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ABSTRACT

In all water resources development activities floods
play an important role, hence measures have to be taken to
control floods and also to design hydraulic structures capable
of withstanding the adverse effects. The time and magnitude
of a flood wave at a point on-stream is determined from the
known or assumed data at one or more points up-stream, using
the procedure of flood routing. There have been a variety of
flood routing procedures which have been developed involving
various assumptions about the flow and channel characteristics
depending upon available data. The Muskingum Cunge procedure
is one such procedure which considers the attenuation effect
on the flow during its passage through a river reach due to
irregularities in the cross-section and storage effect, This
procedure, which is a modification of commonly used Muskingum
procedure, includes consideration of the effect of channel
geometry. In the present case study, this procedure has been
applied to data of two floods observed in a reach of river
Narmada.

The information regarding river geometry and flood plain
geometry has been derived from toposheets (1:50,000) scale for
river reach between Mortakka and Garudeshwar sites. At all
points where river channel pattern is changing,cross-section
information has been derived from the contours. Using this
information, the attenuation parameter for both in-bank and
over-bank floods have been established for the river reach,

and using the data for inflow hydrograph at Mortakka site and
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the parameters derived as above, the downstream hvdrograph at
Garudeshwar site has been computed and compared with the
observed hydrograph. These computed hy&rographs compare
reasonably well inspite of limitations due to river geometry

information taken from contours at 20 m intervals.
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1.0 INTRODUCTION

The method of determining the flood hydrograph at a
section, using the data on the same at an upstream site is
known as flood routing. These methods are needed for many
hydrologic applications like flood forecasting, flood
protection, reservoir design, spillway design etc. Different
methods have been developed and practiced for routing a flood.
They can be broadly classified into two types viz.
(i) hydraulic routing, (ii) hydrologic routing. The former
considers the flow to be gradually varied unsteady and solves
partial differential equations. The latter aims at computa-
tionally simplified approach by using routing parameters.
These parameters are chosen so that they are able to reproduce
the outflow hydrograph. Two distinct effects, on the hydrmgraph,
of these parameters are noted. They are (i} the translation
of flood wave without change of form (ii) the attenuation,
which is a reduction in flood peak.

The Muskingum method uses a trial and
error method to arrive at the two parameters. Later
methods were found to evolve physically meaningful determination
of these parameters. The Muskingum Cunge is one such method.
With the information on the river geometry, this method finds
an attenuation parameter, which can be used to determine the
routing parameter x. Because of the use of information on the
river geometry this method provides a scope of extending.its

application to floods larger than earlier observations.




In order to illustrate its use, applications of this
method to route some floods experienced in the river Narmada
has been made. The information on river geometry has been
extracted from the topographic maps (1:50000 scale) covering
the river reach between the Mortakka and Garudeshwar sites on

the river Narmada.




2.0 REVIEW

A flood may emanate from precipitation runoff,
reservoir releases or a dam break. Theoretical foundation
for flood routing was laid by Saint~Venant in 1871, with the
development of one dimensional equation of unsteady flow. The
St. Venant equations express the conservation of mass and

momentum as follows:

Continuity:

3IQAX +3AMRt =0 . eee (1)
Momentum:

3 A Qy 2Q 3y -

st B ix T A9 Gy TS, *tSg) =0 e (2)
where,

Q is the discharge (m3/s),

A 1is the area of cross section of flow (mz),

y 1s the depth of flow (m),

g 1is the acceleration due to gravity(m/sz),

SO is the bed slope,

Sf is the energy slope,

X,t are space and time coordinates.

These equations are too complex to solve and hence
various simplified forms are derived to solve flood
propagation. A bibliography of the works carried out on
flood routing can be seen in Miller, et al (1975). The
solution procedures for the flood propagation can be classified

under two categories viz., (i) hydrologic flood routing,

{(ii) hydraulic flood routing.




Hydrologic routing methods use simplified forms of
egquations 1 and 2. The continuity equation takes the
feollowing form:

I - 0= ds/dt cee (3)
Instead of the usual momentum equation given earlier,
hydrologic flood routing methods adopt storage equation
as follows:

S=K(x I~ {l~zx)0) ce. (8)
where,

I is an average inflow over time dt

0 is an average outflow over time dt

S is storage

K, x are routing parameters determined from flood
records

In case of hydraulic flood routing the St. Venant
equations are solved with appropriate boundary conditions by
any of the following methods:

l. Finite difference method

2. Method of characteristics

3. Finite element methods
A review of hydraulic routing methods can be seen in Hydraulic

Routing Techniques, NIH RN-21 (1985-86).

2.1 Hydrologic Methods
Muskingum method was developed by McCarthy and was
named after the place of its first application. This is based

on equation 4. The parameters 'K' and 'x' are evaluated from

the flood hydrolographs observed at the upstream and downstream




sites. Originally a trial and error method was used in this
connection. The methods of determination of these parameters
have been developed by many investigators {Singh and McCann,
1980) such as (1) least square techniques, (2} Method of
moments, (3) Optimization techniques. Singh and McCann
concluded that there is no particular advantage of one method
over the other.

The Muskingum method suffers due to two short comings.
Firstly, the establishment of the routing parameters are
tedious. Secondly, they can only be evaluated for reach
having both ends gauged. In many situations, the gauging sites
might not have been in operation during high floods. Hence,
there is a need for a method which uses the available
topographic information and other geometric information to
compute the routing parameter.

Commenting on the Muskingum method, Cunge (1969)
mentioned that the finite difference approximation (truncating
higher order terms) to the modified continuity equation,
produces attenuation in this method. Relating the truncation
error to the Hyami's(1951) diffusion equation, Cunge derived
expressions for attenuation parameters and routing parameters
using average channel width and slope. The most convenient
way of determining the attenuation and routing parameters,
was proposed by Price (1973) as given in NERC (1975). 1In this
method, the irregularities in the width of the ri&er are

appropriately included.




3.0 METHOD USED
3.1 Theoretical Basis of the Method Used

The relative importance of various terms in the basic
equation 1 and 2 has been given by Henderson (1966, P. 364}.
The local and convective acceleration terms can be ignored.

Thus the equation 2 is reduced to:

s+g-§-s=o . e. (5)

£ o)

The energy slope Sf can be evaluated by the Manning's:

Q2 n2
S = . S — .. (6)
£ A2 R4/3
Substituting the expression for Q from (5), (6) into (1)
the following are derived:
A 3 1 2/3 ay,.1/2,_
Tt ix (nAR (8,75%) )= 0 cee {7)

where,

n is the Manning's coefficient,

R is the hydraulic radius

The flood flow can be sub-divided into a discharge
Qc flowing in the channelrand a discharge Qf flowing over the
flood-plain. This division is only arbitrary. Now the

continuity equation (1) can be rewritten as:

3 (a,

+ oA L0 _
5T £+ 5% 0

.. (8)

Assuming Ag to be a function of Ac the above can be reduced

to: 3A 3 A
£ c
{1 +¢ ¥y ) +
c

30 _
3t ax‘o --e (9)




Here, W; and W; are the inundated widths of the channel and
flood plain respectively. The above assumption is true

only if the water level across the channel and flood plain is
uniform. The term ¢ is sinosity and is defined as the ratio
of the. length of the channel to the length of the flood plain

in the flow direction. These are explained in figure 1.

WATER LEVEL
. ELO00 g

FIG.l Channel and flood plain

From the equations (5) and (6) the discharge can be expressed

as:
_ - 2/3 3/2 2/3
0 =0, *+ Q¢ = { AR, /nc to Ag Re /nf)
iy 172 ee. (11)
(So - ax)
Differentiating Q with respect to time t,
2/3 2/3
20 _ R (1+3 A, 3R, - 4273 ; (Ag RY7)
3t nc 3 Rc BAC nf BAC
(S <3y /3%)"23A /3t - .50(S -3y /ax) >
0 ¥¢ C ’ o C
aaAc/mcat) eee {12}




Substituting 3Ac/3t from equation (9) and replacing the
hydraulic depth R by the depth y, assuming the width to

depth ratio is large, the following can be deduced:

Y 3/10

3Q , _ 1 o ’q _
Bt-FC(L g %) IX
O
3Y  =1/2
- l - C,. . 1 Q
2 Q(So 3 ) ax(_)\wc 3}{) ce. (13)
where,
A 3R
= Q 2 Be ?Eg
. s n )35 y2/5 g3/10 {1+ R, A, 8t .. (13a)
A= 1l +g Wf/w
and,
2/3
g = 3/2 Af Rf { AC W _— 2 Af 3Rf‘)
2 AC BRC
- (1 + -5 = i N
c
2/3 2/3 -1
A, R 3/2 A, R
( [ & C + £ £ )
O ne
If flood plain is not inundated 8 = 0; and A= 1 . Finally

assuming BYC/Bx is small when compared to bed slope S,

the equation (13) is reduced to:

30 30 _ 5 3¢, 13Q Q "o 3Q
3t T Cox 0 sxle 53! o585 = 5%
3 3 Q) 2
+ = ¢(53) ve. (14)
where ’
o= 1/2 3W_ S $ = 1/2 W, S, . (15)




The solution of equation (14) with right hand side being zero
is a Kinematic wave solution. The terms on the right hand
side modify the kinematic wave solution.

NERC (1975} confined the attention to the following from

deduced from equation:

20 20 _ o4 o, 80
3 + C 3% I Q 5 «as {16)
a X
3.2 Attenuation Parameters {a)

The flood routing method based on equation (15)
requires the definition of o« as a function of Q. The method
of evaluation of this is to divide the river reach into
several sub-reaches in such a way that the width of the flood
plain in each sub-reach is approximately uniform. NERC(1975)

gives the following relationship:

-3 2
M P. M P.
P . (17)
@ (Q) = F{f 2, 1/3}1 . L_T‘S )

where, Pi is the plan area of the inundated floodplain and

th

channel in the i sub~-reach.

Li and Si are corresponding length and slope of these
sub-reaches respectively.
In case of small floocds where in flood plains are not

inundated, the following can be used.
-3
SRS D O N (Lm> (18)
ZWC L i=1 1/3 i=1 S T
m

However, NERC (1975) states that the intermediate

values of a(Q) for different floods are much more difficult to

obtain unless there are data available on the extent of




flooding by different overbank flooding.
The following steps are to be used for this purpose:
i) Divide the river reach into subreaches where the sub-
reach has uniform width defined by contours. If the
extent of inundation is known, this can be done by
marking the flood plain.
ii) For each sub-reach, measure Li’ the length of the

channel, the average slope Si of the channel and the

plan width.
1i1) Compute plan area P, for each sub-reaches
iv) Use the eguation (17) to computer o’
3.3 Convection Speed

This speed is defined as the average speed along a
reach of the flood wave having the peak discharge Q under the
condition that there is no attenuation. This condition is
equivalent to steady state rating curve. The observed speed
will normally involve the attenuation of flood peak. This
observed speed depends upon the shape of the hydrograph.
Hoyami (1951) suggested a correction to {L/Tp) the observed

speed:

e X cve (19)

The estimation of (L/Tp) is difficult when there are
strong lateral inflows and large tributary inflows. It is
advisable to plot (L/Tp) against the value of Qp for the
combined flow. The equation (13a) can be used when roﬁghness

coefficiéntd can be evaluated. But this would be difficult.
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Price (1973) found that C (speed of the wave) is
strongly dependent upon d {L/Tp)/dQ and on Q*, the attenuation
gave the following expression.

d{(L/T

C = W + Q* a0 p)

(20)
where, ¢ 1is given by equation (18).

The figure 2, shows the variation of and (L/Tp) with
respect to discharge Q. It can be noted that the curves for

(L/Tp) and C intersects where d(L/Tp)/deO.

The value of C 1is maximum for a discharge which is usually
less than the average bankfull discharge aleng the reach.
This shows that small in-bank floods will travel considerably
faster than a flood which is just bankfull. The main reason
for this effect is that the river channel generally has a more
irregular surface width as the depth of water increases.
The irregularities increase the effective storage of the
channel. This storage is magnified when water begins to pond
upon the flood plain. For some discharge greater than
bankfull discharge the speed C will be minimum, and thereafter
C will increase with an increase in discharge. Steps for
calculation of convection speed are as follows:

i) Extract the travel time Tp for as many recorded

floods as possible

ii) Calculate the curvature of the peak from:
2
d” ¢ } Ql + Q~l_2 Qp
at? 6t)?

Q.. 0 are two points on the hydrograph at time interval
1 -1

iz




3t, on either side of the peak. (3t may be taken to be Tp/S).

iii) Calculate attenuatign of the peak
d<Q

3 p
T d
(L/ p) | t

If Q* is greater than 10% of Qp re-define Q* by

I_n*
Q*=Q {1_e\-/Qp))
P
iv) Define
-
P L
3.4 Routing Parameters and the Recurrence Relations

The following equations are used to arrive at the

parameters:
K = L/uw
X = % - a Qp/sz

Refering to figure 3 taken from Cunge (1969), (L/wat) can be
read for the computed x value and then compute At value. The
value of At can be adjusted to a whole number in such a way that
the value (L/wst) less than the value read of.

Routing is achieved using the following recurrence

formula.

Q?:; Cy 0y + G Q?+l + C3 034
where,

¢, = (Kx + 0.5 at)/ (K (l-x) + 0.5at}

C, = (0.5t - kx)/(K (l-x) + 0.5at}

Cy = (K (1-x) = 0.5at)/ (x(l-x) 0.%at)

i refers to the jth site
n refers to the nth time

A computer programme developed here for the above purposes
is given in appendix 1.
13




4.0 DESCRIPTICN OF THE STUDY AREA

In order to illustrate the application of Muskingum
Cunge method of flood routing data of river, the Narmada
was choosen mainly because of the data of this river was
readily available with National Institute of Hydrology. The
toposheets available cover the reach between Mortakka to
Garudeshwar and hence this reach has been used in this study.
4.1 The River

The river Narmada, situated in the Central India is
a west flowing river, rising near Amarkantak in Madhya Pradesh
at an elevation of about 900 m in Maikala range. The river
Narmada has several falls in the head reaches. The river
drops by 24 m at Kapildhara fall at 8 km from the source and
4.6 m drop at Dudhara falls very near to the former. Close to
Jabalpur the river drops 15 m at Dhaundhara falls after
flowing through 404 km from the source. After travelling 464
xm the river Narmada enters the upper fertile plains. The
river drops again 12 m both at Nandhar, 806 km from source and
at Dhardi 853 m from the source, while its journey in the
middle plains. A drop of 6.7 m at Sahasradhara can be seen
at 966 km from the source. After the middle plain the river
enters the lower hilly regions and flows through gorge.
Emerging from the gorge the river enters the lower plains and
meanders till it reaches Broach. Beyond Broach the valley
widens intco an estuary and enters the Gulf of Gambay.

Tn its 1312 km journey the river Narmada receives

flows from number of tributaries. Some of the major
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tributaries are Burhner, Banjer, Sher, Shakkar, Tawa, Chhota
Tawa and Kundi.

| The Narmada basin is bounded by Vindhyas on the
north, Maikala range on the east, the Arabian sea on the
west and the Sathpuras on the scuth. The hilly regions
are well forested. The upper, middle and lower plains are
broad and fertile areas well suited for cultivation.

So far as the main river is concerned there are

seven important discharge sites as marked in figure 4.
Observations are reported tc be carried out daily using
current meters. In case of high floods, floats are used

to measure velocity of the flow.
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5.0 AVATLABILITY OF DATA

The hydrological cbkservations in Narmada basin were
started in the year 1942, The then Central Water Ways,
Irrigation and Navigation Commission (CWINC) commenced its
gauge observation on 1948. The Table 1 lists the gauging

stations at present operating on the main Narmada basin.

Table 1 : Gauge and discharge sites on the main
river Narmada

No Name zero of Width Slope Lat Lon
gauge (m)  (m)
1. Manot 442.0 170 .00125 22%44*  g0%30"
2. Jamtara 360.0 280 .00033 23%04"  79%57"
3. Bermanghat 306.0 320 .00038 23902 79%07"
4. Hoshangabad 282.0 700 .00023 22°28  77%5"
5. Mortakka  150.0 670 .00053 22°10'  75%58"?
6. Mandlestwar 138.0 600 .00046 22°09'  75%39"
7. Garudeshwar 10.0 500 .0001 21050' 73%58"

Daily gauge and discharge data and hourly gauge data
were available at National Institute of Hydrologyv. The
daily gauge and discharge availability is shown in Table 2.
The availability of hourly gauge data for the gauging sites
listed in Table 1 are given in Table 3.

The information from the toposheets available at National

Institute of Hydrology and Earth Science Department, University

of Roorkee has been used in the study.

17




Table 2:Availability of daily gauge and discharge
data for the gauging sites of the river
Narmada

No Name_of tbe Period
gauging site

1 Manot Aug. 1948 - Mar. 1953
Jul. 1968 - Oct. 1968
June 1970 - Oct. 1970

June 1980 - Sept. 1980

2 Jamtara Jan. 1949 - Dec. 1967
June 1978 - Oct. 1978

June 1980 - Oct. 1980

3 Bermanghat June 1980 - Oct. 1980

Jan. 1971 - Dec. 1978

4 Hoshangabad Jul. 1968 - Sep. 1968

June 1980 - Oct. 1980

5 Mortakka Jan. 1975 - Dec. 1977
Jan. 1978 - Mar. 1978

‘June 1978 - Oct. 1978

6 Mandeleshwar . Nov. 1971 - Oct. 1978

June-0ct. 1979-1980

7 - Garudeshwar Jan. 1948 - bec. 1979

18




Table 3: Availability of hourly stage data for
the gauging sites of the river Narmada

No Name of the Period of availability
site .

1 Manot Jul. 1978 - Oct. 1978
Jan.-0Oct. 1979
June -Oct. 1980

2 Jamtara June-Cct. 1971-1980

3 Bermanghat June~Oct. 1974-1980

4 Hoshangabad Jan. 1959 - Dec. 1959
Jan. 1961 - Dec. 1965
Jan. 1968 - Dec. 1980

5 Mortakka Aug. 1968 - Sep. 1968
June - Oct. for 1970-1980

6 Mandleshwar June - Oct. for 1973-1980

7 Garudeshwar Jan. 1969 - Dec. 1980

19




6.0 PROCESSING OF DATA
6.1 Rating Curve

Establishing a stage-discharge relation for various
sites were carried out using daily stage and discharge data.
They are given in a report of NIH, CS-6 (1985). A
relationshiy of the form Q = a(G - e)b where, G, Q are stage
and discharge respectively and a, b, e are parameters defining
the relation. The established parameters are given in
Table 4.

Table 4: Parameters defining the rating curves for the
gauging sites of the river Narmada

No Site Parameters Datum

a b C (m)
1 Manot 99.467 1.769 0.5 86.0
2 Jamtara 85.467 1.795 2.3 360.0
3 Bermanghat 96.428 1.73 4.0 306.0
4 Hoshangabad 173.183 1.858 1.9 282.0
5 Mortakka 605.09 1.54 2.6 150.0
6 Mandleshwar 331.209 1.715 0.9 138.0
7 Garudeshwar 250.0 1.66 1.7 12.0
6.2 Plan Area

Toposheets of scale (1:50000) are used in this study.
The river and the associated contour curves were traced on to
a sheet. These contours are at 20 m interval. Two contours
were included in the analysis. The river is then divided into

subreaches. The normal length of the sub-reach is 500 m.

20




However, it also varies betweeen 500 m to 1200 m. The width
of the river, and the distance between the contours were
measured. For a given discharge Q the stage was computed
using the rating curve for the site Mortakka. This level

was reduced by bed level drop when computations proceded to

downstream reaches. These computations include interpolation

of width for the corresponding stage and computing the plan
area. The river reach between Mortakka to Garudeshwar was

divided into 419 sub-reaches.

21




7.0 ANALYSIS AND RESULTS

A computer programme given in appendix 1 ALFA. FOR
was developed to carry out these computations. The measured
width and length of the subreaches given in Table 5 formed
a part of the input data. The other input data include
rating curve parameters, slope and the desired discharge.
The output from the programme is the routing parameter x.
This parameter has been found out for various discharges and

a plot was made as shown in Figure 5.

i i 1 1 1 1
45 50 ] 0 [ ] 70

Q X 10000 — {m3 /s)

FIG.5 Variation of parameter 'x' with discharge 'Q’
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From the figure 5, it can be seen that the value of "x' varies
between .32 to .42 for discharges 45000 Cumecs toc 70000
Cumecs.

These x values formed an input to the programme MCM.FOR.
Flood hydrographs observed at Mortakka in the year 1978 and
1979 are used to route them upto Garudeshwar. The necessary
'x' values are extrapolated and used. The travel time is
deduced from the plotted hydrograph.

In the routing of flocd hydrograph through a river
reach such as between Mortakka and Garudeshwar, lateral
flow is quite significant. In the present study the
lateral flow has been considered by accounting for its
effect at both upstream and downstream ends of the reach.
The total lateral flow volume has been computed as
difference between the observed upstfeam and downstream
hydrographs for a flood event. The half of lateral flow
volume has been added to the inflow hydrograph volume
by taking the time distribution proportionate to that for
inflow hydrograph; The modified inflow hydrograph is then
routed through the reach to the downstream end using
Muskingum-Cunge procedure. The remaining 50% lateral flow
volume has been added to the routed outflow hydrograph
considering its time distribution as proportionate to that
for the routed hydrograph. This procedure of considering
lateral flow though arbitrary, has provided satisfactory

reproduction of observed hydrographs. It may, however, be

necessary to appropriately modify such assumption in case

23
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of typical river reaches.

The Fig. 6 shows the upstream/inflow hydrograph
observed) at Mortakka including the 50% of the lateral flow
aﬁd the déwnstream routed hydrograph at Garudeshwar (not
including 50% lateral flow). In fig. 7, the observed
downstream hydrograph at Garudeshwar for the year 1978 has
been compared with the routed hydrograph (including 50%
lateral flow for the reach). It is seen that the routed
hydrograph nearly matches the higher peak of the observed
hydrograph though it is somewhat overpredicting the lower
peak. This seems to be due to distribution of the lateral
flow volume throughout all the ordinates of the hydrograph.

The Figures 8 & 9, show the corresponding results for
the flood hydrograph of the year 1979 for Mortakka to
Garudeshwar reach of river Narmada. As shown in Figure 9,
the observed and routed flood hydrographs at Garudeshwar nearly
métch inspite of simplified assumption for the lateral flow
distribution. The peaks of the two hydrographs are almost
same, though in the recession portion the routed hydrograph

overpredicts for some ordinates immediately after the peak.
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8.0 CONCLUSIONS

The successful use of this method requires the flood
records including the map showing flood inundation. Here the
use of established rating curves are attempted to compute the
area of inundation. The use of this method is thus limited to
the extend of the applicability of these rating curves.
Further, the water surface slope is assumed to be the same as
that of bed slope while computing the plan area. In the
absence of observed data to prepare inundation map, this method
can be justified. Another assumption made in these computations
is that the shore on either side of the flow follow the pattern
of the contours i.e. similar variation in the longitudinal
direction.

It can be seen that the routed hydrograph nearly matches
the observed hydrograph at Garudeshwar. The results shown in
figures 6 through 9 support the use of the Muskingum Cunge
method of flood routing. Further studies are needed to
establish the relation discharge and attenuation parameter/
routing parameter, before this method can be put to use in
Indian rivers.

Furthermore in case tributaries which are being gauged
and flood hydrographs are available for such tributaries
joining the main river within a river reach, the lateral flow
could be considered by dividing the river reach into sub-reaches
defined by junctions of the main river and tributaries. Studies
with proper data base for consideration of lateral flow are

alsoc needed.
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