) 33, 33, 14
165 14 IF tFINIS-1.) IS, 31, IS
169 IS ACCNO=ACCNO+i,
170 IF tACCHO-SO.) 16, 16, 32
171 16 IF (UI'HAX-QPACT) 17, 31, i9
172 17 IF (DIHl-i.) 25, IB, 25
173 18 DlR2=i.
174 UL=WL-O.Q1
175 GO TO 3
176 19 IF (yALUEl-i.) 22, 20, 22
177 20 IF (D1R3-1.) 21, 22, 21
178 21 VALUEH=1.
179 UL=UL+0.0t
1O0 GO TO 3
iBl 22 IFCDIH3-1.) 23, 3D, 23
1Q2 23 IF(DIR2-1.) 24, 30, 24
1B3 24 DIR1=1.
1Q4 UL=UL+0.1
185 GQ TQ 3
196 25 UBlTE(t,1004) UL
1B7 IF (UL-Q.li) 26, 26, 27
IBB 26 D1R3=1.
in? URITE (5,1035) UL
190 UL=WL-G,01
191 URITE (6,1006) ML
192 GO TO 3
193 27 VALUEI=1.
1'74 URITEC6,10075 UL
i'?S IF CVALUE2-1.) 2B, 29, 23
196 28 UL=UL-0,1
177 GO TO 3
199 29 FINIS=1,
199 UL=UL-fl,oa5
20 0 ALTEn=-.QOS
201 GO TO 3
202 30 FINIS=i.
203 UL=UL+0.O0S
2Q4 ALTER=.00S
205 GO TO 3
206 31 UL=UL*60,
207 URITE (6 .100B) UL.PPMAX
20Q U«ITE (6 ,1009 ) RFT
2Q9 GO TO 34
210 32 URITE ( 6 , 1 0 1 0 )
1 1 i GO TQ 34
2 1 2 33 WRITE ( 6 , 1 0 1 1 )
213 34 NSTEP=NSTEP-(NC-NP)
214 RETURN
215 C
216 1Q00 FdRMATUX.'LAG =
217 1001 U
21S 100
21'?
22U 1003 Of ( IX ,T SYNTHETIC DISCHARGE FD.a,T40,
221 1'ACTUAL DISCHARGE = '.FQ,2./,T9,'(L/C)',T44 '(L/S)',/,Ofl('-'),/)
2 2 2 1 0 B 4 , 1 , l . 6
2 2 3 1 0 U 5 F n « M A T ' . l X ' 2 ' F l O . i )
2 2 4 10116 F U R M A T d X , » 3 ' F 1 0 . 6 )
2 2 5 1 0 0 7 FORMAT I I X , ' A ' . F l U , 5 )
21^6 10UB F O I I h f i r C 1 X , T 3 , ' L A G T I M E = ' , F 9 . 3 , ' M I N G ' T 3 2 ,
2 2 7 t ' H A X C M U M FLOU RATE = ' . F 1 0 . 3 , ' L / S ' , ' L S t ' - ' ) , / , 6 5 ( ' - ' ) )
2 2 B 1 0 0 9 TOI1MAT ( I X , T 3 , ' TO TAL R A I N F A L L = ' j i . i , I X , ' MM ' , / , 3 2 ( ' = ' ) )
2 2 9 1 0 1 0 FURHAT < 1 X , ' « O OF I T E P . A T I U N S CXCELDS 5 0 . . S I D P ' 5
2 3 0 1 0 1 1 FQKMAT C L X , ' L A G V A L U L I S L L G S THAN .i, M I N U T E G , EKROR S U S P E C T E D ' )
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1 SUBHtUJTINE EFFCY tRTIHE,STEPT,QSYN,3TEPU,NPTSB,LSTFP)
2 C

4 C
5 C SlIBIUILII IMF. TO CALCULATE THE Htmri.LIh'C EFFICIENCY OF THE SYNTHETIC
6 C HYUttOKHi'iPH. THK CI)EFF\CIENT OF EFFICIENCY IS USED AS AN
7 C INDICATION DF i lFFIC] l-NCY .
8 C
(j C-»— •—* — — — -»——— - . . _ — — _ _ _ _ _ — . * • _ _ * _ » . _ — — , , t _ _ * , * - « — _ _ _ - _

1Q DIMENSION STEPT ( i ) , STEF'Q( 1) , qSYN( i ) ,HT [MF.( 1 ) ,i:sTlME( 1500) ,
11 P CbTEPT(15(iu) .CSTEPCidSUO) ,CqSYNM5D0J
13 r-ERC =n.
14 HNPTEP-0,
15 DO I K=l,1500
16 CRTIHECK)=O.
17 C5TEPT(K)=0.
19 CQSYNCKJ-O.
19 CSTEP(J(!< >=D .
3Q 1 CONTINU1-:
21 K = l
22 C
23 C
24 c
25 C VALUES DF TIME AND FLDU RATE OH THE SYNTHETIC HYDROGRAPH ARE
LJ6 C IHTE«POL rtTED TO COttRt^SHONIl TD T i l ' iEB ON THE RECCIKDED HYORUURftPH
27 C
2? DO 2 I = i , N P T S Q
30 1)0 3 J = l .LSTEP
3J I F ( ( S T ^ P T U ) . L T . RT IHE(J>> .AND. CJ .£Q. 1) )THEN
32 CRTTHEIIOSTEPTU)
2, C Q S V M 0 .
35 CSTEPa<K)-STEPQ(I)
3fc K=K*i
37 CO TO 3
38 ENDtr
39 I F ( 5 T E P T ( I ) .LT . RTIME(J))THEN
10 PEHC = ( R T I H E f J ? - 5 T E P T { I ) ) / < S T I H E ( J > - R T I i 1 £ t J - i ) )
41 CBTIMEtK )=RTIME( J )-<PESC* CtiTIME i J)-BT1HE t J - 1 ) i )
12 CSTEPT(K)=STEPT(I>
A3 C5TEPQ(K 1=STFJ-PQ( I )
44 CDSYN(K)=G5Y?!CJ)-(PERC*(CSYH{J)-QSYNCJ-i)))

•16 GO TD 2
•,7 ELSE
i s ir:sTEPT(i> ,t:q. RTIKECJ: )THEN
49 C R T I M E C K ) = R T L M £ ( J )
50 CSTFPT(K)=STFPT(I)
5

2 sTEP
53 K - K + i
5-1 . ED TD 2
55 ENDIF
56 EK'DIF
S7 3 COMTJMUE
S8 C R T I U F ^ K ) = S T E P T ( I 1
19 CSTP:PT(I: ;=5TEPTCI)
ha COSYN(K)=n.
61 CiiTEPi3tK)=S

K
6 1
6 2 Ki
63 2 CDNTTNLIE
6-1 NNPTS!1=-K
t>5 ERRORi = ( I .
66 ERRDR2=(1.
67 C
63 C
69 C
70 C
71 C CALCULATING THE RESIDUAL VARIATION,
72 C
73 Z
74 UO <! L = l .NNPTS?
75 EBSTlff A--F.rtSaRl + vC3TEPQ(L)-CCSYN(L_) ) V*2 . 0
76 A CONTt.'iUE
77 WRIT£(o,5)t :RR0Ri
70 C
79 C
BO C
ai c
Q2 C CALCULATING THE IN IT I f - L VfiRIftTTDN.
S3 C
84 C
B5 C
Hfc 5STE?Q=0 .
Q7
98 DO h L = 1 ,,kJNFTBP
B9 53Tr;piJ = CST£Pa
90 6 COUrxfJijg.
9 1 DC1 7 r l - 1 ,HNPTSP
V2 E t !R£JH2=(C3THa
93 7 CONTINUE
94
95 C
96 C
97 f.
98 C
99 C CALCULATING THE MODELLING EFFICIENCY.
10D C
1 0 I C
102 C
103 C
JC1 ?S. ~ 1QU. * ( '. ERROR 2-FHR OR! >,• C KPRUI?2 J J
105 -JKI1E ( i . , 9 ) RE105 E ,
1 0 6 s h D i ; - ' n i ; i x , ' H f i n n u f l t . V A P T T - . T I P N ~ ' - ! ? . 3 , / . i n t ' - ' ) , / )
1 1 1 7 a F C R i n i T ( I X , ' i r - i l T I / . L ^ . * i R I , - - 7 I ' ! f l - ' r 1 7 . - Z , ' , « f t ( ' - ' ) , / 1
J O B 9 F n K H , , T ( I X , ' M O L ' F L L I N K E f = F l C T t " I J L Y = ' , i ; i 2 . " J , ' X > , / , 5 0 ( ' - ' ) , / ,
1 ( 1 ^ ? ' i 0 ( ' ' ) / )1(1 ? i 0
1 10 SCTUHN
i l l END
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1 SUBROUTINE EFFCY (KT IHE,STEPT, CISYN,STERQ,NPT5Q .LSTFP>
2 C
•J, C

5 C SIJUHlUn IMF. TO CfiLi:'JL<VrF. THE M03tlU.ING EFFICIENCY OF THE SYHTHtT'J C
6 C H"iU:<ui;i<i"iPH. ThP r.MEFF\CIEHT CF EFFICIENCY IS USED fiS AN
7 c iNDiufiiiON DF -_FFIC]I-:NC;Y .
a c
9 C -.

111 DIHEHSIDH 51EPT< U , FjTEPtJi I ) ,QSVN( i ) , HT [ilF.t I ) .CttTTMEt iSDti > ,
11 P CSTEPTt 1S0U) .CSTEPMt VSIIQ) ,CL|SYN( ihOi)
13 r-Esc =-.rr.
14 NNPTSP-fl .
15 DO 1 K - l . l S D D
16 CRTT-iEU4) = 0.
17 C5TEPTC!O = 0 .
10 CGSYNtK l -O.
19 CSTEPQtK ) = 0 .
30 i CDNTINUH
21 K = t
22 C
23 C
25 C VflLiiES OF TIME AND~Ftt iJ RATE OH THE~ivNTHF.T"iC HYPnnGRM?H ARE
26 C INTEHPUUITED TO COURtSPOND TO TIl' iES QH THE RECOUDED DR
27 C
•pa r • ._ •_————»_«_ w t _ » — _ _ ^ ^ — - » ~ , _ »———^—__—-^—^^._„
29 DQ 2 I = l , H P T S a
30 DO 3 J= l . LSTEP
33 I F ( ( S T P P T ( I ) . L T . RT IHE(J> ) .AND. t J . EQ. 1>)THEN
32 C!?TU1EUO=3TEPT(I>
33 rSTF.PTOO-^TFPT! T)
Z CnVN(l)
35 CSTEPCKtn-STEPQCI)
36 K=K-i
37 CD TO .?
3B EMDir
39 I F ( 3 T E F 7 ( I ) .LT. RTlMEfJ))THEN
4Q PEHC =<RTIr iF.( J i - F 3 T E P T ( I ) ) / ' . a T T n r ( J > - S T I i 1 E i J - l J )
4 1 CRT:HECK )=RTTi1E( J ) - t P E R C * t i i T I M E i J ' . - R T l r i E U - 1 ) i )
42 CSTEPT(K)*ST=PT(I>
43 CSTEPQCK)=STEpn|< I )
14 C U S Y N ( K ) = Q S Y : H J 1 - ( P E R C : I I ( C S Y M : J l -QSYNt J - D ) )
AS I(=K + 1
46 GO TD 2
' 7 E.LSE
113 l r i S T E P T C I ) . K Q , RTIME C J ) > THEN
49 CRTlMECK)=BTiHE(J)
5D CSTFPTCK)=STFPT{I)
51 CDSYM(K)--aSTMCI)
5? L T E > 5 T U i ;STEFU
53 K-K+l
5-1 - ED TO 2
55 SNDIF
56 ENOIF
57 3 CDHTIMUE
SB CRTIMF.(K)=STE?T( II
59 C3T\=;PT(K;=5TEPTtI>
60 CO3YrHK)=Q,
hi caTEpq(K)=STEPO(I)
b2 K^K+)
63 2 COHT'tNUE
6-1 NNPTSI'-K
5 ERRDIU ]

66 ERRDR2=0.
67 C
69 C
69 C
70 C
71 C CfiLCULATIHG THE RESIDUf.L UORIftTION.
72 C
73 C •
7H DQ * L=l.MNPTS?
75 EHHOS V-F.RPQRl + iC3TEPQ(L)-CCSYN(V.) )**2. 0
7h 4 C0MT:,'iUE
77 URITE(b,5)t.RRQRt
7S C
79 C

| n
Ba C CALCULATING THE INITIftL

93 C __

BS C
S6 SSTE?Q=O.
37
88 DO 6 l. = i ,MNPTSP
B9 3STr-;ptJ = CSTEPa(1.;+SE
9 5 6 CCIfy'tNtit
91 DO_7 M;.: , HNPT5P

93 7 CoVlflNUE
9 4 u;RlTE(o,aiERR0R2
95 C
96 C
97 [-
93 C
97 C C/*LCULfU!NG THE MQDELLIMG EFFICIENCY.

100 C
1 (I t C •
102 C

103 C

105 ^ ufh" ,? '< s ' , ? ) 1 ^ " ' *" ' " ' ^ " " ' [^' " '

11)7 3 F c V v , r '( u ' , '':'-ViT>.',L "•v^'fi'iyfl'lW -" - r '.7'. . : " ' ' ' , if: c ' - M ' , / 1
i Q 3 ? F D K H M T ( 1 ;< , ' M O b F U - I N S E F F l C T b ' U L T = ' , : ; L 2 . a , ' ' i ' , / , 5 0 ( ' - ' ) , - " ,

1 1 0 . i C T L S N
Hi HfO
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1 SUBS OUT: K!F PHASr ( NSTFP . RTIHE,SHIFTJ
2 D I r iFZ fJF i lUN « T l h E < i )
~S NSTFP - H51KP M S
•1 Dfl IBB t = l , NS It-P
5 H f T l 1 F ( I ) - i ? T l l l l £ ( I ) + S H I F T
6 USD CONTINUE
7 t.T.TFF - tv3Tl"P-15
0 WHITE '. 2 , 1 [H! II) SHIFT
9 iOni) Pf)t<Mr.r ( 1 X , 'SVNTHtTTC HYDRGCRT.PH 'Ji"iS SHIFTED BY ' F6 , 1 , ' NIK'UTES ' >

10 RF.TU!?N
i 1 EKl>

NOTE SUBROUTINE VPLOT 15 A STANDARD PLOTTING HOLiTlfJE

ftUAILABLE AT THE UNI'JERSITf OF NATAL, COMPUTER

CENTRE


