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The proposed study is aimed at developing a suitable 

hydrologic model for the 8,800 square miles natural catchment 

of Chambal River in Madhya Pradesh, contributing to the Gandhi 

Sagar Reservoir. 

A J3near distributed parameter model has been detailed 

for simulating the catchment action, i.e. starting from the 

observed rainfall upto prediction of the reservoir levels at 

the Gandhi Sagar Reservoir. This has been achieved by di-

viding the catchment into five sub-basins in the upper reaches 

of the tributaries, keeping view, the drainage characteristics. 

and in between the outlets of the sub-basins and upto the 

Gandhi Sagar Reservoir, the catchment is termed as interme-

diate sub-basins-divided in six parts. 

Suitable input functions are separately defined for the 

subvi basins and Intermediate sub-basins. Attempts are made 

to develop relationships between rainfall excess/41 - index 

and rainfall intensity and its duration. These relationships 

can be of great use for prediction purposes. 

The transformation process of the hydrologic system of 

these sub-basins and Intermediate sub-basins have been taken 

care off by suitable hydrologic models. Attempts are made 

to develop relationships between catchment constants - thus 

model parameters and catchment physiographical characteristics 

to develop the transfer function for Intermediate sub-basins 
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(ungauged catchments). The properties of linear reservoirs 

and linear channels have been used for the same. The computed 

and observed responses are compared at the outlets of sub-basins 

and intermediate sub-basins, for the verification of the propose 

model. 

The flow concentration so computed at the outlets of 

these sub-basins and intermediate sub-basins have been routed 

upto Gandhi Sagar Reservoir, by using the Unit Response Theory. 

In all Ten Unit Responses have been formulated and tested for 

routing the flows upto the Reservoir. 

Two storms have been tested and a comparision between 

the observed and computed reservoir levels at the Gandhisagar 

is given. The overall efficiency of the model for the entire 

catchment have been worked out and found as 89 percent and 81 

percent for the two storms. 
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I 
C HAP T R - 

INTRO CTION 

1. I GENERAL FEARR O  F THE  	BAL IN 

River Chambal is one of the main tributaries of River 

yamuna. 	The length of river is about 600 miles. Largest flow 

is through Madhya Pradesh and Rajasthan State. This river 

rises in the northern slope of Vindbya Mountains, about 20 miles 

South-West of Mhow in M.P., at an elevation of about 2800 feet 

above the mean sea level. It flows, first in northerly dire-

ction for a length of about 225 miles, and after passing by the 

historic part of Chaurasigarh, it flows in North-Easterly dire-

ction for a length of about 375 miles through Rajasthan, M.P. 

and Uttar Pradesh State, before joining the River Yamuna, South-

West of Etawah at an elevation of 400 feet above mean sea level. 

The present study pertains to the basin upto Gandhi Sagar 

dam, which is constructed on River Chambal at a distance of about 

218 miles from the source. The index map showing the catchment 

area of Chambal and its tributaries upto Gandhisagar dam may be 

seen in Fig. No.1-1. 

1.1.1. 	of Thein 

The total drainage area at Gandhisagar has been reported 

to be 8,890 sq.miles. In present study, from the toposheet 

1" = 4 miles map the area has been computed as 8,800 sq.miles 
and this figure has been adopted. 

1.1.2 Drainage Rattern:- 

The four important tributary of the River Chambal are, 

Shipra, Cbhoti-Kali sindh, Shivana and Return. The first two 
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tributaries are running almost parallel to the main Chambal, 

River. These tributaries together with Chambal, control 

about two-thirds of the total catchment. The Shipra and Ch-

hoti-Kalisindh rivers are closely spaced. The other two 

tributaries Shivana and Return drain about one-half of the 

remaining area and join the reservoir in its middle reaches 

from West. 

As the basin is traversed by monsoon depression and 
cyclonic storms in the same genera]. direction as the main 
river i.e. in the West-North-Westerly direction, the flow con 

centrations from different areas synchronise at the out let. 

1.1.3 Lopep 

Originating at an elevation of about 2,800 feet above 

mean sea level, the Chambal river drops to a level of 1,750 

feet above mean sea level after traversing a length of about 

10 miles. Thereafter it has a fairly uniform gradient of 

about 3.30 feet per mile, except near the confluence of River 

Chambal with Shipra, and Chhoti-Kali-Sindh where it has re-

latively steeper gradient which varies from 6 to 10 feet per 

mile. At the dam site its bed is at 1120 feet (above mean 

sea level) and the length of the river is about 218 miles. 

1.2 	,GNIF„ ICANCE  AND ME_ FORA HYD }L0 GIC MO k OF 
TIE BASIN: 

Large drainage basins require greater attention re-

garding hydrologic investigations in view of growing deve- 

lopment of water resources. The transformation of rainfall 
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excess into direct runoff is a complex process, which is the 
basic problem of hydrologic investigations, occupies a central 

place in applied hydrology. The transformation needs for 

proper design of hydrostructures and also for reservoir 

regulation. Hence correct estimation of this require not 

only the knowledge of the peak flood but also the time dis-

tribution of discharges through out the period of flows. The 

flood peak and time distribution of runoff from a drainage 

basin during a storm depend upon the meteorological conditions 

and also on the physiographical characteristics of the basin. 

The available concept, regarding the transformation 

of rainfall excess in the direct runoff, the synthetic approach 

empirical formulae give only the knowledge of flood peak, but 

the time distribution of runoff throughout the period of flows 

can conventionally be predicted only by Unit Hydro graph app-

roach proposed by Sherman (1932) . This approach is based 

on the availability of gauging data and unable to predict the 

direct runoff-considering the distributed input. Hence in the 

proposed study, the procedure of developing a distributed 
parameter model is explained, which will be helpful in the 

prediction of runoff from different parts of a sub-catchment 
and also given an idea regarding the variation of rainfall 
and infiltration index, with respect to time in different 
parts of the catchment. 
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1.3 	STATEMENT OF THE PROBLEM : 

The present study is aimed at simulating the direct 

runoff hydrograph, for a natural catchment at Gandhi Sagar 

Dam, using a linear distributed parameter model. 

Basically the approach consists of the following:- 

(i) To develop suitable input function. 

(ii) To formulate the linear distributed parameter 
model for gauged sub-basins. 

(iii) Formulation of distributed parameter model for 
gauged and ungauged intermediate sub-basins. 

(iv) Routing of the flow concentrations from all the 
sub-basins and intermediate sub-basin to the 
Gandhi Sagar Reservoir. 
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CHAP TER-SII 

LITERATURE SURVEY 

	

2.1 	STRI CONCEPT IN HYDROLOGY: 

Fbr mathematical representation of a drainage basin, 

the entire hydrological cycle may be treated as an engin-

eering system. It is preferred to consider the hydrological 

system as a black box in which: 

1. Input function 
2. System function (Transformation process) 
3. Output function or Response. 

In surface water hydrology where a natural catchment 

is studied as a hydrologic system the input function is gene-

rally the hyetograph, system function is a function,is the 

catchment action on hyetograph. The output function or re-

sponse is the runoff hydrograph observed at the outlet(Eig. 

No.2-1. 

2.1.1. Linear And Non-Linear Hydrologic aystem:~ 

Any system is said to perform a linear operation 

of a step input to the system, produces the output response, 

which is directly proportional to the input at any time. 

Linear systems are easy to work with as the principle of 

homogpnity and super-position hold good. 

	

(a) 	The homoginity of system ensures 

f ("t- •Q) 	_ 	°( f (Q) 	.. .. 	.. 2.1 a 
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(b) 	The principle of super position states: 

f t~1) + f (Q2) + - - f(Q)n 	.. 	.. 	..2.9 b 

= f ( .@ 1 +Q2+ - - %) 	Z 

However depending upon the nature of the Input 
function a linear or non-linear hydrologic system may b e 
further be classified into lumped or distributed system. 

2.1.2. Lumped And Distributed Parameter:Sr to 

The hydrological system is defined as a lumped sy-
stem when the system components are the function of time 
only and spatial co-ordinates are not accounted for input. 
A lumped system may be located at any point in the working 
space of entire system. It can be represented by an ordi-
nary differential equation 

	

n 	n-1 
f (q) = an 	d Q•+ a-1 	+..X .. .. .. 2.2 

	

d n 	dtn-1 
where an, an-1 . . . . ao etc. are all con- 

stants and are said to be linear and time invariant only. 

However if an, a1-1 . 	. 	.ao (or any of these) 
Is a function of Q the system would be a nonlinear system 
Fig.No.2-2(a) . 

Mathematical equations representing a distributed 
system involved spatial co-ordinates as shown in Fig.No. 
2.2 (b) , input to such a system is distributed and there-
fore, it cannot be located at4single point. The distri-
buted system can only be described by partial differential 



equations and, therefore, theoretical solution to such 

system requires complete knowledge of the boundary condi-

tions. 

2.1.3 Catchment  Action:- 

As shown in Fi g.No .2-3, as a result of the catchment 

action, output response gets distributed over a larger time 

period which,not only attenuates the input hydrograph peak 

but also shifts it in time. The translation and attenua-

tion of input hydrograph is due to storage actions of the 

basin system. In most of the conceptual models, the cat-

cbment action is represented through conceptual identities 

such as linear channels and linear or non-linear reservoirs. 

2.1.x+ The Linear Channel: 

A linear channel conceptually represents the pure 

translatory effects of a system and, therefore can be de-

fined as: 

"A conceptual channel on which the time(T) required 
to translate a discharge (q) of any magnitude through a 
channel reach of given length (x) , is always constant. Thus 
when an inflow hydrograph is routed through the channel, 
its shape is net affe*cted, 

If F = f (t) be the inflow function to a linear 
channel, after routing the outflow function Q(t) would be 
identical to the inflow function except for a time lag which 
is introduced by the system and whose magnitude is given by 
the translation time (At) of the linear channel". Hence 

Q (t) = f(t-  L t) 	.. .. 	.. 2.3 
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2.1.5 	ncept Of Reservoir-Linear And Nonlinear _Ie~ervoirs: 

The catchment action on its input precipitation is 

analogous to the reservoir action on its inflow hydrograph. 

A reservoir too, translates and attenuates the inflow hy-

drograph by regulating its outflow over a desired period 

of time. This analogy suggests that a drainage basin sy-

stem could perhaps be analytically represented by the re-

servoir concept. 

A reservoir may be classified as a linear or non-

linear depending upon its mode of operation. A linear 

reservoir is a conceptual identity in which the storage 

S is directly proportional to the outflow Q 

3c( Q 

S = KQ 	 .• .. .• 2.4 

where the constant K has the dimension of time and equal 

to the average delaytime, imposed on its flow by the re-

servoir model. 

The functional relationship between the storage 

and discharge of a non-linear reservoir may be written as 

S = KQQ 	 .. 	 .. 	 .. 	.. .. 2.5 

where K and B are dimentlonal constants which represents 

the two characteristics parameters of a non-linear conce- 

ptual model. 
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2.1.6 	Drtved Identities - Unit H dro rah U.H. , 
Instantaneous Unit Hpdrograph (I.0 J.): 

These identities are derived with the help of con-
ceptual identities or from available record of input and 
response functions to represent the transfarmation process 
of a system. 

In linear hydrologic modelling the derived identities 
are: (1) the Unit Hydro%vaph and (2) the Instantaneous 
Unit Hydro graph. 

As per the definitions given by Sherman The discharge 
time relationship resulting from a study of effective rain-
fall of unit duration uniformly distributed over a catchment• 
is called Unit Hydrograph. 

If the duration of the effective precipitation become 
infinitesimally small, the resulting unit hydrograph is de- 

bb 
fined as IUH and represented(U (o, t) . 

2.2REVIE~SOME CONCEPTUAL TUAL MODELS: 

Utilising the properties and concepts discussed in the 
above section different hydrologists have proposed various 
hydrologic models which have got a direct relevance in the 
development of the proposed model. A brief summary of these 
hydroj.ogic approaches is presented in this article. 

In the year 1930, the committee of floods, suggested 

that the hydrograph due to an Instantaneous storm could 
provide a good indication of watershed response. It was 



considered that the hydro graph would reflect the width of 

the watershed and the velocity of flow, all other factors 

being constant. This idea was not adopted by other inve-

stigator at that time probably because of crudeness of the 

available data and the difficulties inherent in the deri-

vation of NH by numerical or graphical differentiation 

of the S-curve based on Unit Hydrograph of finite duration. 

The most notable of the early attempts to derive 

a relationship between rainfall and runoff was in a series 

of articles by Zoch (loch, R.T.1931+-37)  in which it was 

assumed that the runoff from each elementary area of the 

watershed was related to the storage S over the elementry 

area by a linear relationship S = KQ 

2.2.1  Lumped Model: 

In these model the input function is function of 

time only. It does not have spatial co-ordinates. it 

is considered to be located at a single point in the work-
ing space some of such models are discussed in the following 
paragraphs. 

Clark (caark, C.O. 1945) -  derived the Instantaneous 

Unit Hydro graph by routing the time area concentration 

diagram through a linear reservoir. Time of concentration 

T and the storage coefficient K were the two parameters of 

the model, T was defined as time interval from the end of 

excess rainfall to apoint on the falling limb of the hydro-

graph where the ratio of rate of decrease in discharge to 
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total discharge was greater, and K was a coefficient of 

linear storage discharge dta*i& 	relationship. 

St =K 	Q(t) 	 .. 	.. 	.. 2.6 

where St = Storage in the reservoir at the 
instant t 

Qt = the outflow rate at the same instant 

K - Q / INQ 
dt 

= rate of direct surface runoff at the 
point of inflection on the falling limb. 

Kelly (Kelly, J.J.O., 1955) showed that a logical 

extension of the procedure of which Unit Hydrographs of 

unit period could be derived by means of time-shift of 

the S-curve is the reduction to values approaching zero of the 

unit period and time shift. This leads to the concept of 

the Instantaneous Unit Hydrograph. This unit hydrograph 

corresponding to a rainfall of unit volume at an instant 

has special property. Its ordinates are the slope of the 

S-curve and conversely, the S-curve is its integral. A 

two parameter model for the Unit Hydrograph based on the 

routing of time area diagram through a reservoir . was pro-

posed. 

Nash (Nash, J.E. 1957) proposed a conceptual model 

by considering a drainage basin as +n$ identical linear 

reservoirs in series. He has shown that a cascade of 

equal linear storages results in the gamma density fun- 



14 

ction. The governing relation would be the continuity or 

conservation of mass equation. 

I 	_ ds _ t  .. 	.. 	.. 2.7 

where s is the volume of surface storage on the watershed 

at time 't 1,  that would eventually become runoff. Storage 
to 

S in a linear reservoir is directly proportional/the outflow 
Q, or 

S = KQ 	 .. 	.. 	.. 2.8 

Substituting equation 2.7 in equation 2.8 and con-
sidering the condition that Q = 0 when t = 0, the following 
equation for outflow can be derived: 

Q = I( 1 - e-t/K ) 	.. 	.. 	.. 2.9(a) 

when t = 	the above equation gives Q = i, which 
means that the outflow approaches an equilibrium condition 
becoming equal to inflow. If the inflow terminates at 

time to since outflow began, a similar derivation gives the 

outflow at 't' in terms of discharge % at to as: 

Q = Q0  e-r/K 	 sa 	•♦ 	•. 2.9(b) 

Where r = t-to being equal to the time since inflow 
terminated. 

For an Instantaneous inflow which fills the reservoir 
of storage So into  = 0 equation 2.8 shows % = So/K and equ-
ation 2.9(b)  gives the outflow as Q = Ie-t/K  = Sa e-tom 

K 
.. 	.. 2.9(c 
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Fbr a unit input or So = I the IUH of the linear 

reservoir is therefore 

U(o,t) 	= 	1 	e 	.. 	.. 	.. 2.9(d) 
K 

This is the hydrograph for the outflow from the 1st 
- t e-t/K reservour, outflow Hyd. from 2nd Res. = U(o,t) _  

.. .. 2.9(e) 

Continuing this routing procedure we get outflow from the 

nth reservoir as, 
U(o,t) = K 1 ( K )n-1 e" 

	.. .. 	.. 2.10 

which is the IUH of the simulated basin for an input of 

one inch per hour per square mile. 

The parameters of the model n and K were evaluated 

by method of moments from the observed rainfall excess hye--

tograph and direct runoff hydrograph. The definition of ta-

king out the moments adopted here is S+~ 

YXn dx 
Mn _,,,_ .-.~ . 	 .. 	.. .. 2.11 

f Y dx 
where Mn = n movemt of ERH or DIE 

Y = ERH or DRE Ordinate at Y-axis 

X = Time period ar abscissa of ERH or DRH 

Now the first and second moment (MI & M2) of IUH 

are related with the model parameter and the first and second 

Moment of ERH and DRH by the following relationships. 
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N1 	= nK 	= MDJ HI -MERHI .. 	.. .. 2.12 

M2 	= n (n+1) K2 	= MDRH2 - MERH2 - 2nK HEHiI .. 2.13 

where MERHI = First Moment of ERR about the origin 
MERH2 = Second Moment of ERH about the origin 
MDRHI = First Moment of DRH about the origin 
MDRH2 = Second Moment of DRH about the origin 

Nash (Nash, J.E. 1960) further proposed two relation-

ships relating the model parameters with catchment characte-

ristics by studying about 30 British catchments. 

K  = 01(A)0 *25 

n = C (L)04085 2  

-0.3 	-0.085 
(OLS) 	* (L) 	.. .. 2.11+ 

where C1 and C2  are the constants derived for the 

catchments 

A = Catchment area in square KM'S. 

L = Length of main channel in KM' s . 

OLS = Weighted overland slope in parts per 10,000 

2.2.2 Distributed Parameter Models: 

In the previous section the model where input functions 

is lumped have been discus sed. In nature the rainfall 

excess is rarely lumped rather it is always distributed. 

In this section some of the models which are capable of 

accounting for spatial distribution of rainfall excess are 

discussed. 
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Dooge (Dooge, J.C.I. 1957) introduced the concept 

of linear channel and modified the Nash-model by adding 

linear channels in addition to linear reservoir in the 

series. In this model the catchment area was divided t 

by means of isochrones and represented each inter-isochronal 

area by a combinations of linear channel and linear reservoir 

in the series. The outflow from the linear channel was 

represented by time area concentration diagram and consi-

dered as input to the linear reservoir of the set. The 

output was obtained by adding the partial curves obtained 

by routing the time-area concentration diagram for the upper 
hQa¢avai~.9,, ruxt t'JOugl%( n-) lrr,ean 9►asitnvc;h~nhc1 

most reach of the basin through n-linearLso on. A general 

equation for the IUH of the model for equality spaced iden-

tical linear reservoirs was given for unit input as: 
t K 

U(t) T 	P(m,n-1) w( t' ) dm 	.. 	.. .. 2.16 
0 

where T = Maximum Translation Time 

t = current time measured from time of occurence 
of the Instantaneous Rainfall Excess 

P(m,n-1)= Poisson's distribution function 

m=(t-t )/K 
Z = Storage coefficient for linear reservoir 

n(t) = No. of linear reservoir D/s of Z . 

and 	W(t') - Ordinate of dimensionless time area con- 
centration diagram at time t . 
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As the catchment was divided into several parts by 

isochrones and input on each part was fed to the model 

seperately, it was possible to account for the spatial 

distribution of rainfall excess. 

Laurenson proposed the concept of distributed 

input in non linear reservoirs. He divided the catchment 

by isochrones in several sub-areas. These sub-areas were 

represented by non-linear reservoirs in series. The inputs 

were tried to account for the following features: 

(i) Rainfall excess is variable in time and space. 
(ii) Storage in the catchment is distributed not lumped 

(iii) Storage discharge relation Is non-linear, 
(iv) Different input elements pass through different 

amount of storages. 

Procedure: 

(1) Hyetograph of rainfall for furthest of up-stream 

of area is determined with shape given by nearest recording 

raingauge, and scale the maximum ordinate equal to average 

rainfall for the sub areas. 

(2) Losses are subtracted to know rainfall excess. 

(1) Find out the inflow hydrograph for rainfall by 

converting hydrograph by relation. 

Q = IA 

where i = intensity of rainfall, 
A=Subarea 

(4) The inflow hydrograph is routed through storage 

for sub areas by non linear routing method. 

(5) Similarly next sub area rainfall hydrograph is 

developed and added with time shift to outflow hydrograph 



from upstream. The combined hydrograph is routed 

through appropriate storage. 

S = K(q) q 
where K is a function of q 

(I-Q) =- 

(11i-i2) 2 r  (q1#  q2) 
At 
	w  S2 S1 
	. 2.17 

Writting S2 = K2(g2)  q2 and 81  = K(q1) q1  and 

substituting in 2.17•  We get 

q2  = oi2  + C1  i 1  + C2  q1  .. .. 2.18 

.. .. 2.19 where Co  = C1  _ 05141  , - 
K2+o.5At 

`5 C2 	.. .. ..2.QJ 
?x 2+ 0. 5 A.t 

wherei&2 represents start and end of A t respectively 

Since the value of the coefficients CO3  C1  & C2  de-

pend on K2  and K2  depends on q2, this equation is solved 

by iteration method by assuming K2= K 1  and find q2. 

Redetermine K2  knowing q2  and find second value of q2  by 

iteration. This q2  becomes q1  for next routing period. 

From this q1  corresponding value of K 1  .i is determined. 

A cascade of linear channels fed with distributed 

inputs, has successfully been used to represent the cat-

chment activb (Mathur, 1972) . Each linear channel of 

the series network receives its distributed input from 
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from a sub-watershed area which is assigned in it. This 

study concluded that different sub areas of drainage basins 

system are directly correlated to the basin's response fuh-

ction through the linear channel concept. Further it was 

shown that rainfall input on different sub area need notbe 

the same and thus spatial non-uniformity of rainfall is 

taken into account. The model is capable of identifying 

the parts of the sub area contributing to flood peaks, thus 

enabling the flood forecasting programmes. 

2.3 	REVIEW OF SOME FLOOD ROUTING METHODS: 

Flood routing may be considered under two broad types, 

namely, reservoir routing and open channel routing. 

The former types provides methods for evaluating 

the modifying effects on a flood waxe passing through a 

reservoir. In design and planning it applies to the de-

termination of the location and capacity of reservoirs, of 

the size of outlet structures and spillways. 

Open channel routing are used to determine the 

time and magnitude of flood waves in rivers, to develop 

design elevations f for flood walls and levees, to estimates 

benefits from completed or proposed reservoirs etc. 

2.3.1 Lese, rvoir  Routing Methods: 

On initial, prior to the selection of a routing 

method is the selection of a proper routing period. This 



is the time interval at which the ordinates of a hydrograph 

used in the routing, are represented. The period must be 

sufficiently short to define the hydrograph adequately. 

Theoretically, it should be equal to, or some what shorter 

than the travel time of the flow through the reach. Also, 

the period must be short enough so that the hydrograph 

during the period approximates a straight line. 

1. The Puls Method 
2. Step by Step Method 
3. Garrets Method 
. Cheng's Graphical Method 

5. Goodrichs Semigraphical Method (1937) 
6. Steinberg's Method(1938) 
7. S. M. Wo odward' s Method (Calculus Method) 

The Puls Method: 

This method assumes invariable discharge storage 

relationships and neglects the variable slope occurring 

during the passage of a flood wave. 

In a given time interval the different bettwen inflow 

and outflow is equal to the change in storage. Rewriting 

the equation 2.7 as I - Q = ds = A S 
at 

or if expressed infinite time intervals, 

1/2 (1 +I2) Qt - 1/2 (Q1  +42) 1At = S2-S1 	.. .. 2.21 

where the subscript f refer to values at the beginning of 

any time period of length Ls t and subscript 2 refer to values 

at the end of the period, and I, Q & S are instantaneous 



value of inflow, outflow and storage, respectively. 

Arranging the equation 2.21 so that all known values are 

on the left; the expression becomes 

1/2 (I 1  * 12) 4 t + S1  - 1/2 Q1  At = S2  + 1/2 Q2  At 

.. 	.. 	.. 2.22 

Routing is accomplished by substituting the know 

values in the above equation to obtain S2  + * 'Q2  At. 

Then Q2  is obtained from the relationship between 92  and 
S2  + ' '2  Q2  Q t. Plot outflow vs. storage curve. Knowing 

storage curve it is easy to plot either S - 	Qt or S -4 Q.t. 
curves. 

Step:1 Compute T2  (I2+I2) 
Step: 2 From the S4 PQ.  Q. t curve read the value of 

S -3 	
• t, corresponding to a given  

. UO 	
41.  

Step: 3 Compute S2  + ''2  Q2t by use of equation 
2.22 i.e. value in Step 1 + Step 2. 

Step: 4 From S +4 Q2. t curve read the value 
of Q2  corresponding to that of S2+i 92t. 

Step: 5 Determine S1-'2Q1.t or actually 

52-* 	2.t. 	The next routing period 
by S.ubstracting Q2t from S2+ Q2.t or by 
reading it from the S 42  Qt curve fflp r 
an Q2  
To obtain Q 	for period 3, repeat Steps 
1 to 5 and ton. 

2.3.2 Channel Routing:  

In almost all the flood control problems, it becomes 

necessary to know the flood hydrograph of the river at 

various points on its path. The behaviour of the river 

n 2..2 
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will change when the tributaries are discharging different 

quantities at different periods. Even if there is no 

tributary contribution, the hydrographs at different points 

of a stream will not be the same, due to local inflow, or 

even due to its own valley storage or the channel chara-

cteristics may be completely changed by the introduction 

of a reservoir or an embankmento  

1. The Muskingham Method 
2. The Working Value Method 
3. Meyer's Method 
4, Successive Average lag Method(TatumMethod) 
5. The Progressive Average Lag Method (U.S. Army) 

The  Muskingham  Method: 

This method was developed by G.T. MC Carthy and 

others in connection with studies of the Muskingham con-

servancy District Flood Control Project of the U.S.Army 

Crops of Engineers in 1934-35.  This method involves the 

concept of Wedge and Prism storages in a channel flow. 

Storage volume can be correctly related to outflow 

with a simple linear f nction only, when inflow and outflow 

are equal i.e. when a steady flow exists. During the 

advance of a flood wave, however, inflow always exceeds 

outflow, thus producing a wedge of storage. Conversely, 

during the recession outflow exceeds the inflow, resulting 

in a negative wedge storage. The Wedge can be related 

to the difference between the instantaneous values of 



inflow and outflow. Im 	Q The Wedge storage is re- 

presented by KX(I-0) . In addition, there is a storage of 

prism, or prism storage, as represented by KO. In these 

expressions, K is a coefficient and X a parameter. The 

total storae is therefore 

S =K0 + KX (I-0) 	I. 	.. 	.. 2.23 

This equation is known as the Muskinghum equation. 

The constant X expresses the relative importance 

of inflow and outflow in determining storage. If storage 

is entirely a function of outflow, as in reservoir, then 

X = 0, but if the Wedge storage is significant, then X will 

be the function of Inflow and outflow both; and the value 

will be greater than zero. With a limiting value of 0.5 

when inflow and outflow have equal weights as in unit rn 

channels. For most streams X is between 0 and 0,3 with 

a mean value of 0.2. 

Putting the equation 2.23 in the subscript from 

idicate the routing period, starts and ends. 

S2 - Si = K x(I2 - I2) + (7-x) (Q2-Ql)J 

when the storage is the function of outflow only 

for alinearity condition x = 0 

62 = S1 = K t 'Q2 - 'Q~ 	.. 	.. 

Comparing the equation 2.21 & 2.23. 



Q — Q  
24t 	1 	At = K(Q2 - 

	

2 	 Q1) 

2 	2 

22 	21 it + K Q1 = 22 Q t ' + K Q2 

j 1 2 	A t - (0.5 d.t -  K) Q~ = Q2(0.5 4 t + K) 

O.5(I + ;)Lt  	Q 
0.5.4t +K 	0.5 t +K 

Q2 = Co I l al- C1 12 + C2 Q1 	.. 	.. 	., 2.25 

	

where Co = C~ 	0.5 A t 	.. 	.. 	.. 2.26 
O.5At+K 

C2 = K5_ 	.. 	.. .. 2.28 
K+0.5 A t 

2.1+ 	UNIT RESPONSE THEORY OF FLOW ROUTING IN OPEN CHANNEL: 

Open channel flow routing has been widely used in 

the past by engineers and hydrologists. The routing method 

selected for a particular problem depend largely on available 

data, accuracy desired, and availability of special equip-

ment such as digital and analog computers. 

2.4.1 Basic Theory: 
cc( 	Q 

This theory has been detailed by Sauerrhypothetical 

channel where flow losses and gains do not occurs. A flow 

input of unit rate and unit duration at one point in this 

channel will result in a specific flow response or unit 



Response at a down stream location. The shape and timing 

of the unit response will be determined by the physical 

characteristics of the channel. Fig.No.2-6 shows the 

concept. The unit rate 1 cfs. and the unit duration is 

any period of time selected to best fit the problem. In 

a linear system, an input of any magnitude for unit dura-

tion will result in a response in direct proportion to the 

input magnitude i.e. an input of 100 cfs. for a period of 

unit duration will result in response ordinates 100 times 

greater than the unit response ordinate. Also inputs 

occurring at various times can be transformed to response 

hydrographs, lagged by the known flood wave travel time 

and summed to form the resultant outflow hydrograph. 

Fig. No.2-7 shows this process graphically. 
2.x-.2 Unit Response: 

The unit response of an open channel is defined as 

the outflow hydro graph resulting from input of 1 cfs. occu-

rring during a unit duration,'D' . It can be generally 

derived from observed stream flow record using techniques 

such as harmonic analysis. However this requires actual 

records of inflow and outflow. Synthetic derivation 

methods are desirable at sites where outflow records are 

not available. The synthetic derivation of unit response 

can be made by routing a translation hydrograph through 

reservoir type storage and transforming the resultant 



instantaneous hydrograph to the duration selected for use 

in a specific problems. Fig.No.2-4 shows a schematic 
diagram of the unit response derivation process. 

2.x+.3 Translation Hydrograph: 

It' is difficult to attach physical significance to 
the translation hydro graph for an open channel. It has 
one characteristics, however, the time base W that can some-
time be computed from actual records. As commonly defined, 
the time base of the translation et hydro graph for a basin 
is the time from end of rainfall excess to the inflection 
point on the recession of the resultant outflow hydro gr~.ph. 
For an channel this same definition can be used, except 
that the flood wave travel time of the leading edge must be 
deducted to account for lag between the points of inflow 
and outflow. The shape of the translation hydrograph has 
little effect on the final results because storage routing 

tends to damp out irregularities. The time base (w) is 
difficult to estimate, even from actual stream flow records. 
But fortunately, it is rather insensitive, and successful 
routing results can be obtained with crude estimate of W. 
Where data are not available for estimating , it can be 
taken equal to K (storage coefficient) for rough estimate. 
Adjustment can then be made to, improve the fit of calibration 
data if necessary. 
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ro ortio~ty Constant 'K': 

For a linear response, [(exponential x = 1) in the 

equation S = K QX] K is the slope of the storage-discharge 

relation measured in hours and is equivalent to the time 

required for the centre of mass of the flood wave to travel 

through the reach minus the travel time, T required for the 

leading edge of the flood wave. The best estimate of K 

can be made by the recession hydrograph beyond the point of 

inflection. Rewriting the equation 2.9(b) i.e. the expo-

nential relation for recession hydrograph is used 

Qt = ,O e 

Q#~ _ et/K =r 
Qo  Y 

- K = loge(r) 

K = - loge(r) = log(r) 1. = loge( 1 ) 
r 

K = 2.3 log10 (- ) 

K 2.31og~1/r) 	log10
( /r) • . .. 2.z9 

where r = the receission coefficient computed for the 
time interval 4 t. It is computed from the 
receission hydrograph beyond the point of 
inflection. 	Several discharges are determined 
along the recession at intervals of A t, base flow 
is deducted from each and a recession coefficient 
r is computed for each pair of discharges by 



r)r~ 

dividing the second by the first. An 
average of individual values of r is used 
as the best estimate. 

r1 + r2..rn_1 

n 
r1= 	,r =. 

1 	Q2 

Qn-1 

. . . rn-1 

,iration 'fl': 

The duration 'Di* is the routing computation interval. 

It should be a convenient enuatiple of 24 hrs., long enough 

to avoid excessive computations and short enough to define, 

the hydrograph adequately. A value of D between 0.1K and 0.1 

usually be adequate, however some successful results have 

been made with D as large as K. 1br use in a real problem 

the instantaneous unit response may be transformed to a 

D-hour unit response for storage routing. 

Transformation of a given unit response of dura-

tion D 1 to a unit response of another duration D2, is 

accomplished by: 

(1) forming the summation curve on the given 
unit response. 

(2) Lagging a second, identical summation curve 
by the desired duration D2• 

(3) Taking differences of the two summation curves 
(4) Dividing this difference by the ratio D2/D1. 

Because the duration of the instantaneous unit 

response is theoritically zero, it is not possible to 

perform this calculation directly with an instantaneous 

unit response. Negligible error will result, however by 

averaging successive ordinates of the instantaneous unit 

response to form a unit response with duration equal to 



the routing computation interval. This is true only if 

the computation interval is relatively small, such as 

(0.1W) . The unit response, thus formed then can be trans-

formed to the desired duration D by performing the calcu-

lations previously described. 

Now with the time base and shape established, 

the ordinate of the translation hydrograph can easily be 

determined, because by previous definition it was esta-

blished that the unit response was the result of 1 cubic 

feet per sec. for duration D. Therefore, the volume of 

flow, V, or the area under the translation hydrograph is 

defined as 

V = 1(cusecs) X D(Hr) 	.. 	.. 	.. 2.30 

where V = volume, in cubic feet per second-hours 

The translation hydrograph can than be defined as shown 

in Fig.No.2-5. 

Storage Routing:- 

The translation hydrograph is routed through sto-

rage to account for channel storage between inflow and 

outflow sites. The reservoir storage routing method has 

been found adequate for this purpose. The methods has 

already been described under para 2.3. 

Rewriting the basic storage equation 2.8 as 

S=K  QX  
where x = an exponent which provides for linear and non-

linear routing. 



Fbr most of the open channel, a value of x = 1 has 

given satisfactory results, this provides linear storage 

routing. In some cases, however, it may be found that 

non linear conditions exists to such an extent that a 

value of x other than one may result in more accurate rout-

ings. If an outflow recession hydrograph is available, 

x can be estimated by a geophysical method described by 

Shen (Shen, J. 1962) . 	This method also yields a corre- 

sponding estimate of K. The outflow recession hydrograph 

is first adjusted by substracting base and intervals, 6 t, 

for several points on the recession. The average values 

of successive discharges are plotted (abscissa) versus 

the difference of successive discharges divided by A t(oñinatE 

on log.log paper. The value of x will be two minus the 

slope of the resultant plot and K = X 
intercept 

2.1-.5 Application to open channel Routing: 

The unit response thus formed is used to route 

flows in an open channel just as a unit hydrograph is used 

to compute a runoff hydrograph from a drainage basin. 

inflow to a channel reach is used in the same manner as 

rainfall excess is used for a basin. The principle of 

lagging and super position apply except that a lag or lead-

ing edge travel time is used for open channel routing where 

as in basin hydrograph computations it is assumed that out 

flow begins as soon as rainfall excess occurs. The actual 

computation requires an inflow hydrograph, aunit response 

and a leading edge travel time, 



2.4.5 (a) Inflow Hydro graph: 

It can be considered a series of individual flow 
of 

elements as shown in Fig. No.3-4. The flow magnitudeLeach 

element is multiplied by the unit response ordinate to form 

the flow response of the element. These flow responses are 

then lagged by a time equal to the leading edge travel time 

and summed to form the outflow hydro graph. This is shown 

in Fig.No.2-7. 

2.4. (b) Travel~ime Of Lea ing Edge: 

T, can be obtained from actual records, if available 
and should be verified with several different period of flow 
and at different magnitudes of flow, if possible, it is found 
that T varies significantly with flow magnitude, a relation 
of T and anticendent flow can usually be developed. Anti-
cedent flow is defined for this model as the average inflow 
for a selected time period immediately prior to the flow ele-
ment to be routed. The time period used for computing an-
tecedent flow is the travel time, T, corresponding to the 
lowest discharge to be routed. Each flow element of the 

inflow hydrograph is then routed using a travel time or lag, 
selected on the basis of the antecedent flow changes, when 
travel time is shortened as a result of this process, stack-
ing of discharge response hydrograph will occur. This 
results in a steepening of the rising limb conversely when 
travel time is lengthened. 	There will be a gap, on separa- 
tion, between response h~ydrographs. In most cases the 
summation of response hydrograph will give no indication 
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1.5 T 	= L B 
Q2 -•Q1 

.. 	.. 	.. 2.32 
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that stocking of separation has occured, however, where 
travel time varies greatly. The final results will sometimes 
indicate false peaks and troughs as a result of the stacking 
and separations where this occurs, more complete methods of 
routing are probably indicated. 

In the absence of actual records, the leading edge travel 
time can be estimated from channel characteristics. The 
speed, or celerity, C of a Kinematic wave in an open channel 
is expressed by 

d 
C = B dY~r— 

.. 	.. 	.. 2.31 

in which B = The channel width 
dQ = Change indischarge 
dYY = Corresponding change in depth 

kbr practical application the above equation reduced to: 

T = Leading edged travel time hours. 
L = Length in miles 
B = Channel width in feet (average) 

= A discharge in cit/sec near mid range of 
flows to be routed 

Q1= The discharge in cit/sec. at a stage 1 feet 
less than 

Note: The factor 1.5 is the conversion factor of units. 
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CHAPTER-Ill 

PROPOSED MODELS FOR CHAM BAL BASIN AT GAN DMI SAGAR SITE 

3.1 INTRODUCTION: 

The present study is aimed at simulating the direct 

runoff hydrograph for the Chambal Basin at Gandhi Sagar site, 

using a linear distributed parameter for gauged sub-basins, 

and developed some methodology to simulate the direct runoff 

hydrograph for intermediate gauged and ungauged sub-basins. 

Further it is proposed to develop a routing model for each flow 

concentration to compute the inflows to the Gandhi Sagar Reservoir. 

This has been attempted in the following phases: 

1. To develope suitable input function, for the proposed 
model.. 

2. Development of a conceptual model for computing 
responses from the gauged sub-basins of the catchment. 

3. Development of suitable methodology for computation 
of responses from ungauge and gauged intermediate 
sub-basin of the catchment 

I+. Routing of the computed responses to Gandhi Sagar site 
to compute inflows to its reservoir. 

3.1.1 The proposed conceptual model is to be developed keeping 

in view the availability of the following data: 

(i) Short term storm data is available at different points 
in the catchment. 

(ii) Corresponding runoff data available at the Gandhi Sagar 
reservoir site and also at a couple of sections on 
major tributing net work. 

(iii) Area capacity characteristics of Gandhi Sagar reservoir 
(iv) Topographic and physiographic details of the catchment. 

3.1.2 The proposed model is a linear model. The assumption 
of linearity ensures application of the principle of homoginity 

and also the principle of superimposition. This makes the 

computations much simpler. Farther the distributed nature of the 

proposed model has been attempted by spliting the catchment 
into different sub-basin. £Lso distributed input-'^are taken care 
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of by dividing these sub-basins into sub-areas. The sub-area's 

are arrived at keeping in view the meteorological homoginity. 

These sub-basins have been marked on the catchment topographic 

sheet given in Fig. No. 3.1 and are detailed as below: 

1. Pat sib-Basin 
2. Mahidpur Sub-Basin includes U j j ain Sub-Basin 
. Nagda Sub-basin - includes Badnagar Sub-Basin 
. Mandsaur Sub-Basin 5. chaldu Sub-Basin. 

Above sub-basins have been demarketed keeping in view the 

drainage characteristics of the catchment. Thus these are 

representing the surface drainage of all the major tributaries 

in the catchment. The rest of the catchment i.e. in between 
oh cl 

the gauges of the sub-basins a►aae the Gandhi Sagar reservoir 

has further been sub-divided, and these divisions are termed 

as Intermediate sib-Basins (ISB) . The following is the 

list of ISB adopted in the study and indicated in theFig.No.3.1 

1. Choumahla ISB 
2. Kalakhedi ISB 
3. Barkhe da ISB 

4. Rahar garh ISB 
5. Tumri ISB 
6. Gandhi Sagar ISB 

Thus in all, the catchment area has been divided into 

eleven sub-basins, to take into account the distributive nature 

of the response model. 

3.1.3 	b.j'ea 
The above mentioned sub-basins and intermediate 

sub-basins are arrived at on the basis of drainage pattern. 

However, to take into account the uneven distribution of 

rainfall in time and space, the sub-basins are divided into 

sub-areas ( Fig.No. 3.2). Thus a sub-area characteries: 

i) The spatial uniformity of the precipitation 
over the area 

ii) The drainage properties of the sub-basin. 
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3.2 PUT FUNCTION 

Fbr the entire sub-basin the following procedure is 

adopted to evaluate the distributed input to the sub-basin 

and sub areas. 

Normally the input to a sub-basin i.e. the rainfall data 

is available over the different raingauges spread out over 

the entire basin. This procedure is adopted when no information 

is available about the variations in the infiltration rates 

for the different sub-areas and also sub-basins. Therefore 

a constant rate of abstraction in the form of g - index is 

evaluated for the sub-basin and the ratio of rainfall excess 
to the weighted rainfall of the sub-basin is applied to get 

the rainfall excess of the - sub-area. 

3.2.1 Input Function For gab-Basin: 

The mean gross depth of precipitation over the entire 

sub-basin is evaluated by using the Thiessen weight equation: 

n 
Pa = 	ai pi 	i = 	, n ... 	... 	3.1 

Where, pa = Weighted mean depth of gross rainfall over the 
sub-basin. 

ai -. Thies ten weight of raingauge station i = t, n 
Pi 4 Observed point rainfall of the raingauge 

stations i ! , n 

The constant rate of abstraction i.e. the - index 

is evaluated using the observed hydrograph at the outlet of 

the sub-basin, ( a suitable time variation in base flow ~' ~ 

	

is adopted) and corresponding hyetograph. The effective 	. 

precipitation over the catchment for each time unit will thus 
be given by: 



pe 	* ( pa - g~ ' ') 	.. 	.. 	3.2 

where pe = ighted effective mean depth of rainfall excess 
over the sub-basin 

P a = weighted mean depth of gross rainfall over the 
sub-basin. 

0 = Phi - Index 

3.2.2 Input Function Fbr 9ub-Area: 
Fbr this, a weight factor for each unit-hour duration 

of weighted precipitation is computed by the relation 
F~ 	 pei 	I = I to n .. 	.. 	3.3 a  

	

ai 	J = I, n ( each unit hr. duration) 

The weighted mean depth of gross rainfall over each 
sub-area is computed using the Thiessen weight equation 

n 
Pasi = 	asi Psi 	i = 1,n 	.. .. 	3+1-  

i ~ 1 

where, Pasi = Weighted mean depth of gross rainfall over the 
sub-area i = 1,n 

a Si. = Thiessen weight of raingauge stations in the 
sub-area 

psi # Observed point rainfall of raingauge stations 
i = 1,n , influencing the sub-area. 

The effective mean depth of precipitation for the 
each sub-area for each unit duration is obtained by the 
relationship: 

pesi = Fi 	Pasi 	 .. 	.. 	3.5 
i = 1 , n no . of R, G. Stations 
j = I , n no, of unit durations. 

where, Pesi = Mean dept of effective rainfall over the 
sub-area for the duration considered. 
Factor evaluated for the duration 

Pasi = Mean depth of gross rainfall over the sub-area 
i=1,n. 
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3 .3 ANALYSIS OF GAU GED SUB-BA SIN: 

The gauged sub basins adopted for the analysis are 
~►s follows: 

1. pat sub-basin 
2. Mahidpur Sub-Basin - includes Ujjain sub-basin 

(analysed seperately) 
3. Nagda Sub-Basin - includes Badnagar sub-basin 

(analysed seperately) 
-. Mandsaur Sub-Basin 
5. Chaldu Sub-Basin 

3.3.1 rmulation Of Model For Gauged Stab-Basins: 

Different models, which are based on the time area 

concept may serve the purpose of obtaining the differential 
responses, but for the present study, the model proposed by 
Nash ( J.E.Nash, 1957) , is used, which has been modified by 
Dooge ( J.C. I Dooge,1957) by introducing the concept of 
linear channel in addition to linear reservoir in the 
series. Thus broadly the following parameters have been used 
in the proposed model: 

Wnr - No. of linear reservoirs 
2.'K' - The storage coefficient 
3• 	- The linear channels 

3.3.2 Methodology; 

Tbr hydrologic model the study involves the following 
aspects: 

4. Analysis of the Input F uiction 
b. Analysis of the Transfer Function, 

3.3.2(a) Analysis of the Input Function: 

In the proposed model, the input function for sub-basins 

has been detailed in section 3.2 

3.3.2(b) Analysis of the Transfer FLunction: 

In the proposed study, each sub-basin is to be modelled 

separately. Since a sub-basin has further been divided into 



A') 

sub-areas a suitable transfer function for each sub-area is 

to be arrived at. In the proposed model the transfer function 

for each sub-area of sub-basin is taken care of: 

a. The unit hydrograph which is derived with the help of 
existing rainfall records and its corresponding 
runoff using the conceptual model proposed by 
Nash ( J.E. Nash 1957) 

b. A linear channel to account for the time lag of the 
different responses in reaching the outlet of the 
sub-basin. 

The structure of the proposed model is shown in Fig.No.3.3 

Unit Hydrographs For Different Sub-Areas Of A Sub-Basin: 

(i) 	The parameters of the model 'n' and 'k may be evaluated 

by method of moments about origin from the rainfall excess 

hyetograph and direct runoff hydrograph. The definition of 

taking out the moments adopted here is as proposed by Nash 

( J.E.Nash, 1957) 

~-00
400 

Yxn dx 
Mn = 	 -- 	.. .. 3.6 

S-00 Y dx 

where, Mn = Nth moment of ERH or DRH 
Y = ERH or DHH Ordinate at Y-axis 
X = Time of ERH or DRH on Abscissa 

The first and second moments ( M1 and M2) of Instantaneous 

Unit Hydrograph are related with the model parameters n & k, 

and the first and second moments of ERR and DRH by the following 

relationships: 

M1 = nK = MDRH * - MERH1 	.. 	.. 	3.7 
M2 = n(n+1) K2 = MDRH 2-MERH2-2nKMERH 1.. 3.8 

where, MERH1 = First moment of Eli about origin 
MERH2 = Second moment of ERH about origin 
MDNH1 = First moment of DRH about origin 
MDRH2 = Second moment of DFII about origin 
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(ii) With the help of above mentioned relationships the 

model parameters may be evaluated. With these values, the 

value of catchment constants for the sub-basin may be worked 

out using the following two relationships between catchment 

characteristics and model parameter proposed by Nash ( J.E.Nash, 

1960). 
-0.3 K = C1 ( A)0.~5 (LS) 	(L )-0.085 	.. .. 	3.9• 

n= C (L)0.08-5 	
.. 

... .. 3.10 

where, C & C are the constants derived for the sub-basins. 
A = C tchment area in square K.M.  
L = Length of Main channel in K.A. 

OLS = weighted overland slope in parts per 10,000 

(iii) These established values of- C1 and C2 are representative 

for sub-basin and are adopted for computation model parameters 

'n' & 'k' for each sub areas of the sub-basin. These values 

are now used in the mathematical model proposed by Nash 

(J .E. Nash, 19 57) . 
- t 1- 

\v (0, t) = K n-1 i 	( k )n-1 e k 	... .. 	3.11 

to develop, an instantaneous unit hydrograph or each 

of the sub-areas. Since the 'rainfall excess duration of 

Instantaneous unit hydrograph is infinitesimally small, it is 

not possible to adopt it for use and therefore' a workable 

solution based on pulse theory a unit hydrograph is adopted 

for practical application. 

3.3.3 identification of Model Parameters: 

Fbr a particular storm input differential outputs of 

each sub-area can . be computed by cor-relating it on the unit 

hydrograph. The linear channel is used to give the appropriate 

time lag for routing these differential outputs, to the outlet 
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of sub basin. As indicated in Fig. 3.3 the upper most 

sub ?.red,_°.(marked as sub area-1) will have the largest value 

of the time lag and the value would reduce for the subse-

quent sub areas. The time lag for the sub area adj acent to 

outlet is practically zero as the sub area is contributing 

to the outlet directly. These values of the time lags can 

be arrived at by trial and error, considering the observed 

record of storm runoff at the outlet of sub basin. 

3,3.+ ting of The Model 

The Input function (excess rainfall) arrived at, as 

explained in section 3.2. 	Fb r a observed rainfall runoff 

record the model parameters are established, as discussed 

in previous section, knowing the rainfall excess and the 

transfer function (unit hydrograph) of sub area, the diffe-

rential responses of each of these sub area can be computed. 

These responses are subjected to pure translations as indi-

cated by the linear channel which is assigned to it. 

A close agreement between computed and observed direct 

runoff gives the best test of Model Parameters. If the two 

are not in close agreement, the model parameters need modi-

fications, otherwise the same are adopted. 

3.4 	ANALYSIS OF INTERMEDIATE SUB-BASIN: 

As explained in the previous section, all the five sub-

basins in the catchment are modelled accordingly and the pro-

posed models are tested at the outlets by comparing the com-

puted and observed responses. 



Fbr computing the responses for the rest of the 

catchment area's it is necessary to adopt suitable input and 

transfer functions for the intermediate sub-basins. As 

explained in section 3.1, the intermediate sub-basins are 

the portions of the catchment between the outlets of sub-

basin and some gauging site down stream. For some storms, 

discharge data at down stream gauges are not available, 

hence in the present study these Intermediate sub-basins 

are further classified into: 

1• Gauged Intermediate Sub-Basin (Gauged ISB) 
2. Ungauged Intermediate Sub-Basin (Ungauged ISB) 

In the first case gauge data is available at 

downstream site while in the 2nd case the gauge data at 

downstream is not available. 

As shown in Fig. 3.1 the above mentioned two cata-

gories of the Intermediate sub-basins are detailed below: 

TABLE NO.3.1 Intermediate Sub-Basins: 

S.No 	 Intermediate Sub-Basins(197 Storm) 
Gauged I 	 Ungauged I aB 

1. 1 Choumahla 3 Barkheda 
2. 2 Kalakhedi  TUlflrl 
3. 4 Nahargarh 5 Gandhi Sagar 

Intermediate Sub-Basins (1977 Storm) 

1. 1 Choumahla 4 Nahargarh 
2. 2 Kalakhedi 5 Tumri 
3. 3 Barkheda 6 Gandhi Sagar 

46 
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To work out the inflows at Gandhi Sagar, it is 

necessary to compute the contributions of these intermediate 

sub basins, and hence it is necessary to develop some 

methodology for the same. It has been attempted, on 

similar lines, to propose the modelling of sub-basins. 

The procedure is detailed in the following section. 

3.x+.1 conceptual Modelling Of Intermediate Sub-Basins: 

Fbrmulation of conceptual model for an intermediate 

sub basin depends on the availability of data: 

In case of gauged intermediate sub basins the 
short term input rainfall data is available along-
with the corresponding runoff data at its outlet. 
But in case of ungauged intermediate sub-basin, 
only the storm rainfall data is available over 
the area and no runoff data is available at the 
outlet. 

However the runoff at the outlet consist of two 

components. 	J Lrstly, is contribution of its area and 

secondly, the routed flow concentrations from the upstreams 

sub basins. For this reason the analysis proposed in 

section 3.3 for modelling the sub basins cannot be, directly, 

extended to the intermediate . sub basins. 	Therefore, 

following procedure is proposed for the computation of 

input function and the transfer function. 

3.i-.1 (a)  Input Function: 

The Input Thinction described in section 3.2 for the 

modelling of gauged sub-basins, make& use of storm rainfall 
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record and its corresponding runoff. However the same 

procedure cannot be used for intermediate sub-basins as 

the observed runoff for intermediate sub-basins are. not 

available. To compute the input function, a graphical 

relationship has been attempted between intensity of we-

ighted. rainfall, duration of storm and $-index from the 

available records of gauged basin parts of the catchment. 

Thus the 1-index and subsequently the rainfall excess 

for different sub areas of an intermediate sub basin have 

worked as discussed in section 3.2. 

3.1+.1 (b) Transfer Function: 

The proposed transfer function for each of the 

sub areas of an intermediate sub basin will be the unit 

hydrograph as discussed in the conceptual representation 

of the sub basins, as discussed in section 3.3. 

The methodology for the formulation of model as 

explained earlier depends on the availability of observed 

runoff data at the outlet of the sub basin. The con-

tribution from intermediate sub basins are not available 

separately. Hence to compute the transfer function the 

basic requirement is to know the model parameters 'n' & 

'K'. Therefore it is proposed to develop a procedure 

for working out the constants C1  & C2  used in equation 

No.3.9 & 3.10, to compute the parameters in terms of 
catchment characteristics such as area of intermediate 

sub basin, length of river and over land slope. This 

will facilitate in establishing the model parameters 'n' 

and 'K' for the sub areas of intermediate sub basins. 
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The above procedure has been attempted by deve-

loping graphical relationships involving catchment cha-

racteristics and C1& C2  from the gauged sub basins. 

These correlation curves have been used to develop the 

model parameters for the intermediate gauged and ungauged 

sub basins using equation 3.9 & 3.10. 

3.1+.2 

Knowing the rainfall excess and unit hydrographs 

the model of these intermediate sub basins are developed 

as discussed in section 3.3• 
3.1+•3  Identification Of Model Parameters: 

The linear channel is used, to give the appropriate 

time lag for routing the responses from sub area. As 

indicated in Fig. No.3-3, the upper most sub area will 

have the longest time lag and the lower most will have 

the time lag, practically zero as the sub area contri-

butkng directly to the outlet of intermediate sub-basins. 

These values of time lags can be arrived at by trial & 

error, considering the observed record at the outlet. 

Testing of Model: 

The ungauged intermediate sub basin model responses 

cannot be verified as their runoff data are not available 

separately at the outlet, but the gauged intermediate 

sub basin response model can be verified. Fb r the pur-

pose the upstream computed runoff routed to the down 

stream section through linear channel. The response 
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of sub areas of intermediate sub basins are super-

imposed to the translated response of the sub basin 

to compute the total response at its outlet. A com-

parison is made between computed and observed direct 

runoff. 

3.5 	CON CEPTtJAL MODEL FOR ROUTING OF ILO W CONCENTRATION: 

3.5.1 Introduction: 

As discussed earlier in section 3.3, all the 

five sub basins in the catchment are modelled and the 

computed and observed responses at the outlet are com-

pared. 

Similarly in the section 3.4, all the six gauged 

and un-gauged intermediate sub basins in the catchment 

are modelled and the computed, and observed responses are 

compare., where possible. 

Having formulated the linear distributed parameter 

models for eleven sub basins in the catchment, next 

step is to route the flow concentrations from the re- 

spective outlets, to the Gandhi Sagar Reservoir. 	Fbr 

the purpose the Unit Response Routing Theory proposed 

by Sauer (Sauer, V.B., 1973) . 	In this process follow- 

ing steps are involved: 

1. Unit Response for the flow concentrations at 
the outlets of all the five sub-basins(viz. 
Pat, Mahidpur, Nagda, Mandsaur and Chaldu) are 
formulated. 

2. Unit Response for each flow concentration at 
the outlet of the five intermediate sub basins 

OTM LIBRARY (WIYERSIfY OF ROORKEF 
k()ORKEL' 



(viz. Choumahla, Kalakhedi, Barkheda, 4ahargarh 
and Tumri) are formulated. 

3. The response of Gandhi Sagar Intermediate Sub-basin 
is directly contributing to the reservoir and needs 
no routing. 

4. The computed responses at the outlets of sub-basins 
and intermediate sub basins are routed to the 
Gandhi Sagar Reservoir. 

5. Some of the Unit responses at the outlet of sub-
basins have been tested at the outlets of inter-
mediate sub basins. This is achieved by superimpo-
sing the computed responses of the gauged inter-
mediate sub basins, on to the routed flows from 
upstream outlet of sub basins, and comparing these 
responses with observed flows. 

The unit response model at the out let of inter-
mediate sub basins can only be tested by the 
observed and computed reservoir levels at Gandhi 
Sagar Reservoir. 

3. 5.2. A,pplication Of Unit Response: 

The Unit Response theory has been discussed in 

details in section 2.4. Different steps involved in the 

application of the theory refer to: 

Qi) the inflow hydrograph - which is to be routed. 
(ii) the Unit Response 
(iii) the travel time of leading edge 
(iv) Routing of Inflow Hydro graph 
(v) Testing of Unit Response Parameters. 

3.5.2 (i) The Inflow Hvdrograph: 

The inflow hydrograph is the computed response at 

the outlet of, sub basin or intermediate sub basin, as worked 

out in section 3.3 and 3.4 respectively. It can be con- 

sidered a series of individual flow elements as shown in 

Fig. No.3-4. 

3. 5.2 (ii) The Unit  Response: 

The schematic diagram for developing the model 



for unit response is shown in Fig. No.2.3. The proce-

dure consist of 

(a) Fb rmul ation of Translation Hydro graph 
(b) routing the translation hydrograph to get the 

unit response, and 
(c) converting the instantaneous unit response into 

desired routing period unit response. 

3.5.2 (ii) (a)  Formulation of Translation Hydrograph: 

Formulation of Translation Hydrograph require 

the calculation of the parameters: 

(i) proportionality constant 'K 
(ii) duration 'D'  

(iii). time base 'W' 
(iv) elponent (X) 

The proportionality constant is the slope of the 

starage discharge relation measured in hours. The best 

estimate of K can be made by the recession curve beyond 

inflection point by treating the recession curve is an 

exponential relation. The equation used is: 

K 	0.4.34 At 	.. 	.. 	..3.12 
log10( 

*- 
where  r = receission coefficient 

At = time interval 

The duration 'DI should be adopted such that 

it should be long enough to avoid excessive computations 

and short enough to define the hydrograph adequately. 

The value may be adopted between 0.1K & 0.4 K. 



The value of W can usually be adopted equal to 

'K' as the first trial and can be modified its value 

between 0.3 K to 0.7 K. 

The exponent 'X' is the exponent to fix non linearity 

of . the routing procedure. But in many open channels, the 

linear method 'yield acceptable result. Dooge and Harley 

( 1967 ) studied the effect of a non linear on the atte-

nuation and concluded that attenuation is almost independent 

of linearity. 

Thus knowing all the parameters, translation hydro-

graph may be developed by the following equation. 

V = I (cusec) * D( Hour ) .. 	.. 3.13 

where V = Volume in cubic feet per sec. hours. 

The translation hydrograph can be defined as shown in 

Fig. 2.5. 

3.5.2 (ii) (b) Instantaneous Unit Response: 
c lctnY~ 

The M csj1om method of routing translation 

hydrograph is used to get the Instantaneous Unit Response. 

The ordinates of translation hydrograph at an appropriate 

duration of routing, are calculated. The shape of tran-

slation hydrograph has little effect on the final results 

because storage routing tends to damp out irregularities. 

Knowing the value of 'K' & routing period 4 t j 

the routing constants CD & C3 & C2 may be worked out by 

the equation 2.26, 2.27 & 2.28 respectively. 	Hence develop 

the routing equation as: 
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Q2  -= Co  I i  + C1  12  + 02  Q1 	.. 	.. 	.. 3.14 
In the above equation the subscript I and 2 refer 

to values at the beginning and end of routing period Q t. 

The routing is followed by assuming I = I2  and initially 

the value of Q2 is zero. Thus the value of Q2  will 

give the instantaneous unit response. 

3.5.2.(ii) (c) The Unit Response: 

The duration of Instantaneous Unit Response is 

theoretically infinitesmally small it is not possible to 

perform this calculation directly. Therefore, it is to 

be transformed into Unit Response of required druation 

as explained in section 2.4.3. 

3.5.2 (iii) Travel Time Of Leading Edge: 

This has been explained in detail in section 2.4.5. 

For the present study the travel time of leading edge of 

inflow hydrograph has been found to be insignificant, as 

the basin is traversed by monsoon depression and cyclonic 

storms in the same general direction as the main river i.e. 

in the West-North Westerly direction, hence the flow con-

centration from different areas synchronise at the outlet. 

3.5.2 (iv) Routing Of Inflow Hydrograph: 

The inflow hydrograph, as shown in Fig.3.4, has been 

routed through the required channel length by using the 

unit response and travel time of leading edge of inflow 
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hydrograph. Each flow element of inflow hydrograph is 

multiplied by unit response ordinates to form the flow re-

sponse for that element. These flow responses are then 

lagged by a time equal to the travel time of leading edge 

and summed to form the outflow hydro graph. This con- 

elusion of inflow hydrograph and unit response is shown 

in Big. No.3-5 & 3-$• 

3.543 T..eating Of Unit Response Parameters: 

Testing of Unit Response Parameters is possible 

only when the observed runoff data at the down stream 

(site upto which the flows from upstream are routed) , are 

available. The routed hydrograph from upstream are added 

to the computed response of intermediate sub basin and 

are compared with observed flows. 

3.5.4  ,Advantages Of Unit Response Method: 

The advantages of the Unit Response Method over 

some of the more commonly used simplified methods are: 

(i) Rapid changes inflow, such as reservoir re-
leases can be routed as easily as gradual cha-
nges. 

(ii) The full range of flow can be routed, thus 
providing complete routing error into the low 
range of flow conditions 

(iii) Flow can be routed through long reaches of 
channel without sub dividing the reach into 
segments. 

The method, however, will not work where variable 

back water significantly affects the flow. 
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3.6.1 	Computation 0 f Flows At Gandhi Sagar Reservoir: 

As explained in section 3.3  and  3•-,  the flows at 

the outlets of the sub-basin and intermediate sub-basins 

are computed. From these outlets, upto the Gandhi Sagar 

Reservoir, separate unit responses for all the sub-basins 

and intermediate sub-basins have been computed. The 

inflow hydro graph is divided into flow elements, having 

the same duration as that of the corresponding unit 

response. Routed responses of each of the flow elements 

have been computed at the Gandhi Sagar Reservoir. The 

analysis is extended to all the ten inflow hydro graphs, 

using their corresponding unit responses. As the travel 

timings of leading edges are not significant, the routed 

responses are super imposed to compute the inflows to the 

Gandhi Sagar Reservoir. To these flows, are added, the 

flows from the Gandhisagar intermediate sub-basin, and 

also the inputs directly falling on the reservoir to obtain 

the total inflows to the Gandhi Sagar. From these total 

inflows, the net volume of inflow at the Gandhi Sagar is 

estimated. Using the Area-Capacity relationships, the 

stages at the Gandhi Sagar Reservoir are computed at 

different times and compared with the observed stages. 

3.6.2 efficiency Of Model At Gandhi Sagar Reservoir: 

Nash and Sutcliffe (Nash J.E., & Sutcliffe, J.V.1970) 

has proposed a relationship to work out the efficiency 

of model. This expression is used for coinparision of 
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observed and simulated direct runoff hydrographs. In 

the expression, the term '2, (, Qo  -) 2  represents the 

observed variance and the term 	( Qc  - Qo  ) 2  represent 

the residual to unexplained variance. The value will always 

be less than one. 

Coefficient of efficiency = 

N 	 2 
Qo  - Qo  ) 

N Q
0 -za )2 	.. .. 3.15 

bare, 	Qo  = Observed runoff 

Qc  = Computed runoff 

and 	N = Number of values. 



CHAP TER -IV 

APPLICATIONO F THE P PO SED MODEL ON CEAMBL RIVER BASIN 

AT GANDHI SAGAR DAM SITE IN MANDHYA PRADESH 

1+.1 	INTI i 3CTION: 

As discussed in Chapter-III, the proposed model has 

been applied to the Gandhi Sagar Reservoir catchment in 

Madhya Pradesh. The location of dam site, submergence 

area, raingauge stations, river gauge stations and other 

features of the catchment are shown in Fig.No.3-1 & 3-2. 

As mentioned earlier in section 1.3, the statement of the 

problem, the present study is carried out with following 

three stages, which are given 'below: 

A 	- Application of proposed model for the 
gauged sub-basins. 

B 	- Application of proposed model for the 
gauged and ungauged intermediate sub-basins. 

C 	- Application of the unit response theory to 
compute the inflows to Gandhi Sagar 
Reservoir. 

4.2 AVAILABYLI  TY 0 F THE DATA 

The data used in the present study have been collected 

from the M.P. Irrigation Department. Ibr the development 

of the proposed model short term storm data are required 

the rainfall run off data of the two storms were available 

as given below: 

Storm I 	18.8.74 to 22.8.74 

Storm II 	7.8.77 to 10.8.77 

First storm data is used for the formulation of pro- 

rUA 

posed model and for eCtablishing the model parameters where 
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with respect to catchment area, length of River, overland 

slope etc. for each gauge and discharge site. 

.3.1.  Catchment Area And River  Length: 

Measured by a planimeter on 1" = 4 miles topogra- 

phical map. The measurements for areas are carried out 

for all the sub basins of the catchment. The river length 

is measured by a thin thread. 

4.3.2 Overland Slope: 

Due to the non-availability of the contour of the 

catchment the river slope is considered as overland slope 

and measured in parts per 10,000. 

The pk ysiograpbical catchment characteristics are 

given in Appendix No.VII. 

4.4. 

 

SEN0ILYGON: 'OLY 

Thiessen Polygons are plotted for the raingauge 

stations. Thiessen weight factor for sub basins and inter-

mediate sub basins are shown in Appendix No. VII. The 

plotting is shown in the Fig. No. 3-2. 
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as the second storm data is used for testing the same. 

4.2.1. Rainf all Data: 

There are thirteen recording raingauge stations, 

evenly distributed over the entire catchment. The rain-

fall from these stations are available at 4--hours interval 

and are given in Appendix No. I & II. 

4.2.2. P off Data: 

There are twelve gauge and discharge sites in the 

catchment, where the runoff data has been collected. These 

sites are distributed in the catchment in such a manner, 

that, practically, flow of every main tributary of Chambal 

River could be measured at two or three places. The river 

gauge data is available at 6 Hr. interval during day time 

and at 12 Hours interval during night hours (Ref: Appendix 

No. III & IV) . 

Li-.2.3 Stages at Gandhi Sagar Reservoir: 

Stages at hourly interval during storm period for both 

storms are available and are given in Appendix No. V. 

4.2.4 Area-Capacity Relationship Of Gandhi Sagar Reservoir: 

Area-capacity relationship of Gandhi Sagar is available, 

at one feet interval and is given in the Appendix No. VI. 

1+.3 PHYSIOGRAPHICAL CATCHMENT CHAPJLCTERI STI CS: 

The physiographica]. catchment characteristics have been 

measured from a map of 1'1-4 miles. This includes the data 



with respect to catchment area, length of River, overland 

slope etc. for each gauge and discharge site. 

x+.3.1. Catchment Area And River Length: 

Measured by a planimeter on 1" = t+ miles topogra- 

phical map. The measurements for areas are carried out 

for all the sub basins of the catchment. The river length 

is measured by a thin thread. 

4.3.2 Overland Slope: 

Due to the non-availability of the contour of the 

catchment the river slope is considered as overland slope 

and measured in parts per 10,000. 

The physiographical catchment character) sties arc 

given in Appendix No .VII . 

)-.Lt-. THIESSEN POLYGON: 

Thiessen Polygons are plotted for the raingauge 

stations. Thiessen weight factor for sub basins and inter-

mediate sub basins are shown in Appendix No. VII. The 

plotting is shown in the EL g. No. 3-2. 
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CHAP TER - IV  JA) 

APPLICATION OF PROPOSED MODEL TO THE GAUGED SUB-BASINS 

IN THE CATCHMENT 

4 (A) .1 INTRODUCTION: 

The proposed model include the division of sub-

basin into sub area. For each sub area an instantaneous 

unit hydrograph has been developed using the relationship 

proposed by Nash(Nash, J.E. 1957, 1960) . Corresponding 

unit hydrographs for each sub area are computed. Linear 

channels are proposed for routing the flows from these 

sub areas to the outlet of sub basin. 

The parameters of this conceptual mode. are (1) 

'n'. 	The number of linear reservoirs in series (2) 'K' - 

the storage coefficient. In the present section the ana-

lysis is made to the following sub basins. 

1. Pat sub-basin 
2. Mahidpur-sub-basin includes Ujjain sub-basin 
3. Nagda sub-basin includes Badnagar sub-basin 
+. Mandsaur sub-basin 5. Chaldu sub-basin 

4(A) .2 DEVELOPMENT OF THE  MODEL: 

In these discussions, application of proposed model 

is discussed in details for Pat sub-basin. Similar app-

lications are extended to all other sub-basins and their 

findings are given in the Appendices, mentioned in sub-

sequent sections. 

i+ (A) .2.1  Division Of Sub-Basin: 

Pat sub-basin is covered by three raingauge sta- 

0 
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tions. Each raingauge influence area is shown in Fig. 

No. 3-2 by Thiessen Polygons. Hence the sub basin in 

question is divided into three sub areas. The physiogra-

phical characteristics of the sub basin has been worked 

out and tabulated as below in Table No. 4(A)-1. 

TABLE NO. 4(A) - 1 Physiographical Characteristics of 
Pat Sib-Basin: 

2 	3 )+ 5 6 

Pat 100 553 46 9.5 
1. Dewas )+0 220 16  9.00 
2.0 j j ain 25 1+0 12 8.50 
3•Pat 35 193 18 9.50 

The physiographic details of other sub-basins are 

given in Appendix No. VIII. 

4(A) 2.2 The Input Function 

Input function for sub-basin and for its sub areas 

have been worked out as explained in the section 3.2, on 

the basis of direct run off hydrograph and effective rain-

fall hyetographs for the sub basin. The details of the 

working procedure are given in Table No. +(A)-2. The 

details of the working procedure for input to other 

sub-basins are given in Appendix No.X(a)to Appendix No.IX(b)„ 

Name of Name of 	ITbiessen Physiographical Characteristic 
Sub- 	Sub-►area 	weight 	Catchment AiVex . 	Overland. Basin 	 Percent- area sq. length slope parts 

age 	miles 	miles per 10,000 



ITS SUB-AREAS 

Date b--rea (2) Sub Area (3) erved,Runoff Th.Cu. 
F.of R.F.E. Rainfalls 	R.F.E.in Dischar-  Base D.R.H. ' Jain 
ch/Hr 

inCh/H 
Col.12 of Pat 	inch Hr go flow Ordinate 

x9 inch/Hr 

1 12 	13 14 	15 16 	17 18 

18.8. 0;50 0.50 0 
43 0.-22 0.23 0.12 7.00  1,00 6.00 

.23 0.11 0.34 0.16 18.00 1.00 17.00 
19.8. 

.25 0.16 0.31 0.20 26000 1.00 25.00 

.41 0,33 0.12 0.10 31.50 1.00 30.50 

.34 0.25. 0147 0035 35.75 1.25 34.50 
:35 0.26 0.40 0.30 42.50 1.50 41.00 
.29 0,19 0.32 0.20 52;50 1.50 51000 
.21 0.12 0.46 0.27 61.25 1.75 59.50 

20.8, 
.25 0,18 0,38 0.27 70.00 2.00 68.00 
.32 0.24 0.51 0.38 81.00 2.00 79.00 

95.50 2.00 .93.50 
69.00 2.00 67.00 
63.50. 2.50 61.00 
58.40 2.40 56.00 

21.8. 
5000 2.50 47.50 
38.50 2.50 36.00 

98" 26.00 2.50 23.,50 
6.00 3.00 3.00 
5.00 3.00 2.00 
3.00  3.00 0.00 
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:Ti -+ (A) .2.3 The Transfer Function: This has been worked out in following steps: 

1. The model parameters 'n' & 'K' have been worked 

out by method of moments about origin from the rainfall 

excess hyetograph and direct runoff hydrograph, using the 

equation Nos. 3.6, 3.7 & 3.8. 

2. With these values of 'n' & 'K' and physiographical 

characteristics of sub basin, the value of C & C2  have been 

calculated using equation No.39 & 3.10. 

3. With the representative values of C1  & C2  for 

Pat sub basin, the model parameters for the sub areas are 

established and are shown in Table No. 4(A)-3 below. 
TABLE NO.4(A) -3 Mo el Parameters Of Pat Sub-Basin & Its 

N, 	Sub-Areas: 

Sub-basin 	Model Parameter 	Catchment Constant 
Sub-area 	n I K 	C. 1 C,, 

Pat 3\ 6.68 3.08 2.08 
(1) Dewas 3 5.94  3.08 2.08 

(2) U j j ain 3 5.55 3.08  2.08 

(3) Pat 3 5.55 3.08 2.08 

Similarly the model parameters for other sub-basins are 
given in Appendix No.VIII. 

0 

1t. with the established values of model parameters for each 
sub areas the Instantaneous Unit Hydrographs have been worked out 
using equation No.3.11. Subsequently, the unit hydrograph for eacl 
of the sub areas is computed and are given in Table No.4(A) -4. 
Similarly the unit hydrographs for each sub area of other sub 
basins are computed and given in Appendix No. X. 
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TABLE NO. 4 (A) -4 Unit Hydro graphs For Sub-Area's of 
Pat Sub-Basin 

Hours Sub area-1 Sib area-2 Sub area-3 
Th.Cusecs Th.Cusecs Th.Cusecs 

1 	2 	 3 	 4- 

0 0. 0 0 
4 1.38 1.0'4- 
8 4.18 3.04 4.19 

12 6.04 4.18 5.77 
16 6.18 4.08 5.62 
20 5.31 3.32 4.58 

24 4.12 2.42 3.32 
28 2.91+ 1.65 2.28 
32 1.97 1.08 1.49 
36 1.28 0.68 0.93 
40 0.83 0.42 0.57 
44 0.53 0.25 0.34 
48 0.32 0.15 0.20 
52 0.19 0.04 0.a2 
56 0.11 0.05 0.07 
60 0.07 0.03 0,04 
64 0.04 0.02 0,02 
68 0 0 0 

4 . (A) .2.4  Identification of Model Parameters: 

As discussed in section 3.3, knowing the transfer 

functions and effective rainfall for each sub area's of Pat 

sub-basin, the direct runoff hydrographs are computed. 

These are also termed as the differential responses of the 

basin. The 3. n•gar channels are assigned to the sub areas. 



to the outlet in such a manner that the super-imposed 

differential response match agreeably with the observed 

Th crnparision is shown in Fig. No.'s  

cJ 

D. 

resnonce. 

The pure translation of the linear channels are worked 

out b ::.tra)and error. This is done in such a manner 

that the super-imposed differential response match agreeably 

with the observed response. The basic structure repre-

senting the Pat system is shown in Fig.No. 4(A)-0. A 

comparision of computed and observed direct runoff hydro-

graph is shown in Fi g.No .4 (A) -3. 

Similarly the analysis is extended to all other 

sub basins. The results of the comparisions of computed 

and observed hydrographs for storm 1974 are given in Pig. 
No. I s 4 (A) -1, 4 (A) -2 & 4(A) -4 to 4 (A) -7. 

4 (A) e3  TESTING OFMODEL: 

Pbr testing of model, the data of storm, Aug.1977, 
is used. The procedure adopted for working the input fun-

ction for sub-basin and sub area, is same as explained f:. , 

above in section 4 (A) -2. Using the same transfer fun-

ctions for each sub-areas, as are formulated, the differen-

tial response for sub areas are computed. With the help 

of linear channels the flow is of each sub area is routed 
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CHAP TER - IV (B) 

APPLICATION OF PE PO$ED MODEL FOR INTERt~MEDIATE 

B-BASINS IN THE CATCHMEN T 

4(B) .1 INT CWCTION: 

As discussed in previous section, all the five 

sub-basins in the catchment are modelled accordingly 

and the proposed models are tested at the outlets by 

comparing the computed and observed responses. 

Formulation of model for intermediate sub-ba.n 

depends on the availability of observed data at its 

outlet i.e. the self contribution at the outlet of 
AWb• ha Aiv%. l,Mk pYOP a \j, *e 4vc4tabte a4eaved data 

intermediateeat the outlet of some intermediate sub-basin 

consists, two components. Firstly, its own contribution. 

and secondly the routed flow concentration from the 

upstream sub-basin. Fbr this reason the proposed 

formulation of model, which includes the derivation of 

input function and transfer functions can not be directly 

extended to the intermediate sub-basin. Gauged Intermediate 

sub-basins may be verified at its outlet but ungauged 

intermediate sub-basins can not be verified. Working 

of model parameter for transfer function require the 

knowledge of catchment constants ( C1 & C2 in the 

relation 3.9 & 3.10, proposed by Nash (J.E.Nash 1960) . 

Hence an attempt is made to have the input function on 

the basis of rainfall and to have the moMa blwe 

parameters on the basis of catchment characteristics. 
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4 (B) .2INPUT FUNCTION 0 F THE INTERMEDIATE SUB BASIN S: 

Fbr computing the rainfall excess of intermediate 

sub basins the relationships in the form of curves are 

developed between intensity of weighted rainfall, rainfall 

excess (percentage) or infiltration index (percentage) 

and duration of storm, from the analysis of the gauged 

sub basins. 	The details of storm characteristics of the 

gauged sub basins are given in the Table No. 4 (B)--1. 

TABLE NO. 4 (B) -1 Details of Storm Characteristics of 
Gauged Sub-Basins: 

Si. Name of Storm Total -index Rain- Jtd. -index R.E.of Z.W. 
No. sub-cat- dura- Wtd. 	linches fall R.F. lof T.W. R, F. % 

chm en t s tion R.F. 	I excess '.n- JR.F. 	% o1~.6., ,1X60 
Hrs. inched inches tensity Col. 5x Col. 4 

Col.)+/ 100/Col. 
Co1.3 4 

2 	3 	4 	5 	6 	7 	8 	9 

1. 	Ujjain 44 12.16 6.24 5.92 0.276 51.32 48.68 
!. 	Badnagar 36 5.06 2.36 2.68 0.140 46.80 53.20 

Pat 44 13.16 4.24 8.92 0.299 32.20 67.80 
Mahidpu r 44 11.84 4.9 2 6.92 0.269 41.56 58.44 

. 	Nagda 36 5.64 0.88 4.7 6 0.157 15.60 84.40 

. 	Mandsaur 24 9.12 4.32 4.80 0.380 47.37 52.63 
Chaldu 40 9.68 5.48 4.20 0.242 56.60 43.40 

4 (B) .2.1 Curves _Fbr Input- FUnction__ 

Two curves given in Fig. No.4 (B) -1 and 4 (B) -2 have 

been plotted. 

Between Rain excess (%) v/s intensity (inch/hr.) and 

P41 r 3 
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duration (hrs.) 

Between i-index (%) v/s intensity (inch/hr.) & 

duration (hrs.) respectively. The details of these are 

given as follows: 

4 (B) .2.1 (a) Basis of Curves: 

The above two curvy have been drawn with the fol-

lowing basis: 

(i) The storm duration in hours is written adjacent 
to the plotted points. 

(ii) Two straight lines in each curve have been 
drawn by joining the points indicating 36 hrs. 
and 40 hrs. storm duration respectively. These 
two lines are found parallel to each other. 

1- (B).2,1 (b) onclu sion Drawn: 

From the above concept the following conclusion 

may be drawn: 

(i) Since both the lines are parallel to each other, 
hence the lines drawn from other plotted points 
would also be parallel to these lines. 

(ii) The value of rainfall excess or 0-index on eaclg 
line increases or decreases respectively with 
the increase in weighted rainfall. 

4 (B) .2.1 (c) Procedure for Calculation Of Rainfall 
Excess or i-index: 

The procedure for the calculation of rainfall excess 

or ul-index require knowledge of weighted rainfall on the 

catchment and its duration and following procedure used 

fpr the same. 

(i) Fbr the known storm duration select the plot of 
same storm duration. 
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(ii) E iter the weighted rainfall intensity from 
ordinate to the plot and read the rainfall 
excess or p-index on absicca. 

4 (B) .3 EVALUATION OF CONSTANTS C 1& C2 FOR INTERMEDIATE 

~U B-BASINS: 

The tested values of model parameters and catch-

ment constants for the gauged sub basins (worked out in 

Chapter-IV(A)) , have been used. The values are tabu-

lated below in Table No. 4 (B) -2. 

TABLE NO. 4(B) -2 Model Parameters ibr Gauged Sub-Basins: 

Name of 
,atchment 

Catch- 
merit 
area in 

ength 
lof river 
in 

Length 
Catch- 
merit 

ver- 
and 

slope 
Value of 

In' 'K' C. C2 
sq.mile miles area 'n pa- 

rts pe 
10,000  

1 	2 	3 	4 	5 	6 	7 	8 	9 

U j j ain 77.5 40 0.05 16.60 5 4.10 2.03 3.51 
Badnagar 358 38 0.1.1 65.36 8 1.93 1.7'+ 5.63 
Pat 553 46 0.08 9.50 3 6.68 3.08 2.08 

Mahidpur 1707 76 0.04 39.65 9 3.14 1.75 5.98 
N agda 1477 72 0.05 37.00 4 4.89 2.75 2.67 

Mandsaur 414 44 0.11 6.15 4 2.66 1.15 2.75 
Chaldu 193 24 0.12 8.61 3 8.30 4.57 2.20 



4 (B).3.1 Curves For Value Of C1: 

Two curves given in F'i g.No.4 (B) -3 and 1i- (B)-'+ have 

been plotted. 

Between C.A.(Sq.Miles) v/s C1 & CLS 

Between River length (Miles) v/s C1 & OLS 

respectively. The details of these are given as follows: 

(B) .3 1 (a) Concept of Drawing the Curves: 

The above two curves have been drawn on the following 

lines. 

(i) The value of storage coefficient 'K' is written ad-
jacent to the plotted points. 

(ii) Two straight lines in each curve have been drawn 
joining the points, having the value 6.68 to 4.89 hr. 
and 4.1 hr. to 3.14 hr. 

(iii) On both the lines in both curves the value of 'K' 
decreases with the increase in catchment area or 
river length. 

(iv) The average overland slope is marked on the lines. 

4 (B) .3.1 (b) Conclusion Drawn: 

The following conclusion may be dtawn: 

(i) Both the lines are parallel to each other in both 
curves, hence the lines passing from other plotted 
points would also be parallel to. these lines. 

(ii) In both the figure the overland slope decreases with 
the increase in value of C1. 

(iii) The value of C1 decreases with the increase in 
catchment area or river length. 
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4 (B) .3.1 (c) Procedure For Calculation Of C : 

The procedure for the calculation of C1  require the 

knowledge of (i) overland sloe in parts of 10,000 (A) 

catchment area in sq. miles or the river length in miles, 

of a ungauged sub basin. 

(i) iLth known overland slope the desired plot is 
fixed. 

(ii) For known catchment area/river length, compute 
the value of C1. 

(iii) Take the average of two values of C1  if both 
the plots corresponding to C.A. & river length 
are referred to. 

4 (B) .3.2 Curves for Value Of C2: 

Similar to C1, two curves given in Fig. No. 4(B) -5 
and Fig.No.4(B) -6 have been plotted. 

Between OLS v/s C2  & L/A (Mile-1) 

Between river length (Miles v/s C2  & OLS 

respectively. The details of these are given as follows. 

4 (B) .3.2 (a)  Concept. Of _Drawing The Curves: 

The above two curves have been drawn on the following 

concept. 

(i) The value of no. of linear reservoir 'n' are 
indicated adjacent to the plotted points. 

(ii) Two straight lines are drawn passing through the 
same 'n'  i through n = 3 & 4. 

(iii) The values of L/A(Mile-1) , varies.-fram'0,05. ta, 
0(.1'1 (aarexiage 0.08) and 0.08 to 0.12 (average 
0.10) on the two lines of Fig.No.4(B) -5. While 
in the Fig.No.4(B) -6 the value of slope increases 
with the increase in C2 
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4 (B) .3.2 (b) Conclusion Drawn: 

Following conclusions may be drawn: 

(i) Both lines are parallel to each other. 
Hence the lines drawn from other plotted 
points would also be parallel to these lines. 

(ii) Value ofQ2 will increase with the decrease in 
L/A (miles in Fig. No.)+ (B) -5 while C in-
creases with the increase in OLS in Fig? No. 
4 (B) -6. 

(iii) The value of 4 decreases with the increase 
in OLS & river length (miles) . 

+- (B) .3.2 (c) Procedure for Calculation Of C2: 

The procedure for calculation of C2 require the 
knowledge of OLS, catchment area (sq. miles) , length of 
river (miles) . Bbllowing procedure adopted. 

(i) with known va7,.ues of L/A(udle 1) , fix the 
plot t i Fig. 	(B) 5. Similarly known value 
of OLS fix the plot in Fig. 4 (B) -6. 

(ii) for known values of OLS & river length 
compute the values of C2 from Fig. No.~+ (B) -5 
and 6 respectively. 

(iii) Average value of C2 is adopted if both curves 
are used. 

I (B) 4 DEVELOPMENT OF MODEL FOR INTERMEDIATE SUB-BASIN: 

Formulation of model for intermediate sub basins 
has been carried out in accordance with the procedure 
proposed in section 4(B) -2 and section +(13)-3, for eva-
luating the input function and model parameters respectively. 
The rest of the procedure i.e. for computing the differen-
tial responses of sub areas is same, as adopted in the 

') 
Li A.v 



modelling of gauged sub basins in Chapter IV(A). The pro-

posed procedure is applicable to both gauged and ungauged, 

intermediate sub basins. Availability of gauging data at 

the outlet of intermediate sub basin, is helpful only in 

the verification of model parameters. This verification 

is carried out by superimposing the routed flow concentra-

tions from the outlet of sub basin, to the contributions 

of the intermediate sub basin and compared the total com-

puted flows with the observed flows at the Out-let -  of inter-

mediate sub basin. But the ungauged intermediate sub basin 

cannot be verified. 

In the present section the application of proposed 

model is discussed in details for Choumahla intermediate 

sub-basin. 	Similar applications are extended to all the 

five other intermediate sub basins given below and the de-

tails of the application, are given in the appendices, 

mentioned in subsequent sections. 

1.  Kalakhedi 
2.  Barkheda 
3.  Mandsaur 
4  Tum ri 
5. Gandhi Sagar 
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4 (B) .4.1 Division Of Intermediate Sub-Basin: 

ChAoumahla Intermediate sub-basin is covered by two 

rain gau ge stations. The influence area of each station 

is shown in Fig.No.3.2 by Thiessen Polygons. 	Therefore 

the basin is divided in two sub-areas. The physiographical 

characteristics of the sub basin has been worked out and 

tabulated as below in Table No.4 (B) -3. 

TABLE NO.4 (B) -3 Physiographical Characteristics Of 
Choumahla Intermediate Sub-Basin: 

Name of Name of Thiesson Physiographical Characteri. 
basin Sub-area weight sties 

Catchment River Overland 
Area length in slope in 
sq.miles miles parts/10( 

1 	2 	3 	4 	5 	6 

Choumahla 	100 	521 ' 	32 	12.63 

(1)  Pat 57 300 17 12.63 

(2)  Choum ahla 43 221 15 12.63 

The physio graphical details of sub areas of other 

intermediate sub basins are given in Appendix No. XIII. 

4 (B) .4.2 The Input klxnction For Choumahia Intermediate 
~nID-Basin: 

The rainfall excess and $ -index for intermediate sub-

basin have been worked out as explained in section 1+ (B) -2 

using Fib. No.(B) -1 and Fig.No.4(B)-2 and thus the rainfall 

excess for sub areas has been calculated as explained in 

section 3.2. The details of the working procedure are given 



BASIN AND ITS 

Date & 

19.8.7 

20.8.7 

with 

Sub-System(2) Observed Runoff at Choumahla  
R.F. 	R.F. 
inch Excess Discharge Base flow D.R.H. 
/Hr. inch/Hr Th.Cu. 	Th.Cu. 	ORDINATE 

Th.cu. 
11 	12 	13 	14 	15 

0,50 0.50 0 
0.56 0.41 5.,00 0.+50 4.50 
0.21 0.14 18.00 0.50 17.50 

0,42 0.30 30.00 100 29.00 
0.21, 008 42:00 2,00 40.00 
0.16 0.11 60.30 2.30 58.00 
0.20 0.14 84.00 200 82.00 
0.55 0.42 112.03 2.-00 110.00 
0.73 0.60 134.50 2.50 13200 

0 "19 0.12 158.00 3.00 155.00 
042 0.33 195,00 3.00 192.00 
0.49 0.31 208.00 3.00 203.00 

200.00 3.00  197 .00 
15003 4.00 146.00 

2.82 120.00 4.50 115.50 
11.28" 76,50 4.50 7 2.9.00 

44000 5.00 39.00 
19.70 5.70 14.00 
15.00 6.00 9.00 
11.00 6.00 5.00 
9,00 6.00 3.00 
7.+00 7.00 0 
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in Appendix No.XIV (a) to Appendix No.XIV (e) . 

4 (B) .4.3 The Transfer Tinct  ion: 

This has been worked out in the following steps. 

1. 	With the known values of catchment characteristics, 
as given in Table No.4 (B) -1, the value of catchment 
constants have been 'worked out, using Fig. No. i-i- (B)-
3 & 4 and Fig. No.'s 4 (B) -5,6 respectively. 

2. 	With these established value of C1  & C2  the model 
parameters for each sub afea are computed using the 
equation Nos. 3.9 & 3.10 and are given in table No.)+ 
(B)-5. 

TABLE NO.4 (B)-5 
	

0 

Sub Basin 	Model Parameters 	Catchment Constant 

Sub area 	j n 	K 	C 	J C2  

1 	2 	3 	 5 

Choumahla 3 6.06 3.84  2.55 
(a) pat 3 7.10 3.8i- 2.55 
(b) Choumahla 3 6.66 3.84 2.55 

Similarly the model parameters for other intermediate 

sub basins are given in Appendix No. XIII. 

3. 	With the established values of model parameters 
for each of the sub-areas, the instantaneous unit 
hydrograph have been worked out using equation 



No.3.11, subesequently the unit hydrograph for 
each of the sub areas is computed and are given 
in Table No. 4 (B) -6. 

Similarly the unit hydro graph for each sub areas 

of other intermediate sub basins are computed and given in 

Appendix No.XV. 

TABLE NO. 4(i3) 6 Unit HYdrographs for Sub-Areas Of 
Sub-Basin: 

Firs. 	Unit Hydro graph Ordinate in Th. Cus ec s 
Sub Area 	I 0  I 	8 I  12 	16 	20 	2't- I  28  I  32  I  36 

1 	2 3 4 	5 	6 	7 	8 9 	10 11 

Sub area (1) 	0 1.16 3.96 6.38 7.20 6.85 5.88 4.70 3.59 2. 

Sub area (2) 	0 1.06 3.36 5.17 5.55 5.14  4.28 3.30 2.42 i.; 

Hrs. 	Unit Hydrograph Ordinate in Th. Cusecs 
Sub Area 	0 	8 52 	56 	60 	68 72 76  

Sub area (1) 1.88 1.26 0.84 0.60 0.39 0.26 0.17 0.08 0.04 0 

Sub area (2) 1.18 0.80 0.52 0.34 0.22 0.14 0.08 0.04 0.02 0 

4 (B) .4.4 Indentification of iiodel Parameters: 

Knowing the rainfall excess and transfer function of 

each sub area of Choumahla Intermediate Sub-basin, the differential 

responses for each sub area are computed. These differential 

responses and the computed flow concentration of Pat sub basin, 

are superimposed, by providing the linear channel to Pat flows 



s • 

and response for 1st sub area of Choumahla intermediate 

sub basin, in such a manner, so that it can be matched 

agreeably with the observed record at the outlet of Chou-

mahla intermediate sub basin. The comparison is given 

in Fig. No.4 (B) -7. 	Similarly for the responses for the 

Kalakhedi and the Nahargarh gauged intermediate sub-basin 

have been compared with the observed data and their out-

lets. A comparison are given in Fig.No.4 (B)-8 and Fig. 

No.4 (B) -9 respectively close agreement between two  
e MdOt pOA& M# WJ% bn 8av yd ir~~WK@ alp 41Ab• VA . 

Their computed direct runoff hydrograph and effective 

rainfall hydrographs have been given in Fig. No.4(B) -10 

to Fig. No.4 (B)-12. 

Ungauged intermediate sub basins (viz. Barkheda, 

Tumri and Gandhi 8agar) response model cannot be verified. 

Their direct runoff hydrograph and effective rainfall 

hyetograph are aoe given in Fig. No.4 (B)-13 to Fig. No. 

4 (B)-i. 

4 (B) .4.5 Te sting O f Model:  

For testing the model parameters, the daaaof the 

storm recorded in Aug.1977, is used. In-put function 

and model parameters for Transfer Function of ( oumahla 

Intermediate sub-basin have been computed as discussed 

in the previous section 4 (B) -2 & 4 (B) -3. 



The procedure for comparison of computed and 

observed responses is adopted as explained in section 

4 (B)-4.+. A comparison of computed responses with ob-

served responses at the outlet of Choumahla gauged 

intermediate sub basin is given in Fig. No.4 (B) -16. 

Similarly the comparison in computed and observed re-

sponses, for other gauge intermediate sub basin (viz. 

Kalakhedi and Barkheda) are given in Fig. No.4-(B)-17 

and Fig. No. 4 (B) -18. 	A close Agreement between 

two, verify the model parameters of the gauged inter-

mediate sub basin. Their direct runoff hydrographs 

are given in Fig. No.4 (B) -19 to Fig. No.- (B)-21. 

Ungauged intermediate sub basins (viz. Nahargarh 

and Gandhi sagar) response model cannot be tested. Their 

direct runoff hydrograph and effective rainfall hydro-

graphs are given in Fig. No.4 (B) -22 and Fig. No.4 (B) - 

23 respectively. Tumri ungauged intermediate sub-basin 

for this storm does not contribute any flow of water 

hence analysis could not be attempted. 
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CHAPTER -IV (C) 

1. (C).1  INTRODUCTION: 

As explained earlier,in Chapter 4(A), all the five 

sub-basins in the catchment are modelled and the computed 

and observed responses at the outlet are compared, to verify 

the model parameters. 

Similarly the gauged and ungauged intermediate sub-basins 

in the. catchment are modelled in Chapter 4(B) and the computed 

responses of gauged intermediate sub-basins are compared with 

the observed, by routing and super imptisiew the responses 
at the outlet of sub-basins to verify the model parameters.._ 

Thus whole catchment has been modelled. In all, there 

are now eleven computed responses. The response from the 

Gandhi Sagar intermediate sub-basin will be super imposed. 

On the routed flow concentrations from the different outlets, 

to the Gandhi Sagar reservour to get the total flow at 

Gandhi Sagar. Flow concentration from the outlets of the 

following sub-basins and intermediate sub-basins, are routed 

upto Gandhi Sagar Reservoir. 

6. Choumahia intermediate 
Sub-Basin 

7• Kalakhedi intermediate 
Sub-Basin 

8. Barkheda Intermediate 
Sub-Basin 

9. Nahargarh intermediate Sub-  
Basin 

10. Tumri Intermediate sub-bas: 

1. Pat Sub Basin 
2. Mahidpur Stab Basin 3 Nagda Sub-Basin 
+. Mandsaur Sub Basin 5. Chaldu Sub Basin 

1+(C) 2 APPLICATION OF UNIT RESPONSE 

The unit Response theory which has been discussed in 

section 2.+ & 3.5, the application of which involve the 
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steps: 

i) Analysis of the inflow hydrograph: which is to be 
routed, 

ii) Computation of the Unit response 
iii) The travel time of leading edge 
iv) Routing of inflow hydrograph 
v ) Testing of unit response parameters. 

In the present Chapter, the application of unit 

response theory for Pat Sub-basin is discussed in detail. 

Similar applications are extended to all other sub-basins 

and intermediate sub-basins and their findings are detailed 

in the appendices, mentioned in subsequent sections. 

+(C).2,1 The Inflow Hydro graph 

The inflow hydrograph is the computed response at the 

outlet of Pat sub-basin, which has been computed in Chapter 

}+(A ) and is given in Fig. No. 4(A)_3. The hydrograph is 

divided into a series of flow elements a s shown in Fig, No. )+(c )-

11. The duration of each flow element is same as the duration 

of Unit Response. Similarly the other inflow hydrographs are 

shown in Fig. No. 4(C)-13, 1+(C)-15, li-(C)-17, 1-(C)-19 and 
Fig. No. 1-(C )_2'1 to Fig. No. 4(C)-25. 
)+(C).2,2 Formulation Of Unit Response: 

Formulation of Unit Response for Pat Sub-Basin is 
carried in the following steps: 

(a) Formation of Translation hydrograph 
(b) Routing of translation hydrograph 
(c) Derivation of Unit Response. 

4(C).2.2(a)  Translation Hydrogrra.=h 

Formation of Translation hydrograph requires the 

knowledge of storage coefficient tkt time base W and duration D. 

Evaluation of tkt require the knowledge of recession 

coefficient( r) and time interval 4 t which can be 
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from the recession limb of inflow hydro graph at Pat Sub-basin 1s 

explained in section 3.5. The storage coefficient is calculated 

by equation 3.12. 

In the present case the value of time base is adopted as 

0.5 K. Duration 'D' is adopted 4 Hr. 

Knowing all the parameters the translation hydrograph 

ordinates at one hour interval are computed. The findings for 

Pat Sub-basin are given in Table No. 4(C)-1. 

TAB IANO. 4(C )..1 

TRANSLATION HYDROGRAPH AT PAT SUB-BASIN 

Mme 
of 
Basin 

Hr
W D 
 Kr of 

(Vol. 

TH  
Translation hydrograph ordi- 
a 	a r 	t k 

0 Hr 1 Hr 2H I3HrRfHrI5Hr 
1 	2 	3 L 5 6 	7 	8 	9 10 11 12 13 

Pat o.673 4 10.08 o.5K 4 4 	0 	0.80 1.60 1.07 0.53 0 
5 Hr. 

The details of the working procedure of Translation hydrograph 

for other sub-basin and intermediate sub-basins are given in Appendix 
No. XVI. 

4(C)2.2(b) Routing Of Translation Hydrographs: 

As explained in section 3.5 the translation hydrograph is 
routed through a linear reservoir to obtain the instantaneous unit 

response. The routing constants ( Co  , C1  , C2) have been worked 

out by equation Nos. 2.26,2.27 & 2.28 respectively. The values for 

Pat are , Co  = 0.05, C1  = 0.05, 02 = 0.90. Knowing the Routing 

constants the routing equation for Pat hydrograph is developed by 
equation No. 3.1+. 

Q2 	= 0.05 I1  + 0.05 12  + 0.90 Q1 

Routing period tt' 	is one hour. 	The routing of translation 

hydrograph is followed by assuming I. = I2  = I and initial value 
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of Q2 is equal to zero. Hence the above equation takes the forn 

Q2 0.11 + 0.90 Q1 	..  

Similar procedure is adopted for other inflow hydrograpr 
for sub-basin and intermediate sub-basin , for working the 
routing equation, which are given in Appendix XVI. 

Knowing the routing equation, the ordinates of 
translation hydrographs are routed to get the instantaneous 
unit response. The working procedure is given in Table No. 
-i-(C)-2. 

TABLE NO. )-(C) 2 

Hours Input 0.11 0.9 Q Q U.R. for U- R 	c r R He ur- 
cusecs 1 I?TR 4- hour 1+ Hr.la 	cusecz 

cusecs cusecs by 4 Hr. 

0 0 0 0 0 0 0 
1 0.80 0.08 0 0.08 0.01+ 
2 1,60 0.16 0.07 0.23 0.16 0.16 

3 
0.21 0.27 1.0

7 0.05 0,34 0 0.33 
5 0 0 0.30 0.30 0.32 0.01i- 
6 0.27 0,27 0.29 0.16 0.45 
7 0.25 0.25 0.26 0.27 
8 0.22 0.22 0.2- 0.33 0.57 
9 0.20 0.20 0.21 0.32 

10 0.18 0.18 0.19 0.29  
11 0.16 0.16 0.17 0.26 
12 0.15 0.15 0.15 0.24 0.39 
13 0.13 0.13 0.1 0.21 
14 0.12 0.12 0.13 0.19 0.32 
15 0611 0.11 0.11 0.17 
16 0,10 0.10 0.10 0.15 0.25 
17 0.09 0.09 0.09 0.14 
18 0.08 0.08 0.08 0.13 0.21 
19 0.07 0.07 0.07 0.11 
20 0.06 0.06 0.07 0.10 0.17 
21 0.06 0.06 0.06 0.09 
22 0.05 0.05 0.05 0.08 0.13 

0.04 0.04 0.07 2+ 0.04 0.11 

5imWIOAIy ttw ?urtj cv a% `tAw%o\a{ iov, ~~dsorA hkh ant v►ictde 4461 °~ivt i  
\o . 	(g) -tp A4 ..hc i, -m o _:vart,. 
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4(C)2.2(C) The Unit Response:   

The duration of instantaneous unit response 

( worked out in previous section) it theoritically 
infinitesmally small. It is not possible to perform 
this calculation directly. Therefore it is to be trans, 
formed into unit response for required duration as explained 
in Section 2.+.3. 

The unit response worked above is of + hours duration 
which is to be transformed into a desired duration of 8 hours 
The unit response for Pat sub-basin is given in Table No. 
1.(C)...2 and Fig. No. 1+(o)...1.  

Similarly the unit responses for 8 hours, have been 
worked out for other sub-basins and intermediate sub-basins 
The working procedure is given in Appendix No. XVII(a) to 
Appendix Ngo. XVII Ci). The corresponding unit responses 
are given in Fig. No. 4(C)_2 to Fig. Mo. 4(C)_10. 

4(C).2.3 Travel Time Of leading Edge: 

In the present study, the travel time of leading edge 
of inflow hydrographs have been found to be insignificant 
as the storm have traversed in the direction of flows. 

4(C).2.~+ Routing Of Inflow Hydrograph: 

To obtain the responses of each flow element the 
ordinates of the unit response for Pat Sub-Basin are 
multiplied with the ratio of input volume to unit flow 
element. 

As the leading edge travel time is insignificant, all 
the flow responses are summed up as per their respective time 

period. The working procedure is given in Table No. 4(C )..3 



1. JO 

Hours Total Start-  Interme- 1btal Obser rime Date 
routed diate DRH vedDRH firs. 
Dpi. sub-Bas- at at Ch- 
Col. from in DRH~. Choum oumahia 
3to13., 2OHR Th.Cu. ahla Th.cu. 
Th.Cu. from 

Pat 

1 14 15 16 17 18 19 24 

0 0 0 0 0- 16 18.8.14 
4 4.95 0- . 0 4.50 20 

8 8:55 4:*95 4;95 	17.50 24 
12 16.73 8.55 0•. 8:55 	29;00 4 
16 24442 16.73 11.95 28;68 	40.00 8 
20 31.44 24.42 37.90 62.32 	58;00 12. 
24 36;56 31.44 5832 89.76 	82000 16 
28 4335 36.56 62.60 99.16 110.00 20 
32 47.58 43:35 70.01 103435 132.00 24 
36 .60.09 .47;58 89.34 136.92 155.00 4 20/8 
40 67.3.9 .6.0:09 103.38_ 163.47 192.00 8 
44 72.61 67.39 101.96 169;35 205;00 12 
48 74.17 72.61 90.32 162.93 197.00 16 
52 67.18 7.4.17 74.2.9 148.46 146.00 20 
56 59.47. 67.18 57.76 124.94 115.50 24 
60 48.30 59.47 43010 102:57 	7200 4 21/8 
64 35.85 48.30 31.21 79.51 	39.00 8 
68 27;81 35.85 21.98 57-.83 	14.00 12 
72 42:246 _17.155 27.81 14.65 9.00 16 
76 13.38 17.-55 9,61 27.16. 5.00 20 
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The resultant will be the outflow hydrograph at Gandhi Sagar. 

Similarly Routing inflow hydrograph for other basins 

and intermediate basins are carried out. The working 

procedure is given in Appendix No. XVIII(a) to Appendix 

No. XVIII(i) 

4(C) 2.5(1) Testing Of Unit Response Parameters: 
The Unit Response Parameter of Pat sub basin is 

tested at the outlet of Choumahla intermediate sub-basin. 

For the purpose, the Choumahla intermediate flow response 

( which has been verified and tested) is added to the 

routed direct runoff hydrograph at Choumahla from Pat site, 

and compared with the observed inflow hydrograph at Choumahla 

( which include the flow upto Choumahla.) Working details 

are given in Table No, 4(C )_3 and comparison is given in 

Fig. No, 1  +(c)-12. Close agreement between two verify the 

unit response parameters for Pat Sub basin. 

Similarly the unit response parameters for N hidpur 

and Mandsaur have been tested. The comparison between 

computed and observed are shown in Fig. No. 1-(C)-16 and 

Fig. No. +(C)-i8, Working details are given in appendix 

No. XVIII(a) and Appendix No, XVIII(e). 

The Unit response parameter for intermediate sub basin 

can not be verified. Their inflow and outflow hydrographs are 

dhoen in Fig. N. +(C)_21 to Fig. INro. 4(C)-25. 

)+(C) 2.5(b) Testing Of Unit Response Parameters For The 
Storm Recorded In August 1977. 

The inflow hydrographs of gauged sub-basins 

(viz. Pat, Mahidpur, Nagda, Mandsaur & Chaldu) as given 



I'-►2 

in Fig. No, 4(A)-8 to Fig. N6. 4(A)-12 are converted into 

series of flow elements which are given in Fig. ?Tbs. 

4(C)-26, 4(c)-28, )+(C)-30, 4(C)-32 and Fig, No. 4(C)_34 
respectively. 

Similarly the computed Inflow hydrographs for 

intermediate sub-basins as given in Fig. Nos. 4(B)-19 
to Fig. Nos. 4(B)-23 are divided into series of flow 

elements, which are given in Fig. Nos. 4(C)_35 to 

Fig. No. 1+(C)-38. 

Using the ordinate of unit responses given in 

Fig. No. 7+(C)-1 to 4(C)-10,e multiplied with the 

ratio of input volume to the unit flow element to obtain 

the responses of each flow element. 

Unit response parameters of Pat, lviahidpur and 

Nagda are verified and tested as it has been done for 

First storm. The comparison is shown in Fig. 4(C)-27, 
4(C)-29 and 4(C)-31. 

The outflow hydrographs for intermediate sub-

basins are shown in Fig. No. 4(C)_35 to Fig. Pb. 4(C)_38. 
There is no contribution from Tumri intermediate 

sub-basin. 
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)+(C ). 3  COMPUTATION OF FLOWS AT GANDHI SAGAR MSr VOUR 
As explained in section 3.5.3,  the outflow responses 

from all the sub-basins and intermediate sub-basins have 

been computed, separately and routed at the Gandhi Sagar 

reservoir. As the travel timings of leading edges are 

not significant, the routed responses are super imposed 

to compute the inflows to the Gandhi Sagar reservoir. 

To these flows are added, the flows frorç. the Gandhi Sagar 

intermediate sub-basin, and also the inputs directly 

falling on the reservoir, to obtain the total inflows 

at Gandhi Sagar. The working procedure for both the 

storms are given in Table No. )-(C)_1+. and No. )(C)_5 

re spectively. 

From these total inflows, the net volume of inflow 

at the Gandhi Sagar has been worked out. Using the area 

capacity relationships, the stages at the Gandhi Sagar 

Reservoir are computed at different times and compared 

with the observed stages. Working procedure for both 

storms are given in Table No. 1+(C )_?+ & l-(C )_5. The 

comparision 	for both storms are given in Fig. No. 

)+(C')..39 and Fig. N. 4(C) +O, 
i-(C).3.1 EfficiencyOf Model At Gandhi Sag 	: 

Efficiency of the model for both the storms have 

been worked using equation No. 3.15. The working 

procedure are given in Table No. -(C)_6. The efficiency 

of the model are: 

Efficiency of model for 1974 storm 
Efficiency of model for 1977 storm = 81 
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CHAP TEERR-V 

TMMARY OF PROPOSALS, RES3LTS, DISCUSSION OF RE  LTS_AND 

PROPOyS,AL POR MJTURE I'iDEff 

5.1 	oho PROPOSAL s: 

The present study is aimed at simulating the direct 
runoff hydrograph for the Chambal River Basin at Gandhi 
Sagar site, using a linear distributed parameter model. The 
assumption of linearity ensures application of the principle 

4 of homogonity and also the principleksuperimposition. In 
a hydrologic system the simulation of the catchment action is 
better taken into account, when the input is considered as 
distributed. In the proposed model it has been attempted 
by splitting the vast catchment, (having the drainage area 
of about 8800 square miles) , into its different sub-basins 
and intermediate sub-basins. This is attempted, keeping in 
view the drainage character of the basin. Further, the 
non-uniformity of rainfall is taken care of by dividing them 
into sub-areas. These sub-areas are arrived at, keeping 
in view the meteorological 	 L gical homog~nity. Thus simulation of 
the direct run off hydrograph for the catchment of Gandhi 
Sagar Reservoir, has been performed in the following steps. 

(i) To develop suitable input function 
(ii) Formulation of linear distributed parameter model 

for the sub-basins. 
(iii) Simulation of linear distributed parameter model 

for the intermediate sub-basins. 
(iv) Routing of flow concentrations from the outlets of 

sub-basins and intermediate sub-basins to the 
Gandhi Sagar site. 
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5.1.1 Development of Suitable Input Function: 

Input to the system is considered as distributed 

function. 	This has been possible by considering different 

rate of abstraction for different sub basins. 	The rate of 

abstractions are considered by adopting a suitable 0-index. 

The variation in 0-index with in a sub basin are not con-

sidered, however aprocedure is suggested to compute the 

weighted effective rainfall excess for each sub area from 

the available rainfall excess of the sub basin. 

5.1.2 	emulation Of Model Fbr the .ib-Basin: 

Using the conceptual model proposed by Nash (Nash 

J.E. 1957), the instantaneous unit hydrograph and subsequen-

tly unit hydrographs for each sub area is computed, which iA 

the desired transfer function. The differential responses 

from each sub area are subjected to pure translation by 

introducing the linear channels at the outlets of each sub-

area to the gauge. The linear channels account for the 
r 

time lags of the differential responses from the outlets 

of the sub areas to the gauge. These values of the time 

lags are arrived at by trial and error, considering the 

observed record of storm runoff at the outlet of sub-basin. 
The comparision of computed response with the observed storm 

runoff at the outlet of sub basin establishes the model 

parameters. The model has been tested by taking the other 
ed 

record,storm data. 
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Summari singly the catchment action of each sub-

area is characterised by a time parameter model. The 

parameters being in'- no. of linear reservoir,'K t- the 

storage coefficient and the pure translation of the linear 

channels. 

The above procedure has been extended to all the 

filre gauged sub basins in the catchment. 

5.1.3 Formulation Of Model for the Intermediate Sub Basins: 

Intermediate sub basins are the catchment areas betw-

een the out let of a sub basin and a gauged and dischar-

ge site down stream. Separate analysis is proposed for 

the input function of Intermediate sub basins. To com- 
Inp4~ 

puts the&functions a graphical relationship has been arrived 

between intensity of weighted gross rainfall., duration of 

storm and -indtces from the available records of gauged 

sub basin in the catchment. Knowing the meteorological 

characteristics of the storm the input function for Inter-

mediate sub-basin and its sub areas are computed. 

The transfer function, characterising the catchment 

action, is the same as for sub basin. But the parameters 

in' &'K' can not be obtained from the analysis of effective 

rainfall hyetograph and Direct Funof f Hydro graph, as the 

same are not available. These have been obtained from 

catchment characteristics (equation No.3.90 & 3.10) . 



Graphical relationships have been proposed between C. & C2  

and catchment characteristics to compute the catchment con-

stants for intermediate sub basins. These relationships 

have been developed from the available records of gauged 

basins parts of the catchment. Thus the model parameters 

for the each sub areas of intermediate sub basins are derived 

and the transfer function i.e. the Unit Hydrograp.hs developed. 
of 

The differential responses for sub breasLintermediate sub 

basins can be computed from computed rainfall excess. To 

these routed responses from up stream gauge are added to com-

pute total flows at the out let of the intermediate sub basins. 

The same procedure has been extended to all the six 

intermediate sub basins in the catchment. 

5.1.L+ Routing Of Flow Concentration To The Gandhi Sagar Site: 

Having formulated the linear distributed parameter model's 

for all the five gauged sub basins and six intermediate sub 

basins, next step Ts. to route each flow concentration from 

their respective outlets to the Gandhi Sagar Site. For the 

purpose 'The Unite Response Theory of Open Channel Ylow Routing' s 
is adopted. 

Seperate unit responses for all the five sub basins and 

five intermediate sub basins have been computed. The inflow 

hydrograph is divided into flow elements, having the same 

duration as that of the corresponding unit response. Routed 

responses of each of the flow elements have been computed at 
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the Gandhi Sagar Reservoir. The analysis is extended to all 

the inflow hydrographs, using their corresponding unit re-

sponses. As the travel time of leading edge are not signi-

ficant, the routed responses are superimposed to compute 

the inflows to the Gandhi Sagar Reservoir. To these flows, 

one added, the flows from the Gandhi Sagar intermediate sub-

basin, and also the inputs directly falling on the reservoir 

to obtain the total inflows to the Gandhi Sagar from these 

total inflows, the net volume of inflow at the Gandhi Sagar 

is estimated. Using the area capacity relationships, the 

stages at the Gandhi Sagar Reservoir are computed at diffe-

rent times and compared with the observed stages. The 

procedure is repeated with the other storm data, 

5.2  RESULTS, DISCUSSION OF RESULTS:  

In the present section the discussion is carried out 

in accordance with the main tributary of river Chambal, 

which are - Chotti Kalisindh River, Shipra River, Shivana 

River and Return River. These river basins have been mode-

lled and compared at their outlets. 



TABLE  NO : 	Stn t of Results 

Name of 	River Modelled 	i Testing of Model 	Reference 
River 	at - 	( is made at - 	Figure No. 
1 	 2 	 3 	 4 

1. Chambal R (a) Nagda Site 	Nagda Site 	 (A)-5 & 
(A)-12 

(b) Barkheda Site Barkheda Site  
(Intermediate 	(include Nagda 
sub-basin) 	 Flow) 

2. Ship ra R (a) Mahidpur Site Mahi dpu r Site 

	

	1+(A)-i-  & 
4(A) -11 

(b) Ka].khedi Site Kalakhedi Site 	4(B) -8 & 
(I.S.B.) 	(include Mahidpur  

Flow), 

3. Chhotikali(a) Pat Site 	Pat Site 	 4(A) -3 & 

indh R (b) Choum ahl a Site Choum ahl a Site 	4 (B) -7 & 
(I.S.B.) 	(include Pat Flow) 4(B) -16 

4. Shiveaaa R (a) Mandsaur Site Mandsaur Site 

	

	(A)-6 & 
4(A) -8 

(b) Nahargarh Site Nahargarh Site  
(I.S.B.) 	(include Mandsaur 

Flow) 

5. Return R (a) Chaldu Site 	Chaldu Site 	'+(A)  -7 
(b) Tumri Site 	Tumri Site 

(I.S.B.) 	(include Chaldu 
Flow) 



1~5 

5.2.1 	scansion Of Formulation Of Model Fbr aib-Basins & 
.x'.11. 

Has considerably made the approach simpler, at the same 

time, the results shown above were found to be appreaciably 

satisfactory. Conclusions and discussions of the results 

are as follows: 

(i) assumption of linearity is valid. 

(ii) The concepts used for computation of rainfall 
excess have produced satisfactory results. 

(iii) The conceptual model proposed by Nash (Nash J.E. 
1957) has been used to define, two parameters 
'n' & 'K' of the different sub areas of the 
sub basins. 	When the Nash (Nash J.E. 1957) 
model as such applied to the sub basins con-
sidering the model to be lumped, in most cases, 
computed peak occured earlier than the observed 
one. This discrepency was eliminated to a 
great extent by considering the model to be 
distributed and by the application of linear 
channels. 

(iv) Fbr each sub area the transformation process of 
the hydrologic system is thus taken care of by 
a unit hydro graphs in combination with a linear 
channels. The limitation of the unit hydro-
graph theory are not effecting the results, as 
the sub areas are comparatively much smaller 
(of the order of 70 sq. miles to 700 sq. miles) . 

(v) The unit hydrographs as defined in the present 
analysis represent the catchment action in 
combination with a linear channel, therefore 
they may not be identical to the unit hydrographs 
computed from the conventional approaches. 
However, this can only be verified when the rain-
fall and discharges for a sub area are available. 



(vi) The rainfall excess has been computed by con-
sidering a constant rate of 0-index for the 
entire sub basins where as, the rainfall excess 
of each sub area at different time unit is 
computed by using a weight factor. The weight 
factor represent the linear relation between 
excess rainfall and the gross mean rainfall for 
different time units. The assumption thus 
made have given satisfactory results. 

(vii) Fbr the input function for entire ungauged 
sub basins a representative relationships have 
been attempted between: 

(a) Rainfall excess and Intensity of rainfall 
and its duration. 

(b) -index and Intensity of rainfall and its 
duration. Knowing the storm characteristics 
of the ungauged sub basins the ¢9-index or 
rainfall excess thus directly be computed. 
The input function thus arrived at, has 
given satisfactory results. 

(viii) Fbr determination of transfer function of un-
gauged catchments, the model parameters 'n'& 'K' 
have been computed from the relationships deve-
loped between these parameters and the catchment 
physiographic characteristics for the entire 
sub basin and found the satisfactor results, 
which shows the usefulness of the theory developed 
for ungauged catchment areas. 

5.2.2 Discussion  of Results of Unit"Response Theory: 

The unit response theory for flood routing has been 

used to route the flow concentrations from the outlets of 

the sub basins and Intermediate sub basins upto Gandhi Sagar 

Reservoir. And the responses from sub basins out let have 
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been tested at the outlets of intermediate sub basins 
and found the satisfactory results. The results are 
shown as follows: 

The results are: 

At Choum ahl a out let - FS. g .No . t5 +( C)  -12 & *(C) -27 
At Kalakhedi out let - Fig.No.'s 	C)-i6 & 1+(C)-29 
At Barkheda out let 	- Fig. No. +(C)-31  
At Nahangarh out let - nig.No. t s 'i-(C)-18 & 	(C)-33 
At Tumri out let 	- Fig. No. 4(C)-20 

Discussions and conclusions made are:- 

(i) The travel time of leading edge of inflow 
hydro graphs have been found to be in sijhi fic ant 
which may be due to the fact that the monsoon .~ 
depression and cyclonic storms are traversed 
in the same direction as that of main river i.e. 
the West-North Westerly. direction. 

(ii) The unit responses are computed by routing a 
translation hydrograph to a linear reservoir, 
it was seen in the analysis that the shape of 
the unit response is not materially effected 
even when the time base of translation hydro-
graph was changed from 'K' units of time to 
'0.75K', and further to '0.5I' (where K is 
the delay time for the area obtained by dis-
charges in the model proposed by Clark (C.0 . 
Clark, 1945). 

(iii) The assumptions of the hypothetical channel 
are seldom true; however, in many open 
channels, the linear method yield acceptable 
results. 	Dooge and Harley (Dooge, J.C.I. & 
Harley, B.M., 1967) studied the effects of a 
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non-linear channel on the attenuation 
and concluded that attenuation is almost in-
dependent of linearity. They suspect that 
it might be possible to simulate the non-
linear action of a channel by two sub systems, 
one of which would subject to inflow to a 
non-linear translation, or lag and the other 
which would subject the translated inflow 
to a linear attenuation. The unit response 
method also includes a type of non linear 
attenuation. 

The unit response theory and formulation of model 

for entire catchment has been tested at Gandhi Sagar 

Reservoir, by comparing the computed and observed reservoir 

levels. The comparision can be observed in Fig. No.'s 

4(C)-39 & 4(C)-4© for both storms recorded in Aug.1974 & 

Aug. 1977 respectively, and found a quite close agreement 

between two. 

The efficiency of the model for the catchment 

have been worked out and found as 89% and 81% for the 
r 

two storms respectively. 

5.3 	PROPOSAL MR WT1RE 

In the light of the above discussion the following 

proposals have been suggested for fixture work on the 

subj ect. 

(i) To make the theory of input function for 
ungauged areas more realistic by studying 
more storms of varied intensities and dura-
tions and by including some more parameters 
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such as Anticipated Precipitation Index(API) 
etc. 

(ii) To make the theory of transfer function for 
ungauged areas more realistic by adopting 
overland slope instead of river slope. This 
study will require the topographical maps 
scaled 1 inch to a mile. 

(iii) A study is to be performed in the similar 
manner by including the upstream gauge and 
discharge sites which have not been included 
in the present study due to non-availability 
of the data. 

(iv) Refinement in the study may be done by taking 
the number of linear reservoir in fraction in 
the Gamma function of the proposed model. 

(v) Refinement in the application of input fun-
ction for sub areas in the model, may be done, 
using the infiltration capacity curve for soil 
if available. 

(vi) Study regarding the validity of insignificancy 
in the travel time of leading edge of inflow-
hydrographs in the catchment is strongly sug-
gested. 

(vii) Improvement of the value of recession coeffi-
cient (r) , by taking the average for several 
storm data, which has been worked out in the 
present study by considering the discharges 
by 	AMA the discharges of the rece- 
ssion limb beyond inflection point for only 
single storm. Thus improvement in storage 
coefficient will take place. 

(viii) Last suggestion but not least in importance 
is that the entire simulation process start-
ing from the rainfall to the prediction of 
reservoir levels at the Gandhi Sagar is 
computerised as the entire work is based on 
linear theory, which would be worth to 
attempt, 
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APPENDIX NO YYII 

ROUTING OF TRANSLATION HYDROGRAPH bR MAHIDPUR SUB BASIN 

Q =0.121+0.88Q1 

Input 0.1 l 0.9 Q1 	Q2 	U.R. for 	U. R. for 8 Hours 
Hours Cusec s Cusecs Cusec s 	Cosecs C&s F 	UR for 	UR for 

4 hr.  8 hours 
lag by 
4 hr. 
Cosecs 	Cosecs 

4 	7 	b 	7 	~s 

0 0 0 0 0 0 0 0 
1 1 0.12 0 0.12 0.06 
2 2 0.24 0.11 0.35 0.24 0.24 
3 1 0.12 0.31 0.43 0.39 
4, 0 0 0.38 0.38 0.41 0 0.41 
5 0.33 0.33 0.36 0.06 
6 0.29 0.29 0.31 0.24 0.55 7 0.26 0.26 0.28 0.39 
8 0.23 0.23 0.25 0.41 0.66 
9 0.20 0.20 0.22 0.36 10 0.18 0.18 0.19 0.31 0.50 

11 0.16 0.16 0.17 0.28 
12 0.14 0.14 0.15 0.25 0.40 
13 0.12 0.12 0.13 0.22 
14 0.11 0.11 0.12 0.19 0.31 
15 0.09 0.09 0.10 0.17 16 0.08 0.08 0.09 0.15 0.24 
17 0.07 0.07 0.08 0.13 18 0.06 0.06 0.07 0.12 0.19 
19 0.06 0.06 0.06 0.10 
20 0.05 0.05 0.06 0.09 0.15 21 0.04 0.04 0.05 0.08 
22 0.04 0.04 0.04 0.07 0.11 23 0.03 0.03 0.04 0.06 
24 0.03 0.03 0.03 0.06 0.09 
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APPEND]% N0. XVII (b) 

ROUTING OF TRANSLATION DROGRAPH FOR  NAGDA SUB BASIN 

Q2  m 0.11I +0.89 Q1  

Input 0.11 I 0.89 Q1  Q2 	I U. R. for U. R. for 8 Hours 
Hours IUR 	4 Hours U. R. for 	U. R. for 

4 Hrs. 	.8 Hrs. cusees cusecs cusecs 	cusecs cusecs lag by I Cusece 
Yi 

1 	4 	3 	4 	5 	6 	7 	8 

0 0 0 0 0 0 0 1 1 0.11 0 0.11 0,06 2 2 0.22 0.10. 0.32 0.22 0.22 3 1 0.11 0.29 0.40 0.36 4 0 0 0.36 0.36 0.38 0 0.38 5 0.32 0.32 0.34 0.06 
6 0.29 0.29 0.31 0.22 0.53 7 0.25 0.25 0.27 0.36 8 0.23 0.23 0.24 0.38 0.52 
9 0.20 0.20 0.21 0.34 10 0.18 0.18 0.19 0.31 0.50 11 0.16 0.16 0.17 0.27 12 0.14 0.14 0.15 0.24 0.39 13 0.13 0.13 0.13 0.21 14 0.11 0.11 0.12 0.19 0.31 15 0.10 0.10 0.11 0.17 16 0.09 0.09 0.10 0.15 0.29 17 0.08 0.08 0.09 0.13 18 0.07 0.07 0.07 0.12 0.19 19 0.06 0.06 0.06 0.11 20 0.06 0.06 0.06 0.10 0.16 

21 0.05 0.05 0.06 0.09 22 0.04 0.04 0.04 0.07 0.11 23 0.04 0.04 0.04 0.06 
24 0.03 0.03 0.04 0.06 0.10 
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APP NDIX NO. XVII (c) 

ROUTING OF TRANSLATION HYDROGRAPH FOR MANDSAUR SUB BASIN 
Q2 = 0.16 I +0.84 Q1 

Hours 
Input 0.16 I 0.84 Q1 Q2 LU. R. for 

I U R~4 Hrs. 

U.R.for 8 Hours 
U.R.for U.R.for 

Cusecs Cosecs Cusecs Cusecs' Cusecs 4 Hrs. 8 Hrs, 
lag by Cu s ee s 
4Hrs. 

1 	2 	3 	4 	5 	6 	7 	8 

0 0 0 0 0 0 0 
1 1 0.16 0 0.16 0.08 
2 2 0.32 0.14 0.46 0.31 0.31 
3 1 0.16 0,39 0.55 0.51 
4 0 0 0.46 0.46 0.51 0 0.51 
5 0.39 0.39 ' 0.43 0.08 
6 0.33 0.33 0.36 0.31 0,77 
7 0.27 0.27 0.30 0.51 
8 0.23 0.23 0.25 0.51 0.76 
9 0.19 0.19 0.21 0.43 
10 0.16 0.16 0.18 0.36 0.54 
11 0.14 0.14 0.15 0*30 
12 0.11 0.11 0.13 0.25 0.38 
13 0.10 0.10 0.11 0.21 
14 0.08 0,08 0.09 0.18 0.27 
15 0.07 0.07 0.08 0.15 
16 0.06 0.06 0.07 0.13 0.20 
17 0.05 0.05 0.06 0.11 
18 0.04 0.04 0.04 0,09 0.13 
19 0.03 0.03 0.04 0.08 
20 0.03 0.03 0.03 0.07 0.10 
21 0.02 0.02 0.02 0.06 
22 0.02 0.02 0.02 0.04 0.08 
23 0.02 0.02 0.02 0.04 
24 0,01 0.01 0.02 0.03 0.05 
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APPII+tDIX NO. XVII (d) 

ROUTING OF TRANSLATION HYDROGRAPH CHALDU SUB BASIN 

Q2  = 0.15 I + 0.85 Q1  

Hours 
Input 0.151 0.85 Q1  Q2  

I U R 
U.R. for 
4 Hrs. 

U.K. for 8 Hours 
U.R. for U.R. for 
4 Hr.lag 8 Hrs. 
by 4 Hr. 

Cuseos Cuseos Cuseos Cuseos Cuseos Cuseos 

I ' 	2 3 4 5 6 7 8 

0 0 0 0 0 0 0 
1 1 0.15 0 0.15 0.08 
2 2 0.30 0.13 0.43 0.29 0.29 
3 1 0.15 0.37 0.52 0.48 
4 0 0 0.44 0.44 0.48 0 0.48 
5 0.38 0.38 0.41 0.08 
6 0.32 0.32 0.35 0.29 0.64 
7 0.27 0.27 0.30 0.48 
8 0.23 0.23 0.25 0.48 0.73 
9 0.20 0.20 0.22 0.41 

10 0.17 0.17 0.19 0.35 0.54 
11 0.14 0.14 0.16 0.30 
12 0.12 0.12 0.13 0.25 0.38 
13 0.10 0.10 0.11 0.22 
14 0.09 0.09 0.10 0.19 0.29 
15 0.07 0.07 0.08 0.16 
16 0.06 0.06 0.07 0.13 0.20 
17 0.05 0.052 0.06 0.11 
18 0.05 0.05 0.05 0.10 0.15 
19 0,04 0.04 0.05 0.08 
20 0.03 0.03 0.04 0.07 0.11 
21 0.03 0.03 0.03 0.06 
22 0.02 0.02 0.03 0.05 0.08 
23 0.02 0.02 0.02 0.05 
24 0.02 0.02 0.02 0.04 0.06 
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APPENDIX NO. XVII (e) 

ROUTING OF TR NSLA ION HYDROGRAPH FOR CHAUMAHLA INTERMEDIATE 
SUB_....  BASIN 

Q2  = 0.1I+Q.9Q1  

Hours 
Inflow 0.10 I 0.90 Q1  Q . 	, 

IU t 
U. R. for 
4 Hrs. 

U. R for 8 Hours 
U. R. for U. R. for 
4 Hrs. 8 Hrs. 
la ti by 
4 	r. 

Cusec s Cosecs Cusecs Cuse Cusec s Cusses Casec s 

1 2 3 4 5 6 7 8 

0 0 0 0 0 0 0 
1 1 0.10 0 0.10 0.05 
2 2 0.20 0.09 0.29 0.20 0.20 
3 1 0.10 0.26 0.36 0.33 
4 0 0 0.33 0.33 0.35 0 0.35 
5 0.29 0.29 0.31 0.05 
6 0.26 0.26 0.28 0.20 0.48 
7 0.24 0.24 0.25 0.33 
8 0.21 0.21 0.23 0.35 0.58 
9 0.19 0.19 0.20 0.31 

10 0.17 0.17 0.18 0.28 0.46 
11 0.16 0.16 0.17 0.25 
12 0.14 0.14 0.15 0.23 0.38 
13 0.13 0.13 0.14 0.20 
14 0.11 0.11 0.12 0.18 0.30 
15 0.10 0.10 0.11 0.17 
16 0.09 0.09 0.10 0.15 0.25 
17 0.08 0.08 0.09 0.14 
18 0.08 0.08 0.08 0.12 0.20 
19 0.07 0.07 0.08 0.11 
20 0.06 0.06 0.07 0.10 0.17 
21 0.06 0.06 0.06 0.09 
22 0.05 0.05 0.06 0.08 0.14 
23 0.04 0.04 0.05 0.08 
24 0.04 0.04 0.04 0.07 0.11 
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APPENDIX NO. 	(f) 

ROUTING OF T R,AN SLaA'I I ON HYDROG RAPH FOR KAZAKHEDI INTERMEDIATE 
SUB BASIN 

Q2 

 

= 0.18 I +0,82 Q1  

Hours 
Input 0.181 0,82 Q Q2  

IUR 
U.R.for 
4 Hrs. 

U.R. for 8 Hrs, 
U. P. for U. R. for 
4 Era. 8 Era. 
lag by 

firs. 4 
Cusecs Cusecs Cusecs Cusecs Cusecs Cusecs 

1 	2 	3 	4 	5 	6 	7 	8 

0 0 0 0 0 0 0 
1 1 0.18 0 0.18 0.09 
2 2 0.36 0.15 0.51 0.35 0.35 
3 1 0.18 0.42 0,60 0.56 
4 0 0 0.49 0.49 0.55 0 0.55 
5 0.40 0,40 0.45 0,09 
6 0.33 0,33 0.37 0.35 0.72 
7 0.27 0.27  0.30 0.56 
8 0.22 0,22 0.25 0.55 0,80 
9 0.18 0.18 0.20 0.45 

10 0.15 0,15 0.17 0.31 0.54 
11 0.12 0,12 0,13 0,30 
12 0,10 0.10 0,11 0.25 0,36 
13 0.08 0.08 0,09 0.20 
14 0.07 0,07 0.08 0.17 0.25 
15 0.06 0.06 0.07 0,13 
16 0.05 0.05 0.06 0.11 0.17 
17 0,04 0.04 0,05 0,09 
18 0.03 0.03 0,03 0.08 0.11 
19 0,03 0,03 0.03 0.07 
20 0,02 0,02 0,02 0,06 0.08 
21 0.02 0.02 0.02 0.05 
22 0.01 0.01 0,02 0.03 0.05 
23 0.01 0.01 0.01 0.03 
24 0.01 0.01 0.01 0.02 0.03 
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APPENDIX NO, XVII (g) 

ROUTING OF TRANSLATION HYDROGRAPH FOR BARKHEDA (INTERMEDIATE) 

Q2  = 0.08 2 + 0.92 Q1  

Hours 
Input 0.08 I 0.92 Q1  Q2  

IUR 
U. R. for 
4  Ars. 

U.R.for 8 Hrs tom. o . L for 
4 Hr.lag 8 Hrs. 
by 4 Hr. 

Cusecs Cosecs Cusecs Cusecs Cusecs Cusecs 
1 	2 	3 	4 	5 	6 	7 	8 

0 0 0 0 0 0 0 
1 0.80 0.06 0 0.06 0.03 
2 1.60 0.13 0.06 0.19 0.13 0.13 
3 1.07 0.09 0.18 0.27 0.23 
4 0.53 0.04 0.25 0.29 0.28 0 0.28 
5 0.0 0' 0.27 0.27 0.28 0.03 
6 0.25 0.25 0.26 0.13 0.39 
7 0.23 0.23 0.24 0.23 
8 0.21 0.21 0.22 0.28 0.50 
9 0.17 0.19 0.20 0.28 

10 0.18 0.18 0.19 0.26 0.45 
11 0.16 0.16 0.07 0.24 
12 0.15 0.15 0.16 0.22 0.38 
13 0.14 0.14 0.19 0.20 
14 0.13 0.13 0.14 0.19 0.33 
15 0.12 0.12 0.13 0.07 
16 0.11 0.11 0.12 0.16 0.28 
17 0.10 0.10 0.11 0.19 
18 0.09 0.10 0.10 0.14 0.24 
19 0.08 0.08 0.09 0.13 
20 0.08 0.08 0.08 0.12 0.20 
21 0.07 0.07 0.08 0.11 
22 0.06 0.06 0.07 0.10 0.17 
23 0.06 0.06 0.06 0.09 
24 0.06 0.06 0.06 0.09 0.14 
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APPIl'1DIX N0; XVI (h) 

ROUTING OF TRANSDAXION HYDROGRAPH FOR NAHARGARIAINTERMEDIATE') 

SUB B Sfl  

q2 =0.09 T +0.91 Q1 

Hours 
Input 0.09 I 0.91 Q1 Q2 

IUR 
U.R.for 
4 Hrs. 

U.R.for 8 Hrs. 
U. . ft for U.R. P 
4 Hour 8 Hrs, 
lag by 
4 Hour 

Cusecs Cusecs Cusecs Cusecs Cusecs Cusecs Cusec~ 
1 z 3 4 5 b 
0 0 0 0 0 0 0 
4.("i 0.61 0.06 0.06 0.06 0.03 
2 1.33 0.12 0.96 0.18 0.12 0.12 
3 1.00 0.09 0.16 0.25 0.22 
4 0.67 0.06 0-.23 0.29 0.27 0 0.27 
5 0.33 0.03 0.26 0.29 0.29 0.03 
6 0 0 0.26 0.26 0.18 0.12 0.40 
7 0.24 0.24 0.25 0.22 
8 0.22 0.22 0.23 0.27 0.50 
9 0.20 0.20 0.21 0.29 
10 0.18 0.18 0.19 0.28 0.47 
11 0.16 0.16 0.17 0.25 
12 0.15 0.15 0.16 0.23 0.39 
13 0.14 0.14 0.15 0.21 
14 0.12 0.12 0.13 0.19 0.32 
15 0.11 0.11 0.12 0.17 
16 0.10 0.10 0.11 0.16 0.27 
17 0.09 0.09 0.10 0.15 
18 0.09 0.09 0.09 0.13 0.22 
19 0.08 0.08 0.09 0.12 
20 0.07 0.07 0.08 0.11 0.19 
21 0.06 0.06 0.07 0.10 
22 0.06 0.06 0.06 0.09 0.15 
23 0.05 0.05 0.06 0.09 
24 0.05 0.05 0.05 0.08 0.13 



PPP DIIXNOXVII  i 

LUTING OF  TRANSLATION HYDROGRAPH FOR TUMRI (INTEr EDIATE) 

SUB BASIN 

Q2  = 0.07 I + 0.93 Q1  

Hours 
Input 0.07 I 0.93 Q1  Q2  

IUR  
U.R. for 
4 Hours 

U.R. for 8 Hrs. 
U. R. fo r U. R. fox 
4 Hr.lag 8 Hours 
by 4 Hrs 

Cosecs Cosecs Cusecs Cosecs Cosecs Cusecs Cusecs 
1 	2 	3 	4 	5 	6 	7 	8 

0 0 0 0 0 0 0 
1 0.80 0.06 0 0.06 0.03 
2 1.60 0.11 0.06 0.17 0.12 0.12 
3 1.07 0.08 0.16 0.24 0.21 
4 0.53 0.04 0.22 0.26 0.25 0 0.25 
5 0 0 0.25 0.25 0.26 0.03 0 
6 0.23 0.23 0.24 0.12 0.36 
7 0.21 0.21 0.22 0.21 
8 0.20 0.20 0.21 0.25 0.46 
9 0.18 0.18 0.19 0.26 

10 0.17 0.17 0.18 0.24 0.42 
11 0.16 0.16 0.17 0.22 
12 0.15 0.15 0.16 0.21 0.37 
13 0.14 0.14 0.15 0.19 
14 0.13 0.13 0.14 0.18 0.32 
15 0.12 0.12 0.13 0.17 
16 0.11 0.11 0.12 0.16 0.28 
17 0.10 0.10 0.11 0.15 
18 0.10 0.10 0.10 0.14 0.24 
19 0.09 0.09 0.10 0.13 
20 0.08 0.08 0.09 0.12 0.21 
21 0.08 0.08 0.08 0.11 
22 0.07 0.07 0.08 0.4a 0.18 
23 0.07 0.07 0.07 0.10 
24 0.06 0.06 0.07 0.09 0.16 
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