Cs-7

SATISH CHANDRA
DIRECTOR

STUDY GROUP

S M SETH
R D SINGH

NATIONAL INSTITUTE OF HYDROLOGY
JAL VIGYAN BHAVAN
ROORKEE-247667 (UP)

INDIA

1984-85



o o o o o

[ T o B o

CONTENTS

Abstract........oiuvus R R
List-of Figures....oveeeiiiiivsnsnsns

List of Tables...uweniriieineennnnnns

INTRODUCTION .o er i iiirivnaancnns

REVIEW .. it iieiiiiiniineamascnasas

STATEMENT OF THE PROBLEM
DESCRIPTION OF THE STUDY AREA ...

DATA AVAILABILITY FOR THE STUDY .....
METHODOLOGBY - vvvvevsvnvmmmannennnnens
ANALYSTS o oeeeeee e eee e
DISCUSSION OF RESULTS .vuvvveeennnn.
CONCLUSION ...vvvrvrennnnn. s

REFERENCES. .. i i iii i i i e ciiisanses

PAGE

iii

35
36
38
52
65
69
71

77




ABSTRACT

This study has been conducted to investigate the suitability of
using various methods for deriving unit hydrographs for the small
catchments. Two approaches, parametric system synthesis (conceptual
models) and non-parametric system analysis, have been used in the study
In all five methods three in the former approach {Nash Model, Clark
Model and Singh's Model) and two in the later approach ( Collin's
Method, Least Squares Method) have been tested. The flood events of
six small catchments ( Br. No.807/1, 51, 604/2, 969, 228 and 566 ) of
Godavari basin subzone 3f have been analysed using the five methods. The
average unit hydrographs for each catchment are estimated using the
average parameters obtained by taking the geometric means of the
parameters of the unit hydrograph for individual storm for the
conceptual model approach. However, the standard averaging procedure is
used to estimate the average unit hydrographs for the Collins and least
squares methods. The performance of these methods in reproducing these
storms of respective catchments are judged by comparing the values
of error functions ( for peak, time to peak and hydrograph) evaluated
with the average unit hydrograph. The technigues which give best
results depending upon the criterion of each of the error functions

for a particular catchment are given below:




Catchment Cﬁhnent Best technique for error functions
Br.No. Area *EFF ** SF *APAEP PAETP

807/1 823.62 N N/C M cL
228 483.03 NN N M N
604/2 340.52 N N/C oL M/S
969 ©208.49 C c M/C N
566 137.21 L CL M M/C
51 86.76 C/CL/S CL C M

where *EFF-Efficiency of the method, **SE-Standard error, ***DPAEP-
Percentage absolute error in peak, *x**pAFTP-Percentage absolute error
in time to peak and
C- Collin's Method, M-Matrix Method, N-Nash Model, CL--Clark Model, and
S-Singh's Model.

It can be sen from the above table that the Nash
Model is relatively more efficient and gives less standard error
for the catchments of large size (area ranges between 340-823 sq km).
[t has also been realized that the methods based on parametric system
synthesis give non-oscillating unit hydrograph which are physically
realizable. The methods based on the non-parametric system analysis
approach sometimes involve the problem of fluctuations in the derived
unit hydrograph making it difficult to decide the ordinates of the unit

hydrograph.
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1.0 «NTRODUCTION

The engineers, involved in the design of storm sewers, highway
drainage, spillways, diversion works, bridges, culverts and other flood
control works, often require the design peak rate of discharge at a
certain location and time taken for the flood peak to reach that location.
The majority of the hydraulic structures mentioned above are constructed
on small watersheds. The size and cost of hydraulic structures are
largely determined by the design flow. Over estimation of design flow
can be costly for initial construction and under estimation of design
flow can be costly for repairs and dangerous to people and down stream
facilities. Therefore,the accurate estimation of the design flood hydro-
graph and peak discharge is an important task for the engineers and
especially to the hydrologists. Unit hydrograph approach, which assumes
the watershed as a linear time invariant system, is a simple tool to
relate the excess rainfall as an input and the direct surface runoff
as an output to the watershed as a system. The problem remains to
identify the system which leads to the determination of the IUH{instant-
aneous unit hydrograph) or the TUH (T-hour wunit hydrograph). The
following two approaches are used in this study for the determination

of the T-hour unit hydrograph:

(i) Parametric system synthesis
This requires the use of conceptual linear models. These models
evaluate the system response in terms of certain number of parameters

which can be estimated from the given input and output data.




(ii) Non-parametric system analysis

In this approach the input and output are related in the form
of a mathematical expression through the system response function.

It is to be noted that the system response is a continuous
mathematical function while using parametric system synthesis approach
and since the system response is a continuous function, therefore it
can be termed as an IUH or the impulse response. In fche case of the
non-parametric approach, the discritization interval a4 t defines the
response function and it becomes the unit pulse response rather than

impulse response i.e.compute a At—duration unit hydrograph.




2.0 REVIEW
The unit hydrograph concept was given first in 1932 by Sherman
since then a number of techniques for finding the IUH or TUH have been

investigated by many hydrologists and engineers. These techniques have
served to strengthen the approach as a practical tool rather than to

alter the basic assumptions of the unit hydrograph. The methods available
in literature are mainly based on two approaches-parametric systems
synthesis and Non parametric system analysis approach. The methods
based on non parametric system analysis approach may be classifigd in
five groups:
(i) conventional methods,
(ii) matrix methods,
(iii) transform methods,
{iv) time series methods and
(v) linear programming methods.

The methods based on parametric system syntheis approach may
be classified in two groups:
(i) Conceptual models and

(ii) Synthetic unit hydrograph

2.1 Non Parametric System Analysis

2.1 Conventional methods
(a) Sherman's unit hydrograph

The concept of the unit hydrograph, introduced by Sherman
(1932), a member of the original Boston Committee on floods. He was the
first to consider the existence of a unique direct runoff hydrograph
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for a storm of given duration and volume over a particular watershed.
This unique response, termed the unit hydrograph or unit graph, was
originally defined as the hydrograph representing a selected volume
of surface runoff from a given basin for one day rainfall. The hypothesis
on which Sherman{1932) based the unit hydrograph was"that in any drainage
basin, surface runoff from rainfall that is distributed with satis-
factory uniformity as to area and time that occurs in a given unit of
time will produce hydrographs in which the bases are approximately equal
and the ordinates vary directly with the intensity of net rainfall®.
The prefix ‘unit’ referred to the specified unit of time in which storm
occurred and not to the runoff-volume which has often been chosen to be
a unit depths over the watershed. Sherman{1932) further found that all
ordinates of the hydrograph were proportional to the volume of surface
runoff that direct runoff hydrographs were independent of previous runoff
events and simple hydrographs could be linearly superimposed 1o
constitute complex hydrographs. Bernard(1935) expressed the unit
hydrograph in terms of the percentage of direct runoff which occured
in successive time intervals. He termed his hydrograph a distribution
graph. Smith(1941) modified Bernard's approach by employing a smooth
curve through the discharge points and used instantaneous distribution

coefficients.

{b) Unit hydrograph derived from S-curve

Mergan and Hullinghors{1939) introduced the concept of the
S-curve to present the watershed response to a continuous uniform
rainfall. The algebric difference between two S-curves lagged by a
selected time interval was shown to yield a unit graph for a storm of
duration equal to the lag interval. Cuenod{1956) referred to the S-curve

as characteristics hydrograph. Like unit graphs, S-curves were indices




of watershed response.
(c) Collin's method for unit hydrograph derivation

Collin's (1939), and later Fekette(1954), employed trial and
error procedures for analysing complex hydrographs. An assumed unit
graph was employed on all rainfall events except the largest. Then a
unit graph was obtained from the largesi event and compared with assumed
one. The procedure were repeated until the assumed and computed unit
graphs agreed favourably.
{d) Barne's method for unit hydrograph determination

Barne's (1959) used, what he termed, a method of progressive
addition which involved successive estimation of the distribution co-
efficients with continuous checking of the estimated and actual hydro-

graphs.

2.1.2 Matrix methods
(a) Matrix inversion method
All matrix method utilize the equation [Y]=[Y][h] as a system
of working equation, where [Y] is direct runoff vector, [h] is unit
hydrograph vector and [X] is a matrix of effective rainfall which size
depends upon no. of excess rainfall and direct surface runoff ordinates.
For this system a straight forward sclution ca be obtained
by inversion,

(h = [x17 V] (1)
provided [X] is a square matrix and non singular. In general this method
is not recommended when the number of equations is large (Burden, Faires
and Reinalds(1978)). This method can be effective for computing the UH
provided the system of equations is not ill conditioned and the data

are error free. However, there is no way toc insure satisfaction of these



conditions apriori.

Further, a direct solution of equation: [Y]=[XJ[h] may give
rise to the numerical problem of ill conditioning. To measure it a
residual vector[r] is defined as:

Er]l = [yl - [x] [h] e (2)
where [h] is an approximation of the exact solution [h]. Intuitively
when any nom of r, ilr || ,is a small number then|| h-h|kill also be
small. However, in extreme cases this may not be the case. Then the

following inequality can be used as an upper limit of the norm.

bl H—%H .- (3)

where Kk{(x) is the so called condition number equal to [ ]|x]] IIQ'HI 1.
It indicates whether [x] is ill-behaved (big number) or well behaved
{small number) matrix.
(b) Forward Substitution Method

Dooge(1973) employed the forward substitution method the com-
putation of subsequent ordinates of the UH by going down the rows of

the system equation i.e.

Yy =hy X,
Y2 = h1 X2 + h2 X1
Y3 = h1 X3 + h2 X2 + h3 X1 ...(4)
etc,
The method is found highly sensitive to data errors.
{c) Successive Over-relaxation Method

Newton and Vinyard(1967) provided this method which is an

iterative one having its working set of equations as:




p, (1)

xi-j+1 ] ’

)
j=i+1
where W iS a parameter whose optimal value must be known, K denotes
the order of iteration and N the number of observed discharge. Note that
X for zero or negative subscript will vanish. Dooge(1973) recommended
to compute number of UH ordinates, N, using the equation:
M=N-14#

where N and i are numbers of ordinates of [Y] and [X] respectively. A
significant improvement in the results was obtained by increasing M fo
N in this study.
(d) Least square method

Snyder (1955) first time used this method to obtain the distri-
bution coefficients of distribution graph. Least square method can be
used to determine the ordinates of an optimal UH when the number of
equations exceeds the number of the UH ordinates. The equations to be
solved for this may be written as:

thl = [0 TTx1 T oxT oyl ... (6)

It was seen by various investigations (Delluer and Rao, 1972,
N.E.ﬁ.c. 1975 Papazafirious,1976) that the recession limbs of the unit
hydrographs derived from isolated rainfall runoff events were having
osciallations using least square method mainly due to ill conditioning
of the set of equations. Bree(1978) studied the causes of ill conditoning
of the set of equations and showed that the ill conditioning was

produced by collenearity in the excess rainfall ordinates. Diskin and




Boneh(1975) proposed a method to determine the catchment unit hydro-
graph analysing the several rainfall-runoff events simultaneously with
the.objective of minimizing the sum of error squared differences between
the predicted and observed quick response runoff for all the storm
events. Bree(1978) found that by analysing more events simultaneously
tendency to produce oscillations was reduced. Mawdslay J.A.and Tagg
A.F.(1981) considered an alternative technique for solving the over
determihed set of simultaneous linear equations which describe the multi
event procedure-this technique is known as the House Holder Method.
Although they solved the unconstrained least squares minimization pro-
blem but suggested that the conditions 1i.e.non negative UH ordinates
and equal volume of rainfall excess and predicted runoff could be
Imposed subsequently if they did not ocur naturally in the solution.
Bruen and Dooge(1983) proposed an efficient and improved estimation
algorithm to derive physically realizable unit nydrograph. They solved
the equation: [X +a I1{h]=[Y] instead of [X] [h] = [Y] where o was termed
as regularisation factor supplied by the users and ! is an unit matrix.
They suggested that the procedure may be used to derive unit hydrograph
from single as well as multiple event data. The use of different values
of regularization factor resulted the unit hydrograph without oscilla-

tions.

2.1.3 Transform methods
{(a) Harmonic analysis

0'Donnel(1960,1966) proposed the IUH derivation by harmonic
analysis. The effective rainfall hyetograph, the IUH and the surface
runoff hydrograph were each represented by sum of a harmonic series,

each series having the same fundamental time period equal to or greater




than the time of storm runoff. He derived the harmonic coefficients of
IUH from the harmonic coefficients of a curve of excess rainfall and the
resultant runoff hydrograph after relating the coefficients of nth
harmonic of the three series by simple equations. Let functions Y,X
and h are having their fourier coefficients as (Ai’Bi)’(ai’bi) and

( o,B ), i=1,2...The coefficients { <.

i 8 [ Bi) can be expressed in terms

of (Ai’ Bi) and (ai’bi) as:

A
a, A+ b, B, : . _ ] 0
g =2 L1 11, 121 Sap =73 ...(73)
1 T 2 0
a; + bl
i
a. B, - b, A,
5, - 2 - Sl e 12, ...(7p)
T aj + bi

Analytical form of the UH resulting from harmenic analysis can

then be expressed as

h(t)= § o COS g{LE- i + ¢ Bsin—g%'—E i ...(8)
1=0 i=11

where T is the assumed period of recurrence of rainfall runoff event

and is normally equal to the duration of direct runoff.

{b) Laguerre polynomials
Laguerre polynomials have been investigated principally by
Dooge (1965,1973). Laguerre orthogonal functions can be defined as

K

L (t) = exp (-t/2) 0 (7)) Lm0, 1,2, ...(9)

=0

P |

If the functions Y,X and h of equation(1) are expanded in

terms of Laguerre functions as:



m
f{t)= & a (t) ... (10)
o m
for some number m, then the relation between lLaguerre coefficients of h

and those of X and Y can be derived as

m=0, 1,2... ...(11)

where *y are the Laguerre coefficients of h,ay the coefficients of X and

Ak the coefficients of Y.

(b} Meixner Polynomials
Dooge (1973) suggested that the Meixner Polynomials are the disc

rete analog of Laguerre Polynomials and have the form

\ K n S
Mn (S) = = (-1 { K ) K ) . n=0, 1,2,... ...(12)
K=0
for s = 0, 1,2,... If a function f(s) is expanded in terms of these polyn-
omials,
n
fish= = o (/2) M2y () s0na.. (13
m=0 m

where a are the expansion coefficients. Thus for the UH these coefficie-

nts can be expressed as

- p-1
(1/2) (p k+1)/2Ak - kLO ap_k’ p :0’1,2 ---(14)

=]
|
X Mo

a =
p 0 0
where apare the Meixner coefficients of h,alcthe Meixner coefficients of x

and A}cthe Meixner coefficient of Y.

2.1.4 Time series methods

In this method, Mejia R and March (1966) used a black-blox anal-
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ysis, where the effective rainfall and direct runoff were viewed as time
ceries and were described in terms of their auto correlation and cross
correlation functions. An analysis gave rise to a system of linear equa-
tions which can be written as

n 2p+2-k 2p+
z

h X, X

_ Y. )
Sikoid KN ke T R RN j=1,2,.(2p-1)

...(15)
where n is the number of ordinates of the vector [h] and 2p+1 the
number of ordinates of [Y]. Any ordinates of X with zerc or negative
argument is taken to vanish. Equation(15) can be solved by the least
squares method.

Bayazit(1966) described the use of spectral analysis and its
numerical application of IUH derivation.
2.1.5 Linear programming method

This method (K P Singh,1976; Mays and Coles,1980) computes
the UH in discrete time form but, unlike preciding methods, it can use
data of several events at a time. The resulting [h] is an optimal solu-
tion using simpler method for the specified constraints. This method
can impose desirable constraints on the solution such as to insure
non-negative values of h or preserve monotchic nature of h on both
sides of the peak.

However, the simplex method can give rise to a computer storage
problem. One reason is the introduction of slack variables. The system

of equations can be written as
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where ¢ is the difference between observed DSRO (direct surface runoff
and computed DSRO and may be positive, zero or negative and A t, the
duration of the UH. However, for linear programming, it must be non-

negative. This problem is circumvented by Deininger(196%) by using

E: N - LY
j uJ + VJ (18)

where uj and Vj are the two non negative slack variables that account for
positive, zero and negative difference. The objective, then, is to
minimize E

n
E= 1 : . -- ...(1
j=1(uJ + VJ) (19)

Constraints can be imposed to insure non negative h as well as

its monoteonic behaviour before and after its peak.
2.2 Parametric System Synthesis Approach

2.2.1 Conceptual models

Any discussion of hydrologic models must start with a definition
of the system that the models are supposed to represent. A system can
be defined (Diskin, 1970) as an ordered assembly of interconnected
elements that transform, in a given time reference, certain measurable
inputs into output. Inputs and outputs are usually represented as
functions of time. These functions may be continuous or discrete.
The simple conceptual models for unit hydrograph derivation require
the specification of a system for which excess rainfall is the input
and direct surface runoff is the output. The system of this kind is
known as the surface runoff system and the models used to synthesize

the surface runoff system are known as surface runoff system models
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which may be classified in three groups: (i} Linear models,(ii) Quasi
linear models, and {fii) NOn-linear storage models.
(1) Linear models

Linear models treat the system to be linear. The linear system
obey principle of superimposition and proportionality. By considering
the individual inputs to a linear system to be in the form of pulses
of finite magnitude and short duration, it can be shown that any linear

system can be represented by the convolution integral operator.

y(t) } x(1)h{t-t)dr ...{20)
where h(t) is the unit impulséaresponse.
If the same input, whenever it is applied to the system always
to produce the same output, the system is time invariant system otherwise

it is time variant system. The system may be termed as lumped system

~when input function does not involve spatial co-ordinates. The system

whose input function involves spatial coordinates is termed as distr-
ibuted system.Some of the conceptual linear models are briefly des-

cribed as follows:

(a) Sato and Mikkawa model

Sato and Mikkawa (1956) published a runoff routing method for
the transformation of successive hourly rates into a discharge hydrograph
for a small river in Japan. This routing equation is based on the second

order Gamma distribution as a fundamental runoff function:

It -t/k
u(t) =—¢ ¢ e 2N

For an inflow of for unit per hour the flow rate (t =1) can be
written as:
_ -(t-1 t-1 -t/K 1
Q(t)“for[e ¥ (T—+1)~e (K—+1)] ...(22)

1s




here f0 is a runoff coefficient

Sato and Mikkawa found that a series of terms like equation (22}
could well describe the discharge from the drainage basin céused by a one
hour rain of depth r.

q = Fy(t) + Fz(t)' ......

t
or - f,r fe{t=1) /K 221,y g -t/%, (—K1 + 1)

1
t

+
2
This runoff system can be simulated by the hydraulic amalog in

figure 1. The term of this series of second order Gamma distributions

FIGURE 1 - SATO AND MIKKAWA MODEL

are of decreasing magnitude and Sato and Mikkawa found that two or thrze
terms gave results of sufficient accuracy. In a final note the writers
state that the n-th order Gamma distribution is a suitable element

for the characterization of runoff in any river,
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In their 1956 paper Sato and Mikkawa indicated that I<1 is to be
found as the time to peak in the hydrograph . The writers apparently
assumed that the time of inflow is so short that the hydrograph is
practically identical to an instantaneous hydrograph and that the peak
caused in the first branch of the model will be dominant. In 1959
Takenouchi describes Sato's method and he states that K, should be
computed from the equation:

t = e1/K1 ...(24)
Pk

Which is the time to peak for a one hour hydrograph of the first
branch of the model.
(b} Rational methed

According to Dooge(1959) it was Mulvaney who in 1851 proposed
a method that is known as the rational method based on translation
approach. It is assumed in the method that the effect of rainfall
on the most remote part of the basin takes a certain period, the time
of concentration TC, to arrive at the outlet. This time of concentration
can either be derived from correlations with basin characteristics or it
can be computed from the times of flow in successive "bankfull" reaches
of the main channel. It is further assumed that a constant intensity
of excess rainfall Cl occurs, uniformly spread over the area A, where
C is a runoff coefficient and I is rainfall intensity. If this rate
of input, a step function, continues until the time of concentration Tc
has expired, the excess rainfall that fell on the remotest point of the
drainage basin will just begintto cause a reaction at the outflow so
that the latter will have reachéﬁ its ultimate'and maximum rate Q = CI A.

If it is decided that the design flow rate Q may be exceeded on

an average of once in N years, rainfali intensity/ duration formulas

15



or graphs are used to find the average rainfall rate I for the period

TC to be exceeded with an average return period on N years (figure 2).

——
—_——

| fe T a7/ na
rlKH\ 1 I =125
| “2
2 i |
f I N=10 yr

Ll |
30 min 80 min

FIG 2-RATIONAL METHOD

One fundamental weakness of this method comes out when the growth
of ¢ over TC to its final value Q=CIA is considered. This growth can
be represented by an s-curve the ordinates of which have been multiplied
by CIA. The shape of this curve is determinéd by the basin's geometry
and topography.

The TC hydrograph and 1/2 TC hydregraph, both caused by rainfall
intensities of the same probability 1/N.are shown in figure 3. The
outflow due to the average rainfall rate 12 with the same recurrence
interval of N years for a period 1/2 TC will be higher than the rate
l1 for the total time of concentration Tc as the average rainfall rate
[ is coniderably higher than the rate I,.
Later on, the rational method was modified and concept of

time area diagram was introduced. The travel time to the outlet are

lo



determined for a number of points in the drainage basin using the
hydraulic features of the bankfull channel system and time contour

lines with equal time intervals are drawn. If it is assumed that an
instantaneous excess rainfall of unit depth occurs simultaneously on all
points of the basin, the excess rainfall on the elementary area between
the time contour lines t and t+1 will arrive at the outlet between t and
t+1 and will be represented by the appropriate part of the IUH situated
over this interval. fhis hydrograph can be called the time area diagram
or curve, Dividing all ordinates by the number of surface units A will

yield the IUH according to the modified rational method.(Fig.3).

area concentration
curve

time grea curve

FIG.3-MODIFIED RATIONAL METHOD

The modified rational method. shows a marked improvement when
compared with the rational method. The method can transform the design
storm to an outflow hydrograph since it is not restricted to a constant
input over the critical period.

The topography of the basin may indicate that a certain pattern
of areal distribution instead of a uniform rain must be considered as
critical. For that case the elementary areas between the time contour

lines should be weighted accordingly and this will result in a time

17



area diagram that is adjusted for the variation in rainfall intensity
(Dooge,1959). It is to be noted that both the rational method and
modified rational method consider the translation of excess rainfall
through a system of linear channels for which the time of travels are
independent of discharge rates.Nash (1958) applied the modified rational
method to a number of natural drainage basins where actual time distri-
butions of excess rain and outflow rates were available. Comparison of
computed and observed hydrographs, however, showed a serious over esti-
mation of flood peaks.

(e) Zoch model

Zoch {1934,1936, 1937) presented a runoff model which consists
of a linear storage that was fed by a rectangular block input of
uniform excess rain. He also presented soclutions for triangular and
elliptic inputs.

These inputs can be considered as the effect of translation in
particular basins(which have the appropriate shape and topography)
on an instantanecus excess rainfall. In that case the input diagrams
represent the respective time area curves.

(d) Clark model

Clark(1945} used the idea given by Zoch and presented an IUH
that was obtained by routing the time area curve through a linear
storage. He first calculated translation times and drew the time contour
lines by a bar diagram (figure 4) and the successive flow rates of
this diagram can be routed through the linear storage by the use of the
routing equation

+ pit) ( 1-etKy ...(25)
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(e) Nash model
Nash (1957) derive the IUH routing the unit impulse input thr-
ough N linear reservoirs of equal storage co-efficient and the impulse

response i.e.IUH for Nash Model is given by the equation:

1 ' '
9= Nt et K ...(26)

Nash (1960) gave the method of moment to derive the parameters
N and K. The diagrammatic representation .of Nash Model 1is shown in

figure 5,

‘1

C:l & HYOROGRAPHS
. g
tﬁr LL

LINEAR STORAGE \\
RESERVOIRS “dp 1

9n

“IGURE 5 - NASH MODEL

' (f) O'Kelly's model
- 0'Kelly (1955) concluded from his study of a number of Irish
draiﬁaée basins that the smoothing effect of storage on the time area
curve wasrso great that the latter could be replaced by an isosceles

triangle without loss of accuracy. The base of this time-area diagram

wa a L3 " .
s the time of concentration Tc and its area represented the unit

20




depth of input. 0'Kelly routed this input through one Ilinear storage in
order to find the IUH. Figure 6 shows the diagrammatic representation

of 0'Kelly's model,

INFLOW

\ -— Ut

TIME

IUH BY ROUTING AN ISOSCELES TRIANGLE

FIGuE & — O'KELLY'S MODEL

(g) Dooge model

One of the criticism that can be made of the Nash Model is that
it allows for reservoir storage effects but not for channel translation
effects present in any catchment. Dooge(1959) developed a model techni-
que which allows for translatory as well as storage effects in catchments

In brief Dooge's general analysis of linear catchment system
postulates that the output from an element of a catchment incurs a
translation delay time 7, and also passes through linear reservoirs

in its passage to the catchment outlet, N being dependent on . Dooge
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shows that the following two assumptions simplify the general eguation
for the impulse response of a system without appreciable effects on the
results.
(i) All elements having the same 1 values have the same chain of
linear storage to the outlet.
(ii) All the storages have the same storage characteristics, K.
The above assumptions yield a model system that can be represen-
ted diagrammatically as shown in figure 7.
Dooge's final equation for the impulse response of this model

to a non-uniformly distributed input can be written:

1 t/K N1 _-m dA
qlt) =— [ m__ e 7 (i ) dm ... (27)
o (N-1)! CERN
. dA )
where m = E'T ,N and gﬁr are functions of 1 , { dr )T is the

ordinate of the time-area curve at time r and i the average rainfall
intensity along each isochrone (varying only with distance from the

outlet),

Dooge(1959) presented a procedure for evaluating equation(20).

The quantity in square brackets{the Poisson probability function) is

gvailable in tables and so the integral can be evaluated numerically

for any given t value by taking increments of t from 0 to t. The

distribution of linear reservoirs (as a function of T) must be Kknown

or assumed and the time-area curve has to be found (again as a function

of T ) in order to carry out the integration. The N{ T )} distribution
may be found by moments technique outlined by Dooge(1959) or, possibly

by a Laguerre function analysis.

22




dAN
&,
q
\
‘\‘ i 7 1AM
\ JT/|
i g_:_t
l—\

FIGURE 7 - DOOGE'S MODEL

23



2.2.2 Quasi linear models

Those nonllinear models of the surface runoff system are quasi
linear models that retain many of the advantages of the linar models.
The ordinary convolution integral may be used to estimate surface runoff
from excess rainfall. However,the impulse response h{ +r )}, which is
constant for each storm event for linear models, is varied from one
event to another. The form of the impulse response is selected on the
basis of some property of the input function for that event, or as a
consequence of initial stage of the system or one of its elements. The
form of the impulse may be specified numerically or by reference to some
conceptual model.
(a} Diskin's model

Diskin(1972) suggested one quasi-linear model based on results
published by Minshall{1960). Dooge(1973) also suggested similar type
of a quasilinear model. One single curve is fitted through the set of
unit hydrographs which are plotted in a dimensiontess form U.L.Versus
{t/L) presented by Minshall as time function U(t), where L is the time
to the centroid of the unit hydrograph. Furthermore, the time to the
centroid of each unit hydrograph was found to be related to the average
intensity of the rainfall excess for the event used for deriving that
unit hydrograph. The dimensionless unit hydrograph and the curve relating
the time to the centroid and the average rainfall excess constitute
in this case the non-linear model.
{b) Singh's model

Other quasi linear models employ some conceptual model to derive
the equation of the IUH, Singh(1964) proposed a quasilinear theory
by assuming that each sub area might be represented by a two-element

cascade. The basic equation for the IUH derived from Singh's approach
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is:

1 (e-(t-T )/Kz_e'(t' R /K1 Vs (v } dt ...(28

=
—
o+
—
1]
[}
7
—
—
Qo Yoot

where wu(t) 1is the IUH cordinate at time t after occurrence of
instantaneous unit rainfall excess

K1 is the channel storage factor

K2 is the overland flow storage discharge factor

@( 1) is the ordinate of the conc.time area diagram with base

equal to time of concentration Tc ;
T is the variable travel time

In applying the model, the author reduced the number of variables
to to two, by assuming K1 =(.25. Further, the time-area diagram was
considered to be isosceles trinagle or any other standard curve.
(c)  Kulandaiswamy model

Another quasi-linear model for excess rainfall-surface runoff
relationship was proposed by Kulandaiswamy that the process was non-
linear but that the non-linear effects did not seem to be- large The

storage could be satisfactorily expressed by:

2 .
" dQ d-Q a1
S = aOQ ta gt EEZ_ + b1—a£—-+ bo i ...(29)

where the b coefficients vary randomly from storm to storm;
the coeffiCients'decrease with increase in'Qp, meaning that for major
storms the peak ié higher énd the time to peak of.the IUH lower than
for minor 6nes. A satisfactory correlation was also established for '
rainfall excess and the peak.of surface runoff.
2.2.3 Non linear storage models
| Non linear models are the models that incorporate one or more

non-Iinear'storage elements defined by an equation of the type:
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s=c Q" ...(30)
Where S is a storage element
Q is discharge and
C and m are the constants describing the element
The models fall under this category are described below:

{b) Laurenson model
Laurenson{1964) proposed a modet which uses the non I[inear

coefficient type routing equation similar to Muskingum method in ¢rder

to rout the inflow through the series of concentrated storages. The
model requires: (i) Temporal variations in rainfall excess,{ii) areal
variations in rainfall excess, (iii) different elements pass through
different amount of storage,(iv) catchment storage distributed, not
concentrated, and (v} discharge v/s storage is non linear.

The overall routing procedure for the model is:

(i} Divide the catchment into sub-catchments .

(ii) Determine the hyetograph for farthest upstream sub-catchment with
shape given by nearest recording gauge and scaled to make
haximum ordinate equal to average rainfall for sub area.

(iii) Subtract the losses from the average rainfall hyetograph in
order to get the excess rainfall hyetograph for the sub-catchment.

(iv) Convert the excess rainfall hyetograph using the equation Q =iA
where i is rainfall hyetograph ordinates and A is catchment area.

{v) Rout the inflow hydrograph obtained from step (iv) through
storage of the sub-catchment and hence the outflow from the sub-
catchment is estimated.

(vi) Develop the excess rainfall hydrograph for another sub-catchment
repeating the steps(ii),(iii) and(iv).

(vii) Add the rainfall hydrograph obtained from step(vi} (with time
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phase shift) to outflow hydrograph from upsiream.
(viii) Rout the combined hydrograph throuﬁh appropriate storage.
Mathematically, non linear routing method can be given from the

continuity and storage equation as:

S =K(a)q .- (31)
i, +1 q. +4
LL?—Z-l at - (o) 8t = S, -5, ...(32a)
or
where
Co = C1 = At/(ZK2 + at) ...{(32¢c)
C2 = (2I(1 - AT.)/(ZI(2 + At) ...[(32d)

Where K1 and K, are the storage coefficients for the discharges
q4 and 9, respectively.
An iterative procedure is used to solve the equation(32). Let

= K, and find Py redetermine K, and iterate.

Ko = &
(b) Prasad model

Prasad (1967) proposed a non linear storage model representing
the watershed system by a single non-linear storage reservoir, for which
the relationship between the storage(S) and the outflow(Q) was given,

considering the unsteady flow effects,by:

- N dQ
S = K1 Q +K2-ﬁ ...(33)
Differentiating this expression and substituting the result in

continuity equation leads-to the following expression.

2
d4%q N-1 dQ i
Kz"—z_dt + KN g Q=R ...(38)
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The equation represents the relationship between the input R(t)
to the surface runoff system and the output Q(t) of the system. It can
be solved numerically for any given input function R{t) by a numerically
iterative procedure producing the output function Q(t) which is the
surface runoff hydrograph of the watershed considered.

The equation parameters N,I(1 and K2 were correlated with basin

and rainfall characteristics by stepwise multiple correlation techniques.

2.3 Synthetic Unit Hydrograph

Bernard (1935) assumed that the peak of the unit hydrograph should
be inversely proportional to the time of concentration which is to be
proportional more or less to the length of the longest channel divided
by the square root of the slope. With this formula he calculated a
factor U for each catchment which was assumed to be proportional to the
time of concentration and plotted U against the ordinates of the one day
unit hydrograph at one day, two days etc. after the rainfall. These
plottings were made on logarithmic paper and the points approximated
by parallel straight lines. One straight line was drawn to approximate
all the points representing ordinéies of the one day unit hydrograph
on the first day after the rainfal, another line was drawn for points
representing the second day ordinates etc. To obtain the ane day unit
hydrograph for a catchment, the value of U for that catchment is cal-
culated and entered on the chart. Then the ordinates on the first day,
the second day etc. after the rainfall can be read off using the
appropriate lines on the chart. Since only one measure of the catchment
was used, therefore, the basic shape and scale of the unit hydrograph
must be determined based on this measure. One day unit hydrograph having

the same peak are identifical in Bernard's work and hence the method
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is one parameter. Bernard used the data of six catchments of areas
ranging from 500 to 6000 square miles of United States.

McCarthy(1938) used the basic data consisted of twenty two 6
hour unit hydrographs for catchments of areas ranging from 74 to 716
squares miles. The catchment characteristics used were area, overland
and stream pattern. Area was accounted for by converting the unit
hydrographs and the catchment characteristics to the corresponding
quantitites for 'model' catchment of 10 square miles by using the Froude
model law. In order to calculate the overland slope, the area above
each contour was plotted against the level of that contour, and ﬁhe
mean slope of this area-elevation curve was taken as the overland
slope. This quantity being area divided by length, has the dimemsion
of length and has, therefore, to be multiplied by the length scale in
converting to the model catchment. The stream pattern number has been
assumed to be unity if no stream has a tributary draining more than 25%
of the total catchment area, to be two if these are two tributaries

of approximately equal size draining at least 50% of the total catchment

area,to be three 1f tnese tributaries drain 7%% of the total
catchment area.
The peaks of the unit hydrographs for each

catchment has been plotted on Logarthmic paper

against the slope of the respective catchment, and each point is marked
with the appropriate stream pattern number. A best fit curve has.been
drawn for each of the three stream numbers through the points of that
stream number. McCarthy did not attempt to correlate any characteristics
of. the unit hydrograph with the catchment characteristics; instead, the
correlated the lag from the beginning of rainfall to the peak, and the
time base of the unit hydrograph separately, with the unit hydrograph
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peak. In expressing the lag and time base of the unit hydrograph as
functions of the peak he implicitly assumed that all unit hydrographs
having same peak are identical. The resulting relationship may be
classified as one parameter. The use of model law implies that the
response of small catchments are similar to the large catchments. This
assumption is hardly tenable when one considers that the time of flow
through soil or overland before entering defined channel is probably
much the same in small as in large catchments, the only difference in
delay time deriving from larger periods of channel flow on the large
catchments.

Snyder FF(1938) sought relations between the lag from the centre
of area of the effective rainfall diagram to the peak of the storm runoff
and the product L'.CA where L denotes the length of the longest water
course to the catchment boundary and LcA denotes the length, by the
channels, to the centre of area of the catchment. Like McCarthy, Snyder
found relations between the lag and other UH parameters. As only a
single UH parameter was used, the relationship is 'one parameter'.

Taylor and Schwarz(1952) used the catchment characteristics
those were used by Snyder, with the addition of the average slope of the
main channel. They had used the data of twenty catchments ranging from
20 to 1,600 square miles in area and for each catchment, several unit
hydrographs of different durations. The peaks of the unit hydrographs
of different durations for each catchment were correlated with the

duration of the unit hydrographs and a set of curves obtained of form:

mT
T). = .o (35
U )p U(O)pe (35)
Where U(T)p is the peak of the unit hydrograph of duration T;
U(o)p is the peak of the IUH, and m is an empirical parameter, constant

for each catchment. Since the relation between the peak of the unit
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hydrograph of duration T and the peak of the IUH is a function of the
shape of the IUH, the value of m is clearly an index of the shape of
the IUH.

In the next step the peak of the IUH and the shape factor m
were plotted separately against the catchment characteristics. The

1/2 0.3 { e.the peak of the

equations were U(o)p =1/S and m « (LLcA)
instantaneous unit hydrograph was found to be a function of the main
channel slope, and the shape of the instantaneous unit hydrograph was
found to be a function of the catchment length. This, therefore, is a
'two parameter' relationship.

0'Kelly(1955) assumed that the instantaneous unit hydrograph
could be obtained by routing an isosceles triangular inflow of the
anit volume and of base length T hours through storage described by
5=KQ. T and K are two parameters to derive the instantaneous unit
hydrograph based on 0'Kelly's approach. The catchment characteristics
used were area and overland slope. O'Kelly, like McCarthy, assumed that
area could be allowed for by the Froude model law. All values of T and
K were modified to correspond with a catchment of 100 sq. miles area.
These modified values of T and K were plotted against the overland
slope which was defined as the median value of the maximum slope occur-
ingring at the intersections of a grid of square mesh imposed on a map
of the catchment. 0'Kelly's conclusion was that the modified T and K
could both be expressed as nominal powers of the slope i.e. T=AsE

b where s denotes the slope, and A,B,C and D are empirically

and K=Cs
derived constants. If B and D were equal, then T/K would be a constant
A/C, and the shape of the instantaneous unit h'ydrograph would have been
fixed as suggested by Commons. Infact O0'Kelly used slightly different

values of B and D and so obtained a basic shape which varied slightly
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with the catchment slope, and consequently with the unit hydrograph
parameter K. However, the evidence for varying the basic shape with
catchment - slope was inadequate and practically equally good results
could be obtained by using Common's approach.

Clark(1945) suggested a procedure to derive instantaneous unit
hydrograph by routing the time-area diagram of the catchment having
base length equal to time of concentration of the catchment through a
single linear reservoir. Therefore, the method requires knowledge of
two quantities, T and K in addition to the time-area diagram of the
catchment. Clark pointed out that the parameters T and K might be
related but relating T and K separately with the catchment characier-
istics would provide the set of parameter values, T and K, which in
addition to time area diagram could be used to derive the instantaneous
unit hydrograph for the catchment.

Minshal (1960) used the two parameters, peak rate and time to
peak, of the unit hydrograph and pointed out that these two parameters
were dependent on rainfall intensity and storm pattern. He presented
a method for constructing a synthetic unit hydrograph for small drainage
basins involving emperical relationships for the percentage of the
peak rate at times before and after the peak rate in terms of the rain-
fall intensity and drainage area.

Nash (1960) related the first and second moments of the TUH
with the topographical characteristics of the catchment for some English
basins. He tried various forms of the relationships using different
catchment characteristics but the final relationships obtained were of
the form:

0.3

ne 20.7 203 5703 -0.2

-0.1

S and m2=1.0 m, S ...(36)

where, M, is the first moment about the origin,
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m2 is the ratio of the second moment about the centroid to m21

A is the drainage area (square mile) and

S is a measure of overland slope

The relationships between model parameters and .the moments of
IUH could be solved in order to get the parameter values, N and K, for
the catchment. Then, the general equation for the unit hydrograph would
be used to obtain the unit hydrograph of the catchment. The form of the
equation is:

1
u(T,T)= —#I(N,E/K) -1 (N )

where (N,t/K) is the value of the incomblete gamma function of order N
at t/K, and T is duration of effective rainfall.

Gray (1961) used two parameter gamma distribution equivalent to
the expressions developed by Edson{(1951) and Nash(1958) in order to
fit dimensionless unit hydrographs. The form of the relationship

suggested by Gray is:

G _25.0(r)% (orit/pp) ()0 .. (38)
Py T4 R

Q
where;ﬁf-is the % of flow/0.25 Pp at any given t/Pp value,

PR is the period of rise from the beginning of surface runoff
to the peak discharge,

r' is a dimensionless parémeter equal to the product r PR’

q is a shape parameter,

r is a scale parameter,

T' denotes the gamma function and

e is the base of the natural lograithm

The time of rise, PR was found to be a significant parameter.
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The storage factor K or PR/r', was significantly correlated with the

watershed characteristics L/ /SC, where L is the length of the stream

& Sc is the channel slope. Then the parameter r' was purely emperically
related to the t}me of rise PR. As a result, it was found that for
uniformly distributed, short duration, high intensity storm over small
watershed areas, the unit-hydrographs could be derived from the water
shed characteristics, L//SC.

Eagleson(1962) related the lag time, peak discharge and width
of the unit hydrograph at some percentage of the maximum discharge to
basin and sewer characteristics. The excess rainfall was determined
from R.E.=(1-A)P, where A is the slope of a precipitation loss curve
i.e.losses v/s P.Lag time was theoretically computed by means of a
weighted Mannings relationship and the mean travel distance. Peak
discharge was correlated with mean basin slope; and the unit hydrograph
base width, W_ and the widths at 50% and 75% of Q

0
analytically as functions of Q

max Were expressed

max”
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3.0 STATEMENT OF THE PROBLEM

The unit hydrograph is a simple tool being widely used in deter-
ministic hydrology to study the peak as well as time distribution of the
runoff resulting from the rainfall records. Since the’large number of
techniques for finding the unit hydrograph are available in literature,

therefore, some detailed investigations are required, for some of the

methods which are frequently being used in practice for deriving the

U.H., in order to see their applicability and limitations. The main
purpose of the present study is to predict the discharge hydrograph for
different storms of a particular catchment using its representative
unit hydrograph derived from the different methods and to compare their
performances on the basis of some criteria. The following methods are
used in the study:
(a) Parametric System Synthesis

(i) Nash's model

{ii) Clark's model

(iii) Singh's model
(b) Non-Parametric system analysis

(i) Collin's method

(ii) Least square method

The rainfall-runoff data of six catchment of Godavari basin

subzone 3f are analysed using the above methods.
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4.0 DESCRIPTION OF THE STUDY AREA

4.1 Topography

The lower Godavari subzone 3f is essentially a sub humid region
having mean annual rainfall varying between {1000mm to 1600 mm. The sub
zone 3f covers parts of areas in the states of Maharashtra, Madhya
Pradesh, Andhra Pradesh and Orissa. The subzone 3f extends from long--
itude 96° to 83° east and latitude 17° to 23° North, and is approximately
L-shaped. The lower Godavari subzone 3f has a complex relief. Plains of
medium heights upto 150m exist near the main Godavari river in its
lower reaches. Higher plains between heights of 150 m to 300 m cover
most of the upper reaches. The western part of the subzone and north
of Nagpur is the zone of the low plateau in the range of 300 m to 600m.
The south-east and north-west portions of the subzone cover high plateaus
in the ranges of 600 to 900 metres, and there are hills and higher
plateaus ranges from 900 to 1350 m in the south eastern part of the sub

zone.

4.2 Meteorology and Climatology

4.2.1 Rainfall

The subzone having a continental type of climate cold in winter
and very hot in summer received most of the rainfall from the south west
monsoon(June to September). A small portion of the sub zone on the
south-east wind gets rain from north east monsoon (November-December)

besides short duration thunder storms.
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4.2.2 Temperature

The greater part of the sub zone has an average annual temperature
varying from 25°C to 27.5°C. The minimum temperature in the sub zone
varies from 2.5°C to 12.5°C. The maximum temperature recorded varies
from 4890 to 47.5°C. The minimum temperature is recorded in:; the month

of December and the maximum temperature is recorded in April.

4,2.3 S0il

The broad soil groups in the subzone are red soils and black
soils. The red soils are either classified in to red sandy, red loamy
and red yellow soils. Black soils are classified as deep black, medium
black and shallow black soils. The black soils are ciayey in texture
and are derived from trap rocks. The texture of the red soils vary
considerably from place to place and are derived from all types of rocks.
Sandy textures predominates the red scil groups. The soil type may vary

considerably from catchment to catchment.
4.2.4 Land use

More than 50% of the area 1s covered by forest and only 25%

of the area is arable land.
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5.0 DATA AVAILABLE FOR THE STUDY
The data available from the source may be described in the follow-
ing form:-
(a) Catchment plans and catchment characteristics
(b} Hourly rainfall data from raingauge in the catchments
specially installed for the purpose
(c) Hourly discharge values

(d) Thiessen weight of each raingauge stations

5.1 Catchment Characteristics

The location of Lower Godavari basin subzone 3f in the map of
India is shown in figure 8. The maps showing catchment plans of catch-
ment Br.No.807/1,51,604/2, 228, 566 and 969/1 are given in figure 9,
10,11,12, 13 and 14 respectively. The catchment characteristics namely
length of the main streams, distance of centre of gravity to the outlet
along the main stream, catchment area and average slopes for each six

catchments considered for the study are given in Table 1.

5.2 Raingauge Stations
The complete details of raingauge stations for each storms of
different catchments may be found in table 2 and corresponding Thiessen

weights are also mentioned in the same table.

5.3 Rainfall-Runoff Data
The data of the rainfall and runoff at hourly intervals are

collected from C.W.C.,New Delhi for the six catchments. The number of

38




storms which are anaiysed for each catchment may be found in table 3.
Converted hourly discharge values from stage-discharge curve
are supplied along with the measured stage. The rainfall is measured
in inch/mm and discharge is expressed in cusec/cumec. Single peak
hydrographs having fairly uniform rainfall are considered for the present

analysis.
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Table 1t - Catchment Characteristics

Catch.No. Catctment Area(A) Length of main Distace of  Slope LIS
stream (L) CG.toat S
let (L)

ki kn km mm_ x10*
807/1 823.62 67.20 25.75 0.00228  3.624
51 86.76 23.78 10.06 0.001299  0.663
604/2 340,52 45,95 20.44 0.00193  2.138
969/1 208.48 24,94 6.76 0.00207 0.3/
228 483.03 42.00 18.00 0.008 1.3
566 137.21 19,55 8.3 0.004917 0.233
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Table 2 - Details of Rain Gauge Stations

Catchment  No.of Rain Name of Rain Gauge Theissen
gauge stations stations Weight
807/1 5 1. Bazargaon 0.156
2. Mohgaon 0.181
3. Kanholi 0.272
4, Khairee 01N
5. Gumgaon 0.220
4 1. Bazargaon 0.156
2. Mohgaon 0.22
3. Kanholi 0.337
4, Khairee 0.287
7 1. Bridge site 0.0614
2. Takal Ghat 0.986
3. Amgaon 0.15594
4. Kanholi 0.16599
5. Mohgaon 0.13078
6. Khairee 0.23135
7. Bazargaon 0.15594
8 1. Bridge site 0.0404
2. Takal ghat 0.0905
3. Gumgaon 0.1308
4. Amgaon 0.1056
5. Kanholi 0.170
6. Mohgaon (0.1358
7. Khairee 0.1710
8. Bazar Gaon 0.1559
51 1 Nishat Khera 1.00
2 1. Nishatkhera 0.932
2. Bridge site 0.068
604/2 4 1. Dongargaon 0.134
2. Walni 0,380
3, Bhilvargondi 0.316
4, Dhanoli 0.170
6 1. Katol 0.257
2. Metpangara 0.119
3. Bhilwargondi 0.177
4, Saenga 0.189
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Table 3 - Rainfall-Runoff Data

Catchment
No.

No.of storms
analysis

Date of storms

807/1

51

604/2

963/1

228

9

12

i.22.7.66 at 9 hrs, to 23.1.66 at 4 hrs
i .24.7.67 at 19 hrs to 25.7.68 at 17 hrs
111.4.7.68 at 17 hrs to 5 .7.68 at 2 hrs.
iv.6.9.69 at 1 hr to 7.9.69 at 7 hrs.
v.10.8.70 at 1 hr to 10.8.70 at 20 hrs
vi.22.6.7% at 23 hrs to 23.8.71 at 22 hrs
vii.22.8.73 at 12 hrs to 23.8.73 at 11 hrs

/ii1.16.9.73 at 14 hrs to

17.9.73 at 13 hrs

ix.9.8.73 at 12 hrs to 10.8.73 at 13 hrs

i.17.9.69 at 13 hrs to

18.9.69 at 6 hrs

ii.5.9.66 at 17 hrs to 6.9.66 at 19 hrs

iii.5.10.71 at 21 hrs to
iv.4.8.73 at 2 hrs to 4

6.10.71 at 19 hrs

.8.73 at 20 hrs.

v.9.8.73 at 12 hrs to 10.8.73 at 11 hrs.

vi.13.7.73 at 17 hrs to
i.26.8.59 at 13 hrs to

14.7.73 at 18 hrs
27.8.55 at t hr

ii.5.9.59 at 12 hrs to 6.9.59 at 15 hrs

ii1.12.9.59 at 16 hrs to

13.9.59 a3t 8 hrs

iv.3.8.60 at 22 hrs to 4.8.60 at 16 hrs

v.11.8.62 at 4 hrs to 12.8B.62 at 3 hrs
vi.1.7.63 at 16 hrs to 3.7.63 att 7 hrs
vii.2.7.63 at 17 hrs to 3.7.63 at 7 hrs

viii.28.7.63 at 15 hrs to
ix.29.7.63 at 13 hrs to

29.7.63 at 13 hrs
30.7.63 at 12 hrs

i.3.7.69 at 16 hrs tc 4.7.69 at 12 hrs

ii.14.7.73 at 11 hrs to
11i.7.9.69 at 22 bhrs

15.7.73 at 9 hrs
to 8.9.21 hrs

iv.11.6.70 at t hr to 11.6.70 at 20 hrs

1.17.7.66 at 13 hrs to

18.7.66 at 12 hrs

ii.22.7.66 at 8 hrs to 23.7.66 at 8 hrs

iii.2.8.67 at 24 hrs to

3.8.67 at 20 hrs

iv.13.9.68 at 2 hrs to 14.9.68 at 19 hrs

v.15.8.69 at 15 hrs 1o
vi.21.9.69 at 14 hrs to
vi1.9.8.70 at 17 hrs to
viii.23.8.71 at 14 hrs to
ix.27.6.72 at 16 hrs to
x.4.7.73 at 10 hrs to
xi.7.7.73 at 18 hrs to
xii.17.7.73 at 22 hrs to

43

16.8.69 at 16 hrs
22.9.€9 at 14 hrs
10.8.70 at 6 hrs
24.8.7% at 13 hrs
28.6.72 at 15 hrs
5.7.73 at 14 hrs

8.7.73 at 24 hrs -
18.7.73 at 24 hrs



566 ‘ 6 i.25.7.61 at 1 hr to 25.7.61 at 12 hrs

11.8.8.62 at 6 hrs to 8.8.62 at 24 hrs
111.10.8.62 at 6 hrs to 10.8.62 at 24 hrs
iv.10.8.62 at 24 hrs to 11.8.62 at 17 hrs
v.24.7.64 at 12 hrs to 25.7.64 at 15 hrs
vi.15.8.65 at 17 hrs to 16.8.65 at 11 hrs
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FIGURE NO- 11 CATCHMENT AREA PLAN OF BRIDGE NO.604/2 SUBZONE 3f

48




FIGURE NO- 11 CATCHMENT AREA PLAN OF BRIDGE NO.604/2 SUBZONE 3f
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6.0 METHODOLOGY
6.1 Derivation of Unit Hydrograph Using MethodsVOther Than Clark Model

6.1.1 Estimation of effective rainfall and direct surface runcff

Since continuous rainfall is measured at different points within
or near the catchments by means of standard autographic recorders,
the data of rainfall are available at hourly interval for different
sites within or near the catchmehts; thiessen polygons have been drawn
around the locations of raingauge stations and Thiessen weights have
been calculated(The weights for different stations were also provided
by CWC, New Delhi alony with the data). Mean hourly values of rainfall
during the storm are obtained by taking the weighted mean of the
observed values at different stations. The next step is 1o separate
the storm runoff from the total flood hydrograph. A number of methods
for baseflow sebaration nave been proposed in the literature. They are
almost all lacking 1in any physical justification and are generally
arbitrary. The method used in the analysis was to draw a line from the
rising point of the hydrograph to the recession point on the falling
limb of the hydrograph. A' trial and error procedure was adopted to
locate the starting péint of rising hydrograph to be the same as the
start of the effective rainfall. The ¢ index method was used to separate
effective rainfall and infiltration rate was determined by a trial and
error procedure such that the volume of effective rainfall equalled the

volume of direct runoff.
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' 6.1.2 Estimation of Unit Hydrograph

(a) Collin's method
It is a method based on trial and error techniques. The method

was suggested by Collin's in 1939. The technique is very useful since

it may be used to derive the unit hydrograph from complex storms i.e.

the storms having consecutive periods of varying rainfall intensity.

This technique involves the finding of a set of co-efficients for a

rain occuring in more than one time interval by a series of trial and

error approximations. The basic. steps of the method are:

(i) Assume a unit graph by considering all rains combined into-one
average rain and apply it to all effective rains except the
largest.

(ii) Subtract the resulting hydrograph from the actual -hydrograph of
of the surface runoff and reduce the residuals to unit graph
terms.

(iii) Use the weighted co-efficients as a revised approximation for the
next trial. The weights are given as the ratio of all effective
rains except the largest one to the total rainfall for the first
trial coefficients and the ratio of largest rainfall to the total
rainfall for the unit graph obtéined from step(ii).

(iv) Repeat step (i),(ii) and (iii) until the residual unit graph is
in agreement with the assumed unit hydrograph.

(b)  Nash model
Nash considered that the IUH could be obtained by routing the

unit impulse input through a cascade of linear reservoirs with equal

storage coefficient. The_outflow from the first reservoir is considered
as inflow to the second reservoir and so on. The equation for the IUH

requires the estimation of the two parameters, N and K, to obtain the
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IUH ordinates. The unit hydrbgraph for a sbecified duration may be

obtained using the relation between IUH and UH. The parameters N and

K are estimated from observed rainfall and discharge using thq,follbw-

int procedure:

(i) Estimate effective rainfall and direct surface run-off using the
procedure as described earlier.

(ii) Estimate the moments of effective rainfall and direct surface

th

rungff. The general equation for the n moment of effective

rainfall about the origin is:

I ... (39)

m
by
=1 71

MERHy = 42 T3 %0/

th

and for the n~' moment of direct surface runoff about the origin is:

m

T P51 n, "o, 40
MDRH = aE SR L R i+1
n i=1 2 i jsf — 73— ...(40)
where
. is the direct surface runoff for the ith interval,

i
M is the number of direct surface runoff ordinates,

m is the number of excess rainfall blocks,

th

n is the n*" moment about the origin and

th

ti is the time tq the mid point of the i interval from the

origin.
(iii) Compute the first and second moment of effective rainfall and
“ direct runoff using the equations mentioned in stepfd. Solve
the following two equations to estimate N and K:
- MERH, = NK ...(41)

1 1

, - MERHy= N(N+1) K2 + 2NK MERH, ...(82)

After getting the parameters, N and K, the IUH ordinates may be

MDRH
and MDRH
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obtained using the equation:

H() = —— ek VT eV ... (43)
KTN
and the unit hydrograph of duration T hours is given &s:
BT, t) =TT E/K) = TN, (£=T)/K)] .. (48)

where I(N,t/K) is the incomplete gamma function of order N at

(t/K). A subroutine for estimating the incomplete gamma function

is available on VAX-11/780 system.
(c) Singh's model

Singh, K.P.proposed the routing of time area diagram having base
" equal to time of concentration through two unequal linear reservoirs to
get IUH for the watershed. Thus the model 1s three parameter model i.e.
storage coefficients K1 and K2 and time of concentration TC provided
time area diagram for the catchment is known. Singh{1964) suggested
that the parameter I(,I may be considered-equal to 0.25 and hence the
model's parameters reduce to two from three. The discretely coincident
form of Singh's model for pulsed inputs are given by the equation

(0'Conner 1982):

o(8) v, = ©(8) X, ... (452)
where ¢(B) = (1-q1B) (1-q28) ...(45b)
5 (B) = e, 48, B, Gy = e T gpee R ... (45¢)
.\ . ["1“11'” “KaloD) ...(45d)
o K2 - K1
o .o Kylap-1) a4-Ky(ay-1)a; 4 ... (45¢)
Ty E K=,

where

Ky = 0.25 (first reservoir storage coefficient),
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K2 is second reservoir storage coefficient,
T is the sampling interval,
Xm is the intensity of the (m+1) st input of pulse of duration

T,m=0,1,2 and

Ym is the sampled output function

In the equation (45a), Xrn represents the time area diagram
sampled at T-hour sampling interval in the form of pulsed input and
Ym represents the sampled pulse response of the Singh's model. The
base length of the pulse form of time-area diagram is the time of
concentration of the sub-basin. The time-area diagram for the sub-basin
is estimated using the relations of HEC-1 programme i.e. .

AL= 1.414(Tp) - for 0 ¢ Tp < 0.5 ... (46)

R
15 for 0.5 « Tpel ... (47)

1-AL = 1.414 (1-Tp)
where Al is the cumulative area as a fraction of total sub-basin
area and TR is the fraction of time of concentration.

The two parameter K2 and TC are estimated optimizing the sum of
squares of the difference between observed and computed direct surface
runoff using Quasi-Newton Method optimization where search of the para-
meters are made in the direction of gradient of the error function
in order to get optimum value of the parameters.

(d} Least square approach(matrix method})

The eguation for the least square estimates of TUH with isolated

event data is (Bruen 1983):

(XX +aD)h = xTy ...(48)
where
X is the convolution matrix,
h is the ordinate of unit hydrograph for the sub-basin derived

using the rainfall -runoff data,
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o js the regularisation factor and

y is the vector of the direct runoff

Subroutine KER6TM is used to estimate the pulse response for a
discrete, linear, time-invariant single input, single output system.

The data may consist of one or many records of input and output time

series for the system. The methodology used for estimating unit hydro-

graphs using the above approach are breifly described here as below:

(i) Estimate excess rainfall and direct surface runoff for each storm
events of the sub-basin.

(ii) Produce the auto and cross product series required for definition
of the matrix x"x and vector xTy.

(iii) Use Farden's algorithm to estimate the pulse response.

(iv) If the derived pulse response is not realistic in shape, the
value of K may be increased and previous steps may be repeated.
However, the realistic pulse response is estimated after smooth-
ening the pulse response obtained from step (iii) manually in

the analysis.
6.2 Derivation of Unit Hydrograph using Clark Model

6.2.1 Method of estimating excess rainfall

There are different options available in HEC-1 to estimate excess
rainfall excluding the component of rainfall which has been lost.
Out of these, the simple option i.e.Uniform loss rate optieon
has been used for the present study. In this option, there are two
parameters STRTL and CNSTL. Here STRTL represents the initial loss
rate and CNSTL represents the uniform loss rate. These parameters may

be fixed or optimized alongwith other parameters depending por -ie
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User's desire. The objective function is weighted sum of squares of
the difference between observed and computed runoff. Mathematically,
the objective function may be expressed as:

n
STOER =

» (QoBs, - QcoMP, )% X WT /n ...(49)
where, STDER is an objective function which is to be minimised.
QOBSi is the observed runoff hydrograph ordinate i,
QCOMPi is the runoff hydrograph ordinate for time period i
computed by HEC-1
n is the total number of hydrograph ordinates and
NTi 1s the weight for the hydrograph ordinate i computed from
the following equation
WT, =(QOBS, + OAVE)/(2* QAVE)
where QAVE is the average computed discharge

For the present study, the initial loss is assumed to be zero

and constant loss parameters CNSTL has been optimised.

6.2.2 Method of estimation of direct surface runoff

The method used for separating the base flow from discharge
hydrograph in order to get direct surface runoff is somewhat different
from the method used in case of the other techniques. The procedure
used in HEC-1 for separating the baseflow require three input para-
meters, STRTQ,QRCSN and RTIOR. The relation between the stream flow
‘ hydrograph and these variables are shown in figure 1%,

Here, the variable STRTQ represents the initial flow in the river
and it is affected by the long term contribution of ground water
releases in the absence of precipitation and is a function of antecedent

conditions. The variable QRCSN indicates the flow at which an expo-

58




DISCHARGE

STARTING
FLOW

FIGURE 15 - BASE FLOW SEPARATION (HEC-1 APPROACH)

R

RECESSION
THRESHOLD
DIRECT

SURFACE RUNOFF

TRANSFORMED TO

RAINFALL SNOWMELT
SUBBASIN RUNOFF

ECEssion

OF STARTING™ Fi 5o

G FLO

TIME

59




nential recessions begins on the recession 1limb on the computed hydro-
graph. Recession of the starting flow and falling limb follow a spe-
cified exponential decay rate, RTIOR, which is assumed to be a char-
acteristics of the basin. RTIOR is equal to the ratio of recession
limb flow to the recession limb flow occurring one hour later.

The program adjust RTIOR to the time step of the particular
simulation and computes the recession flow § as:

Q = Qo (RTIOR)"

Where Qo is STRTQ or QRCSN, and n is the number of time intervals
since recession was initiated. QRCSN and RTIOR can be obtained by
plotting the recession limb observed flow on log scale and time on
simple scale, The points at which the recession limb begins to depart
from straight line is used to define RTIOR. Other alternative available
in the programme is that QRCSN can be specified as a ratio of peak flow.
For example, the user can specify that exponential recession is to
begin when the falling limb discharge drops to 0.1 of the calculated
peak discharge.

The rising limb of the stream flow hydrograph is adjusted for
baseflow by adding the recessed starting flow to the computed direct
runoff flows. The falling limb is determined in the same manner until
the computed flow is determined to be less than QRCSN. At this point
the time at which the value of QRCSN is reached is estimated from the
computed hydrograph. From this point, the stream flow hydrograph is
computed using the recession eguation unless the computed flow rises
above the baée flow recession. This is the double peaked hydrograph case
‘where a rising limb of the second peak is computed by combining the
starting flow recessed from the beginning of the simulation and direct

runoff.
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6.2.3 Estimation of time area diagram
In HEC-1 there are two options available for time area diagram.
One can supply the time area diagram and, if not, the programme itself

estimates the time area diagram using the equations{46) and (47).

6.2.4 Estimation of unit hydrograph

The resulting hyetograph form of time-area diagram is routed
through a linear reservoir to simulate the storage effects of the basin
and the outflow at the out let of the basin represents the IUH. The

linear reservoir routing is accomplished using the general equation:

u(t + 1} = CA* I(t) + CB* u(t) ...(51)
where CA and CB are the routing coefficients.
u{t<1) is instantaneous flow at end of period
u(t) is the instantaneous flow at beginning of period
I(t) is the time area diagram
The routing coefficient CA and CB are calculated from:

CA = S .t ... (52
(B = t-CA ...(53)
where &t is the computational interval (hrs) and R is the basin
storage factor in hrs.

The ordinates for one hour unit hydrograph are estimated aver-

aging the ordinates of IUH ordinates at hourly interval.

6.3 Estimation of Direct Surface Runoff Using Unit Hydrograph

If the excess rainfall as an input consists of a series of pulses
of duration T and U(j) is the system response(UH) to a unit pulse
input of duration T, then the computed direct surface runoff is obtained

using convolution summation:
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fore,

It =

U(3) x X{L-j+1) ...(54)

! 1

m
Q = I
i=1

where Qi is the computed direct surface runoff,

U(j) is the ;" ordinate of UH of duration T hours,

X(i) is the excess rainfall for computation interval i which is
of T hour duration and m is the number of rainfall blocks.

Since the rainfall data available is at hourly interval, there-

it is assumed as a pulse form input of duration one hour and

convolution summation is used.

6.4

Comparison of Different Methods

The methodologies of different methods which are used for the

present analysis are compared as follows:

(1)

The Collin's method and least square method derive unit
hydrograph relating excess rainfall-direct surface runoff of
different storms while Nash, Clark and Singh models derive the
instantaneous unit hydrograph using certain number of parémeter
values estimates from the observed records. Then the relation-
ship between IUH and UH is utilised to estimate the unit
hydrograph.

The methodology adopted for base flow separation in Clark Model
is different than that of adopted for the other methods.

UH estimation procedures are different for each of the methods.
Uniform loss rate is optimised in Clark Model while it is an

initial estimate in other methods.
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6.5 Perfarmance Criteria for Comparison

The same set of data of each catchments are used for the five
methods in this study. Naturally the best c¢riterion is how well these
methods produce the events. This has been achieved by convoluting the
effective rainfall increments with the derived unit hydrograph and
comparing the reproduced hydrograph with the observed hydrograph. As
time to peak and peak discharge are two important parameters of the
observed hydrograph, these have also been included as criteria for
comparison. Inspite of some differences in methodologies of the differ-
ent methods as discussed in section 6.4, it is worthwhile to compare
the results on the basis of some criteria for comparison and draw some
conclusions from that. The following criteria have been employed for
studying the relative merits of the different methods:

{i) The efficiency of the method which is defined, mathematically,as:

Fo - Fy
EF =—-F-O— ...(553)
F z 2 {55b)
= T = ...
07 o1 (Qgi - @
where n ( )
2 ...{55¢c
Fyo= T (Qor Q)

i=1
EF = Efficiency of the method,
Qpy = ith observed ordinate,
Q = the fean of the observed hydrograph,
QCi = ith computed hydrograph ordinate using the particular
method, and
n = number of discharge hydrograph ordinates
{ii} The percentage errors in reproducing .the peak which is the ratio
of the absolute difference between observed and computed peak

and observed peak i.e.mathematically:
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(iii)

(iv)

Q

PAEP = |Qpg ~ Qpgl / Qpg x 100 ...(56)
where, PAEP is the percentage absolute error in reproducing
the peak
QPO is the observed peak, and
QPC is the computed peak
The percentage errors in reproducing the time to peak which is
defined as the ratio of the absolute difference between observed
and computed time to peak and observed time to peak,i.e.mathe-
matically:

PAETP=[Q7po- Qrpg | tippg X100 ...(57)
where, PAETP is the percentage absolute error in time to peak,
QTPO is the observed time to peak (hrs}, and
QTPC is the computed time to peak(hrs)

The average standard error which is defined as the root mean
squared of sum of the differences between observed and computed

hydrographs. Mathematically,

4}

= v,z -0
SE = i=] (Qoi Qci)

2 ... (58)

where

SE is the average standard error,

th

Qoi is the i ordinate of observed hydrograph,

th

is the i ordinate of computed hydrograph, and n is the

ci
number of ordinates.
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7.0

7.1

ANALYSIS

Analysis Using Collin's Method

Storms, excess rainfall,direct surface runoff data of catchments

are used to estimate the representative unit hydrograph which is then

used to predict the discharge hydrograph of calibration storms and the

independent storms not used in calibration. The steps used in the

analysis are:

(1i1)

(iv)

(v)

(vi)

7.2

Estimate unit hydrograph using Collin's method as described in

section 6.1.2(a) for each storms used in calibration.

Calculate average peak and time to peak of the unit hydrograph and
an average unit hydrograph is derived having the average peak
& time to peak.

Use the average wunit hydrograph obtained from step (ii} to

to reproduce the storms used in calibration,
Use the average unit hydrograph to test the reproduction of the
independent storms.

Calculate the error functions in reproducing the storm hydro-
graphs.

Repeat step (i} to (v) for each of the six catchments.

Analysis Using Nash Model

The available set of data is used for the model calibration

and te§ting in the following steps:

(1)

Estimate excess rainfall and direct surface runoff for each
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storm of the catchment using the procedure described 1in

section 6.1.2(b).

(ii) Calculate N and K for each of the storms selected for
calibration applying the method of moments for storm excess
rainfall and runoff data.

(iii) Estimate average values of N and K taking geometric mean
of the values N and K for the storms considered in the
calibration. The parameter values which are not consistent, in
comparison to the parameters of the most of the storm
events, are discarded while taking the geometric mean.

(iv) Test the performance of the model reproducing the independent
storms hydrographs, which are not included for cali-
bration, with average values of the parameters N ‘and K.

(v) Reproduce the hydrographs of those storm events, which are
used in calibration, with average parameter values.

(vi) Compute the error functions in reproducing the storms.

(vii) Repeat from step (i) to (vi) for each catchment.

7.3 Analysis using Singh's Model
The calibration and testing cf Sinch's model has been done

as follows:

(1)

(i1)

(i1i)

Estimate excess rainfall and direct surface runoff for each
storm of the catchment using the procedure as described
earlier.

Take the parameter K170.25 for each storm.

Fstimate the optimised parameters K2 and TC for the catchment

minimizing the sum of square differences between observed
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(iv)

(v)
(vi)

(vif)

(viii)
7.4

follows:

(i)
(i1)
(iii)
(iv)

(vi)

and computed direct surface runoff for all of the storms
used in calibration using Quasi Newton method for optimization
The optimized parameters K, and T. alongwith K,=0.25 are
used to derive unit hydrograph.Cbtain the representative unit
hydrograph using the average parameters.

Use the representative unit hydrograph obtained from step
(iv) to reproduce the storms used in calibration.

Use these parameters to test the reproduction of independent
storms.

Calculate the error function in reproducing the storms.

Repeat the steps (i) to (vii) for each catchment.

Analysis using Least Squares Approach

The analysis procedure using least square approach are as

Estimate excess rainfall and direct surface runoff for each
storm of the catchments using the procedure described earlier.
Use the methodology discussed in section 6.1.2(d) to estimate
average unit hydrograph using the data for calibration storms.

Predict the storms used in calibration with the average unit

hydrograph derived from step (ii).
Use the average unit hydrograph to reproduce the test storms.
Calculate the error functions in predicting the storms.

Repeat step (i) to {v) for each catchment.
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7.5

(1ii)

(iv)

(v}

(vi)

{vii)

(viii)

(ix}
{x}

Analysis using Clark Model (HEC-1 Approach)

HEC-1 loss rate optimization programme is used to calibrate
and test the model as in following steps:

Estimate excess rainfall and direct surface runoff for each
storm of the catchment as described in sections 6.2.1 and 6.2.2
Calculate R/(TC+R) for the storms wused in calibration
optimising both Tcand R.

Calculate average value of-R/(TC+R) for the catchment.
Optimize both T.and R, having average value of R/(Tc+§)
for each storms used in calibration. Hence estimate (TC+RL
Calculate average value of (TC+R) by taking the geometric
mean of the consistent values.

Having average valueR/(T_+R) and using average (T +R) value
of a catchment, calculate average TC and R.

Use the average Tc and R obtained from step (vi) to predict
the storms used in calibration.

Use the average TC and R to test the reproducticn of indepen-
dent storms.

List the error functions in reproducing the storms.

Repeat the step (i) to (ix) for each catchment.
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8.0 DISCUSSION OF RESULTS

8.1 Comparison of Unit Hydrograph

The unit hydrographs are derived by the five methods for the
six catchments of Godavari basin subzone 3f using the rainfall-runoff
data of different events for each catchment. The unit hydrographs,
thus obtained, are used to obtain a representative unit hydrograph
using the averaging procedure for each method. The peak characteris-
tics of the representative unit hydrographs for different methods
corresponding to each catchments are compared in table 4.

The computed unit hydrographs wusing Collin's and Matrix
(least square) methods oscillate for most of the storms. However, the
representative unit hydrographs for these methods are obtained
averaging only those unit hydrographs having comparatively less
oscillations. The unit hydrographs derived from five different methods

are quite comparable,

8.2 Comparison of Predicted Discharge Hydrographs

The representative unit hydrographs of each method are
utilized to predict the direct surface runoff hydrographs for the
calibration storms and the test storms of each catchments. Table 5
shows the comparison of observed and predicted discharge hydrograph
peak and time to peak for the storms of different catchments, where
the last two storms of each catchments are test storms and remaining
are the calibration storms. The suitability of different methods
for the storms of different catchments on the basis of the error

functions are given in table 6. The suitable techniques for the unit
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hydrograph derivation for different catchments, based on the Study
conducted for the available rainfall-runoff data of different events
are given in table 7 depending upon the different criterion of
error functions. The agreement between observed and predicted
hydrographs overall is the best for Nash Model followed réspectively
Clark Model, Colin's Method, Matrix Method and Singh's Model. However,
as indicated in table 7, different methods are showing better perfor-
mance for different catchments in predicting the hydrographs. The
performance of Nash Model is promising even with non-optimized para-
meters N and K, whereas the parameters of Clark Model and Singh's

Model are being optimized.
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9.0 CONCLUSIONS

Five methods of the unit hydrograph derivation have been
compared and Nash Model is found to be the best technique based on the
efficieny and standard error, specially for comparatively larger
catchments. The Collin's Method and Matrix Method are having the
problem of fluctuations in the derived unti hydrograph making
difficult to decide the ordinates of unit hydrograph. When data errors
are unusually high, Collin's and Matrix Method give unrealistic shape

of the unit hydrograph.
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Table 4 - Comparison of Representative Unit Hydrograph Peak
Characteristics for Different Methods

Catchment Regresentative U H Peak Representative U H time to peak(hrs)

(m”/S)
Br.No. C M N CL 5 C M N CL S
807 /1 45 53 3 35 38 4 3 5 3 3
228 20 21 18 14 22 3 3 5 4 3
604/2 20 21 21 19 21 3 3 3 2 3
969/1 18 18 15 15 19 g 2 2 2 2
566 12 16 12 10 11 2 2 2 2 2
51 7 6 5 6 [ 2 3 2 2 3
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Table 6 - Suitability of Different Methods for the Storms of Different
Catchments on the basis of the _Error Functions

Catch- Total No. Methods  No. of the storms out of total storms for which the methods

ment of storms perform better on the basis of the error functions
EF PAEP PAETP SE
sa7/1T 9 C P 0 3 3
M 1 6 3 1
N 5 1 3 3
CL 3 1 4 2
S 1 1 2 0
228 12 C 2 2 5 2
M 3 5 5 4
N 5 2 6 5
CL 1 1 3 1
S 2 4 4 3
p04/2 9 C 2 2 6 3
[ Z 0 7 2
N 4 0 5 3
CL 1 7 3 2
S 1 1 7 0
969/1 4 C 1 2 3 k|
M 3 2 0 3
N 0 0 4 0
CL 0 0 0 0
S 0 1 2 0
566 6 C 0 0 6 1
M- 1 5 6 1
N 1 0 5 1
CL 4 0 5 4
S 0 1 5 1
51 6 C 2 4 3 1
M 0 1 5 2
N 1 1 4 1
CL 2 1 4 3
S 2 0 1 2
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Table 7 - Suitable Techniques for the Unit Hydrograph Derivation for
Different Catchments Depending upon the Criterion of Error
Functions,

Catchment Catchmeq; Best technique based on the error functions
)

Br No. Area (km) —pp SE PAEP PAETP
807/1  823.62 N N/C M oL
228 483.03 N N M M
604/2  340.52 N N/C cL M/S
969/1  208.49 c ,. ¢ M/C N

566  137.21 o cL M/C M/C
51 86.76 c/cL/s  cL c M
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