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PREFACE
The P!W.D. Handbook was last revised in 1949 as 9th edition

which has been in vogue so far. As most ofthe material in this Hand-
book has$ become outmoded and considerable technological develop-
ment have taken place since then, it has been decided to bring the
matter p-to-date and publish in the form of a new Handbook.
The work which was originally being dealt with by a separate unit

headed by a Special Officer was subsequently entrusted to M.E.R.I.,
Nashik for co-ordination and publication. The accompanying list
shows chapters of the revised edition assigned for writing to different
officers in the Irrigation, P.W.D. and Public Health Departments.

Hydrology is recently developed Science and of late this has assu-
med great world wide importance. In recent years there have been
many important developments in the Science of Hydrology and
techniques now available are generally superior to those available
earlier. As such in this Chapter of Hydrology attempt is made to
include the latest technology.
The Chapter No. 19 consists of two parts as under :-

Paıt I : Hydrology.
Part II : Water Planning.

In Part I rainfall, its measurements, stream flow measurements,
storm, storm transposition technique, depth-duration curve,
depth-area-duration Curves, estimation of floods by different latest
methods, reservoir routing, channel routing, frequency analysis,
regression and correlation analysis for computation of yıeld,
evaporation transpiration, evapotranspiration are dealt with.
To make the concepts clear numerical practical examples for
different river basins of Maharashtra are worked out from the
actual bserved data. It is hoped that these examples will help the
field oflicers to understand the different facts of hydrolology more
clearly and thus application to the practical field will be easier.

Introduction to flood forecasting and mathematical modelling,
and application of electronic computers in hydrology is also given.
In dealing with the subject, references to various Indian standards

and C W.Cs., recommended practice is given wherever necessary.
At the end up-to-date list of the references and Indian standards
on hydrology is also given.

Miss RATIMA K. S. NAIDU, P. K. NAGARKAR,
xecutive Engineer, Chief Engineer and Director,

Designs Division (W. P.) Maharashtra Engineering
Central Designs Organisation Research Institute,

Nashik. Nashik.
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on Hydrolo

1. INTRODUCTION

y in its broadest sense is the science that relates to water. Ad-Hoc Panel
gy of the Federal Council for Science and Technology (established by

the president of the United States in 1959) recommended the following definition:
" Hydr
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plogy is the science that treats of the waters of the earth, their occurrence,
n, and distribution, their chemical and physical properties and their
with the environment, including their relation to the living things. The
f hydrology embraces the full life history of water on the Earth. "

ıd Brater offer the following definition :

blogy is the science that deals with the processes governing the depletion
sishment of the water resources of the land areas of the earth. "

erned with the transportation of water through the air, over the ground
through the strata of the earth. It is the science that treats of the various
he hydrologie cycle.

e of Hydrology
f extensiveness of the hydrologic cycle to be dealt with, hydrology is a
science. It is an interdisciplinary science because it borrows heavily
other branches of science and integrates them for its own interpretation
he supporting sciences required for hydrologic investigations are physics.
iology, geology, Auid mechanics, mathematics, statistics, and operations
the arc of the hydrologic cycle reaches into the atmosphere, hydrology
domains of patamology (surface streams), limnology (lakes), cryology
tee), glaciology, and oceanology. In the lithosphere, hydrology relates
y, hydrogeology, geohydrology and geomorphology.

ologic Cycle
y can be seen as the scientific examination and appraisal of the whole
of a hydrologic cycle. Hydrologic cycle undergoes various complicated
f evaporation, precipitation, interception, transpiration, infiltration,
storage and runoff. A qualitative representation of Hydrologic Cycle
here.
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FG 1-1. THE HYDROLOGIC CYCLE
READ DIAGRAM COUNTERCLOCKWISE
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2. RAINFALL

Formation of Precipitation
Moisture is always present in the atmosphere even on cloudless days. For pre-

cipitation to occur some mechanism is required to cool the air sufficiently to bring
it to or near saturation. The large scale cooling needed for significant amounts of
precipitation is achieved by lifting the air, and this is accomplished by convective
or convergence systems resulting from unequal radiative heating or cooling of
earth's surface and atmosphere or by orographic barriers.

Saturation however does not necessarily lead to precipitation. After the air is
saturaled, formation of cloud droplets requires presence of condensation nuclei
on which droplets form. These nuclei are small particles of various substances,
usually consisting\of product of combustion, oxides of nitrogen and salt particles.
However precipitation to occur cloud elements musti ncrease in size until their
falling speeds excted the ascensional rate of air.

An upward current of less than 0.5 cm/s is suficient to keep the droplets in non-
precipitating status from falling. The Growth of these is achieved through diffusion
when ice-crystals and liquid water droplets are both present in a cloud.

Types of precipitation have been discussed in para 4.2. Forms of precipitation
are drizzle, rain, glaze, snow, hail and ice palets. Of these only rainfall will be
discussed here. Annual rainfall pattern of Maharashtra is shown in Fig. (2-A) on
the basis of rainfall from 1901 to 1950.

TB 4549-2a
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2,2 Measurement of Rainfall
truments and techniques have been developed for gathering infor-
phases of precipitation. Instruments for measuring amount and

Il are the most important.

A variety of ins
mation on various
intensity of rainf

Raingauges are o two types namely-
(i) Non-recording,
(ä) Recordin

Non-recording {ype measures only the accumulated rain which has fallen in 24
hours, while the recording type indicates the duration, amount and intensity of
rain whenever it occurs.

The Director General of Observatories, New-Delhi has been designated the sole
authority for ensuring the correct rainfall registration in India and the India Meteo-
rological Department is at present responsible for the testing and certification of all
types of raingauges and rain measures made within the country. All rainfall registra-
tion authorities have also been instructed to use only raingauges and rain-measures
tested and certifi

2.2.1 Non-Recor
The IS : 5225-

feature of the Sym
drawbacks of the
100 cm? and two
capacities of 100,
gauges having cap

The above type
the sample of rain
in which the rainf
while the receiver

IS : 5225-1969
and three bottles
interchangable an

d by the India Meteorological Department.

ing Raingauge
969 refers to a new raingauge which while retaining the essential
on's pattern raingauge in use in India for many years, is free from
old instrument. With two collectors having areas of 200 cm? and
nterchangeable bases, the design provides for four raingauges of
200, 400 and.1,000 mm of rainfall and replace the old four rain-
acities of 175, 375, 500 and 1,000 mm of rainfall,

of raingauge consists essentially of a collector which intercepts
fall to be measured and a receiver consisting of base and a bottle
all collected is stored. The collector is exposed above ground level
is fixed partially below ground level.

specifies two collectors 200 cm? and 100 cm? in area, two bases
of capacities 2, 4 and 10 litres. All components are completely
1 combinations of these provide the raingauges as given below -

TABLE 2-1

Nominal Measuring Capacity and Combinations

Nominal measuring Collector Base Bottle
capacity mm, rainfa1

100 200 cm Small 2 Jitre
200 200 cm Small 4 Jitre
400 100 cm Small 4 litre
1000 100 cm Large 10 litre
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The 200 mm capacity raingauges shall meet the requirement of most of the sta-
tions. The 400 mmcapacity and 1000 mm capacity gauges with 100 cm? collectors
are recommended for use in heavy and very heavy rainfall areas.

The dimensions for collectors, bottles, bases are as given in Figures (2-1) to
(2-3).
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LOCKING RING7%

ROU ND LEVEL

BASE320 BOTTLE
( 2-5 NOMINAL
THICKNESS )

ADDITIONAL CYLINDER
wur FOR USE WITH
2- LITRE BOTTLE.
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15240

11

f BOTTLE ( 2 LITRES)

FIG. 2-2

(.ALL DIMENSIONS IN mm.)

DIMENSIONS FOR SMALL RECEIVER, BASE
AND BOTTLE
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-225

11296
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300
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sg

vn
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320

BOTTLE_
(i0 LITRES )

Lance_
BASE

35

( ALL DIMENSIONS IN mm }

FIG. 2-3. RAINGAUGE, 1000 mm. RAINFALL..
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For the purpose of inquiry or order, the raingauge should be designated by the
nominal measuring capacity as shown in Table 2-1.

Example
A raingauge with a nominal measuring capacity of 200 mm. of rainfall, consisting

of a collectdr, bottle and base as shown in Table 2-1 shall be designated as :-

Rainguäge, 200 mm rainfall IS : 5225. For specification of collector, bottle
and base see IS : 5225-1969.

IS : 4849-1969 specifies rain measures types. The rain measures are of the
following types-

(a) Type 1.-20 mm capacity rain measure suitable for use with precipitation
gauges having collectors of 200 cm? area.

(b) Type 2.-10 mm capacity rain measure suitable for use with precipitation
gauges having collectors of 200 cm? area ; and

(c) Type 3.-20 mm capacity rain measure suitable for use with precipitation
gauges having collectors of 100 cm? area.
Note :

- Type 2 and 3 have identical dimensions but are graduated differently for use with
200 cm? and 100 cm? collectors respectively.

The dimensions of the rain measures are as given in Figures (24), (2-5), (2-6).
For specifications see IS : 4849-1969.
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20mm.
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8 Leaumauent 10
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FIG 2-6 TYPE 3 RAIN MEASURE FOR 100 cm?

2.2.1.1 Installation of Non-Recording Raingauge
The raingauge is fixed on a masonry or concrete foundation 600 x 600 mm sunk

into the ground.

Into this foundation, the base of the gauge is cemented so that the rim of the
gauges is exactly 300 mm above ground leyel,
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2.2.1.2 Protection of Raingauge

The raingauge is protected from being damaged particularly by stray cattle by
erectirlg a fence around it as shown in Figure (2-7).

N

NN
N

x
N
N
N

5.5m N
nN

NN
N

FIB 27 RAINGAUGE INSTALLED WITHIN A BARBED
WIRE FENCE.

Theraingauge should be kept locked and periodically got painted to prevent its
surface from corroding.

Therain water in the gauge is measured every day at 08.30 h Indian Standard
time each day.

If it is raining at the time of observation, all operations should be completed as
quickly as possible to avoid errors. If rainfall is heavy at the time of observation,
a spare bottle should be used.
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2.2.2 Recording Raingauge

Among the different types of recording raingauges the most widely used in India
is the float type, with automatic siphoning arrangement.

The natural siphon recording raingauge (see figure 2-8) consists of a collector and
a rainfall recording mechanism (see figures 2-9) mounted on a base. The rainfall
recording unit consists of a float chamber containing a light metal float and a siphon
chamber. Rain from the collector is led into the float chamber through an inlet tube
and as the float rises and a pen fixed to the float rod draws a line on a chart wound
on a rotating drum driven by clockwork. The discharge tube is inside and coaxial
with the outer tube of the siphon chamber. The top of this outer tube has a polished
glass cup and the discharge tube comes to within a very short distance of this when
the level of water in the outer tube rises with that of the water in the float chamber
and flows over the bend at the top of the discharge tube, capillary action causes
all the air to be pushed out and down the discharge tube so that a full flow is started
at once. At the end of this siphoning air finds access to the top of the tube and the
siphoning action is stopped immediately. As the water from the float chamber
empties out, the float descends and the pen attached to the float rod slowly falls to
the zero mark on the chart when siphoning is complete. The gauge is now ready to
record rainfall again. The gauge generally has a capacity of 10 mm of rainfall for
each siphoning ; this gauge has a collector having an area of 325 cm?. The measure
glass (see figures 2-10) designed for use with raingauge for 10 mm rainfalll has a

capacity corresponding to 10 mm of rainfall with graduations every 0.1 mm.
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To record the precipitation at stations where heavy rainfall is experienced regu-
larly, the recording raingauge should have a collector having an area of only 130 cm".
With this collector, the raingauge has a capacity of 25 mm of rainfall for each siphon-
ing. A suitable measure glass for this type of recorder has also been provided. This
has a capacity corresponding to 5mm. of rainfall, with graduations at every 0.2
mm, (see figure 2-11).
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The recording raingauge having 325 cm? area of collector and 10 mm of rainfall
capacity, uses Chart No. DR-1 and that having 130 cm? area of collector with 25 mm
of rainfalll capacity, uses Chart No. DR-2.

2.2.2.1 The rules for the setting of the gauges are as follows :-

(i) The gauge should be exposed with its rim horizontal, over a ground as
level as possible. It should not be located on a slope with the ground sloping
sharply away in any direction especially if this direction is the same as the prevail-
ing wind or on a terrace and never on a wall, roof or similar other object. The
level ground may have an area of5 x 7 m.
(ii) The distance of the raingauge from any surrounding object should generally

be four times the height of the object, but should never be less than twice the
height of object.
(iii) Where the observations have to be made on an extensive sloping surface

such as the side of a mountain, effort should be made to expose the gauge on a
smootli
corresp

side which is sufficiently large in area and whose slope and orientation
and to the average slope and orientation of the surroundings. However,

the instrument under no circumstances should be installed on the unstable slopes
or in their close proximity.

2.2.2.2 I stallation
The rai

of the Recording Raingauge

gauge should be installed on a concrete or masonry platform 60cm
cube as shown in Figures (2-12) erected from hard soil surface. If the soil is loose,
and hard yurface is not reached at the prescribed depth, it may be dug deeper and
filled in with boulders and rubbles upto a depth 45 cm below ground level.

TB 4549-+43a
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FIG.2-12.INSTALLATION OF NATURAL SIPHON RECORDING,
RAINGAUGE,

In areas where hard rocks are exposed, the masonry concrete foundation may be
600 x 600 x 350 mm, sunk to a depth of 275 mm, with suitable excavation in the
rock.
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A 15 cm long foundation bolt is fixed in the centre of the platform so that 5 cm
ofthe bolt projects above the top of the platform. After the bolt has set in the cement,
fix the base of the raingauge on the platform as follows. Remove the three thumb
nuts (see figure 2-9) and raise the recording mechanism straight up from its seat.
Place the base on the platform so that the foundation bolt passes through the hole
in the centre of the angle iron piece and fix it with the flynut. This can be done
through the opening in the base. Place the collector and see that the instrument
rests firmly on the platform and is vertical. A spirit level should be placed across
the rım three different directions and the horizontality checked. Now replace
the recording mechanism in ıts place and lock it with the three thumb nuts. The

er should be levelled by means of the three nuts below the thumb nuts.float cha

The gauge should be so installed that the rim of the funnel is truely horizontal
and at a height of exactly 750 mm above the ground level.

Suitablearrangements for draining the water from the surface of the platform
should be made such that the water never stagnates on the top surface of the plat-
form.

The recording raingauge should be installed in an enclosure by the side of the
non-recording raingauge and at a distance of about 3 m from it.
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2.2.2.3 Protection of Raingauge
The raingauge should be protected from damage by installing it inside a barbed

wire fence as shown in figure (2-13). The fence should be of such size that the top
of the fence is not higher than half the distance of the fence from the gauge.

so -320Sy
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SCREEN
o38 5 8

RECORDING NON-RECORDING
RAIN GAUGE RAINGAUGE

o 3

ENCLOSURE S

HEIGHT 120 cm.
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1060 >
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o
a

SCREEN
UJ-
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350 mın 60

(ALL DIMENSIONS IN mm)

FIG.2-13, LAYOUT PLAN OF NON-RECORDING RAINGAUGE,
RECORDING RAINGAUGE, SMALL THERMOMETER
SCREEN, LARGE THERMOMETER SCREEN IN POSTION

AND BARBED WIRE FENCE REQUIRED TO ENCLOSE
THESE,

The raingauge should always be kept locked.

2.2.2.4 Method of Use

Remove the cover and wrap the appropriate chart, either DR-I or DR-2.
on the clock-drum taking, care to see that corresponding hortizontal lines on the
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overlapping portions are coincident and that the bottom of the chart is as zear to
the flangelat the bottom as possible. The instrument is set as follows -

(i) Pour sufficient water into the tube leading to the float chamber till the water
begins to siphon. After siphoning is complete, and the pen has become steady,
the penpoint should rest against the zero line on the chart. If it does not, loosen
the set screw fixing the pen the on float rod and move the pen carrier on the float
rod until the pen point is exactly on the zero line .Now tighten the set screw.

Measur out the equivalent of 10 or 25 mm ofrainfall from the appropriate measure
glass. Pour this water gently into the inlet tube until the pen reaches the horizontal
line immefliately below the top line on the chart. The water should now be poured
in drop by drop until the instrument siphons. This should occur when the top line
is reached and there is no water left in the measure glass. If the pen does not rise to
the top line of the chart, loosen the set screw fixing the collar in lid and slightly raise
the coltar by turning it. Adjust till the correct range is obtained on the chart when
10 or 25 mm of water is added. The raingauges are set and calibrated before they
are dispatched to the station and it will not normally be necessary to set the threaded
collai at the outstation, or to re-adjust the siphon tube.

Put sufficient ink in the pen, taking care to see that ink does not hang in a drop
from the under side of the pen. The pen reservoir can hold more than sufficient ink
for a normal week's record and therefore need not be filled to overflowing daily.
Sometimes no trace is obtained owing to tip of the pen being not wet and touching
the paper lat the slit in the pen through which ink flows. To adjust the pen, loosen
the set screw fixing the pen on the float rod and rotate the pen carrier about the
float rod il1 it marks correctly. Tighten the set screw. Care should be taken to sec
that the pen is not displaced vertically while doing this.

Wind the clock and set the pen to the correct time to record

2.2.2.5
The chart is changed at the same time each day, usually between 08.30 and 09.00

1.S.T. The daily routine should be as follows :-

(i) Unlock and remove the cover and place it on the ground nearby with the
rim. Lift off the pen by loosening the set screw fixing the pen to the float rod. Take
off the old chart after removing the clip, put on new chart correctly and replace
the chart clip.
(ä) Wind the clock, if necessary. The clock need be wound fully only once in

seven days.
(iii) See that there is sufficient ink in the pen and that it marks.
(iv) Set the pen to zero as described in paıa 2.2.2.4.
(v) Set the pen to the correct time 1.S.T. to the nearest minute by rotating the

drum. Now allow the pen to trace the record by itself.
(vi) eplace the cover over the base, taking care to see that the funnel outlet

tube is properly seated inside the inlet tube leading to the float chamber.

aily Routine Operation

For maintenance, deterinination of rainfall, for care of raingauge and measure
glass, mäintenance and completion of records, inspection of the raingauge,
tabulation of hourly values of rainfall, etc see IS : 8389-1977,
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2.3. Raingauge Net Work Design
The uses for which precipitation data are intended should determine network

density. A relatively sparse network of stations would suffice for studies of large
general storms or for determining annual averages over larger areas of level terrain.

A very dense network is required to determine the rainfall pattern in thunder
storms.

The cost of installing and maintaining a network and accessibility of the gauge
site to an observer are always important considerations. Network is mainly required
to provide information for developing and managing the water resources of the
country. They are also used for forecasting flood discharges, low flow, monthly and
yearly discharges for operation of reservoirs and hydro-electric plants. For correct
assessment of the rainfall data, it is necessary not only to examine the reliability of
the part data collected but may also have to augment the network for obtaining
the representativewater resources information of the project catchment. Thus planning
of network should be closely related to the physical factors which affect hydrology
mainly topography, morphology, precipitation, geology, land use and soil types.
Guiding principles for determining the adequacy of network of raingauge station for
rainfall study-as per IS : 4987-1968 :-

(i) In plains, one raingauge upto 520 km? should be sufficient. However, if the
catchment lies in the path of low pressure systems which cause precipitation in
the area during their movement, the net work should be denser particularly in
the upstream.

(ii) In not too elevated regions with average elevation one kilometre above sea

level, the net work density should be one raingauge in 260 km? to 390 km?.,

The denser network of raingauges in certain regions of the catchment and its
sparseness at other will results in biased water resources assessment. In such
cases the distribution may be made uniform by taking such raingauge stations
which will give Thiessen Polygons of more or less equal weight. No stations per-
taining to pockets of heavy precipitation should be excluded from consideration.

(üi) In areas predominantly hilly and where very heavy rainfall is experienced
care should be taken in the setting up of the network of raingauge stations. These
watersheds are the most important areas towards contribution of water resources
of the catchment. They are also the areas of extreme rainfall variability. The
normal network if economically feasible should be one raingauge in not more
than 130 km, the denser network being preferable. However in areas where the
catchment is in rainshadow of high barriers, this precaution may not be necessary.

(iv) Since the multipurpose river valley projects are connected with irrigation,
hydropower, flood control the automatic recording raingauges must be installed
in the catchemnt of the water shed. The information about the intensity of rainfall
as obtained from automatic raingauges or self-recording raingauges can be utilised
for obtaining the flood hydrograph immediately downstream. Self-recording
raingauges should be fixed after taking into consideration the economic feasi-
bility, the requirement of the project, and the necessity for obtaining short duration
intensities.
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t is desirable to have at least 10 percent of raingauge stations equipped
recording type raingauges. As per W.M.O. it should be 20 per cent of the
nsity.

2.4. Optimum Design
The aim of optimum net work is that by interpolation between the values of

different stafions, it should be possible to determine with suflicient accuracy for
practical purpose the characteristics of the basic hydrometeorological elements at

any point in
and extreme
elements.

the state, By characteristics is meant all quantitative data, averages,
s that define the statistical distribution of the hydrometeorological,

2.4.1. Adeqhacy of Raingauge Stations

When the

optimum nu
mean rainfall is calculated by the simple arithmetical average, the
hber of raingauges is obtained by the following equation -

2

N = -

Where
N = Optimum number of raingauge stations.

C, = ‚Coefficient of variation of the rainfall values of the existing raingauge
stations and

P= Desired degree of percentage error in che estimate of basin mean
rainfall.

Standard deviation
Coefficient of variation = (,= =

mean

N ne

Standard deviation =S = z x) = _
- x - x2N-1

Where S is unbiased estimate of this parameter, from the sample where

N

P

s

x

2

1N

x

2.4.2. Estim
The variou

are described

(a) Calcı
area.

Where' n'is

ation of Optimum Number of Raingauges
8 steps involved in the estimation of optimum number of raingauges
below :-

late the total rainfall of all raingauges situated within the catchment

+ PrPr=Pi+tPR+P+
existing number of raingauge stations.

(b) Calculate the mean rainfall in the catchment

Pr
nm
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(c) Calculate the sum of squares of the rainfall of all gauges in the catchment
2 2 2 2

P,3Ss P2ıP

(d) Caleulate square of standard deviation (variance)

Ss -
T

S2
n

1n

(e) Calculate the coeflicient of variation

1c, 9x vs

(f) Optimum number, N of raingauges that would be necessary to estimate
the average rainfall with percentage error 10 percent.

l.e. P .10 is obtained by

vN
10P

(g) Additional raingauges required = N-n
The additional raingauges should be distributed in the different zones caused by

isohyetes in proportion to their areas.

Recently more advanced scientific techniques available (eg. optimisation technique)
can be utilised for determining the general rain-gauge network.

For operational flood forecasting, based on multiple linear correlation equation,
number of stations for flood forecasting can be determined to give high multiple
correlation coefficient.

2.4.2.1. Example
A typical river basin with 4 raingauge stations within the catchment and 4 outside

shown in Figure No. 2.14. Estimation of optimum number of raingauges-
Pr = 800 + 540 + 445 410 = 2195 mm

2195

4
= 548.75 mmm

Ss = (800)2 + (540)? (445) + (410) = 1297725

= = 1204506
2195

4 4
Pr2

(2)Ss - 4
_

1297725-1204506 -310734-1 3



N = Number of raingauges that would be necessary
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100 /S2
548.75

32.12
100 x v31073v

Pmn

to estimate the

average rainfall with a percentage error 10 percent is obtained by

Thus add

2.4.2.2 Alloc

(a) Draw
of the stations
770mm and 9

(b) Measur
by a planimeter.
by X, X, X

[
32.12

10.32 - 11
10 I -

= 7

c 2

= =[ P ]
tional gauge required willbe = 11 -4

2

v

ation of Additional Raingauges Steps Involved are

isohyets at equal intervals taking into consideration of the rainfall
outside the catchment. Isohyetal lines for 380 mm, 510mm, 640mm

00mm are drawn as shown in Figure (2-14).

> the area bounded by two consecutive isohyets within the catchment
The proportionate areas of the different isohyetal zones marked

X, and X, are found

X, = 0.1229, X, = 0.3760, X, = 0.3392,
X, = 0.1021, and X, = 0.0598

(c) The total 11 raingauges are to be allocated to the different zones in proportion
of their areas. Thus the number of raingauges in different isohyetal zones should
be-

X, = 0.7.1.ıx
(d) Calculate the additional number in each zone by subtracting the existing

number from

(i) Existing

(ii) Additional number of
raingaug

(iii) Total nu

the total optimum number. These are shown below-

Zone X, x
Fa N X, x; Total

number 0 2 1 0 1

2 3 1 0 7

es.

4 1 1 1

4

1

mber 1 4
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The additional number of raingauges should be allocated in each zone consider-
ing the relative distances amongst the different raingauge sites, the accessibility,
availability of part time observes, and discharge sites etc. The allocation in the
present example has been done arbitrarily. New sites are indicated by circles in
Figure (2-14).
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FIG. 2-14. DISTRIBUTION OF RAINGAUGES IN A TYPICAL
RIVER BASIN.
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of Data And the Uniformity of Observations
of precipitation record required to analyse a problem within a reliable
depends upon the nature of the problem and the time variation in
in the concerned region. For example, if the frequency distribution
hal precipitation depth at a point, or even an area becomes essentially
certain period, the addition of further years of observations does not
tly to the accuracy. The length of record needed to achieve a stable

frequency distribution varies between seasons and regions.

From experience the following tentative estimates of the number of years needed
to obtain stable frequency distribution of precipitation amount are recommended
(IS : 4987-1968).

Catchment Layout No. of Years
Mad, 0
Shore 0
Plains 40

Mountains 50

Although there may be justification in continuing observations at selected sta-
tions indefinitely, unlimited operations of all stations may not be possible from
financial consideration. The need to retain all gauges of an existing network should
be reviewed from time to time, and the station for which future data could be esti-
mated with ufficient accuracy through correlation with records at one or more
neighbouring stations, may be discontinued.

It should be remembered that undue hurry in closing down a raingauge station
as soon as the project report is ready may only lead to disastrous results unless
stable data comparable to neighbouring stations has already been collected from
it.

2.6. Estimat

Many preci
of the observe

ng Missing Precipitation Data

pitations stations have short breaks in their records because of absence
:r or because of instrumental failures. It is often necessary to estimate

this missing record. In the procedure used by the U.S. Environmental Data Service,
precipitation amounts are estimated from observations at three stations as close
to and as evenly spaced around with the missing record as possible.

(i) If the) normal annual precipitation at each of the index stations is within
10 per cent! of that for the station with the missing record, a simple arithmetic
average of the precipitation at the index stations provides the estimated amount.

(i ) If the
that at the
is used.

normal annual precipitation at any of the index stations differs from
station in question by more than 10 per cent. the normal ratio method



30

2.6.1 Normal Ratio Method

In this method, the amounts at the index stations are weighted by the ratios of
the normal-annual-precipitation values.

Precipitation PX at station X is

Px Nx Nx _ Nx1 xP, +
Ng Nc Po3

in which N is the annual precipitation.

2.7 Double Mass Analysis?2

Changes in gauge location, exposure, instrumentation or observational procedure
may cause a relative change in the precipitation catch.

Double-mass-analysis tests the consistency of the record at a station by comiparing
its accumulated annual or seasonal precipitation with the concurrent accumulated
values of mean precipitation for a group of surrounding stations.

2.7.1 Example
In Figure (2-15) a change in slope about 1949 indicates a change in the precipita-

tion regime. A. change due to meteorological causes would not cause a change in
slope, as all base stations would be similarly affected.

To make the record prior to 1949 comparable with that for the more recent loca-
tion, it should be adjusted by the ratio of the slopes of the two segments of the
double mass curve (1.2/}).
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2.8 Radar Measurement of Precipitation
A radar transmits a pulse of electromagnetic energy as a beam in a direction

determined by a movable antenna. The beam width and shape are determined by
the antenna size, and configuration. The radiated wave which travels at the speed of
light, is partially reflected by cloud or precipitation particles and returns to the radaı,
where it is received by the same antenna.

Energy returned to the radar and displayed on the radarscope, is called echo.
The brightness of an echo is an indication of the magnitude of retuuned power, which
in turn is a measure of the radar reflectivity of the hydrometeors. The reflectivity of
a group of hydrometers depends on such factors as (1) drop-size distribution
(2) number of particles per unit volume (3) physical state a solid or Iıquild (4) shape
of individual elements (5) if asymmetrical, their aspect with respect to the radar.

Generally speaking the more intense the precipitation, the greater the reflectivity.
The areal extent of rainfall may be depicted reliably by radar for ranges upto

230 KM. Beyond this range the beam is at such a high altitude and is so broad that
results become distorted in azimuth. Intense rainfall centres, however, can be detect-
ed beyond this range.

Photographic procedures for intergrating radar echoes and correlating them with
precipitation consists of exposures at 5 min. intervals over a period of from 1 to 3hr.
The resulting intergrated echo intensities are calibrated with reported precipitation.
An experienced radar operator can them nake a fairly good quantitative analysis
of the rainfall distribution.

However recently at some places, special equipment automatically measures
electronically the returned power for incremental areas within the beam and converts
it into equivalent rainfall rates, which are then intergrated with respect to time.
The totals for any duration are displayed on a computor printout in grid form on
which isohyets or contours of equal precipitation, can be drawn. I.M.D. has a net-
work of ten 3 cm radars at various airport in the country and net work of eight
10 cm 8 Band Radars along the coast.

2.9 Satellite Estimates of Precipitation
It has been suggested that observational data from meteorological satellites might

be used for estimating rainfall amounts. The chief problem is that satellites cannot
measure rainfall directly, and solution requires evaluation of a rainfall coefhcient
on the basis of the amount and type of clouds and the probability of rainfall and
likely rainfall intensity associated with each could type.

A major problem is that satellite photographs often do not reveal precipitation
producing clouds because of overlying cloud layers. Future developments in instru-
mentation and techniques may lead eventually to reasonably accurate satellite
estimates of precipitation. Automatic Picture taking (APT) equipments are now

functioning at Bombay, New Delhi, Calcutta, Madras and Pune.

2.10 Standard forms for recording rainfall are given in IS : 4986-1968 and
IS : 8389-1977.
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3. STREAM FLOW

3,1. Principles of Measurement
The two variates to be measured are the stage and the discharge in the channel.

Stage is determined by the height ofthe water level above a fixed datum line
measured by a gauge.

Discharge is expressed as the volume of water per unit of time passing a particular
cross-section normal to the direction of flow. It is given by the product of the area of
that cross-section upto the water surface and the mean velocity of flow in that
section.

The area lof the cross-section is computed by finite integration method from
measurement of the width at the water surface and soundings taken at different
intervals along the section. The velocity is measured by a float, current meter, or any
other suitable method.

3,2, Preliminary Survey and Selection ef Site

3.2.1. Preliminary Survey
A preliminary survey should be made to ensure that the physical and hydraulic

features of the proposed site conform to the requirements for the application of the
methods of flow measurement which it is intended to use.

3.2.2. Selection of Site
A site sholld be selected so that it is possible to measure the whole range of Hows

which may be encountered or which are to be measured. The whole range ofmeasure-

ment, referred to one reference gauge, may be made at a single section or for certain
ranges of discharge at two or more sections. Similariy, different methods of measure-
ment may ba employed for separate parts ofthe range.

The following additional requirements should be complied with for the establish-
ment of stalge-discharge relationship.

(a) It is desirable to select a site where the relationship between stage and dis-

charge is substantially cosistent and stable.

This may, however, not be possible on large alluvial rivers at all stages. For the

latter, the sage-discharge relationship is generally applicable only for the period of
time for which it is drawn unless it is established to apply to another peried.

(b) There should be no eddies or other abnormality in the flow.

(c) A significant change in discharge at the gauging site should be aecompanied
by a significant change in stage.

A comparison should be made between the change in discharge corresponding
to the minimum change in stage to ensure that this sensitivity of the station is
sufficient fo the purpose for which the measurements are required.

(d) There should not be any variable back-water effect.

(e) As far as possible, sites where weed growth is prevalent shoulu be avoided.

(f) Access to the site at all stages and at all times should be available.
TB 4549-4
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3,3. Measurement of Stage

3.3.1. General

A flow measurement station consists of a measuring cross-section or cross-section
and a reference gauge. Where a continuous record is required, automatic water's
stage recorded should be installed.

The reference gauge should be located as closely as possible to the measuring
section in the case of measurement using a current meter or near the mid point of
the measuring reach in the case of any other method of measurement where the site
of the gauge and the discharge measuring site are at some distance, it is essential
that no additional or withdrawals from the channel should occur in between.

Correction in the discharge due to the effect of storage in the reach between the

gauge and discharge sites should be applied if storage is appreciable.

3.3.2, Reference Gauge
The reference gauge can be vertical staff gauge or an inclined gauge or a hock

gauge.

The markings should be clear and accurate within 2 mm. The lowest marking on
the " Reference Gauge

" should be at least 015 m below the anticipated lowest
water level and the highest marking at least 03 m above the highest anticipated flood
level. The " Reference Datum " should be related by precise levelling to the national
datunı.

(a) Vertical Staff Gauge.-This staff gauge should be vertical. It should be

preferably of enamelled plate gauge. It should be secured firmly to a stable
post of wood, concrete or other suitable material. The gauge may be fixed in
sections in which case each section should be of 2 m length, that is, the first section
reading from O to 2 m the next from 2 to 4 m, and so on, all corresponding to
the same zero level.

For specification see IS : 4080-1967.

(b) Inclined Gauge.-The inclined gauge should fit closely and be solidly
anchored to the slope of the natural bank of the channel. It may be calibrated
on the site by precise levelling.

(c) Hook Gauge.-A hook gauge should be used in a vertical well, the top of
which should be so constructed as to permit accurate and easy reading.

(d) Stilling Well.-Stilling well should be provided wherever there are significant
fluctuations.

(i) Where it is provided, it should be connected to the river by an inlet pipe
or oblique slit or channel.

(ii) Dimensions of the inlet pipe or channel should be large enough for the
water in the well to follow the rise and fall of stage without time lag and also to
prevent the clogging dus to sediment,
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the stage cannot be read on the chart within 4 4 mm because of the
plitude wave effect, a constriction should be fitted in the inlet pipe to
ut oscillations.
here a stilling well is provided for continuous water level recorder, it
e vertical and have sufficient height and depth to allow the float to
e full range of water levels.

hatic Water Stage Recorder
bmmon type ofthe water stage recorders is the float actuated instrument.
onnected to the recorder by a wire or tape passing over a wheel and
tod. As the float moves, the wheel is turned and drives a pen on a rock-
echanism. Pen travel is continuous.

mputers offer considerable advantage for processing large quantities of
prders which punch the stage at fixed intervals (usually 15 min) on
© also used. The tape can be read, verified and converted to streamilow
c equipment.
water stage recorders are particularly useful in channels where large
n discharge occur during short interval of time or where continuous

record is required.

TABLE 3-1

Details of guages scales and float sizes as per LS. : 9116-1979

Pitch Graph Water level change for
Circumference change per 1 traverse of stylus Recommended

Scale of Float meter of water across chart size of float
Designation pulley change mm

mm cm 25 cm 50 cm
Chart Chart

1:1 375 100 0.25 0.50 300

1:2 750 50 0.50 1.0 300

1:5 375 20 1.25 2.5 200

1:10 750 10 2.50 5.0 200
1:10 375 10 2.50 5.0 200
1:20 750 5 5.0 10.0 200
1:25 375 4 6.25 12.5 200

1:50 750 2 12.50 25.0 200

Wherever nstalled, the " Reference Gauge
" should be placed near the point of

measurement of recorder and an additional gauge should be installed inside the
float well to serve as a check. See Figure (3-1) and (3-2) :-

TB 4549-44
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FIG 3-2 WATER LEVEL RECORDER WITH A HORIZONTAL
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(a) The water level recorder should be such that it gives a record which is not
affected by any phenomenon other than the changes in water level.

(b) The ı
changing w
intervals of

ecorder should provide either a continuous graphical record of the
ater level or may register the water levels digitally at suitably close
time.

(c) The water level records should be sensitive to changes of water levels of the
order of 2 mm.

(d) Any mechanical linkage connecting parts of the recorder should be as short
and direct as possible and there should be no contact between any moving parts
ofthe mechanism and any fixed part of the structure.

(e) Thec
(f) The

ock mechanism should be reliable as to time keeping.
level recorder should be placed out of danger of flooding and be

protected against the elements and from interference by unauthorised persons.
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(g) In the case of a recorder giving a graphical chart, the chart should be posi-
tively located on the drum. The scales chosen for time and stage will depend on the
characteristics of the river such that readings can be made with a degree of accuracy
sufficient to show the different phases of the hydrograph.

3.4. Velocity Area Methods for measurement of flow of water in open channels

3.4.1. (ü) Selection of site
In the initial surveys approximate measurements, of widths, depths, velocities

and direction of river current should be taken to decide the suitability of the site.

(ii) For the establishment of stage discharge relation a second site close by where
the channel is suitable for installation of recording gauges, should be selected and the
discharge observations made at the velocity measurement site should be correlated
with gauge observation simultaneously at the stage discharge relationship site. There
should be no inflow into or outflow from the channel between these two sites.

3.4.2. The site selected for flow measurements should comply with the following
requirements :-

(a) The reach on the section of the channel selected should be fairly straight
over a distance of 3 to 4 times the width of the channel during higher water, both
up-stream and down-stream of a normal cross-section where velocities are to be
measured. The length of the section or reach should not be less than 400 m but
nzed not be more than 1600 m. The course of the waterway should be reasonably
stable and the site should be free from aggradation and degradation.

(b) The water should flow in a single channel where flow in a single channel is
not possible, two straight channels may be used.

(c) The channel in the selected section should be reasonably uniform in cross-
section during the period of measurement of the discharge.

(4) The water current should be as divergent as possible from the prevailing
wind directions.

(c) The site should be preferably away from bridges or other structures which
are likely to effect the water flow. If located on the up-stream of the structure,
the site should preferably free from significant backwater effect of the structure.
If located on the down-stream of the structure the site should be free from signi-
ficant disturbances due to the structure.

(f) When near a confluence, the site if located on a tributory should be sufü-
ciently up-stream preferably to be beyond the backwater effect and if located on
the mainstream up-stream or down-stream of the confluence, it should be beyond
the disturbances due to the tributory.
g) Sites at which there is a tendency for the formation or vortex or development

of back watered flow should be avoided.

(h) The site should as far as possible, be free from trees and obstruction which
may interfere with flow and clear vision during observation.

(i) The site should be easily accessible at all times oftthe year.
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3.4.3. Measurement of Cross-Sectional Area
The area

width of the
across the n

3.4.31. M
Whenever

stretching su
it should be

Where it
it should be
and levelling

of cross-section of the waterway should be determined by measuring the
waterway and the depths from the surface ofwater to the bed of channel
oımal cross-section.

easurement of Width
it is possible to carryout actual measurement of width by means of
itable cables across the channel and measurement them by steel tapes
done so.

s not possible to observe the width of the channel by stretching a cable
measured by the use of a theodolite or a level fitted with stadia wires
staff.

3.4.3.2. Measurement of Depths
The interyals at which the depths of water should be measured along the cross-

section for channels with different widths of waterway should normally as given
in Table 3-2.

TABLE 3-2
Width of Intervals for Measuring Depths

Number of Maximum
Observation width of

points interval

(1) For channels not exceeding 15 M. or in channels 15 1.5 m
where tHe river bed changes abruptly.

(2) For channels with width of waterway from 15 to 15 6m
90 m.

(3) For channels with width of waterway ıanging from 15 15 m
90 to 18 m.

(4) For channels with width of waterway greater than 25
180 m.

The interyal specified should be such that there should be not more than 10

percent and preferably not more than 4 percent variation in the discharge between

any two adjacent segments. The discharge through any segment should be not more
than 10 perc

In the cas
should be m
across. In c
near the side

ent of the total discharge.

e of channels with width of waterway not exceeding 90 m., the depth
easured at intervals specified in Table (3-2) along the cable stretched
hse of smaller channels, the points of measurement should be closer

slopes preferably having spacing not exceeding 2 m.
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When it is not possible to span the width of the channel by means of a cable,

the depth should be measured by taking soundings from a boat stationed at various
points across the demarcated section. When the depth is measured by this method,
the spacing of points need not be regular. The movement of the boat along the section
should be directed from the bank with the help of a theodolite or other suitable
means and the position of the station at which the depth is taken should be fixed
by one of the following method.

(a) Pivot flag method
(6) Angular method
(c) Stadia method
{d) Linear measurement

For details of these methods see IS : 1192-1959,

Sounding rods should be used for measuring depths upto 6 m. and log line (lead
line) should be used for depths greater than 6 m. provided the current is slow. Where
the current is swift or the channel very deep, an echo sounder or a pressure sounder
should be used.

For speciflcations of sounding rods refer IS : 3912-1966.

3.4.4. Measurement of Velocity

3.4.4.1. Measurement of Velocity using Current Meter Procedure
The cross-section selected for making velocity measurements should be divided

into compartments. In each compartment, a number of verticals should be selected
along which velocity measurements should be made. Their maximum spacing should
be such that the mean velocity of two adjacent verticals should not differ by more
than 20 percent with respect to the lower value of the two. In no case should these
be less than 5 verticals.

Soundings should be taken at each of the verticals.

The current meter should be held in the desired posftion in any vertical by means
of wading rod in case of shallow channels or by suspending it with a cable from
bridge, trolley or boat. The ideal arrangement is to suspend the meter vertically
with suitable fish weights from a trolley, running on a cable across the river.

When a boat is used, the current meter should not be affected by obstructions or
deviation of the flow caused by boat. The ideal arrangement from a boat or a power
vessel for measurement of velocity in rivers with depths upto 10 m is the suspension
of the current meter by means of a veritcal rack and pinion.
The current meters used for measurement of flow should be sent to Central Water

and Power Research Station, Pune or any other rating tank similarly equipped,
after 90 working days or after a total period of 6 months of use, whichever is less,
fer periodical calibration and check.
For specification for current meters (Cup type) for water flow measurement See

IS : 3910-1966. For code of practice for use of current meter (Cup type) for water
flow measurements See IS : 3918-1966. A. sketch of typical current meter (Cup
type) is shown in figure (3-3) and (3-3-A). Propeller type current meters employ
as rotating element a propeller turning about a horizontal axis.
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3.4.4.2 Method of Measurement
The measurement of mean velocity of flow of water can be done by one of the

following methods.

(a) Velocity distribution method.
(b) One point method.
(c) Two point method.
(d) Six point meihed,
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(e) Integration method.
(f) One point continuous method.
(g) Reduction coefücient method.

3.4.4.3 Velocity Distribution Method
The measurement of velocity by this method consists of velocity observations

made at number of points along the vertical between the surface of water and the
bed of the channel. The spacing of the measuring points should be so chosen that
the difference of velocities between two adjacent points should be not more than 20
percent with respect to the higher value of the two.

The top and bottom points should be located respectively as near to the water
surface and bed of channel as possible.

When turbulent flow conditions exist, the velocity curve may be extrapolated
from the last measurement point to the bed by calculating Vx from

1

Vx = Va ( a

n

(EQ. 3-1)
x

Where Vx = Velocity in the extrapolated, zone at any point at a distance 'x'
from the bed and

Va = Velocity in the last measurement point at a distance 'a' from the
bed,

The average value of 7 may be used for 'n' in most cases.

3.4.4.4 One Point Method

In this method, the current meter should be immersed to 0.6 of the depth (D) of
water and the velocity of water recorded. This is taken as mean velocity.

The assumption of the point of mean velocity at 0.6 D should, however be verified
occasionally by the velocity distribution method and suitable coefficient should
be applied if found necessary. If the difference between the observed value for depth
at the point of mean velocity and 0.6 D is appreciable, a multiple point method
should be adopted for velocity observations.

3.4.4.5 Two Point Method
In this method current meter observations should be made at 0.2 and 0.8 the

depth of water and the average of the two taken as the mean velocity.

3.4.4.6 Six Point Method

This method may be used as a detailed method in difficult conditions, where
for instance, the river is logged with weeds or where there is a covering of ice.
Velocity observations should be made by exposing the current meter on each vertical
at 0.1, 0.2, 0.4, 0.6, 0.8 and 0.9 of the depth of water. The velocity observation
at cach position should be plotted in graphichal form and the mean velocity deter-
mined with the aid to a planimeter,
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3.4.47 Integration Method
In this method, the current meter should be lowered and raised through the entire

depth at each vertical at a uniform rate. The speed at which the meter is lowered
or raised should not be more than 5 percent of the mean velocity of flow in the
eross-section, and in any case, it should not be greater than 0.04 m/s. Two complete
cycles should be made in each vertical and ifthe results differ by more than 10 per-
cent, the measurement should be repeated.
For calculating the mean velocity in the vertical, the average number of revolu-

tion S per second should be determined and multiplied by the meter calibration
coefficient. It should be noted that an error will arise if the current meter is allowed
to remain in its lowest position for any appreciable length of time. This method is
recommended for general use only in deep water for depths > 0.6 m

The depth d, tested by the integration method and recorded by the recordar as

"lowering depth" is smaller than the depth of whole vertical. The unrecorded dis-
charge thus going through the lower part of the vertical may be taken care of by
calculating it on the basis of Vma, the actual mean velocity, had it been integrated
upto the bed of the stream.
This can be calculated as follows-

Where

d-d
Vor = + no (EQ. 3-2)

2d,

Von > actual mean velocity had it been integrated upto the bed of the
stream,

= Observed mean velocity.
d = depth of vertical
mo

d, = lowering depth through which the current meter is lowered.

3.4.4.8 One Point Continuous Method
In this method, the velocity of water should be measured continuously at a point

the depth of which is between 0.3 to 0.6 of the depth of water, on the selected
vertical with a current meter provided with a recording apparatus. This measured
velocity should be averaged for a 24 hour period and a coeffcient applied to obtain
the mean velocity. The coefficient should be determined from discharge measure-
ments made at different rates of flow at the section.

3.4.4.9 Reduction Coeflicient Method
This method should be used when the velocity of flow of water in rivers in floods

is high and it is not possible to lower the current to 0.2 and 0.8 of the depth of
water. When the river is in low stages, the velocity of the stream at the surface, at
0.2 and at 0.8 depths of water should be measured by making observations.
These observations should be repeated for different stages of the river and ratio

(reduction coeflicient) between the surface velocity, velocity at 0.2 depth, and at
0.8 depth arrived at for different stages of the river. A graph should be drawn for
each observation point showing the reduction coeflicient and the stage of the river.

These graphs should be used for finding out the coeflicients for other stages of
the river where only surface velocity observations are possible.
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The reduction coeflicients so obtained should be used to determine the average
velocities.

Where greater accuracy is required, the velocity distribution method should be
used for determining the reduction coefficient of low stages of the river and the
coeflicient for higher velocities of the river determined as before from graph.
3.4.4.10 Errors and Limitations
The following factors affect the accuracy of the current meter readings :-

(a) The current meters should not be used beyond the range of velocity for
which they are rated.

(b) The time taken for current meter obseryations depends upon the number
of instruments and boats and rafts available and these will depend upon the
rate of change of flow of the river. If the rate of flow is not steady, the time for
obseryation of the velocity should be kept as short as possible as otherwise it
will lead to a corresponding decrease in accuracy.
(c) As the values determined by current meters are affected by their proximity

to rough boundary surfaces, the distance of the axis of the current meter from the
sides or the bed of the channel should be not less than 0.75 times the diameter
of the propellor or 0.2 m whichever is greater. When observations are conducted
with the aid of boats, the results may not be accurate because the lines of flow
in the vicinity of the boat will be affected by the presence of the boat. Hence the
current meters should be far enough from the sides of the boat to be beyond the
region of the disturbances to fiow. This distance should in no case be less than the
distance between the gauging section and the up-stream end of the boat.

(d) Observations when done with the aid of boats affect the flow specially in
shallow water. For all depths of water less than one metre, the current meter
observations should be made with the help of wading rods; wherever the velo-
city of flow would permit such measurement.

(e) Current meters are rated in still water but used in flowing water with tur-
bulence. This introduces a certain amount of error, which however, may be ignored.f In high velocities where boats, or motor launches are used, drift, if any
should invariably be measured carefully and due allowance should be made in
velocity measurements on account of drift. See IS : 1192-1959,

(8) Correction for Obliquity of Current Directions.--The angle made by the
current with the section line should be read by means of a Torpedo. Float attached
to a chord and pocket sextant. The component of the velocity normal to the
section line should be worked out by multiplying the observed velocity by sine
of this angle.
For ready use and computation the modified velocity Table is given in IS :

1192-1959.

(h) The assumption that the mean velocity is given by measurement at 0.6 D
or by taking the mean of the observations of velocities at 0.2 and 0.8 depths,
is based on a parabolic velocity distribution, This is not always correct.
Refer IS : 3918-1966

IS : 3910-1966 IS : 4073-1967
IS : 6064-1971 IS : 3918-1966
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3.4.5. Measurement of Velocity using Floats
Floats are used when the flow is rapid and therefore, it is not possible to anchor

the boat in the stream and measurement with a current meter is impracticable.
Floats, however should not be used if the wind is strong and the velocity of water
is low.
Floats used for measurement of velocity should be of one of the following types.
(a) Surface floats
(b) Velocity rods
See Fig. (3-3B)
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Surface floats shall be used during floods when velocity measurements are to be
made quickly. The path of the float should be determined by angular measurement
from a known reference point when the float passes the upper and lower cross-
section lines. For purposes of evaluation, the coefficient for converting surface
velocity to mean velocity should be determined by current meter observations.

Velocity rods should be used for measurement of velocity in case of artificial or
other regular channels where the cross-section is uniform.

For details See IS : 4858-1968

3.4.5.1. Selection of Site
3 cross-sections should be selected along the reach of the channel such that they

are 90 to 180 m apart in the case of large rivers and 15 to 30 m apart in the case of
smaller canals. These cross-sections should be demarcated.

3.4.5.2. Procedure
The float should be released from a sufliciently powered vessel (boat) about 15m

above the cross-section so as to enable the fioat to attain a constant velocity by the
time it reaches the cross-section. The time at which the float crosses each of the three
cross-sections should be noted. This should be repeated with the floats at various
positions along the witdh of the channel from one bank to the other.

The distance of the float from the bank as it crosses each section can be determined
by angular observations with a theodolite. For this purpose a base line perpendicular
to the cross-sections chosen is laid on one bank of the river and the theodolite station-
ed on this line, so that all the cross-sections are visible. The angle made and the time
is measured as the float crosses each section.

3.4.5.3 Evaluation
The velocity of flow of water is determined by dividing the distance between the

chosen sections by the time taken. The mean of not less than 3 readings should be
taken as the velocity of flow. This velocity multiplied by the corresponding
coefficeint, suitably determined previously, gives the mean velocity of flow.

3.4.5.4 Errors and Limitations
The effect of wind on surface floats tends to give erroneous velocity.

3,5 Measurement of Velocity by Slope Area Method

3.5.1 Selection of Site
In selecting the site, the reach of the channel should be straight and of length not

less than 10 times the width of the stream, ensuring that a surface fall of at least
0.03 m. The banks and the bed of the channel should be stable. Sites just above the

place where tributories join should be avoided,
The gauges used for making observations may be either of the self-recording type

or non-recording type etc. should be capable of reading accurate to 0.003 m. The
gauges should be installed along the cross-section selected at suitable intervals such



48

that the topmost graduation of each gauge corresponds to the zero of gauge immediate
next to it on the upper side. The readings on the gauges should be connected to
a permanent bench mark. The gauges should be fixed on both banks for channel
width exceeding 60 m.

A, least two cross-sections should be selected for making the observations and
gauges installed. At the beginning of each observation, the recordings on gauges
along one bank should be noted, At the end of the each observation. the readings on
gauges on the opposite bank should be noted. During high floods, the readings of all
gauges should be observed at the beginning and at the end and from their mean
value, the slope of the surface ofwater is computed. In case of automatic water level
recorders, gauges should be observed at the some instant for different stages of
the river.

The hydraulic mean radius should be obtained by actual measurement of the
eross-sectional area, by measuring width and depth as stated in para 3.4.3.

Inwide riveıs, observation of gauges on both banks should betaken simultaneously.

35.2 Evaluation
The velocity of the flow of water should be determined as follows :-

(EQ. 3-3)

Where
V = Velocity of flow of water in meteres/Sec.
C = Constant depending on the shape and surface of the channel.

R = Hydraulic mean radius in m.

S = Slope of channel.

V=CYRS

Slope S represents the energy gradient and not the actual water surface slope
between the commencement and the end of a reach. If the difference in velocities is

y2
appreciable, the velocity head namely equal to

28 ur
(Where V, and V, are

v2

the velocities at either end of the reach and g acceleration due to gravity) should be
calculated and added algebrically to the difference in water elevation between the
two ends of the reach.

The coefäcient C should be calculated as :-

1

(EQ. 3-4)6R
N

Where N = Coefficient of rugosity.
The value of N should be determined at low stages.

C

3,53 Errtos and Limitations
The accuracy of the measurement depends on the correct determination of surface

fall and coefficient of rugosity.
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The coeflicient may change with varying stages of fiow. If no experimental deter-
munation has been made, considerable experience is necessary in choosing the correct
value of N to be assumed.
Note.-l is to be noted that the surface fall will be a function of the velocity only so long as

river is held within its banks and the cross-seciion of the stream is uniform with-
vut being subjected to undue securing or silting.

This method gives approximate results and should be used mainly for the determi-
nation ol flood discharge when actual measurements are not possible.

3.6. Computatioa of Discharge
3.6.1.

3.6.11. Arca-Velocity Integration Method
Based on the velocity distribution curves of the verticals, a velocity distribution

diagram for the cross-section as shown in Figure (3-4) should be prepared showing
eurves of cyual velocity starting from the curves of maximum velocity. The areas
enclosed by the equal velocity curves and the water surface are measured with
a planimeter. calculated and are plotted in another diagram as shown in Figure (3-4)
with the ordinate indicating the veloeity and the abscissa indicating the corresponding
area enclosed by the respective velocity curves. The summation of the area enclosed
by the velocity-area curves represcnts the discharge of the cross-section.

From Current Meter Measurement

u > LINES OF EQUAL VELOCITY m/s.

9010 & VELOCITY 3-05
4°
%,%

20 30 40 50 6° 70 80

' E SURFACE VELOCITY DISTRIBUTION CURVE

AXIMUM

s
5

5
I: oO

oO

DISTANCE { m )

MAX VELGCITY
3-0 F

>
15} „|jaawar = TIAL AREA

UNDER

FGO 3-4. COMPUTATION OF DISCHARGE FROM CURRENT
METER.
MEASUREMENT- AREA-VELOCITY NTEGRATION
METHOD

> v.Ar5

UNDER
Y THE c
0-5 ar

>
0 200 400 1000 1200

TB 4549-5



50

3,6.1.2 Depth-Velocity Integration Method

The value of product of mean velocity (Vm) at each vertical and the corresponding
depth D, that is Vm x D is plotted over the water surface line and a curve is drawn
by running through the Vm. D points as shown in Figure (3-5). The area enclosed
between this Vm. D curve and the water surface line represents the discharge of the
eross-section.

OR

Assuming a straight line variation of the Vm. D curve as well as depth between
the verticals, the discharge in each section is computed by multiplying Vm x D'by
the corresponding width measured along the water surface line. The summation of
discharge in each section gives the discharge of the whole cross-section.

UUa
E
250 - | um D zZ u wu m
40-

_- 1 \\o
1

B N

3 j j A 77T

=
15154 rc

0

5

10 mD

0 10 20 30 40 50 e0 4
DISTANCE Im )

8
a -2 YmD

FIG.3-5. COMPUTATION OF DISCHARGE FROM CURRENT
METER
MEASUREMENT- DEPTH-VELOCITY INTEGRATICN

METHOD

3.6.1.3 Mlean-Section Method

In this method, the discharge in each section bounded by two adjacent verticals
is computed by taking the average value of the mean velocities of two adjacent
verticals and multiplying it by the area enclosed by the respective verticals. The
total discharge is obtained by summing up the discharges for every section.
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3.6.2 From Surface Float Velocity Measurements
The upper and lower cross-sections are drawn on a sheet of' paper'and both of

them divided into a suitable number of equal segments and their areas are computed.
See Figure (3-6). Halfway between the two cross-section lines another line MN is
drawn parallel to them. The starting and ending points of each float are then joined
by firm lines and the surface points separating the segments of the two cross-sections
are joined by dotted lines. Where the firm lines cross the line MN, the corresponding
mean velocity (surface velocity multiplied by a co-eflcient) are plotted normal to
MN and these values are joined to form a velocity distribution curve. The mean area
of corresponding segments of the upper and lower cross-section, when multiplied by
the corresp nding velocites shown by the velocity distribution curve, gives the dis-
charge of that segment and summation of the discharge in all the segments gives
the total discharge.

D
EP

TH
m

}

u

-1
2

UPPER CROSS-SECTION PATHS OF
1

5

F
v2

M

3E

DISTR IBUTION EURVE_AM
EA

N >»

m > z VE
LO

C Y

2

LINES OF CORRESPONDINE
AREA

D
EP

TH (m
)

4
2

LOWER EROSS-SEETION.

FIG 3-6. COMPUTATION OF DISCHARGE FROM FLOAT
MEASUREMENTS

3.7. Correction for variation of Water Level
If the fluctuations of water level during the entire period of velocity measurements

is less than 5 cm., the mean value is adopted for computation of discharge. If the
fluctuation is more than 5 cm. the water level is plotted in steps for each segment,
TB 4549-5a
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and the curve of mean velocity multiplied by actual depth (D) is plotted over the

stepped water surface line See Figure (3-7). The area enclosed between this curve
and the stepped water surface gives the total discharge. The corrected mean water
level is computed as follows:-

H' ZB. H
ZB Vn. (EQ. 3-4)

Where H' = the corrected mean water level
B = width ofa segment
Vm = mean velocity
H = water level

A simpler method of correcting for changes in water level is to determine values of
Q,, Q,, etc. from the discharge computation records and from a graph of H against
time and then to calculate as follows :-

H= ö (EQ. 3-5)

Where
H = the corrected water level

Q,, Q,, Q, etc. = partial discharges

H,, H,, Hz; etc. = the mean water levels corresponding to partial discharge

QH+QH+0QH

Q, Q, Q, ' etc.
Qt = the total discharge

The time interval for Q,, Q,, Q,, etc. should correspond to 003m change in water
level.
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3.8 Stage-Discharge Curve

3.8.1 Construction of Stage-Discharge Curve

Discharges are plotted as obscissae against the corresponding stages as ordinates
and the stage-discharge curve is drawn smoothly through the points as plotted.
The stage used in plotting should be the man stage during the period of dis-

harged measurement.

The stage-discharge curve should be defined by a sufficient number of observations
suitably distributed throughout the whole range and each preferably made at steady
stage. The number of observations to define the curve wıll depend on the range to
be covered, the shape of the stage-discharge curve and the reliability of the estimate
desired.

The spacing of the observations will be closer at the lower end of the range. Where
observations are made at rising and falling stages, they should be indicated by
suitable symbols and there should be about same number of each at corresponding
steps in order to establish the suitable mean curve.

In case of inerodible channels, the stage-discharge relationship should be checked,
at initial stages for a number of years to establish that the site is stable. Later
the stagedischarge relationship should be checked by velocity observations at least
once a year for various stages of flow and always after major floods or any definable
ineident likely to occur to affect the relationship.

If a significant departure from the previously established stage-curve is found,
further checks should be made of discharges of the order for which changes are
suspected. If the difference is confirmed, a new stage-discharge curve should be drawn,
taking suffisient velocity observations for the range over which stage-discharge
relationship is altered.

In case of erodible channels ", the stage-discharge relationship does not remain
stable. Discharge observations should be made at more frequent regular intervals
during the water year particularly as often as possible of discharges at stages with low
and very low frequencies. The discharges for the water year arethen plotted as absci-
ssae against the corresponding stages as ordinates and each point labelled in
chronological order. The lie of the points should be examined for shifts in control
with reference to their chronological order. Smooth curves should be drawn separately
for each period having no shift in control. Thus, there may be more than one curve
within the rising and falling phases of the same water year for an erodible channel
subject to silting and scouring.

3.8.2. Testing of Stage-Discharge Curves (Rating Curve).
Curves shoul 1 be tested for absence from bias for goodness of fit, and for shifts in

control,

It is generally not possible to express the stage-discharge relation in natural
erodible channels by a mathematical curve, as separate controls come into operation
and cause composite curves with inflexions and discontinuities to which it may not
be possible to fit a single m !hematical curve,
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Moreover with varying shifts in control at different stages in different years due to

complex reasons, the rising and falling stage curves of one ycar are seldom, if ever,
the same as for another year and the enormous labour involved in defining the higk
degree curve is not commensurate with any benefits to be drawn.

The best fitting curve should therefore be drawn by eye to conform to the following
simple test for absence from bias and for goodness of fit. In case of inerociabls;
channels also, it may not always be possible to fit a simple mathematical curve.

The test given below are equally applicable to inerodible channels in such cases.

Test.-In a bias-free curve drawn through 'n' observations, an equal number of
observations are expected to be above and below the graduated line.

Further, for goodness of fit, the standard deviation of the percentage deviations
should be as low as possible consistent with the smoothness of the curve. As a rule,
this should not be greater than the percentage standard deviation of the error of
discharge observations for the method of measurement used.

3,8.3. Characteristics of a Rating Curve

(a) Normal shape of the stage-discharge curve drawn on an ordinary graph.
paper ıs parabolic.

(EQ. 3-6)

Q = discharge m?/s

S = stage in metres.

Where

On log-log paper the curve will follow a straight line. Any abnormality in the shape
of the curve is an indication of the variation in the characteristics of the river,

(b) A sudden flattening of the parabolic curve at bankful stage is caused on
account of overbank spills which drastically reduce the rate of rise of water with
increased discharge.

(c) Just as spills cause discontinuity in a rating curve, two separate controls
coming into operation at different stages result in producing a compound curve
formed of two different parabolic curves in different discharge ranges. The two
parabolas, one in continuation of the other can become distinguish-able by logari-
dhmic plotting.

(d) Apart from variation in shape of a single curve, conditions are sometimes
met with when instead of a single curve, different gauges are recorded for the
same discharge causing a shift in the rating curve. During the passage of a flood
wave, the rate of rise of a gauge on a rising flood is generally higher than the
rate of fall on a falling flood. This results in passing a bigger discharge at a parti-
sular gauge on the ıising stage than on the falling stage. Thus rising stages lie
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somewhat to the right of falling stages producing what is known as loop curve.
See Figure (3-8). Instability of the channel may also result in similar phenomenon.
Scour and deposition are usual characteristics of beds of alluvial rivers.
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3.8.4 Fitting of a Mathematical Curve
Where the control section is uniform, it is possible to fit a mathematica1 curve.

Usually the relationship may be expressed by the equation.

Q = C (S-5,)° (EQ. 3-7)

Where Q = discharge in m?/s

S = stage in metres

S, = zero gauge reading

C and n are constants.

The above equation can be written as

logQ = logC + n log (S-S,) (EQ. 3-8)

which is a equation for straight line drawn on log paper.
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3.8.5 Determination of Zero Gauge

The values of Q ploited against (S--So) on log-log scale, would lie about a straight
line. For this purpose it would be necessary to deteımine So.

This may be done by trial and error. If the value of So selected 1s less {han actual
the curve on log-log scale will be concave upwards. But ıf ıt ıs greater than actual,
the reverse will be the case.

A more objective method of determining So is as under-
The points are plotted on ordinary (arithmetic) scale and a smooth curve is

drawn by 'eye'. Three values of discharges Q,, Q,, Q, are selected in geometric
progression i.e.

Q2= Qı X Q (EQ. 3-9)
Let the corresponsing values of gauge heights read from the curve be S,, S, and

S,. Then it is possible to verify that, if equation

S, S; - 82
Ss, +8 -25 (EQ. 3-10)

A graphical method of determining S, is as follows-
The above three values of discharges in geometric progression are selected. Let

the corresponding points on the curve be A, B and C. See Figure (3-9). Through
A and B vertical lines are drawn and throush B and C horizontal lines are drawn

intersecting the verticals at ID and E respectively. Let DE and AB meet in F. Then
the oıdinate of F is the value of So.
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Having determined value of So the constants C and n can be determined by
least square method as described in para 8.2 for straight line fitting in the form
log Q log C n log (3---So which is similar to the form of

(EO. 3-11)a

so in place of x, log (S--So) and in place of y, lo Q values are to be considered and
by least square method, n and log c can be determined. Antiloz 07 log c will be c
in the original equation

Q = C(8-8,)"

3.8.5.1 Example-Fitting of a mathematical Curve for stage-discharge is
illustrated by deriveting stage-discharge curve for Pimpalgaon Joge Project for
the year 1982.

See Tahulations in Table (3-3)
Stage-discharge relation Q = C (S---So)" ie.
log Q = log C n log (S-So).
Assuming log Q = y

log (S-S.)=X
By least square method

x Nxy1

- Nx2
n

= 2.88869
and log C== 2.93497

Exp. log C= 18.8209

Thus the stage-discharge curve upto 1,7 m stage for the year 1982 would be

Q=18.3209 (S-S0) 2.88869
The stage-discharge curve is shown in Figure (3-10).
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TABLE (3-3)

N Q S S-SO LOG Q LOG (S-SO) XxY xt2

1 4.78 0.60 0.60 1.56444 -0.51083 --0.799 0.26
2 4.88 0.65 0.65 1.585315 -0.43078 -0.683 0.19
3 6.69 0.71 0.71 1.900611 --0.34249 651 0.12
4 6.77 8.73 0.73 1.912211 -0.31471 0.602 0.10
5 8.28 0.78 0.78 2.113834 -0.24846 ---0.525 0.06
6 9.37 0.80 0.80 2.23751 -0.22314 --0.499 0.05
7 11.38 0.83 0.83 2.43186 ---0.18633 --0.453 0.03
8 13.14 0.85 0.85 2.5751 -0.16252 0.419 0.03
9 13.12 0.88 0.88 2.5744 --0.12783 329 0.02
10 13.94 0.92 0.92 2.63476 --0.08338 --0.220 0.01
11 15.94 0.93 0.93 2.768833 -0.07257 --0.201 0.01
12 18.00 0.97 0.97 2.890377 -0.03046 --0.088 0.00
13 20.98 0.98 0.98 3.043577 -0.02020 -0.061 0.00
14 21.00 1.04 1.04 3.04452 0.03922 0.119 0.00
15 23.63 1.05 1.05 3.16252 0.04879 0.154 0.00
16 23.94 1.07 1.07 3.17555 0.06766 0.215 0.00
17 25.25 1.10 1.10 3.22883 0.09531 0.308 0.0
18 25.50 1.12 1.12 3.238368 0.11333 0.367 0.01
19 26.40 1.13 1.13 3.27336 0.12222 0.400 0.0]
20 28.20 1.15 1.15 3.33932 0.13976 0.467 0.02
21 30.35 1.20 1.20 3.41280 0.18232 0.622 0.03
22 32.30 1.22 1.22 3.47507 0.19885 0.691 0.04
23 34.94 1.23 1.23 3.55363 0.20701 0.736 0.04
24 40.70 1.30 1.30 3.70623 0.26236 0.972 0.07
25 47.20 1.37 1.37 3.85439 0.31481 1.213 0.10
26 55.70 1.45 1.45 4.01998 0.37156 1.494 0.14
27 56.70 1.46 1.46 4.03777 0.378344 1.528 0.14
28 62.40 1.55 1.55 4.13357 0.43826 1.812 0.19
29 82.35 1.70 1.70 4.41098 0.53063 2.341 0.28

,287.30030 .20.75682 2.908 "1.97

(X)

STANDARD ERROR =3.59
CHI-SQUARE=2.15117
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3.8.6 Frequency of Gauge and Discharge Observafions necessary for establishing
a reliabiz Stage-Discharge Relationship

Ginge obszrvations should be made frequently so that a continuous record of

discharges besom» available. This necessitates great:r frequency cf observations
when water level is changing rapidly. In n«n-monsvon season the river discharge
are low and flu.tuations small Gauge obser ıtions mad«, thıice adayat 00 AM

ı P.M. and 6 P.M. may provide adequate data for working out daily discharges with

accuracy.

Even a single observation in a day may suffice when daily variation is small.

1During flood season hourly gauge readings are nceessary on important and on

streams which are susceptible to sudden and unexpected flood. See also para A-4-3-
IS : 2914-1964.

3.8.7 Extrapolation of Stage-Discharge Curve

The stage-discharge relation curves are primarily intended for interpolation and

the,r xtrapolatıon beyond the highest record high water or the lowest recorded

low water may be subject to risk and indefinite errors.

Physical factors like over-bank spills at high stages, shifts in control at very low

an.l vory high stages. changes in rugosity coefficients at different stages ete.. materi-

aliy affect the nature of the relationship at the extreme ends and must be taken

account cf in the extranclations. Such extrapolation beyond the range of actual

observations should always be checked by the results obtaıned by more than one

method:-

(a) Ifthz control does not change beyond a particular stage, it may be po»sble
to fit a mathematical curve as indicated in para 3.8 4 and obtain the values the

range at the upper or lower end of the state-discharge curve to be extrapolated.

(b) Another simple method would bz the separate extension of the stage-arca
and the stage-mean velocity curves. The lätter has little cuıvatuı. ‚nder normal

conditions and can be extended without error. The product of the co ...ordıng
values of A and V may be used for extending the discharge Q curve.

(c) The mean velocity curve can also be extended by adopting the tol °

procedure-
The hydraulic mean radium (Rn) can be found at all sta es from the cross-

saction. A logarithmic plot of (V) against (Rn) generallv slıows a liner relation-

ship for the higher measurements and tke values of Y for ihe range to be extra-

polated may be obtained thereform.

(MN A variaton G {he method given in (c) is by the use ofthe Manning's Formula

Q=Av -

n in metric unitsA R 8

n

Where

Q=the Jischarge
A=the area of cross section

V=the mean velocity
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R,=the hyüraulic mean

5=the slope
n=ths rugosity coefücient

Assuming
N

remains constant and substituting mean depth D for R
12

u a

curve can be prepared for Q againt A x (DJ?
After the full bank stage, the discharge ofthe spill portion will #..\e to be worked

out separ.tely bv assuming an „ppropriate value of 'n'. ı grvges do
not exist for computing the slope, it may roughlv bc estimatcd fıen: the focd
marks.

3.8.8 Acceptance in.ts for .ischarge Observations and Reliabititv cf Stage-Dis-
charge Curt

The "
acceptaı: eli ns»

" for scharge observation may be obtained fronı the

number should be chosen ı eli spaced along the curve,
1

For observations Iving in small intervals of the stage corresponding to euch of
the selected points as the central value, the stand: ıd deviation from the Lursc sheuld
be computed.

The interval should be so selected such tnat there are sufficient number cf obser-
In

From the data obtoined ıt ıs possible to dıw a pair of curvos one on ea sick
at a distance of twice the standard deviatien from the stage-discharge cume. This

ol the discharge.
ıts

On an average in 19 out wvery 20 mensurements, resulis should be within these
limits. Any point lying far outside the limit (say beyond 3 times the devie-
tion) can be regarded us the result of frulty measurement. except those cancı
where more than one consecutive point, eithor chrorolcegically or over a raiıge of
stage, appear to be well on onc side of one the stage-discharer eure is prebable

means {ht theWill

Usually a sufficient number of observations over small intervuis stages öre Lot
available for making valid estimates of the standard deviatrs -1 the \

A pooled estimate of the percentage standard deviation may be worked out fronı
the percentage de\iations of discharge, taking all Ihe obsers ation together as given
below-

Observed-Estimated
Percentage deviation = x 100

Estimated

From this percentage standard deviation, the 95 per cent acceptance Iimits can be

drawn.
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3.8.9 Standard Error of Stage-Discharge Curve
Standard error of the stage discharge curves is

S

ya
Where

SE = standard error

$= D

n = number of observations that have been used to determine the stage-
discharge curve and

Sp = the standard deviation.

The is usually expressed as a percentage of the estimated discharge from the
stage-discharge curve.

3.8.10 95 per cent Confidence Limits of the Stage-Discharge Curve

Pairs of curves drawn to pass through points at a distance of 2 S, on either side
of the stage-discharge curve are called the 95 per cent confidence limits of the curve.
These two curves define the limits within which the true value of discharge for a

given gauge should be in 19 cases out of 20.

3.8.11 For design, construction and operation of a flow measurement station
See IS : 2914-1964.

3.9 Chemical Gauging??
Current-meter gauging is dificult and some times impossible in boulder-stream

mountain toırents, very small streams etc. Here chemical gauging may prove useful.
Common salt, fluorescein dye, a radioactive meterial or any easily measurable
material not present in the stream and not likely to be lost by chemical combination
with materials in the stream may be used.

3,9.1 Colour Velocity Method

In this method, discharge is computed from observed arca of cross-section and
velocity measured by using a suitable colouring matter. Fluorscein, a red powder
when dissolved in slightly alkaline water produces an easily distinguishable greenish
colour even if in very dilute solution. The actual concentration needed is determined
in each case by field tests preceding velocity observations. Can of the colouring
matter is quickly emptied and exact time of travel of the cloud of dye to a down-
strem station on the stream is measured by a stop watch. This can be done either

by noting the instant when centre of the coloured mass crosses the station line or
the time of first detection and Jast disappearance of the cloud of coloured water
and its mean adopied as the time of crossing of the dye slag across the section.
Distance travelled divided by the time of travel gives the average velocity of the current,

This method has obvious limitations since the visual detection of the beginning
and end or centre of the colour cloud cannot be very accurate and the observation
made at water surface mey not be truly indicative of subsurface conditions.
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3.9.2 Salt Velocity Method
A dose of concentrated salt solution is injected in the stream and its time of travel

accurately measured between two observation stations. Both the stations are equippedwith properly insulated pair of electrodes. These are connected to a central recording
galvanomeier with a batteıy or power supply in the circuit. As the salt solution
passes across the pair of elecirodes at the end station, current strength is increased
and is indicated by the deflection of the galvanometer needle. Time of travel of
the solution is determined by noting the time interval by noting the instants when
a specific voltage say 1 /3 of the maximum is indicated by the galvanometer.

3.9.3 Salt Dilution Method
This method is also known as salt titration method.

In this method, tracer of concontration Ct is injected into the stream at rate at,
At a down-stream point samples are taken and after and equilibrium concentration
Ce is reached, the discharge q is-

t.q1q

Complete mixing of the tracer in the flow and accurate determination of the
initial and final concentrations are essential.

3.10 Planning a Stream-flow Net Work
The design of a stream-flow network is both a problem of statistica1 sampling

over area and a matter of sampling the locations where data are most likely to be
needed.

It is convenient to recognize three types of stations -

(Ö) Operation at stations are required for stream-flow forecasting, project
operation, water allocation etc. They are located as required for the purposes
they serve and are operated as long as the purposes exist.

(ü) Special stations are installed to secure data for a project investigation.
special studies or research. Their locations is determined by the special need and
they are under operation until the study is completed.

(iii) Basic data stations are operated to obtain data for future use. The time
and nature of this future use are usually unknown when the station is established.
Planning for such stations is the main problem of streamflow-network design.
The minimum size of drainage area for which reasonable estimates of stremflow
should be available, is determined by the level of regional development, the hydro-
logic characteristic, characteristics of region, and the probable information
needs.
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3.10.1 Norms?® laid down for the network of stream päuging by W.M.O. is as
follows-

TABLE 3-4
Norms laid downı for network of stream gauging

Sr. No. Terzain Norms recommended by W.M.O,

1. Flat region .. One station Tor 3000 to 10,000 Sq. Km,
2. Hiliy region 1,000 to 3.900 Sq.Km.
3. Arid region .. .. Nonorms,

3.11 Siandard forms to be [) Far revoruing measurement of flnw in open
en rnnels are given in IS : 1194-1930, 1S : 2914-1904 ard 15 : 2315-1904.
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4. DESIGN STORM

4.1 General

This para deals with the estimation of design storms for use in the rational method
of unit hydrograph approach of deriving design floods. Of primary importance
among such storms are the Probable Maximum Storms normally adopted in the
design of large dams.

For estimating these storms a detailed hydrometeorological study of major histo-
rical storms is necessary. Such a study not only requires an adequate knowledge of
Ihe meteorological factors involved but also considerable judgement; and hence it has
to be done by a trained hydrometeorologist. The purpose of this para is mainly to
familiarise the engineers with the methods used and the assumptions involved in
determining design storms; so that significance of such studies can be understood
in a better way.

4.2 Precipitation, Storms and Depressions
To the hydrologist, precipitation is the general term for all forms of moisture

emanating from clouds and falling to the ground. Depending on the meterological
conditions it can fall as drizzle, rain, glaze, sleet, hail etc.

While water vapour in the atmosphere is a necessary factor in the formation of
precipitation, it is by no means the only requirement. Moisture is always present
in the atmosphere, even'on cloudless days. For precipitation to occur, some mechanism
is required to cool the air sufficiently to cause condensation and droplet growth.

Large scale cooling needed for significant amounts of precipitation is achieved
by lifting of tlıe air.

Precipitation is often classified according to the factor responsible for the lifting
of the air,

4.2.1 Cyclonic Precipitation
Cyclonic precipitation results from lifting of air conveging into a low pressure

area of cyclone.

4.2.2 Convective Precipitation
Convective precipitation is caused by the natural rising of warmer, lighter air in

colder, denser surroundings dueto ground heating. The difference in temperature
may result from unequal heating at the surface, unequal cooling at the top of the
air layer or mechanical lifting when the air is forced to pass over a denser, colder,
air mass or over a mountain barrier. Convective precipitation is spotty, and its
intensity varies widely.

4.2.3 Orographic Preeipitation

Orographic preeipitation results from mechanical lifting of coulds over mountain
barriers. In rugged terrain the orographic influence is so marked that storm precipita-
tion patterns tend to resemble that of mean annual precipitation.
TB 4549-6
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In nature the effects of these various types of cooling are often interrelated and

resulting precipitation cannot always be identified as being of any one type.

The main source of moisture for rainfall is evaporation from the surface of large
bodies of water and therefore rainfall tends to be heavier near coastlines. Since

lifting of air masses accounts for rainfall, generally the windward side of mountain

barriers gets heavy rain. After shedding moisture, when the air descends on the lee

sides of barrier, it is warmer and drier and hence the area experiences relatively

light rainfall. However the continued rise of air immediately downwind from the

ridge and the slanting fall of the rainfall produce heavy amounts on the lee slopes
near the crest.

The word "Storm" is usually used by hydrologist and hydrometeorologist to

denote a period of heavy rainfall. Several low pressure systems with associated

cyclonic winds may pass over the basin during the period covered by the storms in

the hydrometeorological sense.

43. Causes of Heavy Rainfall in Maharashtra

The principal rainfall season is from the South-West monsoon June to September
which accounts for nearly 85 per cent of annual rainfall. The monsoons are the

seasonal trade winds which originate in the Southern hemisphere and move acıoss the

equator northward. There is large variations in the behaviour of the monsoon. The
heaviest rainfalls are not the result of the monsoon alone, but are triggered by west-

ward or north-westward movements of depressions that form in the Bay of Bengal.

When the depressions form and move across India, heavy rain commences over

the coasta1 area and the rain belt shifts westwards along with the depressions. Gene-

rally the South-West quadrants of these depressions are zones of heaviest precipi-
tation.

India Metrological Department's publication
" Storm Tracks in India 1877 To

1970 " gives an entire picture about these storms for a period of 94 years. Storms

originating from Bay of Bengal generally move in west, north-westerly direction

and across the east coast of India and travel further. During this process the stormss

weaken due to moisture supply being cutoff from the land surface. By the time,

these storms reach central India, Arabian Sea branch of monsoon current feeds

the system and the storm intensify in severity and moisture content ie. the conver-

gence between Bay of Bengal branch and Arabian Sea branch of the monsoon some

times becomes significant and causes heavy precipitation. In some cases the storms

remain stationary over the area for oneto two days then recurve towards North
land North-East. The Tapi, Narmada floods are owing to this effect. Geographical
locations of these river basins are also responsible for heavy floods as floods move

in the direction of storm, thus accentuating the situation.

4.4 Design Storms

A design storm is an estimate of rainfall amount and distribution over a particular

drainage area accepted for use in determining the design fllood.
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4.4.1 Probable Maximum Storm
Probable Maximum Storm is an estimate of the physical upper limit to storm

rainfall over a basin. It is generally determined by studying the rainfall of past severe
storms in the region and increasing this rainfall in accordance with meteorologically
possible incrcases in the atmospheric factors contributing to storm rainfall.

4.4.2 Standard Project Storm
Standard Project Storm is defined as the largest storm

"
reasonably charäcteristic "

of the region in which the basin in question lies. It is generally the largest storm which
has occurred in the region of the basin during the period of rainfall records.

4.5 Methods Used for Deriving Desigu Storm?
Tne most common methods which can be used for deriving desing storm are the

following-
a) Depth-Area-Duration (DAD) Analysis.
b) Depth-Duration (DD) Analysis.
c) Storm transposition technique.
d) Statistical methods.

The main object of all these methods is to estimate the maximum possible rainfall
denths which a basin may experience in future years. These estimates of maximum
basin rainfall are then utilised in working out the desing flood hydrograph using
the standard hydrological tools of infiltration and unit hudrograph.

4.5.1 Depth-Area-Duration Analysis
The depth-area-duration analysis is carried out to determine the greatest precipita-

tion amounts for various sized areas and duration over different regions. This
procedure is usually applied to a storm which is assigned a duration between times
of beginning and ending of precipitation at all those stations which come under
the influence of the rainstorm. In this study the rainstorm is considered as the unit
ofstudy and its boundary is specified by the peripheral isohyet satisfying the criterion
for storm selection. Only the major rainstorms with centre or centres of heavy
rainfall over or near the catchment are subjected to Depth-Area-Duration Analysis.
For a storm with a single major centre, the isohyets are taken as boundaries of

individual areas. The average storm precipitation within each isohyet is computed.
The storm totel is distributed through successive increments of time in accordance
with the distribution recorded at nearby stations. When this has been done for each
isohyet, data are available showing the time distribution of average rainfall over
areas of various sizes. From these data, the maximum rainfall for various durations
6, 12, 18 hours etc. can be selected for each size of area. These maxima are plotted
and an enveloping depth-area curve is drawn for each duration. Storms with multiple
centres are divided into zones for analysis.

For Depth Area Duration Curve of 13-15th September, 1959 with Telhara
as centre in Akola district (Vidarbha Region). See Reference (37).

TB 4549-64
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For Depth Area Duration Curve of 26-27th, 1914 with Parbhanı as centre
(Marathwada Region).See Figure (4-1).
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In Maharashtra most of the rainfall data of past storms consists of only daily
amounts at ordinary stations at 8-30 A.M. L.S.T. each day and hence the standard
durations of Depth Area Duration value of such storms are in terms of maximum
l-day, maximum 2-day etc. depths.

4.5.2 Depth-Duration Analysis
For all the rainstorms that occurred over the study area, with catchment area

taken as a " Unit " the average depth of pıecipitation for various durations 3, 6, 12,
24, 48, 72 cte. hours in respect of each storm is obtained and plotted on a graph
against duration. Such a curve is called Depth-Duration Curve. The curve envelop-
ing all such depth-duration curves is then-drawn. It gives the maximum precipitation
depth for various durations over the catchment area.

The Depth-Duration curves for Bhima basin upto Ujjani dam site and for Godavar
basin upto Paithan dam site are shown in Figure (4-2) and Figure (4-3) respectively.

®

7

M
AX

IM
U
M

RA
IN
FA
LL

BE
PT
EÜ

RI
CH

ES
)

&

5

1

FG. &-2 DEPTH-DURATION CURVES FOR THE TWELVE
HEAVIEST RAIN SPELLS OVER BHIMA BASIN
UP TO UJJAINI DAMSITE.



0L



71

TABLE 4-1

Depth-duration Analysis (See fig. 4-3)

Curve Rain Spell Curve Rain Spell
No. No.

1 31 August-2 September 1891 37 12-14 June 1927
2 1-3 September 1892 38 18-20 September 1928
3 19-21 June 1893 39 12-14 July 1929
4 20-22 July 1894 40 9-11 September 1930
5 6-8 September 1895 41 3-5 July 1931
6 25-27 July 1896 42 3-5 September 1932
7 23-25 September 1897 43 10-12 September 1933
8 31 July-2 August 1898 44 2-4 August 1934
9 11-13 June 1899 45 27-29 August 1935
10 31 July-2 August 1900 46 27-29 June 1936
11 8-10 August 1901 47 23-25 July 1937
12 16-18 July 1902 48 6-8 October 1938
13 1-3 October 1903 49 25-27 August 1939
14 13-15 September 1904 50 22-24 June 1940
15 4-6 July 1905 51 1-3 July 1941
16 19-21 July 1906 52 29 June-1 July 1942
17 13-15 August 1907 53 10-12 July 1943
18 2-4 August 1908 54 12-14 July 1944
19 12-14 June 1909 55 21-23 September 1945
20 29-31 July 1910 56 18-20 November 1946
21 6-8 July 1911 57 28-30 September 1947
22 21-23 July 1912 58 21-23 November 1948
23 26-28 June 1913 59 22-24 September 1949
24 26-28 June 1914 60 11-13 July 1950
25 25-27 June 1915 61 14-16 October 1951
26 5-7 August 1916 62 24-26 July 1952
27 25-27 August 1917 63 19-21 June 1953
28 21-23 August 1918 64 28-30 September 1954
29 28-30 September 1919 65 2-4 October 1955
30 31 July-2 August 1920 66 2-4 October 1956
31 17-19 September 1921 67 21-23 June 1957
32 15-17 June 1922 68 10-12 July 1958
33 20-22 September 1923 69 20-22 July 1959
34 27-29 August 1924 70 7-9 September 1960
35 22-24 June 1925 71 8-10 October 1961
36 14-16 August 1926 72 8-10 September 1962

73 26-28 August 1963
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4.5.3. Storm Transposition
Storm transposition implies the application of outstanding or major rain storms

from one area to another. The main purpose of storm transposition is to increase the
experience of a basin by considering not only the storms which have occurred over
storm or near the basin in the past but also those storms which have resulted in
heavy rainfall on adjacent areas that are meteorologically similar. In using this
technique, the historical storms of the surrounding homogeneous regions are moved
to the basin of interest.

However, before moving or transposing these storms to the basin in question, it
nas to be fully ensured that they could occur over the problem basin.

4.5.3.1. Meteorologically Homogeneous Regions
Before actually describing storm transposition technique, it is important to under-

stand what is meant by a meteorologically homogeneous area, as storm transposition
technique can only be applied in areas which are meteorlogically similar. Broadly
speaking, itis a region which is affected by the (?) same moisture source (if) experience
the same type of storms (or combination of same synoptic disturbances) has the
(ii) same rainfall frequencies and where the (iv) major topographic features are the
same. Ths meterologically homogeneous region is defined as the one in which the

probability of occurrence of rain storms of a given intensity is the same at every
point in that area.

The chief factors which effect the homogenitv ot an area are-
(a) Distance from the sea.

(b) Direction of the prevailing winds.

(ce) Mean annual temperature.
(d) Altitude.

(e) Topography.

4.5.3.2, Storm Transposition in Homogeneous Areas
Before actually transposing a rain storm from somewhere in the homogeneous

region to the problem basin, it has to be ensured that the particular rainstorm could
as well have occurred over the basin. It is incorrect to transpose storms occuring
along the coast, to basins located far in the interior as it is well known that storms
rapidly weaken when they move into the interior after crossing the coast. Similarly,
storms occuring on one side of the mountain range cannot be transposed to the other
side. Further, storms occuring over mountainous areas should not be transposed
to the other areas, plain or mountainous, as the orography highly modify the sus-
ceptibility ofthe clouds to shed their moisture, other meteorological conditions
remaining same.

4.5.3.3. General Bayout of Storm Patterns Over and near the Problem Basin
For undertaking the storm transposition, ca knowledge of isohyetal pattern of

major rain storms that have occurred over and near the problem basin in the past
is also very essential. This information is prerequisite in the final selection of storms
for transposition from the neighbouring areas.
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4.5.3.4. Transpositien Limits of Rain Storms

Knowledgs of transposition limits of major rain-storms is essential for trans-
position of storms from one area to another. For determining these limits, each
Imajor storm has to be considered individually in order to know whether the meteoro-
logical factors pesuliar to that particular storm could have occurred eisewhere in
the region or not.

Thus in this step, a survey of synoptic charts and records of outstanding rain
storms has to be made.

4.5.3.5. Effect of Topography on Transposition of Storm
This is the most important step, which has to be taken into consideration while

transposing storms in homogeneous region. In mountainous regions, generally.
rainfall patterns are fixed by the orography of the region and therefore there are seı
isohyetal patterns of storm rainfall in these regions. On this account wherever the
terrain is highly rugged or mountainous, rain storms are neither transposed to or
away from these regions.

4.5.3.6. Latitudinal Control
Some limitations have also been placed on the latitudinal transposition of rain

storms as too much latitudinal shift may involve considerable change in the air
mass characteristic of the storm.

In short, limits of transposition are usually determined by a hydrometeorologist.
Topography, sources of moisture bearing winds for the area of the observed storm
as compared to the basin under investigation, storm tracks, etc. are factoıs considered
in setting the limits of transposition.

4.5.3.7. Storm Transposition Technique

Having selected a rain storm for transposition over a given basin in accordance
to guide lines stated above, the next step in the storm transposition process is to
prepare a transparent overlay of the storm pattern on a sheet of tracing paper. This
transparent overlay is then superimposed on the basin boundary in a most critical
manner so as to yield maximum depth of rainfal1 over the basin.

4.5.3.8 Orientation of Isohyetal Patterns of Rain Storms

During the transposition process it has to be seen that axis of the storm pattern
is not rotated through an angle larger than 20°.

After transposing the selected storm pattern over the problem basin in a critical
manner the next step is to workout the depth-duration for the basin as described
in para 4,52,

A few selected outstanding rain storms of different durations are transposed
over the problem basin and average basin rain depths for different durations in

respect of each of these storms are worked out. The average depths thus obtained
for each of the transposed rain storms for different durations are then plotted as

depth duration curves. The enveloping curve through the highest points gives the

maximum depths of rainfall for the problem basin for different durations,
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For Standard Project Storm value for Upper Wardha Project-Storm of 13-15th

September 1959 is transposed over it. See Figures (4-4) and (4-5).
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TABLE 4-2

Storm Transposition--Position (A) From Figure (4-4)
With storm axis parallel to original position

Isohyetal Range Average Area AXR
Rainfall enclosed Sq. Km.

From To (A) (A)
incm incm in cm Sq. km.

62.5 60 61.25 18 1102.50

60 57,5 58.75 162 9517.50

57,5 55 56.25 475.2 26730 .00

55 52.5 53.75 50.4 2709.00

52.5 50 51.25 288 14760 .00

50 47,5 48.75 266.4 12987.00

47,5 45 46.25 36 1165.00

45 42.5 43.75 248.4 10867.5

42.5 0 41.25 230.4 9504.00

0 37.5 38.75 111.6 4324.5

37.5 35 36.25 154.8 5611.5

35 32.5 33.75 158.4 5346.00

32.5 30 31.25 154.8 4837.5

30 27.5 28.75 252.0 7245.00

27.5 25 26.25 1054.8 27667.5

25 22.5 23.75 324, 1695

22.5 20 21.25 75.6 1606.5

20 17.5 18.75 82.8 1552.5

17,5 15 16.25 97.2 15795

15 12.5 13.75 57.6 192

12.5 10 11.25 8.6 96.75

Total .. 4302

Weighted average rainfall = A
N
Rx

= 158196.25
4302

36,77 cm
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Storm Transposition-Position (B) From Figure (4-5)
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TABLE 4-3

Storm axis rotated 17 .5° towards west

Isohyetal Range Average Area AXxR
Rainfall enlcosed in Sq. km

From To (R) (A)
cm cm in cm Sq. km

62.5 60 61.75 18 1102.5
60 57.5 58.75 162 9517.5
57.5 55 36.25 475.2 26730.0
55 52.5 53.75 50.4 2709.0
52.5 50 51.25 288 14760.0
50 47.5 48.75 266.4 12987.0
47.5 45 46.25 36 1665.0
45 42.5 43.75 248.4 10867.5
42.5 40 41.25 194.4 8019.0
40 37.5 38.75 201.6 7812.0
37.5 35 36.25 226.8 8219.23
35 32.5 33.75 208.8 7047 .0
32.5 30 31.25 201.6 6300.0
30 27.5 28.75 280.8 8073.0
27.5 25 26.25 994.6 26108.25
25 22.5 23,75 118.8 2821.5
22.5 20 21.25 54 1147,5
20 17.5 18.75 61.2 1147.5
17.5 15 16.25 54 877.5
15 12.5 13.75 18 247.5
12.5 10 11.25 72 810.0
10 7.5 8.75 72 630.0

Total .. 4302.0 Sq. Km.

Weighted Average Rainfall =

= 159598.5
4302

AXR
A

37.09 em.
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4.5.3.9. Meoisture Adjustment

Assuming that the storm mechanism viz. convergence and vertical motion remains

the same at the transposed location, the other factor that aflects the rainfall yield
from the storm is the amount of moisture in a unit column of air entering the storm.

It is likely that the transposed location may be an area either in proximity of the

Moisture source or be far away from it and hence in the transposed position of the

storm will accordingly change and a suitable adjustment will have io be made for

this change. Moisture Adjustment Factor-

MAF. = Maximum Precipitable water over the basin

Storm precipitable water

For working out m>isture maximation factor or moisture adjustmsnt factor

detailed study of d»w points reduced to 1009 mb. at all weather station in to heavy

rainfall area and in the project basin is necessary.

This study requires a thorough knowledge of Hydrometeorology.

4.5.3.10. Estimation of Probable Maximum Storm for a Problem Basin

Tne isohyetal pattern of the transposable storm over the basin in a such a position
as to yield maximum average depth over the basin is superimposed and the maximum

average depth over the basin is then obtained by planimetering the successive isohyet

within the basin outline. The procedure is repeated for all storms that arc considered

suitable for transposition. Depth-Duration data thus obtained are adjusted for

values plotted on a graph. A smooth envelope curve through the highest points fur-

nishes the probable maximum rainfall depths for pertinent durations.

For all projects these values are being obtained from Director Generat of Meteoro-

logy, India Meteorological Department, New Delbi.

4.53.11. Probable Maximum Storm for Mountainous Region

In mountainous areas, where orographic influences have an important effect on

rainfall distribution, transposition of storms is limited to regions of similar orogra-

phic influences. In the absence of a detailed meteorological analysis, transposition of

storm from outside the basin is not justifiable.

A commonly used procedure in Mountanious region is by Depth-Duration-
Analysis.

Probable Maximum Precipitation chart! prepared by Indian Institute of Tropical

Meteorology for Western ghats is shown in Figure (4-6).
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TagLe d-4, : (See Fig. 4-6)
P.M.P. Estimates for some selected stations in the Western ghat region

Co-ordinates Observed PMP esti-
Serial Name of the Station maximum mate for
No. Latitude Longitude one-day 1-day

rainfall duration
(cm) (cm)

1 Faint .. 20° 15 73° 30 47 76
2 Trimbak 19 57 73 32 41 66
3 Mokhada 19 56 73 20 39 63
4 Igatpuri 19 43 73 35 45 67
5 Matheran .. 18 59 73 17 66 75
6 Karjat 18 55 73 20 61 79
7 Lonavala 18 45 73 24 49 77
8 Paud 18 32 73 37 23 47
9 Bhor . 18 08 73 51 19 40
10 Mahabaleshwar . 17 56 73 40 46 68
11 Panchgani 17 55 73 49 20 41
12 Medha . 17 47 73 50 23 46
13 Satara . 17 4 73 59 18 43
14 Amboli .. 17 40 73 30 43 68
15 Patan 17 22 73 54 31 56

16 Gaganbavade . 16 33 73 50 37 53
17 Radhanagari . 16 20 73 59 31 53
18 Chandgad 15 56 74 11 27 50
19 Belgaum .. 15 51 74 32 27 46
20 Khanapur .. 15 38 74 31 28 54
21 Saklespur Bu 15 27 75 47 23 46
22 Kalghatgi .. 15 Mi 74 sg 13 30
23 Shiggaon 14 59 75 13 13 29
24 Hangal . 14 46 75 08 16 34
25 Sirsi 14 37 74 50 34 57
26 Siddapur .. 14 20 74 53 32 59
27 Sagar 14 10 75 02 29 51

4.5.3.12 Estimatien of Standard Project Sterm
The analysis proceeds in the manner similar to that adopted for Frobable Maximum

Storm except that storms are not adjusted for increase in meteorological parameters
such as moisture maximisation.

4,5.3.13 Clock Hour Correction Factor
The daily rainfall recorded at most of our ordinary raingauge stations (O.R.G.)

are at 8-30 a.m. daily. Thus the rainfall recorded is observational day rainfall, The
24 hr., 48 hr, rainfall would seldom occur co-incidental with observational times.
Therefore to convert observational day rainfall into 24 hours rainfall, a correction
factor is applied. This is known as clock-hour correction factor. India Meteorologi-
cal Department, New Delhi have studied number of 24 hours storms all over India
and have specified this clock hour correction factor as 15 per cet for 24 hour
rainfall, where as no such correction is required for 48 hour rainfall,
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4.5.4 Time Distribution of Design Storm

The ordinary raingauge stations record rainfall at fixed timings i.e. 8-30 a.m. daily.
However for estimation of design flood, the rainfall increments at lesser durations
are required. This is satisfactorily done by a study of the time-distribution pattern
of those observed storms in the area for which adequate self-recording raingauge
(S.R.R.G.) data is available. Maximum rainfall depths for standard durations of
3, 6, 12, 18, 24, 36, 48 etc. hours are expressed as percetage ofthe total storm depth.

This distribution should be judiciously selected as it plays an important role
in deciding the design flood. The slight change in time distribution changes the
peak flood significantly.

Time distribution is also supplied by India Meteorological Department, New Delhi.

4.5.5 *Statistics of Some of The Historical Severe Storms Which hit Maharashtra
State.

*Note.-These are given to have an idea about variations in storms of Maharashtra.

4.5.5.1 Vidarbha Region
See Table 4-5 below.

TABLE 4-5**

List of Severe Storms Observed in Vidharbha from 1977 to 1979 from
Bay ofBengal

Serial Date of Occurence Centre and (District) One-day
No. rainfall in

cm

t 18th July 1913 Hinganghat (Wardha) .. 31.29
2 26th June 1914 Washim (Akola) 35,56
3 15th September 1933 Chikhaldara (Amravati) 27.56
4 25th July 1937 Pangree (Bhandara) 39.52
5 12th July 1941 Chikhaldara (Amravati) 25,40
6 22nd September 1945 Patur (Akola) 25,60
7 13th August 1949 Gadmoshi (Chandrapur) 31.22
8 14th August 1953 Umred (Nagpur) 33.02
9 05th July 1958 Uinaskhed (Yeotmal) .. 20.95
10 14th September 1959 Telhara (Akola) 39.23

Pandharkawada (Yeotmal) 33.90

11 14th September 1961 Pangri (Bhandara) 34.42
12 04th August 1979 Amgaon (Nagpur) 36.40

*+Extract from "Floods and Flood Control in Vidarbha Regoin" by Shri S. M. Bhalerao, Chief
Engineer, Irrigation Department Nagpur.
TB 4549-7
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4.5.5.2 Marathwada Region
Storm of 26-27th June 1914 with centre at Parbhani is the heaviest on the record.

Parbhani experienced point rainfall of 40.13 cm in one day and 5l cm. in 2 days.

4.5.5.3) Bhima Basin upto Ujjani Dam Site"
(Record length from 1891 to 1965)

(a) Storm of 6 to 8th September 1895 for one-day maximum depth over the
basin.

(b) Storm of 2 to 4th August 1956 for 2-day and 3-day maximum depths.

(i) One day weighted average depth over the basin .. 11.43 cm.
(ii) 2-day depth .. .. 17.01 cm.
(il) 3-day depth .. 21.08 cm.

4.5.5.4 Godawari Basin Upto Paithan'®

(Record length from 1891 to 1963)

Storm of I to 3rd July 1941 is heaviest for 2 and 3 day depths and 18-20th Nov-
ember 1946 for one day depth.

(i) One-day weighted average depth 10.92 cm.
(if) 2-day depth .. .. 13.97 cm.
(if) 3-day depth . .. .. 17.01 cm.

4.5.5.5 Tapi Basin Upto Hatnur Dam Site
4-6th August 1968 is the heaviest on the record (Record length 1891 to 1971).

(f) One-day weighted average depth ll.lcm.
(if) 2-day weighted average depth 19.0 cm.
(if) 3-day weighted average depth .. .. 21.| cm.

4.5.5.6 Wunna Valley
In the severe storm of 418/1979 at Amgaon Deoli in Wunna Valley which caused

heavy floods near Butibori in Nagpur District in Wunna river, 24 hour rainfall of
36.4 cm was recorded. During this event maximum intensity of 17 cm (6.69") in
3 hours and 22.85 (9") in 6 hours was observed.

4.5.3.7 Hourly maximum intensity of 11.65 cm (4.59" hours) was observed
at Colaba station on 4-7-74 at 20.30 hours IST. to 0.30 hours IST. of 5-7-74.)
During this storm 32 cm (12.59") in 4 hours, 47.5 cm (18.5") in 9 hours, 57.56

cm (22.66) in 24 hours were observed.

4.5.5.8 Santacruz S.R.R.G. IMD station recorded 9 cm (3.54") in 50 minutes
from 3.10 hours IST to 6.00 hours IST 17 cm (6.69) in 2 hours 40 minutes from
5,10 IST to 7.50 hours IST on 17-7-83.

4.5.5.9 Alibag S.R.R.G. IMD. station recorded 10 cm (3.93") in 1 hour 20
minutes from 2.22 hours to 3.42 hours IST 15 cm. (5.9") in 1 hour 22 minutes
from 4.33 hours to 5,55 hours IST on 27-6-83.
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TABLE 4-6
Observed Maximum Daily Rainfall ofDifferent Stations in Maharashtra

(Extract from Climetological Tables upto 1960 for I.M.D. Observatories in

India)

Serial Station Period Day Maximum
No. Rainfall in

cm

1 Ahmadnagar 1890-1960 17,72
2 Akola 1870-1960 36.54
3 Alibag 1929-1960 39.62
4 Amravati 1873-1960 23,49
5 Auranbagad 1891-1960 24,51
6 Bombay (Colaba) 1847-1960 54,8]
7 Bombay (Santacruz) 1907-1960 31.06
8 Chanda .. 1870-1960 24.96
9 Dahanu .. 1943-1960 48.10
10 Devgarh .. 1944-1960 27.60
Il Gondia . 1946-1960 28.89

12 Harnai 1943-1960 30,86
13 Jalgaon .. 1936-1960 18.29

14 Kolhapur 1945-1960 15.16

15 Mahabaleshwar 1929-1960 33,96
16 Miraj 1930-1960 15.09

17 Nagpur .. 1869-1960 31.50
18 Parbhani 1913-1960 40.13

19 Pune 1856-1960 14.91

20 Ratnagiri 1877-1960 30.99
21 Sironcha 1950-1960 24.74
22 Sholapur 1877-1960 19,10
23 Vengurla 1941-1960 33,33

TB 4549--7a
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TABLE 4-7

Magnitudes ofMaximum one-day Rainfall in cms. for Stations within the
Bhima Basin (Upto Ujjani)

Rainfall Stations Period of Observed
Record highest 1-day

rainfall (cm)

Alandi 1891-1960 12.01
Dhond 1892-1960 15.62
Ghoda 1891-1960 17.65
Junnar 1891-1960 20.98
Karjati(Ahm.) .. 1891-1960 16.07
Khed 1891-1960 12.64
Lonawala 1891-1960 49.30
Parner (Ahm.) . 1891-1960 15.01
Paud 1891-1960 21.36
Poona 1891-1960 13.61
Shrigonda 1891-1960 18.80
Sirur 1899-1960 18.16
Talegdon-Dhamdhera 1891-1960 13.66

1891-1960 19.30Vadagaon

TABLE 4-8

Highes Rainfall Amounts (in cms.) in -24hr. at Raingauge Stations in the

Upper Godavari Basin 1891-1963

i

Station Highest rainfal
(in cm)

Akola 13.46
Aurangabad 23.64
Bolthan .. 17.78

21.08
Dindori .. 19.05
Igatpuri .. 44,95
Kopargaon 33,62
Nashik 17.53
Nevasa 21.84
Niphad .. 12.95
Parner . 14.99
Pathardi .. 16.51
Pimpalgaon 23.88
Rahuri 15.49
Sangämner 12.44

Shivgaon 25.15
Sinnär 16.76
Trimbak .. 41.15
Yeola 27.69

Chandor
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TABLE 4-9
One hour Maximum Observed Rainfall for Different Stations in Maharashtra

(Based on I.M.D. Salf-Recording Raingauge Stations)

Serial Station Period One hour
No. rainfall in cm

1 Bombay (Colaba) 1930-1961 10.24
2 Poona Be 1929-1961 5.33
3 Mahabaleshwar (Except 42, 45) 1931-1961 5,49
4 Nandurbar 1957-1961 5.37
5 Chikalthana 1951-1961 6.35
6 Vengurla 1951-1961 6.30
7 Nagpur .. 1947-1961 7.72

TABLE 4-10
One Day Observed Storm at Waki* (12 hrs. IST of5-6-76 to II hrs. IST

of6-6-76) with its Time Distribution

Maximum Cumula-
Intensity tive

Serial Hour Rainfall Hour observed in per cent
No, inmm (mm)

respective
cum hr

2 3 4 5 6

I 12 hr of 5-6-76 19 Ihr 74 10.7
14 hr

2 13 17 2 hr 96 13.9
18 to 19 hr

3 i4 74 3 hr 148 21.44
Tto 19 hr

4 15 12 4hr 187 21.10
16 to 19 hr

5 16 39 Shr 213 30,86
14 to 18 hr

6 17 52 6hr 273 39,56
14 to 19 hr

718 36 Thr 290 42.02
19 hr

8 19 60 shr 33] 47,97

1

13 t0

14 to 2i hr
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TABLE 4-10-contd.

1 2 3 4 5 6

9:20 Bu 16 9 hr 364 52.75
14 to 22 hr

10 21 .. 42 10 hr 404 58,55
14 to 23 hr

11,22 33 Il hr 421 61.01
13 to 23 hr

12 ;23 .. 40 12hr 441 63.91
14 to I hr

13 24 7 13 hr 458 66.38
13to Ihr

14 1 hr of 6-6-76 30 14 hr 477 69.13
12 to I hr

15 2 1.5 15hr 478.5 69.35
12to 2 hr

16 3 9,5 16hr 488 70.72
12 to 3 hr

17 4 12 17 hr 500 72.46
12 to4 hr

18 5 29 18 hr 529 76.67
12to5hr

19 6 .. ....39 19hr 568 82.32
12 to 6 hr 82.32

20 7 20 20 hr 588 85.22
12 to 7 hr

21 8 19 21 hr 607 87.97
12to 8hr

22 9 .. 20 22 hr 654 94.78
14to ll hr

23 10 30 23 hr 671 97.25
13to ll hr

24 11 .. 33 24 hr 690 100
13 to 11 hr

Tatal Rainfall in mm = 690.0 mm

*Waki is located just on downstream of Bhandardara Dam.



87

TABLE 4-11

Actual Observed Distribution of Akola Station

Date Clock Hour Cumulative Cumulative Increments Cumulative
Hour Depth mm

mm (Per cent)

13-9-1959 8 hr 8hr 0 0

13-9-1959 8hr &hr 37.8 37.8 6.42
15 min 15 min
ll hr ll hr 54.3 16.5 9.23
15 min 15 min
18 hr 17 hr 55.80 1.0 9.40
15 min 15 min

1-49-59 9hr 32 hr 222.5 167.2 37.84
15 min 15 min
12 hr 35 hr 374.5 152.0 >* 68.70
15 min 15 min
18 hr 41 hr 468.9 94.4 79.75
15 min 15 min
23 hr 46 hr 587.9 119.0 100.00
15 min 15 min

15-9-1959 ihr 48 hr 587.90 0.0 100.00
15 min

*Maximum rainfall observed in 24 hr = 413.60 mm

TABLE 4-12
Observed Distribution of 13-15th September 1959 at Akola Arranged in

Critical Sequence

mm mm
Cum hr Cum hr Remarks

Cum Cum Cum Cum
depth per cent depth per cent

0 0 0 0 0

152 28.85 3 152.0 36.75
271 46.09 9 246.4 59.57

23 438.2 74.53 24 413,60 100

29 532,6 90.59
32 549.10 93.40
40 586.9 99,83
46 578.9 100.00

48 587.9 100.00

3

8
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5. ESTIMATION OF FLOODS

5.1. Eimpirical Formulae

Empirical formulae are attempts to arrive at simple forms of relationships for
the pepk flow on the river in terms of one or more of the flood producing factors.
For this purpose a few. selective factors that are considered of decisive importance
are indluded for correlation study,

Several empirical formulae have been proposed by various investigators by
correlätion of the observed flood discharges with one or more of the factors affecting
flood runoff. The most common type of the formula makes the peak flow a function
of the catchment area,

Some of the empirical formulae in use are :-

(4) Dickens formula.--The first attempt in India to derive a general formula
for determining maximum flood was made by Dickens in 1885.

3

Q = CA
Q = Discharge in cusecs
A = Catchment area in Sq. miles
C = Constant

N

c varies from 200 to 400 for plain catchments 1000 to 2000 in mountainous region.
In MiK.S. units, the value of C

North India C = 11.5
Central India C = 14 to 20

;

Western India C = 22 1.25
for G in m?/s and A in sq. km. Recently Government of India Ministry of Railways
Resedrch, Designs and Standard Organisation Lucknow issued a map of India
showing the value of C in Dicken's formula See Fig. (5-1A) See Ref. (29). These
values are however subject to revision in future as more data are collected.

(b) Ryve some time later modified Dicken's formula to suit South Indian
conditions.

w
'rs

Q=CA
C = 450 in flat tracts along the coast
= 2800 in Western ghat region.

In M.K.S. units

For areas near hills C = 10.2
For areas 0 kmtoC=8,5
16 k. m. from sea
For areas 80 km trom C = 6.8 sea

In;C.B.L.P. Publication No. 65, it is mentioned that in practice the coefficient
varids from 6.8 to 38.
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{c) In 1930 Inglis?? studied the available hydro-logic records ofcatchments in the
then Bombay State, to derive a simple relationship. He proposed the relation

Q = 70001/A but later he introduced a modification.

to cover small catchments as well.
vA+4

Q == Discharge in Cusecs
A = Catchment area in Sq. miles

Q = C/A in metric units
Q in m?js
Ainsg. km.
C = 21 to 124 for

A< 100 km?
C = 125 for A > 100 km?

See Table (5-1A)
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TABLE 5-]A
Statement showing Flood Discharges for Different catchment area as per

Inglis Formula

(Accompaniment to Chief Engineer's Technical Circular No. 1 dated
Ist June 1964)

Catchment Area in Value of Cin Flood Discharge Remarks
sg. km. Inglis formula in m?/s

Q =CVA
Inglis formula

21 21

2 28 39,6 Inglis formula in metric
3 36 62.36 units

4 0 80.00 Q=CVA
5 44 88.39 Q = discharge in m/s
ä 48 117,58 A = catchment area
7 52 142.41 in km?.
8 56 158.39 C = constant.
9 .. 0 180.00
10 64 202.39
20 .. 86 384.60
30 97 531.29
40 106 670.41
50 BR 113 799 ,03
60 .. 118 914.03
70 .. 121 1012.36
Ei) .. 123 1100.15

.. 124 1176.36
100 125 1250.00
125 125 1397.50
150 .. 125 1530.87
175 .. 125 16,3.62
20D 125 1767.75

1

300 .. 125 . 2165.13
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5.1.1. Limitations of Empirical Formulae

(1) In general, empirical formulae are of extremely regional application and
should be used with great caution.
(2) One defect is that they do not give any clue, whatsoever, as to the probable

frequency ofthe design flood figure computed from them.
(3) These formulae cannot be used with any distinction to estimate floods of

various frequencies as may be required.
(4) They give only the peak value, not the complete hydrograph.

5.2. Envelope Curves
Observed maximum discharge for a number of catchments in homogeneous

hydrometeorologic regions were plotted on log-log paper against catchment area;
the plotted points were then enveloped by asmooth curve. Kanwar Sain and Karpor
collected data of Indian rivers and drew two enevelope curves one to suit basins of
south India and the other for those of northern and central India. See reference (10).

5.3. Flood Estimation by Unit Hydrograph Method

5.3.1. Derivation of Unit Hydrograph for Gauged Basins
As this method is based on the rational analysis of rainfall and runoff data, it

gives most reliable estimates of floods for design purposes -

Outline of the Method.-(a) Collection and estimation of basic data.

(b) Analysis of observed flood hydrograph and their sub-divisions into base
flow and direct runofl.

(c) Analysis of rainfall data related to observed flood hydrographs.

(d) Derivation of unit hydrographs and selection of unit hydrograph for design
flood computations.
(e) Computation of design flood hydrograph from unit hydrograph derived and

design storm.

5.3.1.1. Basic Data Required
For flood estimation by unit hydrograph approach it is necessary to have a conti-

nuous discharge data of the project site for at least 4 to 5 rainy seasons at close hour
interval (one hour preferably) and adequate concurrent rainfall data.

Discharge observations taken once a day are not suitable for constructing flood
hydrograph. Frequency of stage and discharge observation should be such that the
complete shape of the flood hydrograph is defined.

It is best to have self recording gauges at the site.

Rainfall data is required for all raingauge stations in and near the project basin,
including hourly rainfall data from available Self-Recording raingauge stations to
define adequately the areal and time distribution of rainfall.

5.3.1.2. Analysis of Observed Flood Hydrograph
A discharge hydrograph is simply a graph showing discharge against time.
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5.3..12.1. Stage Discharge Curve

Gäauge observations are made in connection with discharge measurement. The
measurement of discharge intended for preparation of stage discharge curve. These

discharges are measured by area velocity method. Velocities are measured either

by current meter or by float in number of compartments twice or thrice daily. For
details of stream gauging see para (5.3.1) During flood season hourly gauge
readings are necessary. Discharge measurements should be made at various stages
so that number of points equally spaced are available for preparation of rating
curve. If a sudden change in shape of the curve is suspected at any stage, more
observations may be made over the particular range to determine the point of change
and the correct trend of two parts of the curve.

Normally a rating curve (or stage-discharge curve) would be parabolic conforming
to the equation -

Q= C($ - So)"

Where C and n are constants

S is the stage or gauge value

So gauge reading to zero flow.

Fos preparation of stage discharge curve see paras 3.8

Ohnce the stage-discharge curve is prepared for a particular site, for a particular
year, from the stages observed round the clock during a flood, complete discharge
hydrograph can be plotted.

53122 Hydrograph Separation
The division of a hydrograph into direct and groundwater runoff is known as

hydrograph separation. The method of separation is arbitrary.

For application of unit hydrograph concept, the method of separation should be

such that the time base of direct runoff remains relatively constant storm to storm.

This is usually provided by terminating the direct runoff at a fixed time after the

peak ofthe hydrograph. As a thumb rule, the time in days N may be approximated by

N = A%2 F.P.S. units

N = Time in days

A = Catchment area in square miles

N=08x AP -in M.K.S. units

A is catchment area in square kms.

However N should better be determined by inspection of anumber of hydrographs,
keeping in mind that the total time base should not be excessively long and rise

of ground water should not be too great,
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53123 Base Flow Determination

(a) First Method. -The most widely used separation procedure consists of extend-

ing the recession existing before the storm to a point under the peak of the hydro-
graph AB. See Figure (5-1). From this point a straight line is drawn to the hydro-
graph at a point N days after the peak.

DAY

Fig .5 SOME SIMPLE BASE-FLOW SEPARATION
PROCEDURES

(b) Second Method,-By joining the line AC which is simply a straight line from
the point of rise to the hydrograph N days after the peak.

(c) ThirdMethod.-A third method of separation is illustrated by line ADE,
This line is construoted by projecting the ground water recession after the storm
back under the hydrograph to a point under the inflection point of the falling limb.
An arbitrary rising limb is sketched from the point of rise ofthe hydrograph to

connect with the projected base flow recession.

This type of separation may have some advantages where ground water is relatively

plentiful,
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5.3..13. The Unit Hydrograph Concept
The hydrograph of outfiow from a basin is the sum of the elemental hydrographs

from all sub-areas of the basin modified by the effect of transit time through the basin
and storage in the stream channels. Since the physical characteristics of the basın

shape, size, slope etc. are constant, one might expect considerable. Similarity in the

shape of hydrographs from storms of similar rainfall characterstics.

This is the essence of the unit hydrograph as proposed by Sherman in 1932,

The unit hydrograph is a typical hydrograph for the basin. It is called a unit-

hydrograph bacause, for convenience the runoff volume under the hydrograph is

commonly adjusted to I cm.

5.3.1.3.1. It would be wrong to imply that one typical hydrograph would suffice

for any basin. Although the physical characteristics of the basin remain relatively
constant, the variable characteristics of storms cause variations in the shape of

resulting hydrographs. The storm characteristics are-

(a) raintall duration

(b) time intensity pattern

(c) areal distribution of rainfall

(d) amount of rainfall.

These effects are discussed below-

(a) Duration of unit hydrograph may be employed in two ways.
A unit hydrograph may be developed for a short duration (say | hr) and all storms
treated by dividing the rainfall excess into similar intervals. The alternate approach
is to derive a series of unit hydrographs converting the range of durations expe-
rienced on the water shed. Theretically an infinite number of unit hydrographs
would be required to cover the range of durations. Actually the effect of small
differences in duration is slight and a tolerance of+25 percent in duration is usually
atceptable. Thus only a few unit hydrographs are actually required. Where a com-

puter solution is used, a short-duration unit hydrograph is preferable.

(b) Time Intensity Pattern.-Practically unit hydrographs can be based only on

an assumption of uniform intensity of runoff. However large variations in rain

intensity during a storm are reflected in the shape of the resulting hydrograph.
The time scale of intensity variations that are critical depends mainly on basin
size.

A basic duration of about one-fourth of the basin lag is generally satisfactory.

(c) Areal Distribution of Rainfall The areal pattern of rainfall can cause

variations in hydrograph shape.

If the area of high runoff is ncar the basin outlet, a rapid rise, sharp peak and

rapid recession usually result. Higher runoff in the upstream portion of the basin-

produces a slow rise and recession and a lower, broader peak.
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A better solution is to apply the unit hydrographs method only to basins small
enough to ensure that the usual areal variations will not be great enough to caus
major changes in hydrograph shape.

The limiting basin size is fixed by the accuracy desired and regional climatic
characteristics. Generally, however, unit hydrographs should not be used for
basins much over 5000 sq km (2000 sq miles).

What has been said above does not apply to rainfall variations caused by topo-
graphic controls. Such rainfall patterns are relatively fixed characteristis of the
basin. It is the departures from the normal pattern that cause trouble.

(d) Amount of Rainfall.-Inherent in the assumption of a linear unit hydro-
graph is the assumption that ordinates of flow are proportional to volume of
runoff for all storms of a given duration and that the time bases of all such hydro-
graphs are equal. This assumption is obviously not completely valid ; since the
duration of recession must be a function of peak flow.

Peaks of unit hydrographs derived from very small events are commonly lower
than those derived from larger storms.

Many hydrologists increase the peaks of unit hydrographs derived from ordinary
floods by 5 to 20 percent before using them for estimation of extreme floods.
1.5. 5477 (Part-IV) 1971 para A-2.1.3 proposes 0-50 per centincrease depending on
the judgement of hydrologists. This increase is based on the belief that channel
flow time shorters as flood magnitude increases. However if extreme floods over-
flow into flood plains, the opposite effect might result.

Caution should be exercised in using the unit hydrograph to extrapolate extreme
events.

53132 Unit Hydrograph Limitations

As per para 4.6.2. of IS : 5477 (Part IV)-1971:-
(a) The unit hydrograph principle is not applicable for drainage basins having

an area of more than 5000 km? where valley storage effects are not reflected and
where variation of rainfall in space and time shows a tendency to become too
great to be reflected in the unit hydrograph.
(b) Application of the unit hydrograph principle is also not recommended for

catchments having an area less than about 25 km?,

(c) Large number of raingauges suitably located should be available in the
entire catchment to reflect the true weighted rainfall of the catehment.

(d) Unit hydrograph principle is not applicable when appreciable proportions
of the precipitation occurs in the form of snow or when snow covers a significant
part of the catchment.

5,3.1.4. Analysis of Rainfall Data Related to Observed Flood Hydrographs
In order to correlate the storm runoff with the rainfall producing it, it is necessary

to estimate the intensity, sequence and areal distribution of rainfall over the specific
basin. This is done by analysing the available rainfall data and presenting the final
results in the form of mass curves and hyetographs.
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5.3,1.41. Mass Curves

A mass curve is a plot of accumulated rainfall against time. These curves are

plotted for recording stations in and near the basin from their respective accu-

muldted hourly amounts during the storm,

To construct mass curve for non-recording stations, a preliminary total storm

isohyetal map is first prepared on a convenient scale from available records to

delideate the general rainfall pattern over the basin. If there are two or more distinct

bursts, isohyetal maps are prepared to each burst of rainfall. The groups are usually
made up of four to six stations including at least one recording station, the non-

recording stations in the group being those nearest the recording gauge.

Mass curves of each of the group are then completed by interpolating the curves

between the established points of recording gauge curve and any other pertinent
information such as observers note, time of beginning and end of rainfall, cloudness,
direction and velocity of wind ete.

Alogical interpretation would usually be required to make these curves reasonably
eonsistent. See Figure (5-2).
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5.3.1.4.2 Hyetograph
The hyetograph shows the average rainfall rates over the specified basin during

successive units of time during a particular storm. Such a graph is convenient in

relating the rainfall with the resulting flood hydrograph and is usually plotted on the
same sheet as hydrograph.

The average rainfall depths over the basin for successive units oftime are computed
from the data by the Thiessen Polygon method or Isohyetal metl:od.

(a) The Thiessen Method.--This method attempts to allow for non-uniform
distribution of gauges by providing a weighting factor (Influencing area factor) for
each gauge. The stations are plotted on a map and connecting lines are drawn.
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TABLE (5-1)
Thiessen Method

Raingauge Observed Area in LA.F. Weighted
Station Precipitation km? Precipi-

incm tation

(A): .. 5.6 18 0.154 0.86

4.2

.. 3.2 26 0.223 0.713

(D) BR 3.8 30 0.256 0.973

(B)) .. 3.4 17 0.145 0.49

(F) 4.5 0.30 0.002 0.009

2.2

(H) .. 2 25.10 0.215 0.430

D: .. 1.5 0.60 0.005 0.0075

Total .. 117.0 1.00 3.483 cm
sq. km

(B)

(9)

Perpendicular bisectors of these connecting lines form Polygon around each

station. The sides of each Polygon are the boundaries of the effective area assumed

for the station. The area of each Polygon is determined by planimetory and is ex-

presged as a p>rcentage of the total area. Weighted average rainfall for the total

area is computed by multiplying the precipitation at each station by its assigned

p>rcentage of area and totalling.

(b) Isohyetal Method.-The most accurate method of averaging precipitation
over an area is the isohyetal method. Station locations and amounts are plotted on

a suitable map and isohyets (contours of equal precipitation) are then drawn. The

average precipitation for an area is computing by weighting the average precipitation
between successive isohyets (usually taken as the average of two isohyetal values)
by the area between isohyets, totalling these products and dividing by the total area.
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TABLE (5-2)
Isohyetal Method

Isohyet Area enclosed Average Preci- Precipitation
sq. km. pitation Volume

Cms. .. 11.30 5.3
4-5 20.30 4.5 91.35
3-4 46.80 3.5 163.80
2-3 32.60 2.5 81.50
2 .. 6.00 1.35 8.10

Total Area .. 117.00sq. km Total... 404.64

404.64

59,89

Weighted Precipitation = = 3.459 cm.
117.0

TB 4549-8a
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Thüs from the mass curves hourly or 3 hourly break-up of all the stations is found
out and then either by Thiessen Polygon method or by isohyetal method, the hourly
or 3 hourly weighted averages are computed.

5.3.1.5. Observed Rinfall-Runoff Correlation to Derive Unit Hydrograph
Within a given basin the volume of runofl from a specific storm varies with the

season, the antecedent soil noisture condition, duration and intensity of storm
rainfall.

5.3.1i5.1. Infiltration Index

The runoff from a given storm can be estimated by the use of infiltration indices.
Such}indices, in general express infiltration as an average rate throughout the storm
period. The maximum rate at which water can enter a soil under given conditions
is designated as " Infiltration Capacity ".

In practice however presently an uniform average loss rate is assumed for the
storm period expressed in cm. per hour. This is quite practicable till some research
studies are undertaken and completed.

Far working out the infiltration loss, the volume in Cms. under the hydrograph
after deducting the base flow is computed for the particular storm selected for

analysis. This is deducted then from the total rainfall for thatstorm duration,
the resulting figure will be losses. This loss divided by the duration of storm in hours
will give the loss-rate in cm/hour for that storm. After deducting tlıe loss-rate, total
of rainfall excesses for that particular storm should be exactly equal to runoff volume
under the direct runoff hydrograph of that storm. While doing this, wherever the
rainfall increments are smaller than the infiltration loss, the loss will be equal to
rainfall increment only.

In short this is also known as index. which is an average rate of infiltration derived
from a time intensity graph of rainfall in such a manner that the volume of rain-
fall in excess of this rate willequal the volume of storm runoff.

5.3.1.5.2. Derivation of Unit Hydrograph From Isolated Single Storm

The various steps are as follows :-

(1) To separate the base flow from direct runoff.

(2) Measure the vo!ume of direct runoff hydrograph in cm. depth.

(3) Divide the ordinates of direct runoff by observed runoff depth.

The resulting hydrograph will be unit hydrograph. The unit duration of {his
unit hydrograph will be same as that of storm duration. Jf the unit duration of the
unit hydrograph derived is different from desired unit duration, the unit hydrograph
may be adjusted to the desired duration by S-hydrograph method. See para 5.3.2.4.
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5.3.1.5.3. Example
Development of unit hydrograph from single isolated storm,
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The procedure is clear from Table 5-3
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TABLE (5-3)
Unit Hydrograph from Single Isolated Storm

Timein Total Base Direct Unit Hours
Date hr. Flow Flow R.O. Hydro- after

in m?/s graph starts
Ordinates

August 14 .. 0600 14.16 14.16 0 0 0
0800 158.58 12.74 145.84 24.80 2
1000 260.52 11.33 249,19 42.37 4
1200 286.01 11.33 274,68 46.71 6
1400 220.88 12.74 208.14 35.40 8

1600 186.89 12.74 174.15 29.62 10
1800 157.16 14.16 143 .00 24.32 12
2000 133.09 15.57 117.52 20.00 14
2200 113.27 16.99 96.28 16.37 16
2400 93.45 16.99 76.46 13.00 18

August 15 .. 0200 76.46 16.99 59.47 10.11 20
0400 65.13 18.41 46.72 71.93 22
0600 55.22 18.41 36.81 6.26 24
0800 46.72 19.82 26.90 4.57 26
1000 39,64 19.82 19.82 3.37 28
1200 33,98 21.24 12.74 2.17 30
1400 28.32 21.24 7.08 1.20 32
1600 22.65 22.65 0 0 34

Total .. 1694.80
m?/s

But in practice seldom such isolated peaks from single storm are available in the
record. Therefore, it is often necessary to develop the unit hydrograph from a complex
hydrograph produced by a series of storm of varying intensity.

Two methods are described below :-

5.3,1.6. Deriving Unit Hydrograph From Complex Storms

(4) First Method.-Let Q,, Q,, Q, are the rainfall excesses
in $uccessive periods during the storm,

The equation for any ordinate of the total hydrograph Q, in terms of rainfall
exctss Q and Unit hydrograph ordinate U is

Q, U, + 9. U, + Qu. U, + Q,U,
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The first ordinate is q, = Q,U, in this Q, is known, therefore U, can be computed.
See Figure (5-6). The second ordinate is q, = Qu, + Qzu,. The only unknown in
this equation is U,, which can be computed. All the ordinates can be determined
in a similar way.
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Although the procedure just outlined appears simple, there are numerous difficul-
ties. Each computation depends on all preceding computations for values of U.
Errors in estimating runoff increments, errors in observed stream flow and variations
in intensity and areal distribution of rainfall during several storm periods can lead
to cumulative errors which may become large in the latter portion of the unit hydro-
graph Large negative ordinates sometimes develop.

From the above equations unit hydrograph can be derived through Matrix Opera-
tion. This can be done only on Computor.

(b) Example.uppose I,, ],, and I, are rainfall excesses. U,, U, U
Unit Hydrograph Ordinates.

01, Ie Aıa are discharge ordinates.
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The equations then can be written as follows : -

4 =
G = 1U, +10, + 1U,
04 = LU, + LU, + LU,
05 = LU, +LU, +11,
06 = LU, + 1,U, + I,U,

Il, + LU, + LU,
% = LU, + LU, + U,
ds = L,U7+ LU, + LU,
010 = 1U8 + U, +
gu = 13U9 + IU + I,U10

l, U1

‚u
1

=

10

Ge = 1,U,
U,

Ga Ial, U,
03 3I2I1 U,
er U,
G; = U,
Ge

W U,

C19 U,
U10

Ye I;_
(12x 1) = (12 x 10)

Writing the same in matrix notation

© [U
IfU] = [a]

U,

U,8

In I;],

(10 1

Inverse of a matrix can be obtained only when it is a square matrix. For making
it a square matrix it has to be multiplied by the transpose of matrix (In transpose
rows and columns of a matrix are interchanged).

The equation are multiplied by (NT)!

(c) Second Method.--By successive approximations a unit hydrograph is assumed
and used to reconstruct the storm hydrograph. Ifthe reconstructed hydrograph does
not agree with the observed hydrograph, the assumed unit hydrograph is modified
and the process repeated until a unit hydrograph which seems to give best fit is
determined.

(d) Third Method3?.-A more elegant but laborious method is the use of least
squares a statistical technique Refer. (39)
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5.3.1.7. Average Unit Hydrograph
A unit hydrograph derived from a single storm may be in error and it is desirable

to average unit hydrographs from several storms of the same duration. This should
not be an arithmetic average of concurrent co-ordinates, since if peaks do not occur
at the same time, the average peak will be lower than the individual peaks. The
proper procedure is to compute average peak flow and time to peak. The average unit
hydrograplı is then sketched to confirm to the shape of other graphs, passing through
the computed average peak and having a unit volume of 1 cm, see figure (5-7).
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5.3.2. Unit Hydrograph Derivatien For Ungauged Basins

Only a relatively small number of streams are gauged. Hence for ungauged basins
synthetic unit hydrographs can be derived. This requires a relation between the

physical geometry of the basin and resulting hydrographs.
Two approaches are described here--

5.3.2.1 (1) Snyder Synthetic Approach
This was proposed by Snyder in a study of basins, in Appalachian Mountain region

he found that basin lag t, in hours can be expressed by
p = C, (LI) (EQ. 5-8)

Where L is the lengtlı of the main stream from outlet to divide in miles and
L, = the distance from the outlet to a point on the stream nearest the centroid

of the basin.
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The product (LLe) is a measure of the size and shape of the basin.

C, = Varies from 1.8 to 2.2 with some indication of lower values for basins
with stcep slopes.

t
t, = unit duration

5. 5 (EQ. 5-9)

640 C, A

P

(EQ. 5-10)
tp

FM unit hydrograph peak =

Whete A = Catchment Area in sq miles
= Varies from 0.56 to 0.69

640 is the conversion factor to give qp in cusec. For area in square kilometers and
flow' in cuibc meters per second the constant becomes 7.0.

3tT = time base in days = 3 + (EQ. 5.11)

(Note.-Normally 4 tp is taken as time base)

p

pP

24

t,
4fpr = modified lag tpr = + R

(EQ. 5-12)

= modified unit duration

This modified lag tpr is then used in equation (5-10).

W50 = width of unit hydrograph at 50 per cent gp

770
in hour (EOQ. 5-13)

W75 = width of unit hydrograph at 75 per cent gp
440

= in hour (EQ. 5-14)

(g)Y®

(q) 1 08

:W50, W75 need not be equidistant from peak.
where q = gp/A.

Note. -Empirical co-eflcients in the above relationships have not been verified
for hydrological regions in our country. Evolution of such relationships requires
a detailed correlation of unit hydrograph parameters and physical characteristics
of ainumber of gauged basins in a hydrologically similar region.
Recently some investigation in this direction have been made by the Flood Esti-

mation Directorate of the Central Water Commission, New Delhi under long term
plan. Such studies are in progress in Central Water Commission since 1965. The
couhtry has been divided into 7 major zones which in turn are sub-divided into
26 Ihydrometeorologically homogeneous sub-zones. The results of studies for sub-
zones I-g and 3-f are published in the booklet form. For arriving at Regional formulae
having a correlation between unit hydrograph parameters and basin characteristics
for Maharashtra State ghat and non-ghat areas separately, the studies are being
taken up.
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5.3.1.1. Example
How the unit hydrograph for hydrological similar basin (Sapli Catchment) can

be derived from the unit hydrograph of Upper Penganga Isapur Catchment which

is derived from observed rainfall-runoff correlation by Snyder's synthetic approach
is illustrated below -

The loeation of Sapli with respect to Isapur is shown in Figure (5-8).
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The salient features of Isapur catchment are
L = 224 kın (140 mile)
Le = 113.6 km (71 mile)

[C.A. = 4636 km? (1790 sq mile)

Dgtails of 1 cm unit hydrograph derived from observed hydrograph for Upper
Penganga Project (Isapur) are as follows :-

(i) Peak .. .. 465

(ii) Time to Peak .. .. .. 1& hr.

(ii) Unit Duration .. .. .. 3hr.

Ki Base Period . .. 72hr.

.@) W50 .. 26 hr.

wi) W75 .. .. .. 15hr.

S

(vii) WR50 (width towards risinglimb) .. &hr.

(vi) WRTS .. .. .. 6hr.

tp 18 - .1.5
16.5 hrs.

ip = Ct(Lke)°
16.5 = Ct (140 x 71)93
16.5 = Ct (15.8203)

= 1.043

640C,A
_

640 x Cp x 1790

pp 16.5

x CP x 1790
35.314 x 2.54 x 465 = %

640
16. 5

Cp = 0.6007

To derive unit hydrograph for Sapli

The details of Sapli catchment are-
C.A. = 1595 sq. km. (615 sq. mile)

L = 92.16 km. (57.6 mile)
Le = 35.84 km. (22.4 mile)

tp= Ct (L.Le.)0.3
= 1.043 (57.6 x 22.4)0.3
= 8,94 hr. Say 9.00hr.
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tr = unit duration 1.63 hr.
5.5

Say 2 hr.

2-1.62
top = 9 + 9+0.09 = 9 hr. (say)

640 x 0.6007 x 615
Qp = 9

= 26270 cusec
= 292.87 m?}s.

26270
Peak per sq mile = 42.71 Cusec

Tg = 4x 9 = 36 hour.

770
W50 =

(2. 71)1.08
= 13,35 hr,

440
W75 = 7. ‚62 h r

9 00

4

615q

(42.71) ı .08

Thus the salient features of Sapli unit hydrograph are-
1 CM. 2 HR. unit Hydrograph

(i) Unit Duration .. .. 2hr.

(2) Peak .. .. 292.87 mP]s

(3) Time to Peak .. .. 10hr.

(4) Base Period . .. 36 hr.

(5) W50 .. .. 13.35 hr.

(6) W735 .. .. .. 7.62 hr.

Shape of the unit hydrogranh can also be estimated by using dimensionless form,
once the basin lag is known.

5.3.2.2. Transposing Unit Hydrograph
A general expression for basin lag is expected to take a form.

n

p = ca (:-) (EQ. 5-15)
Vs

Where S = Statistical Slope
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Where statistical slope

2

x 1000 = m/km.

1 Vs 1

Where n = number of reaches of main stream.

2
L

s =
(

x 5280 = ft/mile (EQ 5-16)

Z 11

t=1

n

1

Where li, si are length and statistical slope of sub reach.

The peak flow and shape of unit hydrograph can be estimated by using a plot
relating q, to t, or by using Dimensionless hydrographs. Some of the dimensionless
forms are shown in Figures (5-9).

0

0

0

2

%320
1 %»

FIG 5-9, SOME DIMENSIONLESS UNIT

5.3.2,2.1. Dimensionless Unit Hydrograph
Injorder to compare unit hydrographs from basins

of different sizes and shape or those from different storm pattern, they are reduced
to dimensionless form.
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To construct such ı dimensionless unit hydrograph from a unit hydrograph,
first reduce its timy scale in hours by dividing by a factor equal to

"
lag plus semi-

duration " and tb/:n multiply by 100. Then reduce the instantaneous discharges of
unit hydrograph In cumecs by multiplying them by a factor equal to "lag plus
semiduration " divided by total direct runoff of the graph in cubic metre days.
Such a double adjustment of the scale largely elimiates the effect of basin size, sbape,

areal pattern and duration of effective rainfall.
53222 Example
A sample computation by the above method for deriving unit hydrograph for one

of the sub-catchments of Dudhganga Project from unit hydrograph of whole catch-
ment is shown in Table (5-4).

TABLE (5-4)
Unit Hydrograph from Dimensionless Hydrograph

DATA
AREA=12.25 N=21 Pl=5 P2=.7 DUR=1
(1) Area of Dudhganga catchment = 196.84 km?.
(2) tp of Dudhganga UH = 4.5 hrs. = Lg.
(3) Unit duration of Dudhganga UH = 1 hr.

(4) Area of subcatchment (1) = 12.25 km?.
(5) tp of subcatchment (1) UH = 0.65 hr (assumed)
(6) Unit duration of subcatchment UH = 0.1 hr.

Dudhganga gub-catchment
Dimensionless Hydrograph

Unit Hydrograph Time Ordinate Unit Hydrograph
Time Ordinate Time Ordinate
T Q Tı Q2 T2 Q2

0.00 0.00 0.00 0.00 0.00 0.00
1.00 7.00 20.00 1.57 0.14 3.17
2.00 30.00 40.00 6.71 0.28 13.59
3.00 55.00 60.00 12.30 0.42 24.92
4.00 75.00 80.00 16.78 0.56 33.98
5.00 85.00 100.00 19.01 0.70 38.51
6.00 75.00 120.00 16.78 0.84 33.98
7.00 54.50 140.00 12.19 0.98 24.09
8.00 34.00 160.00 7.60 1.12 15.40
9.00 30.00 180.00 6.71 1.26 13.59
10.00 23.50 200.00 5.26 1.40 10.65
11.00 19.00 220.00 4.25 1.54 8.61
12.00 15.00 240.00 3.36 1.68 6.80
13.00 11.00 260.00 2.46 1.82 4.98
14.00 8.50 280.00 1.90 1.96 3.85
15.00 6.00 300.00 1.34 2.10 2.72
16.00 3.50 320.00 0.78 2.24 1.59
17.00 2.50 340.00 0.56 2.38 1.13
18.00 1.50 360.00 0.34 2.52 0.68
19.00 0.50 380.00 0.11 2.66 0.23
20.00 0.00 400.00 0.00 2.80 0.00
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100 x T 100T
5

2T

1 Vol. in m? days over Dudhganga catchment 20/24 22.333
- 0.2238Q.

Tı(Lg -+ D/2) Tx 07.
Tg

Q, (Vol. in m® days over subcatchment (1))
_

1.417824xQ,

T, Le+D/2

Q

T, 0.007-1

Q, > (Lg D/2)
2. 0254629Q,0 .7

5.3.2.3. Modification of Unit Hydrograph for Submergence effect

Uhder natural river conditions Hood wave is modified by valley storage and normal
frictional resistance as it travels through the reservoir reach. However, after a deep
resetvoir has been formed by construction of dam across the river, flood waves
origlnating above the fringe of the reservoir move through the reservoir pool mainly
as tfanslatory wave witb velocities approximately equal to 8d in which d is the

depth of flow and g is the acceleration due to gravity. The time required for the

waves to traverse the pool would therefore, range from practicaily zero to a few hours
whereas under natural condition it would have normally ranged from a few hour
to 1 days.

The formation of reservoir may therefore, result in material changes in tbe synchro-
nizätion of runoff from various portions of a drainage area thus producing rates of
inflow that are substantially higher than would accır at the dam site under natural
conditions,

To ascertain and estimate the critical rate of infliow dus to submergence effect,
following steps would be necessary to derive unit hydrograph :-

) Divide the drainage area above the fringe of the reservoir into sub-areas
jvdiciously depending upon the number of major tributories. Reservoir surface
will be one of the sub-areas.

(2 Unit hydrograph developed for the natural condition (i.e. before construc-
tion of dam) at dam site or river gauging site as the case may be, is transposed
over the sub-areas by dimensionless unit hydrograph method, the value of tp
and unit duration for sub areas are worked out from the relation. (EQ. 5-8) or
(EQ. 5-15). and unit hydrographs for sub-areas are computed.

; (3) For the reservoir surface the rates of runoff is taken equal to rate of raintall.

(4) All such unit hydrographs for minor sub-areas are then combined into
ä single unit hydrograph by suitable time lag. The time required for flood waters
enteringthe upper end of the reservoir to become effective in raising the pool
level at the spillway site is estimated by assuming velocity of translation =
V= vgdft.sec. or M/s. The depth of wave, for main dam site can be
talculated from the actual hydrological records of gauging site, Suitable wave

heights for sub-areas can be judiciously chosen.
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Example
The catchment area of the Dudhganga Project is shown in figure (5-10). The sub-

mergence is very large in this case and more over gross storage of the project is less
than tbe 75 per cent dependable yield i.e. chances of spilling over are more.
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The unit hydrographs developed for natural condition and considering sub-

mergence effect are shown in figure (5-11) for Dudhganga Project. Due to the effect
of submergence the peak accentuates by about 50 per cent. In many projects in tbe

Sahyadri ghats namely Warna, Kanher, Dhom, Manikdoh and Pimpalgaon Joge
the gubmergence effect is noticed predominantly.
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5.3.2.4. Unit Hydrographs for various durations

S-Curve Method

A convenient technique for conversion to either a shorter or longer duration is

the S-Curve or Summation-Curve Method. S-Curve is the hydrograph that would
result from an infinite series of runoff increments of 1 cm in t hour.
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The S-Curve is constructed by adding together a series of unit hydrographs each
agged t hours with respect to preceding one. If the time base of the unit hydrograph
s T hours, then a continuous rainfall producing I cm. of runoff every t hours would
develop a constant outflow at the end of T hours. Thus only T/t unit hydrographs
need be combined to produce an S-Curve which should reach equilibrium at flow
equal to 2.78 m?/s-km.

S-Curve serves as an approximate check on the assumed duration of effective
rainfall for the unit hydrograph. a duration which results in minimum fluctuation
of the S-Curve can be found by trial. However fluctuation of the S-Curve can also
result from non-uniform runoff generation during the t-hour, unusual areal distri-
bution of rain, or errors in basic data. For this reason, the S-Curve can indicate
only an approximate duration.

53241 Example

Table 5-5 illustrates the computation of S-Curve from Dudhgnga unit hydro-
graph of one hour unit duration and then its conversion to 3 hr. unit duration.

TABLE (5-5)
Application of S Curve Method

I hr. Dudhganga U.H. converted to 3 hr. U.H.

Time 1hr. UH S. Curve S. Curve Lagged 3 hr Unit
additions S. Curve Hydrograph

- 0 0 0 0 0 0 0
1 7 0 7 0 7 2.33333
2 30 7 37 0 37 12.3333
3 55 37 92 0 92 30.6667
4 75 92 167 7 160 53.3333
5 85 167 252 37 215 71.6667
6 75 252 327 92 235 78.3333
7 54.5 327 381.5 167 214.5 71.5
8 34 381.5 415.5 252 163.5 54.5
9 30 415.5 445.5 327 118.5 39.5
10 23.5 445.5 469 381.5 87.5 29.1667
11 19 469 488 415.5 72.5 24.1667
12 15 488 503 445.5 57.5 19.1667
13 11 503 514 459 45 15
14 8.5 514 522.5 488 34.5 11.5
15 6 522,5 528.5 503 25.5 8.5
16 3.5 528.5 532 514 18 6
17 2.5 532 534.5 522.5 12 4
18 1.5 534,5 536 528.5 7,5 2.5
19 .5 536 536.5 532 4.5 1.5
20 0 536.5 536.5 534.5 2 . 666667
21 0 536.5 536.5 536 I 166667
22 0 536.5 536.5 536.5 0 0
23 0 536.5 536.5 536.5 0 0
24 0 536.5 536.5 536.5 0 0

TB 45499a
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5.3.3. Base Flow

The base flow expected during the design storm is estimated from an analysis of
floods of record in the basin and is added to dirert runoff ordinates.

Central Water Commission, New Delhi has conducted study of alargenumber of
smäll drainage basins in India (upto 200 sq. mile). The study reveals that the base
flow during the flood season is varying from 5to 0 cusec/sq. mile depending on the

meteorological zone in which the basins are located. The following estimates for
base flow based on the observed data on various basins arerecommended by Central
Water Commission, New Delhi vide C.W.C. Booklet " Estimation of Design Flood
Peak-A method Based on unit Hydrograph Prineipie ".

Recominended Base Flow Estimates

Serial Sub-Zone; Base flow cusec/ m?/s per
No. sq. mile sq. km.

1 Upper Narmada and Tapi basins ]
2 Upper Godawari Basin r 5 0.0547

3 Krishna Basin

4 Lower Narmada and Tapi Basin ]
5 Lower Godavari Basin > .. 10 0.109

6 East Coast

7 West Coast 20 0.219

5.3.4. Computation of Design Flood Hydrograph

5.3.4.1. For Small and Medium Sized Reservoirs
The main steps involved are as follows:-
(a) Derivation of Design Storm.-This is either obtained from India Meteoro-

logical Department, New Delhi or can be computed as per the procedure described
in para 4.5. It may be Probable Maximum Storm or Standard Project storm or
a storm of specified frequency (i.e. 1 in 50 years, 1 in 100 years or 1 in 1000 years)
according to the purpose of the estimate.

For the storm of specified frequency a rainfall time intensity pattern is selected.
This technique is even extended to large areas and an areal pattern of rainfall is
specified for the design storm. It is sometimes assumed that the probability of
the derived flood flow is the same as that of the design rainfall. This assumption is
rarely right and often grossiy in error. Therefore it is always preferable to werk
‚out the fiood of specified frequency from flood data. See para. (7.3.1).
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(b) Derivation of Unit Hydrograph.-Unit hydrograph for the drainage area is

derived depending upon whether the basin is gauged or ungauged as per the

procedures described in para. 5.3.1 and 5.3.2.

(c) Caleulation of Effective Rainfall Increments of Design Storm.-By applying
the percentage time distribution of rainfall either obtained from India Meteoro-

logical Department, New Delhi or evolved from hydrologic records as described
in para. 4.5 is applied to design storm (a above) and rainfall increments are

computed. Infiltration Index (Index) is determined from hydrologic records of
the basin and is deducted uniformiy from rainfall increments and rainfall excesses
for time intervals equal to the unit duration of the design unit hydrograph are

obtained. See Table (5-6).

TABLE 5-6

Storm Application Table

Unit Hydrograph--Pimpalgaon Joge Storm Value-70.15 cm.

Infiltration Loss-Nil

Time Percen- Rainfall Rainfall U.H. Rainfall Increments in critical

in hr. ages incm Excesses Ordinates sequence

Incm Incm

0 0 0 0 0 1.05 1.06

1 12 8.42 8.42 7.96 2.84 1.06

2 22 15.43 7.01 18.89 4.56 1.40

3 31 21.75 6.32 39.11 6.32 2.11

4 39 27.36 5.61 48.40 8.42 2.29
5 46.5 32.62 5.26 43.09 7.01 2.80

6 53 37.18 4.56 29.82 5.61 2.80

7 57 39.99 2.81 21.88 5.26 2.80

8 61 42.79 2.80 15.91 3.16 2.81

9 65 45.60 2.81 12.59 3,15 3.15

10 69 48.40 2.80 9.61 2.81 3.16

11 72 50.51 2.19 7.29 2.80 5.26

12 75 52.62 2.11 4.97 2.80 5.61

13 79 55.42 2.80 3.3 2.80 7.01

14 83.5 58.58 3.16 1.52 2.19 8.42

15 88 61.73 3.15 0.99 2.11 6.32

16 89.5 62.78 1.05 0.53 1.40 4.56

17 91 63.84 1.06 0.33 1.06 2.81

18 9% 64.54 0.70 0.00 1.06 1.05

19 94 65.94 1.40 1.05 1.05

20 95.5 66.99 1.05 0.7 0.7
21 97 68.05 1.06 0.7 0.7

22 98 68.75 0.70 0.7 0.7

23 99 69.45 0.70 0.7 0.7

24 100 70.15 0.70
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(d) Time Sequence of Design This sequence is worked out in accor-
dance with the storm characteristics of the area. However, in computing Probable
Maximum Floods, the sequence of effective rainfall to be adopted is usually the

one which gives the most eritical conditions of runoff. Such a sequence is called
a critical sequence and can be approximately determined in the following way.
The increments of effective rainfall are arranged opposite the «rdinates of the

design unit hydrograph in such a way that the largest effective rainfall increment
is opposite the largest unit hydrograph ordinate; the second largest increment is

opposite the second largest ordinate etc. This arrangement is reversed to obtain

the critical sequence vide Table 5-6.

(ei Application of E‚fective Rainfall to Unit Hydrograph.-The effective rainfall
increments and their sequence having been determined, they are applied to the

design unit bydrograph to obtain the total direct runoff hydrograph.

The first effective rainfall increment (for unit duration) is multiplied by each of
the unit hydrograph ordinates and the resulting quantities represent the ordinates
of direct runoff hydrograph produced by the first increment of eflective rainfall.

The process is repeated for second, third etc. increments of effective rainfall.

The resulting quantities are added in proper time relation being lagged successively

by a time interval equal to the unit duration of the unit hydrograph. The total

direct runoff is obtained by adding all these quantities.

(f) Addition of Base Flow.-Base flow expected during the design storm is esti-

ated from an analysis of past records in the basin and is added to the direct

runoff hydrograph to obtain the total design flood hydrograph.
m:

ıg) Example.-The above procedure is illustrated by working out the Probable

Maximum Flood (without submergence effect) for Pimpalgaon Joge Project of

Kukdi complex.
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The river Arr is being gauged at Bhoriwadi gauging site methodically by

current meter dividing the cross-suction in suitable number of compartiments.
7 Self recording raingauge stations are installed in its catchment area and one

outside thv catchment to measure arcal and time distribution of rainfall. See

Figure (5.12). The catchment area upto the river gauging site 102.2 sq. km.

(39.46 sg. mile) and ıpto dam site 95.83 sq. km. (37.90 sq. mile).
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(if) Hourly weighted average rainfall of the area upto the river gauging site

is computed by Thiessen Poiygon method. See rara 5.31.4.2.0 Hyeiograph is

plotted. See Figure (5.13). Stage discharge curve is computed as per the proce-

dure described in para 3.8.4. From this hydrograph is plotted. See Figure (5.13).
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IN
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»
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PIMPALSAON JOGE PROJECT

FIG.5-13 OBSERVED AND COMPUTED HYDROGRAFH.

(ii) A trial unit hydrograph is assumed and observed hourly rainfall excess

inerements (assuming the catchment as fully saturated infiltration loss 18

considered as zero, as can be seen the area is subjected to continuous prelonged

oregraphic rainfail. This is also verified by rainfall and runoff volumes after

deducting base flow) are applied to it and computed hydrograph is worked out.

This is compared with observed hydrograph. The one which matches best is

selected as design unit hydrograpb. See Figure (5.13) which shows the observed

hydrograph and computed bydrograph.

fiv) This unit hydrograph develped for river gauging site is trans>osed over

the area upto dam site and unit hydrograph for dam site is worked out by the

procedure deseribed in 5.3.2.2.1.

25sd

21-8 23-8 -248 259 -268 27.8 2831
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(v) The infiltration loss is considered as nil since the area i» under the influence
of continuous orograpbic rainfall. The rainfall excess increments are worked
out by applying the time distribution of rainfall to the design storm value of
70.07 cm. supplied by India Meteorological Department, New Delhi. See
Table 5.6.

tvi) The rainfall excesses are then arranged in critical sequence as per the
procedure described in 5.3.4.1 a. See Table 5.6.
(vii) These rainfall excesses are then applied to unit hydrograph with time

tag of one hour as the unit duration of design unit hydrograph is one hour and
all resulting runoff ordinates are added to get flood hydrograph. See Table (5-7).

TABLE (5-7)
Flood Hydrograph

Rainfall Kxcesses
1.060 1.060 1.400 2.110 2.190 2.800
2.800 2.800 2.810 3.150 3.160 5.260
5.610 7.010 3.420 6.320 4.560 2.810
1.050 1.050 0.700 0.700 0.700 0.700
0.0

Unit Hydrograph Ordinates
0.000 7.960 18.890 39.110 48.400 43.090
29.820 21.880 15.910 12.590 9.610 7.290
4.970 3.310 1.520 0.990 0.530 0.330
0.000

Flood Hydrograph Ordinates

0.000 8.438 28.461 72.624 136.002 209.024
291.224 378.083 463.409 538.417 601.113 651.252
714.032 797.287 929.532 1105.468 1293.740 1451.486
1514.693 1445.687 1276.516 1061.594 856.083 687.205

4.792 2.359 1.295 0.602 0.231 0.000

(ii) The resulting hydrograph will be the Probable Maximum Flood hydro-
graph (without submergence effect) for the project.
(ix) Since the submergence for the catchment is large, unit hydrograph

considering the submergence effect should be worked out as per the procedure
described in para 5.3.2.3 and the Probable Maximum Flood with the sub-
mergence effect should be worked out in the similar manner.

(x) The higher of the two will be design Probable Maximum Flood for the
project by adding suitable base flow.

5.3.4.2. For Large Basin

In case of drainage basins larger than 5000 Square km, it is necessary to divide the
total drainage area into sub-areas and derive separate unit hydrographs. A fiood
hydrograph is then determined for each sub-area in the manner suggested in prece-
ding paragraphs and the sub-area flood hydrographs are routed down the stream
channel to the project site using stream flow routing methods described in para 6.
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5.3.4.2.1. Example (i) Method of large basins will be clear from following
example. In case of Vishnupuri Project measuring an area of 51390.78 sq. km.
(19842 sq. mile) is divided into 15 sub-areas each measuring less than 5000 sq. km.
(2000 sq. mile) suitably such that unit hydrograph can be derived for these sub-areas :

preferably, at the gauging points on the rivers. The sub-areas are A, B,C,D, E, F,G,H,LI,K,L,M,N, and P. See Figure (5-14).
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(ii) By storm transposition, weighted average depth over all these sub-areas
for Standard Project Storm separately is worked out.

(if) Unit hydrograpbs for each sub-area is separately derived by rainfall-runoff
correlation from the observed data collected from Purna Bridge (C.W.C.), Nandur
Madhmeshwar Weir, Kaygaon Toka (C.W.C.), Paithan Dam Site, Dhalegaon
(C.W.C.), Gangakhed (C.W.C.), etc.

(iv) Applying corresponding depths of rainfall excesses suitably deducting
infiltration losses, flood hydrographs are worked out.

(v) These flood hydrographs starting from sub-area " A ' are routed by channel
routing methods till the point where second flood joins. Then these two are conı-
bined and routed through the stream as the case may be till the flood from third
area joing and so on. In this way the flood at Nanded is worked out.

5.4. "Design Criteria as Per C.W.C, Recommended Practice

5.4.1. Inu case of Major And Medium Dams

In the design of spillways for major and medium projects with storages more than
60 mm? should be designed for Probable Maximum Flood (PMF), Which is the
maximum flood for which there is a reasonable chance of occuring at the site should
be used. The method of estimation of Probable Maximum Flood is the one using the
unit hydrograph principle and the Probable Maximum Storm.

The probability method when applied to derive design flood for long recurrence
intervals several times larger than the length of data has many limitations. In certain
cases, however, like that of very large catchments where unit hydrograplı method
is not applicable and where sufficient long term discharge data is available, the

frequency :method may be the only course possible. In such cases the design flood to
be adopted for major structures should have a frequency of not less than once in
1000 years, Where annual flood values of adequate length are available they are to
be analysed by the Gumbel's method and where the data is short, either partial
duration method or regional frequency technique is to be adopted as a tentative
approach. and the results verified and checked by hydrological approaches.

Sometimes when the flood data is inadequate, frequency analysis of recorded
storms 1S made and the storm of a particular frequency applied to the unit hydro-
graph to derive the flood; this flood usually has a return period greater than that of
the storm.

Since the probability method have their limitations and would give only the design
peak discharge and not the complete design flood hydrograph, the commission are
of the view that these methods be used provisionally and every effort should be made
to collect the required hydrological data at site and obtain the design flood by rational
method (Unit Hydrograph Method) before the project designs ars finalised.

* Draft ISI on criteria for fixing spillway capacity is under finalisation before the committee
set up for the purpose.
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5.4.2. In Case of Barrages and Minor Dams
In the case of permanent barrages and minor dams with less 60 mm? storage, the

Standard Project Flood (S.P.F.) or 100 year flood, whichever is higher, is to be
adopted.

The Standard Project Storm which forms the basis of the Standard Project Flood,
is not as definitive in description as that of the Probable Maximum Storm. It may be
taken; generally as the largest storm which has occurred in the region of tbe basin
during the period of weather records. It is not maximised for most critical atmos-
pheric conditions but it may be transposed from an adjacent region to the watershed
under consideration.

5.43. The initial reservoir level before the impact of the spillway design flood
has to be taken as at full reservoir level. In regions experiencing prologned floods
where storms in quick succession are experienced, the spillway may also be checked
for design flood preceded or succeeded by a flood of once in 25 years frequency. The
interval between these two floods (peak to peak) may be taken as 3 or 5 days according
to as region lies in an annual rainfall zone of more than 100 cm (40°) or less than
100 cm (40°) respectively.

5.4.4. The Commission also considered the question whether during the design
flood, allthe spillway gates should be considered as operative. To provide for mechani-
cal and other failures, it was decided to assume some gates as inoperative with
a maximum of 10 gercent and a minimum of one gate. For this purpose the designer
may be permitted to increase permissible stresses treating it as an extraordinary
occurence, like eartbquake.

5.4.5. In the Case of Weirs and Aqueducts etc.

For pick-up-weir, a flood of 50-100 years frequency should be adopted according
to its importance, and level conditions. Waterways for canal aqueducts should be
provided to pass a 50-100 year flood, but their foundations and free-board should be
for a flood of not less than 100 years return period.

In case of cross drainage works which carry highways or railways, waterways
provided should also satisfy the respective standard code of practice of highways or
railways.

5.4.6. Each site is individual in its local conditions, and evaluation of causes,
and effects. While, therefore, the norms mentioned above, may be taken as general
guide-lines, the hydrologist and the designer would have the discretion to vary tbe
normg and tbe criteria in special cases, where the same are justifiable on account
of assessable and acceptable local conditions; these should be recorded, and have tbe
acceptance of the competent authority.

5.5. IS. Code of Practice
It is same as that mentioned in paras 5.4 above. See 1.58. : 5477 (Part IV)-1971.
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6. FLOOD ROUTING

As the discharge in a channel increases, stage also increases and witb it the volume
of water in temporary storage in the channel. During the falling portion of a flood
an equal volume of water must be released from storage. As a result a flood wave
moving down a channel appears to have its time base lengthened and its crest lowered.
Tbe flocd wave is said to be attenuated. Stream flow routing is the technique used in

Hydrology to compute the effect of channel storage on the shape and movement
ofa flood wave, Thus flood routing can be defined as the procedure whereby the time
and magnitude of a flood wave at a point on a streanı is determined from the known
or assumed data at one or more points.

6.1. Flood routing may be considered under two broad type.

Flood Routing

Reservoir Routing Open Channel Routing
(Invariable discharge stage (Variable discharge storage

relationship ) relationship)

6.2. Routing period
Of initial importance 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.

6.3. Reservoir Routing'?
A reservoir in which the discharge is function of water surface elevation offers

the simplest of all routing situations. Such a reservoir may have gated/ungated
spillway. Reservoirs having spillway gates may be treated as simple reservoirs if
the gates remain at fixed openings. The known data on the reservoir are the elevation
storage curve and elevation discharge curve.
The continuity equation may be expressed as

ds
= E 6-1(EQ. )dt

I

Where I is inflow rate, O is the outflow rate, S is storage for specific reach.

To provide a form more convenient for hydrologic routing, it is commonly assumed
that the average of the flows at the beginning and end of a short time period t, routing
period equals the average flow during the period using subscripts I and 2 to represent
the beginning and end of the period respectively.

(>): _ ( 1 t=8,-S, (EQ. 62).

From the equation (6-2) it will be clear that routing period should be selected such
that assumption of linear variation between two successive ordinates of the Inflow
Hydrograph is not violated.

OÖ,

2
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Education (6-2) can be transformed into

I, + I, +
1 -0, = + ) (EQ. 6-3)

2S 28,
tt

25
Solution of equation (6-3) requires a routing curve showing 0

t

verses O. See Figures 6-1. Alltbe terms on the left band side of the equation are

2S, N

known and a value of ( t +0, ) can be computed. The corresponding value

of©, gan determined from the curve. The computation is then repeated for succe-
ding routing periods.

2S
)

25
It should be noted that ( t

is easily compvted as ( t
+ 0) -20

If the gates are set at fixed openings so that the discharge is a function of head,

( 25
the solution requires a family of

u
+ ) curves for various gate openings\

The routing method is again the same as that for equation (6-3) except that tlıe
curve appropriate to the existing gate opening is used each time.

Reservoir routing is ilfustrated by routing the inow flood hydrograph of Majalgaon
Project through gated spillway of 12 x 8m size 16 No. Inflow Hydrogragh ordinates
are shown in Table (6-1).

6.3.1. Reservoir Routing Through Gated Spillway

Design flood hydrograph is assumed to impinge when the dam is at F.R.L. Upto
the inflon equal to F.R.L. discharge the gates opening will be adjusted in such
a way that inflow is equal to outflow and F.R.L. will be maintained. Actual routing
starts when tbe inflow is greater than F.R.L. discharge with the gates fully opened.
The level will rise till M.W.L. is reached and again starts falling even though the
inflow is continued. During the recession the gates opening will again be adjusted
such that inflew is equal to outflow to maintain F.R.L.



EL
EV
AT

IO
N

IN
M
ET
RE

S.
,

4380

431.80

42980

427%

42500

42380

127

10000
e+

9000

ERL.
1

41 7000

100 200 300 420 500 600
STORAGE IN

0 2000 4000 6000 8000 10000 12000

+0 IN CUMECS. __ _

MAJALGAON ROUTING CURVES

40
00

D
IS
CH

AR
SE

A
IN

m
/s

6000
1

g %
5009

[71

00

1

2000?

4

en00
1

3

DISCHARSE IN CUMECS

100000 200000 300000 400000 5001

2 5
t

& -



128

Majalgaon Routing Curves are shown in Figure (6-1) on comparing Table (6-1)
and Table (6-2) it can be seen that actual routing starts where the inflow ordinate
is equal to F.R.L. discharge. For the F.R.L. discharge of 8,981.95 m?/secthe value of

2 28
(

s + 0) is read from the routing curve Figure (6-1) - 0)t t

.12S
0)is obtained by deducting 2 O from the above value. The value of \

at 33 hr. is then obtained by substituting tbe corresponding values in equation

t

(6-3). The corresponding value of outflow at this hour at this +
value is read from tlıe routing curve. In this way the procedure is repeaied,
See Table (6-2). Inflow and outflow are shown in Figure (6-2).
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TABLE (6-1)

Inflow flood Hydrograph Ordinates

Time in hours Flood Ordinates
in m?/sec in m?/sec

0 0.0 44 18,698.40
2 1.38 46 16,928.20
4 88.45 48 14,983 ..40
6 237.75 50 12,966.30
8 497.95 52 11,068.50

10 896.15 54 9,378.00
12 1,406.95 56 7,891.10
14 1,984.35 58 6,650.85
16 2,390.00 60 5,576.35
18 3,210.00 62 4.621.70
20 3,812.20 64 3,755.25
22 4,380.95 66 2,941.20
24 4,931.10 68 2,225.85
26 5,489 .60 70 1,598.00
28 6,082.70 72 1,073.35
30 6,906.40 74 632.75
32 8,408.95 76 325.55
34 10,720.40 78 149.70
36 13,534.20 80 71.05
38 16,589.80 8 27.20
40 19,043.70 84 6.55
42 19,718.70 86 0.00

TABLE (6-2)

Routing through gated spillway ofMajalgaon Project

Time in hours Inflow ordinate 2S/T--O 2S/T--O Outflow Lake level

32,500 8982.000 496574.000 514538.000 8981.950 431.800
F.R.L.

33,000 9700.000 497262.000 515256.000 8996.680 431.808
33.500 10300.000 499187.000 517262.000 9037.850 431.831
34.000 10720.400 502010.000 520207.000 9098. 260 431.864
34.500 11600.000 505965.000 524331.000 9182.860 431.910
35.000 12300 .000 511272.000 529865.000 9296.390 431.972
35.500. 13050.000 517752.000 536622.000 9434.010 432.048
36.000 13534 .200 525150. 000 544337.000 9593 .260 432.134
36.500: 14400.000 533539.000 553084.000 9772,.720 432.232
37.000: 15100.000 543085.000 563039.000 9976.930 432.344
37.000 15900..000 553678.000 574085 .000 10203 .500 432.468
38.000: 16589.800 565258.000 586168.000 10454.800 432.597
38.500: 17200.000 577601 .000 599048.000 10723.700 432.732
39.000: 17900.000 590683 .000 612701 .000 11008. 700 432.875

TB 4549-10
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TABLE (6-2) n

Time in hours Inflow ordinate 2S/T-O 2S/T+0 Outflow Lake level

39,500 18500.000 604465.000 627083.000 11309.000 433.026
40.000 19043 70 618767.000 642009.000 11620. 700 433.183
40.500 19400.000 633335 .000 657211.000 11938.100 433.342
41.000 19550.000 647779.000 672285.000 12252.800 433,500
41.500 19650.000 661860.000 686979 .000 12559. 600 433,655
42.000 19718. 700 675515.000 701229.000 12857.100 433,804
42,500 19600.000 688551.000 714833.000 13141.100 433.947
43.000 19400.000 700738.000 727551.000 13406. 700 434.080
43.500 19200.000 712032.000 739338.000 13652.800 434.204
44.000 18698.400 722183 .000 749931.000 13873.900 434.315
44.500 18400.000 731143.000 759281.000 14069.200 434.413
45.000 17900.000 738964.000 767443 .000 14239.600 434.499
45.500 17450.000 745548 .000 774314.000 14383.000 434.571
46.000 16928 .200 750926.000 779926.000 14500.200 434,630
46.500 16550.000 755216.000 784404 .000 14593. 700 434.677
47,000 16000.000 758439.000 787766.000 14663 .900 434.712
47.500 15450.000 760472.000 789889 .000 14708.200 434.734
48.000 14983.400 761447.000 790906.000 14729.400 434.745

M.W..
48,500 14400.000 761374 .000 790830.000 14727.900 434.744
49.000 13800.000 760171.000 789574.000 14701.600 434.731
49.500 13400 .000 758060.000 787371 .000 14655.600 434.708
50.000 12966. 300 755238.000 784426.000 14594..200 434,677
50.500 12400.000 751576.000 780604.000 14514.400 434,637
51.000 12000.000 747140.000 775976 .000 14417.700 434.588
51.500 11550.000 742075.000 770690.000 14307.400 434.533
52.000 11068.500 736330.000 764694.000 14182.200 434.470
52.500 10700.000 730609.000 758098 .000 14044.500 434.401
53.000 10300.000 723216.000 751009.000 13896.400 434.326
53.500 9800.000 715845.000 743316.000 13735.800 434.246
54,000 9378.000 707897 .000 735023 .000 13562.700 434.159
54.500 9000.000 699515.000 726275.000 13380.000 434.067

55.000 8600.000 690738.000 717115.000 13188.800 433.971
55,500 8250.000 681608.000 707588.000 12989. 900 433.871
56.000 7891.100 672180.000 697749.000 12784.400 433,768
56.500 7600.000 662523.000 687671.000 12574.000 433.662
57.000 7300.000 652703 .000 677423.000 12360.100 433.554
57.500 7000.000 642718.000 667003 ..000 12142.500 433 „445

58.000 6650.850 632528.000 656369 .000 11920.500 433,333
58.500 6350.000 622141.000 645529.000 11694.200 433.220
59,000 6000.000 611563.000 634491 .000 11463 .700 433,104
59.500 5750.000 600853 .000 623313.000 11230. 300 432.987
60.000 5576.350 590183.000 612179.000 10997.900 432.870
60.500 5300.000 579528.000 601060.000 10765.700 432,753
61.000 5100.000 568862.000 589928.000 10533.300 432.636
61.500 4850.000 558209.000 578812.000 10301. 200 432.520
62.000 4621.700 547537.000 567681.000 10072.200 432,396
62.500 4400.000 536870.000 556558.000 9843.980 432,271
63.000 4100.000 526142.000 545370.000 9614.470 432.146
63.500 3950.000 515421.000 534192.000 9385,140 432.021
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3,2. Reservoir Routing Through Ungated Spillway
In this complete design inflow hydrograph is required to be routed. This is illus-

trated by rohting inflow hydrograph through ungated spillway of Pimpalgaon

Joge Project. Similar routing curves as that shown in Figure (6-1) for Majalgaon
Project should be plotted. Method is illustrated in Table (6-3).

TABLEE 6-3)

Routing throuch ungated spillway ofPimpalgaon Joge Project

Time in hours Infow ordinate 25/T-O 28/T+0 Outflow Lake level

1.000 0.00 59777.800 59777.800 0.009 695.257
FRL.

2.000 23.438 59800.600 59801 ..200 0.307 695.260

3.000 28.461 59850. 500 59852.,500 0.978 695.265

4.000 87.624 59961.700 59966 .600 2.471 695 ,277

5,000 136.002 60174.700 60185 .300 5.333 695.301

6.000 224.024 60514.900 60534.700 9.904 695.339

7.000 291.224 60997 .300 61030.100 16.387 695.392

8.000 393 ‚083 61631.800 61681.700 24.912 695.463

9,000 463.409 62417.400 62488 .300 35.467 695.550

10.000 553.417 63338. 500 63434.200 47.844 695,652

11.000 601.113 64369.700 64493 .100 61.699 695.766

12.000 666.252 65476.200 65637.000 80.424 695.885

13.000 714.032 66630. 700 66856.500 112.863 695.993

14.000 812.287 67862. 100 68157.100 147.461 696.109

15.000 929.532 69232.100 69603.900 185.951 696.237

16.000 1120.47 70820.900 71282.100 230.591 695.386

17.000 1293.74 72670.000 73235.100 282.545 696.560

18.000 1466.49 74748.300 75430..200 340.939 696.755

19.000 1514.69 76925.300 77729.500 402.105 969,959

20.000 1460.69 78981.000 79900.700 459,861 697.152

21.000 1276.52 80701.800 81718.200 508.210 697.313

22.000 1076.59 81967..300 83054.900 543.768 697.432

23.000 856.083 82767.500 83900. 000 566.250 697.507

24.000 702.205 83170.600 84325.800 577.576 697.545

25.000 557,855 83270.000 84430. 700 580.367 697.554
MWL.

26.000 465.292 83139. 700 84293. 100 576.707 697.542

27.000 358.745 82827.800 83963.700 567,945 697.513

28.000 284.725 82361.600 83471.300 554.846 697.469

29.000 189.315 81753.300 82835. 700 537.936 697.412

30.000 141.453 81054.300 82090. 600 518.115 697.346

31.000 84.131 80286.800 81279.900 946.551 697.274

32.000 70.388 79492.800 80441.300 474.243 697.200

33,000 36.478 78696..000 79599.700 451.855 697.125

34.000 0.00 77911.100 78770.700 429.803 697.051

TB 4549
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6.4. Routing in River Channel

6.4.1. Routing Methods

Routing in natural river channels is complicated by the fact that storage is not

a function of outflow alone,

6.4.1.1. Muskingum Method

This method was developed by G.T. McCarthy and others in connection with
studies of the Muskingum Conservancy District Flood Control Project of the U.S.

Army corpos of Engineers in 1934-35. The method involves the concept of wedge
and rrism storages. Storage volume can be correctly related to outflow with simple
linear function 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 ovtflow. thus

product producing a wedge of the storage called wedge storage. Conversely during
recession outflow exceeds inflow resulting in a negative wedge storage. The wedge
can be related to the difference between instantaneous values of inflow and outflow.
In addition there is a storage of prims or prims storage See Figure (6-3).

q

WEDGE STORAGE
=KXU1-0)

PR ISM STORAGE
= OK c

FIG.6-3 PRISM AND WEDGE STORAGES IN A

RIVER CHANNEL

One expression for storage in a reach of stream is

b m/n m/n

xI + 1-90 ] (EQ. 6-4)

Where a and n are constants from mean stage-discharge relation for the reach.

Q=a.g (EQ. 6-5)

a

b, m are constants in the mean stage-storage relation for the reach

m

bg (EQ. 6-6)
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In a uniform rectangular channel storage would vary with the first power of stage
(m = 1) and discharge would vary as the 5/3 power. (Manning's formula). In
a naturalchannel with overbank flood plains the exponents n may approach or become
less than unity. The constant x expresses the relative importance of inflow and outflow
in determining storage. For a simple reservoir X=O while if inflow and outflow
are equally effective x would be 0.5. For most streams, x is between O and 0.3 with
a mean value near 0.2,

Muskingum method assumes that m/n = 1 and lets b/a =K Equation (6-4) becomes

S=K[xI+(1-x)0] (EQ. 6-7)

The constant K, is known as the storage constant, isthe ratio of storage to discharge
and has the dimension of time.

It is approximately equal to the travel time through the reach and in the absence
of better data is sometimes estimated in this way.

If flow datä on previous floods are available, K and X are determined by plotting
S versus [xT-F (1-x)O] for various values of X. See Figure (6-4).

The best value of x is that which causes a single valued curve.

N'
o
o

d 0$ 10 20 2-5
0 05 10 I 5 2.0 25 30

SIN1000 CUREC METRES StN 1000 CU BIC METRES

FIGL6-4) DETERMINATION OF THE
MUSKINGUM STORAGE CONSTANTS

Es (9-25)

The Muskingum method assumes that this curve is a straight line with slope K,
The units of K depend on the units of flow and storage.

?z

-

+
1 5
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If equation (6-7! is substituted for S in equation (6-2) and like terms are collected
the resulting equation reduces to

I Cl (EO. 6-8)

- Cohere = KK, + 0.5 (EQ. 69)

+ 05t

0 5 txK

x + 0St (EQ. 6-10)ıC

K-K, - 0.5t
E 6.11)? K- +05t (EQ

Combining Equations (6-9) to (6-11) gives

G+G+G=1 (EO. 6-12)
In these equations t is the routing period in the same time units asK. With K, X,

and t established, values of Co, Cl, and C2 can be computed. The routing operation
is simply a solution of equation (6-8) with the O, of one routing period becoming the
O, of the succeeding period.

C

6.4.1.1.1. Example-
The Muskingum method is illustrated as follows-
Central Water and Power Research Station Pune bas prepared an Analogue

Model for developing Muskingum Constants for various reaches of main Godawari
river for forecasting flood at Nanded. In this data of Toka, Dhaleagaon, Shahagad,
Phalla, Gangakhed, and Nanded have been utilised. The results of studies are tabula-
ted Table (6-4),
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TABLE (6-4)
Extract from C.W.P.R.S. Special Note No. 1988, dated 17th July, 1977 on' Report

on flow routing studies of river Godavari upto Nanded".

Name of Reach Flood Period Peak Muskingum Constants
discharge
in cumecs

at
downstream

point

Toka Dhalegaon .. 21st August 197010 29th August 3,050 K=24Hrs, X=0.4
1970.

Shahagad-Dhalegaon .. 31st June 1973 to 5th July 1973 22,975 K=12 Hrs. X=0.4

Dhalegaon-Phalla A 21st August 1970 to 29th sugust 4,579 K=24 Hıs. X=0.48

1st
1

October 1971 to 5th October 2,900 K-=13 Hrs. X=0.48

Ist Oetober 1971 to 5th October 2,900 K=13 Hrs. X=0.48

20
h August 1973 t0 25th August 4,850 K= 4Hıs. X--0.48
973.

1971.

1971,

Dhalegaon-Gangakhed 31st August 1969 to 9th Septem- 7,008 K=18 Hrs. X=0.4
bar 1969,
9th September 1969 to 17th 8,268 K=18 Hıs. X=0.4
Sep.ember 1969.
15th August 1970 to 21st August 2,542 K=18Hrs. X=0.4
1970,

Phalla-Nanded .. 21st August 1970 t0 29th August 4984 K-=12Hr. X=0.05
1970.

24th August 1971 to 29th August 7550 K=12 Hrs.- X=0.48
1971.

ist October 1971 to 5th Octo- 3,150 K= 8Hrs. X=0.05
ber, 1971.

30 June 1973 to 5th July 1973 .. 4,075 K= 8Hr. X=0,05
20th August 1973 to 25th August 13,675 K= 8Hrs. X-=0.05

1973.
31st August 1973 to 6th Septem- 2,625 K=9,6 Hrs. X=0.05
ber 1973.

25th September 1973 to 29th 3,000 K9=.6 Hıs. X=0.05
September, 1973.

Gangakhed-Nanded .. 15th August 1970 to 21st August 5,111 K-=12Hrs. X=0.4
1970.

21st August 1970 to 25th August 4,984 K=12 Hrs. X=0.4
1970.



Utilising these constants K - 18 hours and X - 0.4 for the reach between

Dhalegaon to Gangakhed, the Majalgaon flood is routed from Dhalegaon to Ganga-
khed and outflow at Gangakhed is computed by Muskingum method. Table (6.5)
illustrates the method. It is self-explainatory. Routing period cosidered is 2 hours,
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Outfiow worked out by this method is shown in Fig. (6-5).

Channel routing by Muskimgunm method data Majaleaon Flood routed from
Dhalegaon to Gangakhed.

K-18 X =0.400 T-2.00.
CO - = *525424 Cl-= *694915 C2 = .830509 C=1.0

HR INFLOW co*r2 Ci*Il c2*01

0 0
2 503.24 -264.414 347.458 415.254
4 515.66 270.94 349.709 413.84
6 540.5 -283.992 358.34 409.116
8 591.08 -310.567 375.602 401.522
10 687.95 -361.465 410.751 387479
12 861.74 -452.779 478.067 362.736
14 1222.37 -642.262 598.836 322.258
16 1828.01 -960.48 849.444 231.572
18 2579.2 -1355.17 1270.31 100.106
20 3389 -1780.66 1792.33 12.6612
22 4076.27 -2141.77 2355.07 20.2025
24 4326.23 2273.11 2832.66 193.925
26 4126.17 -2167.99 3006.38 625.766
28 3713.73 1951.28 2867.34 1215.99
30 3276.31 -1721.45 2580.73 1770.69
32 2865.28 -1505.49 2276.76 2184.21
34 2520.02 -1324.08 1991.13 2454.55
36 2216.89 - 1164.81] 1751.2 2592.51
38 1935.64 1017.03 1540.55 2640.11
40 1742.37 915.483 1345.11 2627.42
42 1555.42 817.255 1210.8 2538.9
44 1385.94 -728.206 1080.89 2435.42
46 1227.57 644.995 963.111 2315.54
48 1067 .1 -- 560.68 853.057 2187.28
50 925.565 486.314 741.544 2059.37
52 691 805 -- 363 491 643 189 1922 3

54 603.01 316.836 480.746 1828.78
56 542.925 285.266 419.041 1654.94
58 511.01 268.497 377.287 1485.55
60 502.31 -263.926 355.109 1324.11

500 -262.712 349.063 1175.41

4 500 -262.712 347.458 1047

TABLE (6-5)

.91

120.

OUTFLOW

0
498.29829
492.61

466.556
436.764
388.024
278.832

536
15.245]
24.3
233,
753.
1464.
2132.
2629.
2955.
3121
3178,
3163.
3057.
2932.
2788.
2633.
2479.
2314.
2202
1992.
1788
1594.
1415
1261
1132

255
501

473
15

05
96
48
.60
9]
63

04
45
10

66
65

69
.72
34
.29
.76
.65



INFLOW

500
500
500
500
500
500
500
500
500
500
500
500
500
500
500
500
500
500
500
500
500
500
500
500
500
500
500
500
500
500
500
500
500
500
500
500
500
500
500

co*12

-262.712
-262,
-262.
-262.
-262,
-262,
-262,
-262.
-262.
-262.
-262.
-262.
- 262,
-262
- 262.
-262.
-262.
- 262.
-262.
-262.
-262.
-262.
-262.
- 262.
- 262.
-262.
-262
-262
-262. 712
-262
-262
-- 262
-262
-262
-262
-262
-262
-262
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712
712
712
712
712
712
712
712
712
712
712
712
.712
712
712
712
712
712
712
717
712
712
712
712
712
.712
.712

712
.712
.712
.712
.712
.712
.712
.712
.712

-262.712

347.458
347.458
347.458
347,458
347.458
347.458
347.458
347.458
347.458
347.458
347.458
347.458
347.458
347.458
347.458
347.458
347.458
347.458
347.458
347.458
347.458
347.458
347.458
347.458
347.458
347.458
347.458
347.458
347.458
347.458
347.458
347.458
347.458
347.458
347.458
347.458
347.458
347.458
347,458

c2*01

940.676
851.622
777.661
716.236
665.222
622.855
587.668
558.446
534.176
514.02
497.28
483.377
471.831
462.242
454.278
447.664
442.17
437.608
433.82
430.673
428.06
425.889
424.087
422.59
421.346
420.314
419.456
418.744
418.153
417.661
417.253
416.914
416.633
416.399
416.205
416.044
415.91
415.799
415.707

OUTFLOWHR

1025.
936.
862.
800.
749,
707.
672.
643,
618.
598.
582.
568.
556.
546
539.
532.
526.
522.
518.
515.
512.
510.
508.
507
506.
505.
504.
503.
502,
502,
sol
501
501
501.
500.
500.
500.
500.
500.

42
367
407
982
968
601
414
191

922
766
026
123
577

66
68
70
72
74
76
78
s0
82
84
86
88
90

.98792
023
409
916
354
565
419
805
635
832

94

98
100
102
104
106
0

1 10
.335112
092
06
202
49
898
407

114
1 16
1 18

120
12

124
.999
.66
.379

126
128
130

145
951
79
656
545
452

132
134
136
138
140
142
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6.4.1.2. Lag Method

Methods of routing by time displacement of average inflöw in some cases yield
adequate approximations of flood discharge hydrographs. They are generally not
based on mathematical relationships of motion or channel storage, but developed
rather fram empitical processes. The short cuts ın computations thus obtained
constitute the principal advantage over the Mukingum method.

The two commonly used so-called lag methods are the successive average lag
method and the progressive average lag method.

64121 The Successive Average Lag Method
The method is developed by U.S. Army Corps of Engineers and is based on

following: assumptions

(a) Tihe discharge-storage relation and hence the shape of the flood hydrograph
tends to vary uniformly along the channel.

(b) The average of inflows at routing periods 1 and ? at a point in the channel
or 1/2 (Jh + I,) will be experienced at some point down-stream at period 2, and
this relation between discharge at the two points applied to all routing periods
of an aqual time interval.

(c) The change in shape of the hydrograph between the two points reflects the
cumulative effect of all storage characteristics of the channel reach.

This routing process may be repeated for as many subreaches as desired in order
to determine the change in shape of the hydrograph as a result of routing through
channel storage. Probably the successive hydrographs obtained by this procedure
are equally spaced in time, but not necessarily in the distance along the channel.
See Figure (6-6).

w

3
43

0 1 2 2% 56 9

UME-

FIG. 6-6. SCHEMATIC DIAGRAM FOR SUCCESSIVE
AVERAGE-LAG METHOD,
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In this method routing periods are selected such that the inflow hydrograph during
the interval is essentially a straight line.

If the flow ordinates are I,. 1, 13, In+ı andn is the number of subreaches,
the ordinaies are -

On 1
= C + C, I, + I, + . + CH+i In+1 (EQ. 6-13)

l
Where

2

n
-

11

-

2

n(n-])
2

nn (2)

2 (a-1)

1
and n

2

C1 n

C, n
2

C, n

n

2 n

The number of subreaches is taken approximately as twice the time of travel
divided by the routing period. For instance, if the travel time is 12 hours and routing

2x2
period-6 hours, the number of subreaches will be 4

6

Routing constants for various numbers of routing subreaches are given in
Table (6-6).

TABLE (6-6)

Routing Constants for Successive Average-Lag Method

Coefli- Number of subreaches
cients 1 2 3 4 5 a
C .5000 .2500 .1250 .0625 .0313 .0156 .0078 .0039 .0020 .0010
GC .5000 .5000 .3750 .2500 .1562 .0937 .0547 .0313 .0176 .0098

.2500 .3750 .3750 .3125 .2344 ‚1641 ‚1094 .0703 0440

C4 .1250 .2500 .3125 .3126 .2734 .2187 .1641 1172

C, .0625 .1562 .2344 .2734 .2734 .2460 .2050

GC .0313 .0937 ‚1641 .2187 .2460 .2460

C7 0.0156 .0547 .1094 .1641 .2050
CS .0078 .0313 .0703 .1172

.0039 .0176 .0440
Co .0020 .0098

.0010

1098

64122 Example
The Majalgaon flood as taken in para 6.4.1.1.1 is routed from Dhalegaon to

Gangakhed by successive average lag method. Calculations are shown in Table (6-7).
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TABLE

CHANNEL ROUITING By Successive Average Lag Method

TM=RB.00 P=2.000

C1=0.0000 €©2=0.0001 C3=0.0006 C4=0.0031 C5=0.0117 C6=0.0327

C12=0.1214 C13=0.0708 C14=0.0327 C15=0.0117 C16=0.0031 C17-0.0006

Time Inflow a 1-C2 I-C3 1xC, IxC, IxC, TC6 1-C8 I-C9

0 500.0 0.0
2 500.0 0.0 0.0
4
6

500.0 0.0 0.0 0.3
500.0 0.0 0.0 0.3 1.6

8 500.0 0.0 0.0 0.3 1.6 5.8
10 500.0 0.0 0.0 0.3 1.6 5.8 16.3
12 500.0 0.0 0.0 0.3 1.6 58 16.3 35.4
14 500.0 0.0 0.0 0.3 1.6 5.8 16.3 35.4 60.7
16 500.0 0.0 0.0 0.3 1.6 58 16.3 344 60.7 8.5
18 500.0 0.0 0.0 0.3 1.6 5.8 16.3 35.4 60.7 83.5
20 500.0 0.0 0.0 0.3 1.6 58 l 6. 3 35.4 6.7
22 500.0 0.0 0.0 0.3 1.6 5.8 16.3 354 60.7 33.5
24 500.0 0.0 0.0 0.3 1.6 >8 16.3 354 6.7 8,5
26 500.0 0.0 0.0 0.3 1.6 58 16.3 354 60.7 83.5
28 500.0 0.0 0.0 0.3 1.6 58 16.3 354 60.7 835
30 500.0 0.0 0.0 0.3 1.6 58 16.3 35.4 6.7 8.5
32 500.0 0.0 0.0 0.3 1.6 58 16.3 355 60.7 8,5
34 500.0 0.0 0.0 0.3 1.6 5 8 13 354 6.7 8.5
36 500.0 0.0 0.0 0.3 1.6 58 16.3 35.4 60.7 83.5
38 500.0 0.0 0.0 0.3 1.6 58 163 35.4 6.7 8,5
40 503.2 0.0 0.0 0.3 1.6 ss 16.3 354 607
42 515.7 0.0 0.0 0.3 1.6 58 16.3 354 60.7 83.5
44 540.5 0.0 0.0 0.3 1.6 58 16.3 354 6.7 8.5
4.6 591.1 0.0 0.0 0.3 1.6 58 163 354 6.7 83.5
48 688.0 0.0 0.0 0.3 1.6 59 16.3 354 60.7 8.5
50 861.7 0.0 0.0 0.3 1.7 6.0 164 354 67 8.5
52 1222.4 0.0 0.1 0.4 1.8 63 16.9 356 60.7 83.5
54. 1828.0 0.0 0.1 0.5 2.1 6.9 17.7 36.5 61.1 8.5
56 2579.2 0.0 0.1 0.7 2.7 s.0 193 33 &26 840
58 3389.0 0.0 0.2 1.1 38 mı 25 49 65. 6 86.1

4076.3 0.0 0.2 1.5 57 43 32 87 718 9.2
62 4326.3 0.0 0.3 2.0 8.0 21.3 20 6.0 83.5 98.7

64 4126.2 0.0 0.3 24 105 301 59.7 86.6 104.6 114.8

66 3713.7 0.0 0.3 25 127 3.6 843 129.5 14.4 143.8

68 3276.3 0.0 0.3 2.4 13.5 47.6 110.8 18.6 221.9 204.0
7.0 2865.30 0.0 0.2 22 128 50.5 133.2 240.0 313.1 305.1

72 2520.0 0.0 0.2 19 116 482 141.4 288.7 411.4 430.5

74 2216.9 0.0 0.2 17 102 43.4 134.9 306.4 494.9 565.7

7.6 1935.6 0.0 0.2 1.5 89 382 1214 292.2 525.2 680.4
1742.4 0.0 0.1 1.3 78 33.4 107.1 263.0 500.9 722.2

80 1555.4 0.0 0.1 1.1 6.9 284 93.6 232.0 450.8 688.8

82 1385.9 0.0 0.1 1.0 6.0 239 324 202.9 397.7 619.8

84 127.6 0.0 0.1 0.9 sa 26 75 17.5 347.8 546.9

83

83. 5

60

78
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(6-7)
Majalgaon Flood Routed from Dhalegaon to Gangakhed

C7=0.0708 C8=0.1214 C9=0.1669 C10=0.1855 C11=0.1669

cC18=0.0001 C19=0.0000

LCIO I1C11 IC13 I-C14 1.015 ICl6 1-C17 I2:C,, IXC,, Outflow

0.0
0.0
0.3
1.9

24.1
59.5
120.2
203.6

92.7 296.4
92.7 83.5 379.8
92.7 83.5 60.7 440.5
92.7 83.5 60.7 35.4 475.9
92.7 83.5 60.7 35.4 16.3 492.3
92.7 83.5 60.7 35.4 16.3 5.8 498.1
92.7 83.5 60.7 35.4 16.3 5.8 1.6 499.7
92.7 83.5 60.7 35.4 16.3 5.8 1.6 0.3 500.0
92.7 83,5 60.7 35.4 16.3 5.8 1.6 0.3 0.0 500.0
92,7 83.5 60.7 35.4 16.3 5.8 1.6 0.3 0.0 0.0 500.0
92.7 83.5 60.7 35.4 16.3 5.8 1.6 0.3 0.0 0.0 500.0
92.7 83.5 60.7 35.4 16.3 5.8 1.6 0.3 0.0 0.0 500.0
92.7 83.5 60.7 35.4 16.3 5.8 1.6 0.3 0.0 0.0 5000
92.7 83.5 60.7 35.4 16.3 5.8 1.6 0.3 0.0 0.0 500.0
92.7 83. 5 60.7 35.4 16.3 5.8 1.6 0.3 0.0 0.0 500.0
92.7 83.5 60.7 35,4 16.3 5.8 1.6 0.3 0.0 0.0 500.1
92.7 83.5 60.7 35.4 16.3 5.8 1.6 0.3 0.0 0.0 500.5
92.7 83.5 60.7 35.4 16.3 5.8 1.6 0.3 0.0 0.0 501.6
92.7 83.5 60.7 35.4 16.3 5.8 1.6 0.3 0.0 0.0 504.7
92.7 83.5 60.7 35.4 16.3 5.8 1.6 0.3 0.0 0.0 512.1
93.3 83.5 60.7 35.4 16.3 5.8 1.6 0,3 0.0 0.0 528.1
95.6 84.0 60.7 35.4 16.3 5.8 1.6 0.3 0.0 0.0 560.4
100.2 .86.1 61.1 35.4 16.3 5.8 1.6 0.3 0.0 0.0 61.7
109,6 .90.2 62,6 35.6 16.3 5.8 1.6 0.3 0.0 0.0 731.0
127.6 .98.7 65.6 36.5 16.4 5.8 1.6 0.3 0.0 0.0 913.6
159.8 114.8 71.8 38.3 16.9 5.9 1.6 0.3 0.0 0.0 1192.4
226,7 143.8 83.5 41.9 17.7 6.0 1.6 0.3 0.0 0.0 1578.7
339.0 204.0 104.6 48.7 19.3 6.3 1.6 0.3 0.0 0.0 2057,8
478.4 305.1 148.4 61.0 22.5 6.9 1.7 0.3 0.0 0.0 2581.5
628.6 430.5 221.9 86.6 28.2 8.0 1.8 0.3 0.0 0.0 3074.0
756.0 ;565.7 313.1 129.5 40.0 10.1 2.1 0.3 0.0 0.0 3452.7
802.4 680.4 411.4 182.6 59.7 14.3 2.7 0.4 0.0 0.0 3656.9
765.3 722.2 494.9 240.0 84.3 21.3 3.8 0.5 0.0 0.0 3668.2
688.8 688.8 525.2 288.7 110.8 30.1 5.7 0.7 0.1 0.0 3513.4

7.7
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TABLE

1-03 [-C4 1-C5 1-C6 1-C7 I-C$ 1-CYTımie Inflow cl IC?

8 IR 20.3 63.3 157.0 308.9 478
7 4.3 13.2 36.% 137.1 269.1 420 7

6 3.8 16.2 50.8 123.4 235.0 3707
.5 33 14 3 45.3 110.0 211.5 323.1
4 79 125 40 | ol 188 8 290 8

4 10,8 34.9 86.9 168.3 2596
3 19 sl 30.3 75.6 149.0 231.3
.3 1.7 7.0 726 05.5 1295 204.9
3 16 63 19 7 430 1124 17° 1

3 16 6) 177 427 +0 1545
3 16 9 16 7 334 32 1135
3 1.6 5.8 16.4 36.2 65.9 160 7

3 1.0 5.8 16.3 35.€ €2.0 Wo
3 16 Sn 16 3 35 4 610 5
3 1.6 5.8 16.3 35.4 60.7 82.83

3 1.6 5.8 16.3 35.4 60.7 83.5
? 16 Ss» 16 3 334 60 7 83 5

3 1.6 3.8 16.3 35 4 60.7 83.53
3 L.6 5.8 16.3 35.4 60 7 3.5
3 16 > 16 » 131 60 7 ses
3 1.6 58 16.3 35.4 60.7 n3 5

3 16 58 16 3 254 60 7 Na)
3 16 3.8 16.3 35.4 60.7 83.5
.3 1.6 5.8 16.3 35.4 60.7 83.5
3 1.6 3.r 16.3 35.4 60.7 83 5

3 1.6 5.8 16.2 35.4 60.7
3 1.6 5.8 16.3 35.4 60.7 83.5
3 1.6 5.8 16.3 35 4 0.7 35

1067 0

90691
0
07 9

96 00
98 502.3 [N

100 520.0 0
10° 5099 0)

1 04.599 0
100 56) o

0
10 500 o
>

04

1 L

o1
2o
j22 500 0

1 26 500 0
128 0
3) 500

500.0 03

134 500.0 0
136 500.0 33

138 500.0
140 500
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(6-7-contd.

I-C10 I-Cll ICi2 1C13 I-C14 I-C15 ICi6 IC17 I-Ci® I-C19 Outflow

677.7 619.9 500.9 306.4 133.2 39.6 8.0 1.1 0.1 0.0 3247.4
s31.4 546.9 450.8 292.2 1s1.4 47.6 10.5 1,5 0.1 0.0 ag. 6
467.4 478.3 397.7 263.0 134.9 50.5 17.7 2.0 9.2 0.0 2606.6
411.2 420 7 347.8 232.0 121.4 48.2 13.5 2.4 0.2 0.0 2305.6
3590 370 305.9 202.9 107.1 23.4 12.8 2.5 0.3 0.0 2037.7
323.2 323.1 269.1 178.5 93.6 38.2 11.6 2.4 0.3 0.0 1803.1
288.5 290.8 2°5.0 157.0 82.4 33,1 10.2 2.2 0.3 0.0 1596.3
257.1 2%. 211.5 137.1 72 5 29.4 8.9 1.9 0.3 0.0 109.9
227.7 231.3 188.8 173.4 63.3 25.9 1.8 1.7 Ü.2 00 1237.6
197.9 204.9 168.3 110.1 5€.9 2.6 6.9 1,5 0.2 0.0. 1076.1
171.7 178.1 149.0 98 1 50.8 20.3 6.0 1.3 0.2 0.0972
128 3 154.5 129.5 86 9 45.3 18.2 5.4 L.1 0.2 0.0 786.3
111.8 115.5 112.4 75.6 40.1 16 2 4.8 1.0 0.4 0.0 689.8
100..7 100.7 84.0 65.5 34.9 14.3 4.3 0.9 0.1 0.0 611.2

94.8 90 6 73.2 49.0 30.3 12.5 3.8 08 0.1 0.0 359.1
93.2 85.3 65.9 42.7 22.6 10.8 3.3 0.7 0.1 0.0 528 3

92.7 83.8 62.0 38.4 19.7 ®.l 2.9 0.6 0.) 0.0 512.1
92.7 83.5 61.0 36.2 17.7 7.0 2.2 0.5 0.1 0.0 504.6
92.7 83.5 60.7 35.6 16.7 6.3 1.9 6.4 0.1 0.0 501.5
92.7 83.5 60.7 35.4 16.4 6.0 1.7 0.4 0.0 0.0 500.4
92.7 83.5 &L 7 35.4 16.3 5.9 1.6 0.3 0.0 0.0 506.1
92.7 83.5 60.7 35.4 16.3 5.8 1.6 0.3 0.0 0.0 500.0
92.7 83.5 60.7 35.4 16.3 5.8 l.€ 0.3 0.9 0.0 500.0
92.7 83 5 60.7 35.4 16.3 5.8 1.6 0.3 0.0 0.0 500.0
92.7 83.5 69.7 35.4 16.3 5.8 1.6 0.3 0.0 0.0 500.0
92.7 ß3.5 60.7 35.4 16.3 58 1.6 0.3 0.0 0.0 500.0
92.7 83.5 60.7 35.4 16.3 5.8 1.6 0,3 00 6.0 500.0
92.7 83.5 60.7 35.4 16.3 5,8 1.6 0.3 0.0 0.0 500.0

TB 4549-11
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Travel time = 18 hours, Routing Period = 2 hours are assumed.

Outflow worked out by this method is shown in Figure (6-5).

6.4.1.3. Kinematic and Dynamic Routing?

Kinematic and Dynamic Routing are the hydraulic routing techniques which
take into account the physical and hydraulic characteristics of the channel system.

These involve the solution of the equations of continuity and motion and they can
be solved by numerical techniques with, the aid of computer,

7. FREQUENCY ANALYSIS

71. Aim

In the case of smali dams, diversion works and other hydraulic structures of
medium and minor importance where strustural failure or overtopping will not
involve loss to life, it would be seldom economical to design them to witbstand the
Probable Maximum Flood. A calculated risk is therefore taken in designing these
strudtures for a flood lesser than Probable Maximum Flood. The appropriate design
retum period is selected on the basis of ıconomic analysis, policy decisions and the

accepted risk.

Frequency analysis interpret a past record of events to predict the future proba-
bilities of occurrence.

7.2. Selection of Data

If frequency analysis or probability analysis is to provide useful answers, it must
start with a data series that is relevant, adequate and accurate.

7.2.1. Relevance

Relevance implies that the data must deal with the problem.

7.2.2. Adequacy

Adequacy refırs primarily to length ot record. There is a lack of general agreement
on the degree to which a stream flow record can be extrapolated with reasonable

accuracy. Some workers set a limit of extrapolation of about twice the length of
record; that is a 50 year stream flow record might be used to determine the magnitude
of events upto the 100 year flood. Other workers do extrapolate streamflow records
40 to 100 years in length to estimate 1000 year or even 10,000 year flood but they
estimate the confidence limit as a guide to the degree of uncertainty involved in the
estimates.

Below table gives some estimates derived reference (2) on page 368 Linsley and
Kohler from synthetic data series.
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TABLE 7-1

Length of Records in Years Required to Estimate Floods of Various Probabilities
with 95 Per cent Confidence.

Acceptable error
Design Probability

10% 208

0.1 90 18
0.02 110 39
0.01 115 48

o

7.2.3. Accuracy
Accuracy of the data series refers primarily to the problem of homogeneity. The

following are the important considerations in this respect

(i) Effect of man made changes in the regime of flow should be investigated and
adjustment made as required.

(ä) Changes in the stage discharge relation render stage records non-homo-
geneous:and unsuitable for frequency analysis.

7.3. Methods of Frequency Analysis

General
It is assumed that the recorded data constitute a random sample of their parent

population and fit into a theoretical distribution. By statistical process the most
probable nature of the distribution from which the data were derived can be evaluated
Once a distribution is established it is a simple and straight forward process to
calculate ihe required probabilities.

7.3.2. Methods Using Frequency Factors

73.2.1. Gumbel Distribution??
' Ven Te Chow' has shown that most frequency functions can be generaliscd to

(Eq. 7-1)
Where X is a flood of specified probability

X is the mean of flood series

x is the standard deviation of the series wnich is given by

x x+-KvV x

(Eq. 7-2)
(

1

n number of years of record

K is the frequency factor defined by a specified distribution. It isa funcuon of
the probability level of X.
TB 4549-11a
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K values are given in Table (7.2) depending upon the record length in years and
the required, probability.

7.3.2.2. Log pearson Type III Distribution

The recommended procedure for use of the Log-Pearson distribution is first to

convert the data series to logarithms and them compute

mean = logx = X log x (Eq 7.3)
n

Standard deviation = slogx
2

slogx = = (log x ver) (Eq. 7.4)
1

log x - logx}?
(Ey. 7.5)

n
g Skew Coeflicient (slogx{

The value of x for any probability level is computed from

logx = logx - Ks iogx (Eq. 7.6)

Where K, a frequency factor, is taken from Table 7.3 depending upon Ihe " k of
g, the skew coeficient and recurrence interval in years.

7.3.2.3. Plottiing of Data

When a probability paper is chosen for use, the plotting of data on the paper

requires the knowledge of plotting positions.

TABLE 7.2
Values ofK(Ey 7 1) for The Extreme 1 also 1

Return Proba Reduced Record length, years
Period bility Variate
Years Y 20 30 40 50 100 200 20

1.58 0.63 0.000 -0.492 -0.482 -0.476 --0.473 -0.464 -0.459 -0.450
2,00 0.50 0.367 -.0.147 -0.152 -0.155 -0.156 -0.160 -0.162 -0.164
2.3 0.43 0.579 0.052 0.038 0.031 0.026 0.016 0010 0.001

5 0.20 1.500 0.219 0.866 0.838 0.820 0.779 0.755 0.719
10 0.10 2.250 1.62 1.54 1.50 1.47 1.20 1.26 1.30
20 0.05 2.970 2.30 2.19 2.13 2.09 2,00 1.94 1.87
50 002 3.902 3.18 3.03 2.94 2.89 2.77 2.70 2.59
100 0.01 4.600 3.84 3.65 3.55 3.49 3,35 3,27 3.14
200 0.005 5,296 4.49 4.28 4.16 4,08 3.93 3.83 3.68
400 0.0025 6.00 5,15 4.91 4.78 4.56 4.51 4.40 4.23
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TABLE 7.3
K Values for the Log-Pearson Type III Distribution

Recurrence interval years

1.0101 1.2500 2 5 10 25 50 100

Skew Percent Chance
Coeflicient

g 99 80 50 20 10 4 2 1

3.0 -0.667 -0.636 --0.396 0.420 1.180 2.278 3.152 4.051
2.8 -0.714 -0.666 -0.384 0.460 1.210 2.275 3.114 3.973
2.6 -0.769 -0.696 -0.368 0.499 1.238 2.267 3.071 3.889
2.4 -0.832 -0.7225 -0.351 0.537 1.262 2.256 3.023 3.800
2.2 -0.905 -0.752 ---0.330 0.574 1.284 2.240 2.970 3.705
2,0 -0.990 -0.777 -0.307 0.609 1.302 2.219 2.912 3.605
1.8 -1.0837 -0.799 -0.282 0.643 1.318 2.193 2.848 3.499
1.6 -1.197 -0.317 -0.254 0.675 1.329 2.163 2.780 3.388
1.4 -1.318 -0.832 -0.225 0.705 1.337 2.128 2.706 3.271

1.2 -1.449 -0.844 195 0.732 1.340 2.087 2.626 3.149
1.0 -1.558 -0.852 -0.164 0.758 1.340 2.043 2.542 3.022
0.8 -1.733 --0.856 -0.132 0.780 1.336 1.993 2.453 2.891

0.6 -1.880.-0.857 -0.099 0.800 1.328 1.939 2.359 2.755
0.4 -2.029 -0.855 0.066 0.816 1.317 1.880 2.261 2.615

0.2 -2.178 -0.850 -0.033 0.830 1.301 1.8318 2.159 2,472
0.0 -2.326 -0.842 0.000 0.842 1.282 1.751 2.054 2.326

-0.2 -2.472 -0.830 0.033 0.850 1.258 1.6860 1.9455 2.178
-0.4 -2.615 -0.816 0.066 0.855 1.231 1.606 1.834 2.029
-0.6 -2.755 -0.800 0.099 0.857 1.200 1.528 1.720 1.880
-0.8 -2.891 -0.780 0.132 1.856 1.166 1.448 1.606 1.733
-1.0 -3.022 --0.758 0.164 0.852 1.128 1.366 1.492 1.588
-1.2 -3.149 -0.732 0.195 0.844 1.086 1.282 1.379 1.449
-1.4 -3.2711 -0.705 0.225 0.832 1.041 1.198 1.270 1.318
-1.6 -3.388 -0.675 0.254 0.817 0.994 1.116 1.166 1.197
-1.8 3.499 -0.643 0.282 0.799 0.945 1.035 1.069 1.037
-2.0 -3.605 -0.609 0.307 0.777 0.895 0.959 0.980 0.990

-3.705 -0.574 0.330 0.752 0.844 0.888 0.900 6.905
-2,4 -3.800 -0.537 0.351 0.725 0.795 0.823 0.830 0.832
-2.6 -3,889 -0.499 0.368 0.696 0.747 0.764 0.768 0.769
-2.8 -3.973 -0.460 0.384 0.666 0.702 0.712 0.714 0.714

-4.051 -0.420 0.396 0.636 0.660 0.666 0.666 0.667

2

3. 0

7.3.2.4. Plotting Positions

Probability analysis seeks to define the flood flow with a probability P of being

equalled or exceeded in any ycar. Return period T is commonly used instead of

probability P to define the design flood. Return period and probabilities are

reciprocals je.

(Eq. 7.7)
1
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Numerous methods have been proposed for determination of plotting positions
Most of them are emperical.
The most commonly used plotting position formula is Weibull's.

m
P or m . 7 . 8

n-- -1
T

m
(Eq )

Where n = number of years of record.

n+1

m = is the rank of the event in order of magnitude, the largest event

havingm = 1 .

7.3.2.5. Example
To find the magnitude of 10 year, 50 year and 100 year flood.

In the Table 7.4 maximum peak discharges yearly are given for Pulgaon Railway
Bridge on Wardha river.

TABLE 7.4

Frequency Analysis by Gumbel's Method

n+1T
x

m

Year Discharge* Descending Rank Return (&-x)?
m Period

2) 8) 4) 65) (6)

1921 1275 9025 1 51 3.92715E--07
1922 1375 7300 2 25.5 2.0627E-+07
1923 3350 6800 3 17 1.63354E+07
1924 1000 6775 4 12.75 1.61339E+07
1925 4680 6450 5 10.2 1.36287E+07
1926 1700 5500 6 8.5 7.51691E-+06
1927 .. 6775 4700 7 7.28571 3.7702E-+06
1928 1475 4680 8 6.375 3.69293E+06
1929 1375 4609 9 5.66667 3.39186E+06
1930 1075 4325 10 5.1 2.45455E+06
1931 4325 3950 11 4.63636 1.42015--E06
1932 2475 3825 12 4.25 1.13785E+06
1933 9025 3650 13 3.92308 795129

1934 400 2650 14 3.64286 795129

1935 .. 2200 3350 15 3.4 350109

1936 .. 2200 3200 16 3.1875 195099

1937 .. 1700 2825 17 3 4448.88

1938 1175 2750 18 2.83333 68.8908

)

* Maximum levels are obtained from Railway Authorities and discharges are

computed by slope-area method.
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TABLE 7-4-contd.

60) 2) 6) 6) 9) (0

1939 .. 2750 2525 19 2.068421 54429
1940 .. 3825 2475 20 2.55 80258.8
1941 .. 4700 2475 21 2.42857 80258.8
1942 .. 2525 2475 22 2.31818 80258.8
1943 .. 3650 2475 23 2.21739 80258.8
1944 .. 7300 2450 24 2.125 95048.9
1945 .. 2825 2200 25 2.04 311699
1946 2475 2200 26 1.96154 311699
1947 .. 1075 2175 27 1.888389 340239
1948 .. 3200 2010 28 1.82143 559953
1949 .. 3650 1925 29 1.753862 694389
1950 .. 725 1800 30 1.7 918340
1951 .. 1800 1800 31 1.64516 918340
1952 .. 625 1775 32 1.59375 966879

1953 1800 1700 33 1.54545 1.12E-++06
1954 .. 2475 1700 34 1.5 1.12E+4-06
1955 BR 4600 1475 35 1.45714 1.64686E--06
1956 .. 1225 1375 36 1.41667 1.91352E-+06
1957 6450 1375 37 1.37838 1.9135?E-+-06
1958 1100 1275 38 1.34211 2.20018E--06
1959 .. 5500 1225 39 1.30769 2.35101E+06
1960 .. 1075 1175 40 1.275 2.50684£.--06
1961 on 6800 1100 4 1.2439 2.74996E-06
1962 2175 1100 42 1.21429 2.74996E -+06
1963 on 325 1075 43 1.18605 2.8335E-+06
1964 3950 1075 55 1.15909 2.8335E--06
1965 1100 1075 45 1.13333 2.8335E-+-06
1966 .. 1925 1000 46 1.1087 3.09162E-+06
1967 1775 725 47 1.08511 4.13431E-06
1968 2475 625 48 1.0625 4.55097E-+06
1969 2010 400 49 1.04082 5.56157E-H06
1970 .. 2450 325 50 1.02 5.92094E+06

MEAN=2758.30 STANDARD DEVIATION=1964.9100000
x-x )? -189183000 .00000
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(a) Gumbel Distribution
Mean = 2758.3 Cumecs.

Standard deviation = 1964.91

Return Period K Value from Table 7.2
l in 100 year K,00 = 3.49
1 in 50 year K,, = 2.89
l in 10 year K,o = 1.47

= 2758.3 + 3.49 x 1964.91
-9615.84 m?/s

X, = 2758.3 + 2.89 x 1964.91
-8436.89 m?/s

X = 2758.3 + 1.47 x 1964.91 = 5646.72 m?/s

(b) Log-Pearson Type, Type III Distribution (See Table 7-5)

Mean log = 3.3344

Standard deviation = s logx = 0.317491

Skew Coeflcient = g = -0.29293
Return Period K Value from Tables 7-3

1 in 100 year 00
= 2.1109

1 in 50 year K, = 1.8951
l in 10 year K,o = 1.2459

(MD) logxo = logx + Kelogx= 3.3344 2.1109 x 0.317491
= 3,3344 + 0.67019

log Xıoo = 4.00459

Antilog of log Xjop = Xıoo = 10106.29

(iü) 102 X . .3.3344 + 1.8951 x 0.317491
.. 3.3344 + 0.601677
.. 3.936077

Antilog of lOg Xgg - Xzo .8631.32 m?/s.

(fi) 108 Xyo -- 3.3344 + 1.2459 x 0.317491
.. 3.3344 + 0.395562
.. 3.729962

Antilog of log xı0 - - 5369.85 m?/s.
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Year

1921
1922
1923
1924
1925
1925
1927
1928
1929
1930
1931
1932
1933
1934
1935
1936
1937
1938
1939
1940
1941
1942
1943
1944
1945
1946
1947
1948
1949
1950
1951
1952
1953
1954
1955
1956
1957
1958
1959
1960
1961
1962
1963
1964
1365
1966
1967
1968
1969
1970

x
Flood Descending

1275
1375
3350
1000
4680
1700
6775
1475
1375
1075
4325
2475
9025
400

2209
2200
1700
1175
2750
3825
4700
2525
3650
7300
2825
2475
1075
3200
3650
725
1800
625
1800
2475
4600
1225
6450
1100
5500
1075
6800
2175
325

3950
1100
1925
1775
2475
2010
2450

9025
7300
6800
6775
6450
500
4700
680

4600
4325
3950
3825
3650
3650
3350
3200
2825
2750
2525
2475
2475
2475
2475
2450
2200
2200
2175
2010
1925
1800
1800
1775
1700
1700
1475
1375
1375
1275
1225
1175
1100
1100
1075
1075
1075
1000
725
625
400
325

Return Period

51

25,
17
12. 75
10. 2

8.5
7 .28571
.375

5 . 66667
5 .1
4 .63636
4 .25

TABLL

n
T

m

92308
.64286

3 4
.1875

83333
.68421
55

2 42857
.31818

> .21739
.125
.04

1 .96154
1 88889
.82143

1 75862
1 7
1 .64516
1 .59375
1 54545
1 .5
45714

1 .+1667
1 .37838

34211
1 . 30769
L .275
1 2439
1 -21429
1 .18605
1 .15909
1 .13333
1 .1087
1 .08511
1 .0625
1 .04082
1 .02

3.33440, STD- 0.317491, FACTOR= 0.29293

STD= Standard deviation

Logx

‚95473
86263
.83182
.83022
.80887
.73969
67144
.66958
.6621

3 .63533
59595
.58199
56165

3 .56165
52441
50452
.4504
43871

3 40165 4
.39296

3 39296
39296 3

39296
3. 38856 >

.34182
34182
33686 6

.3026
3 28384

25469
25469 6

22987
3 .22987
.16822
13774
.13774

3 .10495
.08758
.06949
04085
.04085
.03086
.03086

3 .03086
> 99946
7 85982
7 79538
2.60159
2.51143

Factor= Skew Coeflicient

.384812

.279021

.247423

225122
.164257
.113592
.112347
.107384
.0905579
0684066
.0612975
.051642
-051642
.0361027
0.289393
.0134546
.0108806
.52199E-03
a2937E-03
.42937E-03
42937E--03
.42937E -23

.93252E-03

.50255E-05

.50255E-05
.02818E-06

1 .01133E-03
.5567E-03
.35471E-03
.35471E-03

7 .35987E-03
.0109277
.0109277
0276163
.0386773
.0386773
.0526483
.0609216
.0701815
0861762
.0861762
.0921568
. 0921368
.0921368
.112187
-225226

.238711
147386

. 123072
121389
.106814
.0665709
0382843
.0376567
.0351893
.0272514
.0178915
.0151763
.0117356
.0117356

5.85976E-03
4.9232E-03
1.56065E-03
1.13496E-03
3,04084E-04
2.008?7E-04
2.00827E-04
2.00827E-04
2.00827E-04
1.58804E-04

4.08175E-07

-3.21619E-05
--1.29276E-04
-5.06575E-04
-5.06575E-04
--6.31401E-04
-1.11233E-03
-1.14233E-03
-4.58932E-03
-7.6065E-03
-7.6065E -13

--.0120803
-.0150369
-.0185923
-.0252977

.0252977

-0279673
-.0279673
--.0375762
-106888
-.15661+
-.393529
-557385

-24583

03175E-07

1

3.24861

0279673

IC9055
-53701
677283

MEAN
Mean= logx
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7.3.2.6. Goodness of Fit
The goodness of fit for these two frequency distributions is determined graphi-

cally by plotting the observed frequency and estimated frequency on extreme value
paper for Gumbel distribution and on log-normal probability paper for Log-Pearson
type III distribution. These are shown in Fig. 7-1 and Figure 7-2 respectivelv.

It will be seen that Gumbel distribution fits better.

7.3.2.7. Probability Paper
A probability paper is a specially ruled paper on which the ordinate usually

represents the magnitude of tbe flood and the abscissa represents the probability p,
or tbe return period T. The ordinate and abscissa scales are so designed that the
distribution plots more nearly on straight line, permitting better definition of the
upper and lower parts of the frequency curve. The probability paper is used to
linearize the distribution to that data to be fitted appear close to the straight line.
The extreme value and log-normal probability papers are used for linearization of
the extreme value and log-normal distribution.

7.3.3. Curve Fitting Methods
The method is based on the assumption that observed data follow the theore-

tical distribution to be fitted and will exhibit a straight line on the probability paper
designed for the distribution. In as much as nature does not strictiy obey the theo-
retical laws, the logical solution is to plot the observed data at determined plotting
positions on a suitable probability paper and to fit a bestfit curve to the plotted points

7.3.31. Graphical Curve Fitting Procedure

In a simple graphical curve fitting procedure the observed floods are piotted
on a probability paper and best fit curve drawn by eye" through the points. Log-
normal probability paper and extreme value probability paper are commonly used
for the purpose. Plotting position of the individual floods of the annual series are
found by the equation (7-8).

7.3.3.2. Mathematical Curve Fitting Methods
In general, a mathematical curve fitting can be achieved by three methods;

the method of moments, the method of least squares and the method of likelihood :-

(a) Method of Moments.-By this method, the statistical parameter or
moments are computed from the data and then substituted in the probability
function of the given distribution.
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(b) Method of Least Squares.-By tkis metlıod, a regression line is computed
to fit the plotted data. The curve so obtained may not represent the exact theore-
tical distribution but it gives a better overall fit than the method of momenis.

(c) Method ofMaximum Likelihood.-By tlıis method, tbe value of a parameter
is determined to make the probability of obtaining the observed outcome as high as
possible. This method provides the best estimate of the parameters but it is usvelly
very complicated for practical application.

73321 Gumbel Distribution

According to the extreme value distribution the cumulative probability P approa-
ches the expression,

( c )
p=e (EQ. 7-9)

or

p=e (EO. 7-19)

where y-is tlıe reduced variale and is given as

(;
T

(EQ r

By method of moments, the parameters have boen evaluated as

(EQ. 7-12)

Tr

v=--InIn 1 )
-1

a=

6

where Y = 0.57721 = Euler's Constant
mean

x - Standard deviation

7.3.3.2.2. By Meihod of Least Squares
A brief outline of the principle of least squares is described below.

In figure 8-! for a given value of X, say there will be a difference between the
value ofy, and the corresponding value as determined from the curve. This difference
or ıhe desarture may be positive, negative or zero. A measure of" goodness of At"
of Ihe curve to the given data is provided by the sum of the squares of departurcs;
if this is small, the fit is good and if large it is bad. The least square line anproximating
the set of points,

(X (X Ya)» (Ky Ya) (Rn Yn)

has the equation.

y=A Bx (EC. 7-13)
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Where the constants A and B are determined by solving simultaneously the equations

(EQ. 7-14)
Exiyi=Ayxi+Byxi2 (EO. 7-15)i=1toN

Which are called normal equations. From these equations the constants A and B
can be found.

-NB- (EQ. 7-16)

A=y--Bx (EQ. 7-17)
Gumbel law by least square method is expressed as

y=A+ Bx (EQ. 7-18)

TWhere = - In In (+- 1 ) (EQ. 7-19)

x Nx?

7.4. Gooiness of Fit
The goodness of fit is matliematically tested by

" The Chi-Square test". It is used
in testing the Hypothesis.
Let E be the predicted frequency
O the observed frequency.

The x? = (Chi-Square)

(EQ. 7-20)
2

Standard tables giving x? values are given in any of the statistics books. If x? = 0
observed and theoretical (or predicted) frequencies agree exactly, while if x? > 0,
they do not agree exactly. The larger the value of x? the greater is the discrepancy
between observed and expected frequencies.

7.5. Errors in Estimated Values by Regression Equation
Standard error of an estimate y from the regression y on. x.

Ss (y) ( X-X
y

(EQ. 7-21)1

Sx?

Where considering the number of degrees of freedom in the case of small samples,

N

the unbiased standard deviation of residuals is given by

Sey = 5, „I
N x

(EQ. 7-22)(N-2)v
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Where Sy = Standard deviation of y

Sy == (EQ. 1-23)Z(yi-y) 2

-1N

Sx = Standard deviation of x.

x- El xi- x)? (EQ. 7-24)
N--1

and Y = correlation coefücient given by

Exiyı-Nxy
SSy(N-1) (EQ. 7-25)

7.6. Degree of Freedom
In order to compute a statistic such as x?, it is necessary to use observation

obtained from a sample as weil as certain population parameters. If these parameters
are unknown they must be estimated from the sample.

The number of degree of freedom of a statistic generally denoted by ? is defined
as the number N of independent observations in the sample (i.e. the sample size)
minus the number k of population parameters which must be estimated from sample
observations.

(EQ. 7-26)

77. Confidence Limits

Apart from errors in the observed data there is source of error in the estimates
made by frequency analysis. The wrong type of the theoretical distribution may
have been used. It is therefore necessary to assign limits between which the estimated
value can be said to lie with a certain probability or confidence. The curves joining
the equal gonfidence limits are drawn to show the confidence bands on both sides
of the fittef curve. The reliability of any plotted point Iying within the confidence
band is thus indicated by the probability on which the confidence limits are based.

7.8. Example
Gumbel1 distribution by least square method is fitted in Pulgaon Railway Bridge

data. Floods of various frequencies are worked out. Standard error and confidence
limits are worked out

x2 is also worked out.
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The various steps are as follows:-
(a) The discharges are arranged in descending order and ranks are given to the

events in order of magnitude, the largest event having m = 1 and so on See
Table 7-6.

TABLE (7-6)

Gumbel's Distribution by Least Square Method

Year Discharge Descending Rank Return Reduced
period variate

y y m T x

1 2 3 4 5 6

1921 1275 3025 l 5l 3.92194
1922 1375 7300 2 25.5 3.21874
1923 3350 6800 3 17 2.80305
1924 1000 6775 4 12.75 2.50497
1925 4680 6450 5 10.2 2.27124
1926 1700 5500 6 8.5 2.07814
1927 6775 4700 7 7.285714 1.9130]
1928 1475 4680 8 6.375 1.76829
1929 1375 4600 9 5.66667 1.63909
1930 1075 4325 10 5.l 1.5221
1931 4325 3950 1l 4.63636 1.41492
1932 2475 3825 12 4.25 1.31578
1933 9025 3650 13 3.923068 1.22336
1934 400 3650 14 3.642836 1.1366
1935 2200 3350 15 3,4 1.05467
1936 2200 3200 16 3.1875 .976896
1937 1700 2825 17 3 .90272
1938 1175 2750 18 2.83333 .831678
1939 2750 2525 19 2.68421 .763377
1949 3825 2475 20 2.55 .697479
1941 4700 2475 21 2.42857 .633694
1942 2525 2475 22 2.31818 .571762
1943 3650 2475 23 2.21739 .511457
1944 7300 2450 24 2,125 ‚152574
1945 2825 2200 25 2.04 .394927
1946 2475 2200 26 1.96154 .338344
1947 1075 2175 27 1.88889 .282665
1948 3200 2010 28 1.82143 22774
1949 3650 1925 29 1.75862 .173422
1950 725 1800 30 1.7 119568
1951 1800 1800 31 1.64516 .0660399
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TABLE (6-7)- contd.

1 2 3 4 5

1952 .. 625 1775 32 1.59375
1953 1800 1700 33 1.54545
1954 2475 1700 34 1.5
1955 4600 1475 35 1.45714

1956 1225 1375 36 1.41667

1957 6450 1375 37 1.37838

1958 1100 1275 38 1.34211

1959 5500 1225 39 1.30769

1960 1075 1175 40 1.275

1961 6800 1100 41 1.2439

1962 .. 2175 1100 42 1.21429

1963 325 1025 43 1.18605

1964 3950 1075 44 1.15909

1965 1100 1075 45 1.13333

1966 1925 1000 46 1.1087

1967 1775 725 47 1.08511

1963 2475 625 48 1.0625

1969 2010 400 49 1.04082

1970 2450 325 50 1.02

6

(b) Return geriods of floods are worked outas T n+ 1

m

See Column 5 of Table 7-6.

.0126935

.0406179
-.,094048

147762

-.201941
-.256786
-.312528
-.369437
-.427834
-.488114
„550778
-.616474
-,68608
.760837
-.842596
-.934339
-1.04141
-1.17517
-1. 3691

(c) Then reduced variate x (normally it is denoted by y, however since it is

plotted on x axis, here it is denoted as x to avoid confusion) is worked out as

T= -Lx nLn
1T

See Column 6 of Table 7-6.

(d) By the method of least squares (See Para. 8.2) relation of the form
Bx is fitted. In this case y is flood values and x is reduced variates andy A

values of A and B are found out. These are as fellows:-

y = 1854.470 + 1647.69x
Tb 4549-12

(EQ. 7-27)
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(e) After finding out the values of A and B, for the required return periods,
(see Column = 1 of Table 7-7) reduced variates are found out. See Column 2 of
Table 7-7.

TABLE (7-7)
Floods of Various Frequencies

Estimated Flood-standard Flood-StandardReturn period Reduced variate
in years X.. =LN{LN(T/ flood Error Error

(T--1)) in m?/s

10000.00 9.210520 17030.60 17439 .60 16621 .60
5000.00 8.517170 15888 .20 16265 .00 15511.30
2000.00 7.600670 14378.10 14712.40 14043.70
1000.00 6.907280 13235.60 13537 .80 12933.
500.00 6.213630 12092.60 12362 .90 11822.40
200.00 5.295810 10580.30 10808. ‚50 10352.20
100.00 4.600180 9434.16 9630 „68 9237.65
50.00 3.901940 8283.67 8448.79 8118.55
20.00 2.970200 6748.45 6872.75 6624.15
10.00 2.250370 5562.39 5656.90 5467.87
5.00 1.499940 4325.91 4393.45 4258.37
2.00 0.366513 2458.37 2509.82 2406.92
1.25 -0.475885 1070.36 1140.20 1000.51

A = 1854.4700 B = 1647.690
1.17244

SY = 1964.19
R = .983524
SEY = .165809

(f} Floods of required return periods are then worked out by substituting tbe
values of A, B and x in the equation (7-27). See Column 3 of Table 7-7,

(g) Standard error of the estimate y is worked out by equation (7 --21) by
substituting the value of N = 50,

X from Column 2 of Table 7-7
S = 1.17244,

Sy = 1964.19,
r = 0.983524 and Sey = 358.768 worked out respectively from equation

(7-24), (7-23), (7-25), (7-22) See Column 4 and 5 of Table 7-7

(h) Confidence limits are worked out as follows

YN
is computed.(i

Sx
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(ü) For the given return period T and N, - is computed. The values are
given 7-9,

TABLE 7-9
Values of x for use in Computing Confidence Limits for Gumbel Curve"

n T10 20 25 30 50 75 100

15 2.476 3.233 3.409 3,604 4.113 4.525 4.818
20 2.400 3.075 3.292 3.468 3.968 4.362 4.643
25 2.350 3.007 3.218 3.391 3,874 4.259 4.533
30 2.137 2.960 3.166 3.336 3.811 4.187 4.455
40 2.272 2.898 3.099 3.264 3.725 4.093 4.353
50 2,244 2.857 3.056 3.217 3.671 4.031 4.288
60 2.224 2.830 3.025 3.185 3.633 3.989 4.242
75 2.201 2.800 2.976 3.150 3.592 3.943 4.194
100 2.181 2.769 2.959 3,114 3.549 3.896 4,142

(ii) Then factor #4 = -
-_

is computed
VN

(iv) 95% confidence limit is selected for which value of t is selected from
Table 7-10 as 1.96.

TABLE 7-10
Values of Standard Normal Variate for Various

Probabilities 0.500 0.683 0.800 0.900 0.950 0.98 0.99

t 0.674 1.0 1.282 1.645 1.96 2.326 2.576

(v) Then f, sa is computed.

(vi) Upper limit would be then (predicted value of flood + f sy) lower limit
would be (predicted value of flood - t sy See Table 7-8.

TABLE (7-8)
Confidence Limit for Gumbels's Frequency Curve

_

Return Estimated T tsH Confidence Limits
period flood higher Lower

100 9434.16 4.288 .710987 1.39354 9435.56 9432.77
50 8283.67 3.671 .608684 1.19302 8284.87 8282.48
20 6748.45 2.857 .473715 .928482 6749.38 6747.52
10 5562.39 2.244 .372075 . 729266 5563.12 5561.66

Tb 4549 12a
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(Ö) x? is calculated to check the goodness of fit i.e. the hypothesis Table 7-11
illustrates the procedure which is self explainatory.

Class Interval of
Probability

I <0.1
n 0.1--0.2

0.2-0.3
IV 0.3-0.4
v 0.40.5
vI 0.5-0.6
vu 0.6-0.7
vol 0.7-0.8
IX 0.8-0.9
X >09

2
_

a
_

c 5

TABLE 7-11

Computation of x?
A = 1854.47
B = 1647.69

x Q=A+Bx F E
F F

mBlsec. E E
F) P)

<-0.8340 <480.30 2 5 -3 9

-0.8340 to 0,4759 480.30-1070.34 3 5 _2
-0.4759t00.1856 1070.34-1548.66 11 5 6 36
-0.1856t0 0.0878 1548.66-1999.13 6 5 1 1

0.0878 10 0.3665 1999.13-2458.34 5 5 0 0
0.3665 t0 0.6717 2458.34-2961.22 7 5 2 4

0.6717t01.0309 2961.22-3553 .07 2 5 -3
1.0309 101.5000 3553.07-4326.00 5 5 0 0
1.500 2.25 4326.00--5561 .77 4 5 -1 1

> 2.25 > 5561.77 5 5 0 0

50 50 64

(0
E

4
11

9

2 .8

2X for degree of freedom = 8
0.95

2x = 15.50
0.95

Hence fit of the data is correct.

7.9. Precipitation Probability
The preceding discussion on flood probability applied generally to precipitation.

Annual maximum, hourly, or daily amounts ordinarily conform to Fisher Tippet,
log-normal or gamma distributions.

7.10. Rainfall, Frequency Maps
Except in the mountainous terrain, rainfall-intensity frequency variations over

short distances may be expected to be small. Thus it is practical to prepare maps of
rainfall amounts for various frequencies and durations.
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Such maps for India have been prepared by Harihar Ayyer and Tripathi of India
Meteorological Department, New Delhi. See Figures (7-3) to (7-10) See also
Fig. (7-11)
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FIG. 7-11. REDUCTION OF POLNT RAINFALL-FREQUENCY
VALUES FOR APPLICATION. TO DRAINAGE-
AREAS UP TO 400 mi? (1040 km?) U.S. NATIONAL
WEATHER SERVICE.

7.11. Statistical Parameters®

The characteristics of a statistical distribution may be described by
" Statistical

Parameters ". Only the important ones are defined below-

7.11.1. Measures of Central Tendency
The parameters generally representing measures of the central tendency of a statis-

tical distribution are the averages including mean, median and mode.

(a) Mean - There are three kinds of mean - Arithmetic, Geometric and
Harmonic.

- Ex
(i) Arithmetic mean = x

N

Where X is the variate and N is the total number of observations.
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The above equation gives the sample mean, while the population mean is

usually denoted by -. It may be noted that an unbiased estimate of the popu-
lation mean is equal to the sample mean.

(ii) Geometric mean is the Nth root of the product of N terms, can be

designated as

Geometrie mean =xg = (%, 2» Ay... m)"
The logarithm of the geometric mean is the mean of the logarithms of the individual
values.

(iii) The harmonic mean is the reciprocal of the mean value of the reciprocals
N

of individual values. It can be expresedas 1, = ©
{b) The median.-The median is the middle value or the variate which divides

the frequencies in a distribution into two equal portions.

(ec) The mode.-In a distribution of continuous variables, this is the variate
which has a maximum probability density.

7.11.2. Measures of Variability

(a) The mean deviation = M.D. = x-X
N

Zix - u)2
(5) Tbe Standard deviation of population =s =

N

An unbiased estimate of this parameter from the sample is denoted by

s-

(c) Standard error ofmean = -

I(x-x)2

1N

YN

(d) The variance is the square the standard deviation ; which is denoted by
for population and the unbiased estimate gf the population variance is- S?

(f) The Range The difference between the largest and the smallest values is
the range.

(g) The Coefficient of Variation.-The standard deviation divided by the mean
is called the coefficient of variation.

egGV=- - - s
x
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(h) seasures of lack of symmetry of a distribution is called

Skewness & = N (x - u

An unbiased estimate of this parameter from the sample

N
a (x- )

&
Coeflcient of Skewnes = _ -_ -3 S3

a
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8 REGRESSION AND CORRELATION ANALYSIS

8.1. Defirition

If.two variables given as a series, with concurrent values (x;, y;) show a concentra-
tion around an imaginary curve when plotted on a graph then for a large series there
will always be a distribution ofy values for a given value of x..

A curye fitted to all mean values is called regression line of y versus x. On the
other hand, the curve fitted to all expected mean values for the given y = y; defines
the regression line of x versus y. These two lines do not coninside but have different
parameters, showing the regressional relationships between the variables.

In Hydrology, there are many examples when two variables are so related that
with increase of one, the other increases or vice-versa; this being known as positive
correlation. Thus rainfall and runoff are positively correlated. If with increase of
one variable, the other decreases, the correlation is known as negative.

The degree of association of the variables involved is generally called correlation
and is defined by the parameters of correlation. Method of least squares is one of
the powerful tool of regression.

8.2. Least Square Method

This method involves in minimising the sum of squares of departure y; = (y; -- Y)
where for a x;, the value y is determined from the fitted curve and y; from the observe

point, Fig. 8°1

Ki,yn 3Y

Bey

Yetl x I

N

Y

x

SCHEMATIC REPRESENTATION OF
A SIMPLE REGRESSION AND
CORRELATION ANALYSIS

F I6.48-1)
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In order that the fitted line may have the minimum deviations ie. 2(Ay)
where N is the number of points, all partial derivatives of this sum should be zero

N
D 2»

0 (Egq. 8-1.1- 1

Da

N

(yi -y)
Ib

-0 (Eq. -8-2)

D
1-

These partial derivatives give
* m' equation for tbe determination of 'm' para-

meters.

(i) For Linear regression in the form

y=a+bx (Eq. 8-3)

by method of least squares we have, two relations.

says +bEx? (Eq. 8-4)

Solving these simultaneous equations values of a and b can be determined.

Similarly, the fitting of a quadratic parabola of the form

(Eq. 8-5)

gives the following three equations.

Sy =aN +b3x +CLx
=alx tböxf+cäx? (Eq. 8-6)

withi= ItoN.

2)

4

8.2.1. Solution of These Simultaneous Equations.

Upto second degree equation, these simultaneous equations can be solved by

Cramer's rules of determinates even manually. For higher degree curves, equations
are to be solved by matrix operation The set of equations (8-4) can be shown in the

matrix form as follows :-

Zy (Eq. 8-7)a
b

D
2] 8

1

DA Ex
2] 82y

ı

Note that DA is obtained by replacing the first column of D by the column on right
hand side of equation (8-7). Similarly DB is obtained by replacing the second column

of D by column on right hand side.

TB 4549-13
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The values of D, DA, DB ean be easily found out the

DA DB
& b

DDa

The segond set of equations (B) can be shown in the determinant form as follows :-

N 2x2 a Zyı
& x; 2 x b = 3 XV; (Egq. 8-1 1).

yi2c2

D=N (üxf üxt - Ex?
+ Ex 2 - ı 8-12)

- Ex}
Sy; Ex, &x2

DA = &x3 (Eq. 8-13)

+2 X

43

Similarly DA is obtained by replacing first column by the right hand terms and it can
be solved as shown for D.
Similarly DB and DC are obtained by replacing second and third columns respec-

tively by right hand side terms of equation (8-11) and values of DB and DC can
be found out easily.

N 3 yi x2

2x2
N Ex Zy;

_ 2x2 NxX3
Thus having deteririned D ‚DA, DB, AND DC

DA DB DC
a _ b = - c (Eq 8-16

D 5 D
-16)

x2y

The correlation between Ihe observed values of x (say rainfall) and observed value of
y (say runoff) can be found out by correlation coefficient.

8.3. Correlatioa C o-eflicient

The correlation co-efficient is the most commonly used statistical parameter for
measuring the degree of association oftwo lineariy dependent variables. Itis defined as--

- N x y
T _ (Eq8-17)

IX; - Dy;
_

m E 8-18)x
N N (Eq

5,5, (N-Dy

y

S, = Standard deviation of x; values
S, = Standard deviation of y; values
N = Number of observations

The extreme value of correlation co-efficient are +1 and

A value of +1 denotes perfect functional relationship between x and y and positive
eorrelation whereas -1 value shows perfect negative correlation.
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8.4. The Goodness of Fit

(a) The goodness of fit of a function fitted to the observed points by any procedure
can be measured and tested approximately by the x? parameter. This test is known as
the Chi-square Test. The parameter is defined as-

> (Eq. 8-19)
1

(yi -y)N2

i

Where yi is the observed value and y is the estimated value from the curve.

y

(b) The following correlation coefficient also measures the goodness of the fit
of the equation actually assumed to the data-

Coefäcient of correlation

+N t
(Eg. 8-20)

2 (Yob - y)?
r

It varies between - l and + 1. The signs + are used for positive linear corre-
lation and negative linear correlation respectively.

The definition for the correlation coeflcient as given in (EQ. 8-20) is quite general
and can be used for non-linear relationship as well as linear, the only difference being
that Yest is computed from a non-linear regression equation in place of a linear
regression equation and the signs + are omitted.

8.5. In addition to the two correlations explained above namely -

(a) Simple linear regression and correlation bx

Where y can be runoff in cm

x can be rainfall in cm

(b) Simple curvilinear regressions and correlation of second degree

y=a-tbx+ cx?

Where again

ycan be runoff incm

x can be rainfall in cm

following regressions and correlations are generally used in hydrology which are
described in brief below -

(c) Transformation of variables.

(d) Simple curvilinear regression and correlation of higher degree.

(e) Multiple linear regression and correlation.

(f) Multiple curvilinear regression and correlation.
TB 4549-14
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8.5.1. Transformation of Variables®
The complexity of the mathematical function involved can be avoided either by

transformation to linearize the relation or by replacing the complex function with
a polynomial, provided the function can be developed into a power series with
a limited number of terms.

Currently the linear relationship is most used in regression and correlation analyses
in hydrology.

For example the stage-discharge relation can be expressed as

nQ=cs (EQ. 8-21)
Where Q = discharge in m?/s

= stage in metres

and can be transformed into as

log Q=logC + nlogS. (EQ. 8-22)

A logaritlımic transformation is generally used in hydrology more frequency than
others.

8.5.2. Simple Curvilinear Regression and Correlation

The general form of a polynomial regression of y versus x is represented by
2

+ AuX (Eq. 8-23)
or for x versus y by

2 m

x=B,+B,y+B,y + Buy (Eq.8-24)

my=A,+A,xX+x

Where A., B., are the parameters to be determined by least square method

8.5.3. Multiple Linear Regression and Correlation

The association of 3 or more variables can be investigated by the multiple
regression and correlation analysis.

The multiple regression relation may be expressed in the form

X = f Xm) (Eg. 8-25)

Where x,X, ‚xm are m variables.

This equation gives the estimates of x, for given values of all other variables.

(a) Under the above, the linear-regression relation with 3 variables can be

expressed as

Where x, = dependent variable.

x,and x, = are externally independent variables,

WhereB, B, B, are parameters

B, +B,x, + (Eq. 8-26)x
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(b) Similarly linear regression with several variables can be expressed as

+Bixi + + Ba%m (EQ 8-27)
for 'm' variables to be correlated, including one dependent.

B, is intercept and Bi is the multiple regression coefhcient.

By this analysis, in the study of floods in New-England, a multiple linear regression
and correlation analysis was made. The annual peak discharge in cusecs for recurrence
interval of T years was found to be

b c de f gQ=aıASS,
Where A = drainage area in sq. miles.

S = Slope of main channel in ft/mile.
S, = Per cent of surface storage area plus 0.5 per cent.
I = 24 hr, rainfall in inches of a recurrence interval of T years.
t = average temperature in January °F below freezing.
O = Orographic factor.

b, c,d, e, f, g are multiple linear regression coeflicients, when a logarithmic trans-
formation is appliedto all variables. By logarithmic transformation it takes the form
of equation 8-27.

8.5.4. Multiple Curvilinear Regression and Correlation

The use of any function in multiple regression and correlation analysis other than
a linear functions is referred to as Curvilinear regression and correlation. Either
analytical and/or graphical methods of curvilinear regression are used in hydrologic
analyses.

(a) Analytical Method.-It applies the least square fitting of regression function.
The computational work increases greatly and the determination of the parameters
becomes more difficult as more complex mathematical function is used. The use
of digital computers enables the application of different functions.

(b) Graphical Method. The coaxial graphical method has been widely used in

hydrology.

8.6. Seasonal and Annual Runoff Relations

8.6.1. Determinations of Yield
The hydrologist is frequently required to estimate monthly, seasonal or annual

volumes of runoff. Such estimates are needed for operational purposes or to provide
a data base for evaluating reservoir storage requirements.

8.6.2. The period of scientific observation many times is too short to provide
a basis for precise judgement as to water availability for a reservoir.

Precipitation records are usually available for longer periods than runoff record.
A long record from a precipation station often outside the basin under study may
also be useful.

8.6.3. Hydrologists have therefore devised methods for extrapolating or extending
short term runoff records for the purpose of providing estimates of water avatlability
for a proposed reservoir.
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8.6.4. The problem can be viewed under three aspects:-
(a) Extension by correlation of precipitation with stream flow records in the

drainage basin when long term rainfall data for the basin is available.

(b) Extension by correlation of flow of drainage basin with that of a nearby
long term base station.

(c) When only a few years rainfall and runoff or only runoff data is available
at the site in question,

8.6.4.1. Outline of the Method

The application of regression and correlation analysis for working out yield
series for a catchment, involves the steps given below :-

(a) Collection and examination of basic data.

(6) Analysis of rainfall data and computation of weighted average rainfall of the
catchment.

(c) Analysis of discharge data.

(d) Correlation of rainfall and discharge (runoff) data.

(e) Application of this correlation for working out long term series.

86411 Basic Data

For this analysis it is necessary to have daily rainfall data of all rainguage stations
of suitably planned rainguage net work in and around the catchment area for conti-
nuous 20 to 25 years The longer the length of record, more realistic the analysis will be.
The length of record should be such that it represents properly the good, average
and bad year of rainfall cycle.

Simitarly concurrent daily discharge data for the gauged site of the catchment area
for the number of years for which raifall data is collected is also necessary.

In case adequate data is not available for the project site but are available for a site
located a short distance upstream or down-stream on the same river, then rainfall
runoff correlation can be estabilished for the latter site and can be used for the
problem basin. If, however, adequate data is not at all available for the river in
question, the data available for sites on streams in the same hydrological similar
region can be utilized for this purpose.

86412 Analysis of Rainfall Data

If any data is missing for any particular year, for any particular station can be
estimated by the procedure described in para 2.6. Similarly changes in gauge
location, exposturt, instrumentation, or observational procedure may cause a relative
change in the precipitation catch.
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Frequently (hese changes are not disclosed in the published records.

Thus constitency of the record should be tested before using it. It can be tested by" Double Mass Analysis
" method.

After having tested the data, the weighted average of rainfall in cm, deptk for that
catchment area should be worked out, by the method described in (para 2.7).

8.6.4.1.3 Analysis of Runoff (Discharge) Data

First there is the question of consistent data throughout the period of record under
study. Observed runoff should be adjusted for storage changes in reservoirs and,
in some cases for increased evapoaration losses from the reservoirs. Changes in
observational techniques, discharge section, guage location and other factors also
contribute to discharge records.

Above factors should be properly studied and inconsistencies if any should be

adjusted through appropriate adjustments.

After examining the discharge, monthly flows, or 10 days flows should be
converted into cm. of runoff by dividing the volume by catchment area in

appropriate units,

86411 Correlation of Rainfall and RunoffData

Runoff (in cm) and rainfall (in cm) can be then correlated by the method described
in para 8.5 by fitting either straight line or curve. Goodness of fit should also be
tested by coefficient of correlation and or Chi-square test and best fit determined.

86415 Separate relations may be required for each calender month where
seasonal effects are pronounced. A satisfactory correlation is not always obtained
by comparing monthly basin precipitation with the corresponding runoff. Multiple
correlation may be required in which runoff is related to various percentages of
precipitation in previous months. Numerous trials are sometimes required before
a satisfactory correlation is obtained. Use of an electronic computer for this type
of analysis can save considerable time.

86416 Application of this Correlation for Workingout Long Term Series

Having determined the best correlation between rainfall and runoff, this can be

applied to long term rainfall series of the catchment and yield series can be
extended. Precipitation records are usually available for longer periods than runoff
record. A long record from a precipitation station, often outside the basin under
study, may also be useful.

86417 Example-This method of correlation is illustrated by solving one
example. In Table 8-1 the rainfall and runoff values from Manar catchment for
August month are given from 1964 to 1980 continuous in cm over a catchment area
of 1585 sq. km.

TB 4549-15
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TABLE 8-I

Rainfall and Runojf values from manar Catchment.

Year Rainfall in cm. Runoff in cm

1964 5.73 2.902
1965 5,85 3.181
1966 BR 4.61 1.970
1967 4.37 1.849
1968 BR 2.92 1.010
1969 . BR 6.73 2.406
1970 17.42 9,943
1971 7.93 0.447
1972 3.17 0.041
1973 12.30 5,449
1974 6.21 1.815
1975 14.51 10.899
1976 .. 5,79 1.759
1977 .. 7.80 1.410
1978 5.15 2.176
1979 Bu 3.37 1.960
1980 .. 11.59 3.820

If straight line is to be fitted ofthe form y = a + bx,aand b can be evaluated
by substituting the values of Zxi2, Ixiäxietc. etc. in equations (8-8), (8-9), and (8-10)
as described in para 8.2.1.

a= -3.957298 ; b = 0.6338929
x? = 33.47821 from E, (8 - 19)

Coeffigient of Correlation r = 0.88302 from eq (8-20)

Similarly if quadratic parabola is fitted See para 8.2.1.
2a+bx x

a = 4.24221
b = 0.23698
c = 0.01775038 are obtained from q (8-16)
x?= 19.76071 from eq (8 - 19)
r = 0.91551 from Eq (8 - 20)
Thus the relation will be -

y= 4.24221 -0.23648 x + 0.01775038 x?

+y

As can be seen Quadratic parabola fits better. Thus using this correlation, long
term yield series can be developed from term weighted average August rainfall of
the catchment in Cms. from 1877 to 1980 See Table 8-2.
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TABLE (8-2)

Long term yield Computation

Degree of Polynomial = 2 No. of Observations = 17

Coeflicients of Polynomial
a

4242218E + Ol
CHISQ = 19.76071

Y ORDINATE CALCULATED
.4560400E--01 .4647456E --01
.5386638E--01 .2853004E--02
.492841 .1963734E-+-02
.3518564E--01 .1266359E--02

CORELATION INDEX = .911551.

b

- .2364807E 00

‚36ITE-+OL
.6680452E+-01
.4603516E-101

Year Rainfall observed
in cm

1 2

1897 20.793
1898 18.380
1899 14.318
1900 14.603
1901 14.418
1902 15.389
1903 31.860
1904 15.888
1905 6.378
1906 29.540
1907 12.368
1908 20.429
1909 21.929

1910 29.147
1911 1.670
1912 10.448
1913 12.197
1914 19.787
1915 25.313
1916 7.513
1917 24.092
1918 12.383
1919 24.928
1920 9.477
192} 8.263
1922 8.656
1923 9.198

c
.1775038E--01

.3804275E-H-01

.3488906E +01

.6524360E 1-01

Runoff computed
in cm

.3464717EOl

.1417957E-+-02

.4186127E--01

Yield
ın mm'

43

110.945
93.393
71.247
72.501
71.681
76,184
233.407
78.708
54,778
202.019
63.919
108.087
120.335

7.00
5. 892
4. 495
4. 574
4. 522
4. 807
14.726
4. 966
3. 456
12.746
4. 033
6. 8l9
7. 592

197.007
55.042
58.789
63.377
103.225
152.632
54.959
140.237
63.965
148.627
56.985
55.477
55.874
56.566

12.429
3. 473
3. 709
3. 999
6. 513
9. 630
3 467
8. 848
4.036
9. 377
3. 595
3. 500
3. 525
3. 569
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TABLE-(8-2) Contd

2 3

12.475
21.436
20.344
12.561
10.798
17.759
8.741
11.833
14.053
10.084
14.775
18.280
16.959
6.307
9.941
18.430
21.286
25.306
20.358
34.759
9.748
18.994
11.783
26.741
17.845
13.382
17.909
6.942
12.347
15.317
22.143
42.513
17.059
37.851
47.333
19.687
3.786
15,767
21.893
44.262
8.806
15.803
10.269
11.633

4.055
7.329

4 .072
3 .758
5 .641
3. 531
3 .929
4 .425
3 .662
4 .623
5 .851
5 .337
3. 457

5.913
7.251
9.625
6.785
17.468
3.624
6.154
3.920
10.611
5.675
4.256
5.700
3.456
4.028
4.785
7.709
26.270
5.374

20.722
32.817
6.466
3.601
4.926
7.573
28.551
3.536
4.938
3.686
3.893

41

64.266
116.171
107.425
64.548
59.569
89.405
55.972
62.280
70.129
58.050
73.275
92.737
84.592
54.791
57.781
93.723
114.931
152.557
107.535
276.874
57.436

1924
1925

97.548
62.135
168.192
89.942
67.469
90.348
54.777
63.850
75.835
122.188
416.383
85.174
328.443
520.143
102.489
57.081
78.082
120.029
452.533
56.049
78,266
58.417
61.709

6.7781926
1927
1928
1929
1930
1931
1932
1933
1934
1935
1936
1937

3.6451938
1939
1940
1941
1942
1943
194
1945
1946
1947
1948
1949
1950
1951
1952
1953
1954
1955
1956
1957
1958
1959
1960
1961
1962
1963
1964
1965
1966
1967
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TABLE-(8-2) -contd.

1 2 3 4

1968 6.414 3.456 54.772
1969 14.853 4.646 73.635
1970 41.906 25.504 404.243
1971 19.815 6.526 103.436
1972 1.792 3.477 55.115
1973 .. .. 34.217 16.932 268.378
1974 .. 18.652 6.006 95.203
1975 .. 30.090 13.198 209.182
1976 .. .. 18.530 5.955 94.388
1977 .. 21.636 7.435 117.844
1978 .. 14.960 4.677 74.132
1979 .. 12.447 4.049 64.173
1980 .. 31.489 14.396 228.181

Yield in MM? can be obtained by multiplying the Runoff in Cms by the factor.

C.A. (in Sq. Km) x 1000 :< 1000 x 1

Factor -

106 x 100

= - = 15.85
100

158

Similarly yield series for June to October can be computed separately and added to

get total monsoon yield. Percentage of average post-monsoon flow can be worked
out from the observed series of 17 years. This can be added to the monsoon yield
to get annual yield.

Higher degree of polynomials can also be litted in the rainfall runoff data, and
coefficient of correlation and x? can be improved further. Manually this is very
laborious. However on computor can be done easily. Extrapolation ol these curves
should be done cautiously.

8.6.4.2. Under second aspect of 8.6.4 a correlation is established between the

discharges of the flows at the short term and long term gauging stations.

8.6.4.3. Under third aspect of para 8.6.4 it is possible to extend the stream flow
series. Under this for generation of synthetic sequences of monthly volume of river
discharge, the Thomas-Fiering Model has found wide application. In its simplest
form, the method consists of the use of twelve liner regression equations. If, say,
ıwelve years of records are available, the twelve January Hows and the twelve
December flows are abstracted and January flow is regressed upon December fiow ;

Similarly February flow is regressed upon January flow, and so on for each month of
the year.
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Using the Thomas-Fiering notation, the model can be written as

- 2

ı + b, (q - q) + Z8; 1 I) (EQ 8-28)

q;and q; „are the volumes of discharges during the i® and (i + 1)" month

respectively q, and Q;.. ı are mean monthly discharges during the j thand (j + l) h

months respectively with a repetitive annual cycle of 12 months.

bj is the regression coefllcient for estimating volume of discharge in

(j D" month from the j'® month.

Z, is a random normal variate with zero mean and unit varlance.

S;. ı is the standard deviation of discharge in the (j -F 1)" month.

1; is the correlation coefücient between flows inthe jth and (i + 1)'® months



189

9. EVAPORATION, TRANSPIRATION AND EVAPOTRANSPIRATION

9,1. Definition

Evaporation is the process by which water is changed from the liquid or solid
state into the gaseous state through the transfer of heat energy.

9,2. Factors affecting Evaporation are

(1) Vapour pressure difference,

(2) Temperature of both water and air.

(3) Wind.

(4) Atmospheric pressure.

(5) Quality of water, should soluble solids etc.

(6) Heat storage in the water body.
(7) Nature and shape of the surface.

9,3. Measurement of Evaporation
The direct measurement of evaporation under field conditions is not feasible,

at least in the sense that one is able to measure river stage, rainfall etc. As a conseg-
uence, a variety of techniques have been derived for determining or estimating
vapour transport from water surfaces,

The two approaches are -

(a) Water Budget determinations of Reservoir evaporation.
(b) Energy Budget determination of Reservoir evaporation.

9.3.1. Water Budget or Storage Equation Method
This method involves the equation-

(EQ 9-1)
Where

E = Evaporation
P = Precipitation on the water surface
I = Surface inflow

O = Surface outflow
U = Inflow or outfiow from the ground water and

S = Change in storage which is negative for increase in storage and positive
for decrease in storage.

The quantities are expressed in millimetres depth of the water area for same
convenient time interval.

E=P+I-O+U+AS

9.3.1.1. Limitation

The limitation of the method is that it is difücult to determine these quantities
with suflicient accuracy. It is particularly difficult to make an accurate assessment of
the ground-water flow.
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9,32. Energy Budget Method
This method of determining evaporation is based on the law of conservation

of energy. For any given body of water a balance shall exist between -

(a) net radiation.

(b) heat transferred from the water surface by radiation, conduction or
convection

(c) heat energy acquired or lost in raising or lowering the temperature of water
and

(d) heat dissipated or acquired by evaporation or condensation.

The energy budget equation is as given below -

(EQ. 9-2)
Where

R = Net radiation flux received at the surface in cal/cm? measured by
a net radiameter.

H = Sensible heat flux in cal/cm?
LH = Latent heat flux where L is the latent heat of vaporization in cal/gm

and

G Heat flux in the soil or water in cal/cm?.

As His generally difficult so Baven ratio is determined

To - Ta p
ß 0. 61 x (EG. 9-3

o &, 1000e

To = Water temperatures in IC
Ta = Air temperatures in °C
€, - Saturated vapour pressure at To in millibars

e, = Vapour pressure of air at Ta in millibars, and
P = Station level pressure in millibars.

H
Q. 9-4B LE EqQ )

From equation (9-2)

(EQ. 9-5)

(EQ. 9-6)

G ßLE
LE+gIE=R-G

1GR
1LR
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9.3.3. Measurements from Pans and Lakes
The loss of water by evaporation from pans/lakes has been found to depend on,

among other factors, the size of pan/tank. As hydrologists and irrigation engineers
desire to have evaporation from natural water surfaces, it is necessary to determine
a convertion factor or coefficient to convert evaporation from pan to that of a free
water surface or reservoir. It has been found that these coefficients differ from pan
to pan depending on their sizes, all other conditions being same.

Experiments have shown that a limiting value of evaporation is reached where
the diameter of the pan or tank approaches 4.6 metres.

9,3.3.1. Pan Evaporimeters
For measurement of evaporation many types of pans are in use
Most widely used are-
(1) Class A US Weather Bureau Land Pan, Fig, (9-1).
(2) US:Weather Bureau class A Floating Pan, Fig. (9-2).
(3) Class A Modified (being used at a net-work of station in India) IS : 5973-1970,

Fig. (9-3),
(4) Colarado sunken pan, Fig. (9-4).
(5) U.S. Bureau of plant industry sunken pan,:Fig. (9-5).
(6) GGI - 000 pan (Russian), Fig. (9-6),
(N U. S. geological survey floating pan.

A cylindrical tank of surface area 20 m? and depth 2m (Russian) which is claimed
to give sballow lake evaporation is also in use at some places.

93311 Ciass A US Weather Bureau Land Pan
This pan is circular 1210 mm in diamieter and 225 mm deep mounted on a wooden

open platform on the ground See Fig. (9-1). Itis constructed of galvanized iron or
monel metal, preferably the latter where corrosion is a problem. The pan is filled
within 50 mm of the rim. Evaporation measurements are made by hook-gauge or
refilling to a fixed point.

93312 U S Weather Bureau Class A Floating Pan
The land pan of USWB, Class A type See Figure (9-2) used as floating pan, will

have water level inside the pan 75 mm below the top of the pan. The water surface
inside the pan is kept at the same level as that of outside. Surging in the pan can be
reduced by perforated bafle plates or screens, below the water line and the pan is
surrounded by a raft to rrotect it from waves.

The amount of evaporation is determined by the quantity of water required to

bring the water level upto a fixed index point in the centre of the pan.

Being located in water, this type of pan is not affected by drifting soil and snow.
This type of pan is however subject to splashing during high winds and is less access-
ble for measurement than a land pan.
(G.c.P.) TB 4549-16 (13,000-2-87)
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93313 Class A Pan (Modified)
The pan 1225 mm in diameter and 225 mm deep is made from 1 mm copper sheet

tinned inside and painted. white outside or from figre a glass reinforced polyster and
covered with a wire Mesh. See Figure (9-3).

A stilling well provides an undisturbed water surface, for measurement. The pan
rests on a white painted wooden grill about 100 mm above the ground. The wooden

grill is made of timber pieces arranged in an open pan framework. (See also IS:
5973-1970). The wire mesh cover consists of circular steel frame with cross-pieces
welded to it and extending beyond the frame and bent at the ends, so that the cover
will fit snugly at the outer rim of the pan, T'he frame is covered with galvanized wire

netting of commercial quality 0.7 mm mesh hexagonal, 19 mm across with the link
between stretching wire and stay wire twisted thrice.

The edges of the wire netting should be folded over and securely fastened to the

circular frame with wire. It should also be fastened to the cross-piece along its lengtb
at intervals of 75 mm.

93314 Colorado Sunken Pan
The pan is 920 mm square in area and 460 mm deep and is made up of galvanized

iron. This is set in the ground with the rim 50 mm above (see Figure 9-4). The water

level is maintained at or slightly below the ground. A hook gauge or the fixed point
gauge is used for measurement.

93315 US Bureau of Plant Industry Sunken Pan

The pan is 1830 mm in diameter and 610 mm deep and is made of galvanized iron

(see Fig. 9-5). It is installed on the ground with rim 100 mm above. The water level

in the pan is maintained at approximately the surrounding ground level.

93316 GGI-3000 Pan (Russian)
This pan is cylindrical tank with a conical base made of galvanızed sheet of rion.

The diameter is 618 mm (surface area 3000 cm?); the depth is 600 mm at the wall of
the tank and 685 mm at tbe centre (see Fig. 9-6). The tank is sunk in the ground,
with the rim approximately 75 mm above. A similar sunken tank witb a funnel is

installed alongside for measurement of precipitation. Sometimes pans of same

dimensions both for measurement of evaporation and precipitation are mounted
above the ground are used.

93317 US Geological Survey Floating Pan

Since it is likely that the evaporation from a pan floating in a large body of water
would be very nearly the same as from the surrounding water, the U.S. Geological
Survey has used a pan 900 x 900 x 450 mm deep supported by drum floats in

centre of a raft 4.25 x 4.87 m. The water level in the pan is supposed to be at tlıe
same elevation as that of the surrounding body, with the sides of the pan projecting
75 mm above.
TB 4549-16a
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93318 Merits and Demerits of Different Pans

The disadvantages frequently cited for Sunken pans arc-
(a) It is difficult to detect leaks.
.(b) They tend to gather dirt and debris since they are close to the ground,
(c) They are difficult to clean, and
(d) Extra care is required to maintain the surrounding since tall grass could

significantly affect wind movement over the pan.

The main advantage claimed for Sunken pans as that the aerodynamic and radia-
tion characteristics approximate those of a lake.

Tanks above ground are cheaper and easier to install. Detection of leaks and
emptying the tanks for cleaning are also simple. The main objection to their use is
the possibility that the pan might be subjected to radiation on the sides and bottom.

Difficulties in measurement and frequent splashing are some of the disadvantages
of the floating pans.

If the pans mentioned Class A (modified) used at net work of stations in India
(see Fig. 9-3) should be preferred.

Mean monthly and annual evaporations using land pan with wire mesh for 72
stations in India, based on 10 years data have been published by India Meteoro-
logical Department and can be used: wherever applicable.

9.4. Locations of Evaporation Stations
The following are the recommendations ofthe World Meteorological Organisation

regarding minimum network of evaporation stations:-
(a) Arid regions .. One station for every 30,000 km?.

(b) Humid temperate regions .. One station for every 50,000 km?.

(c) Cold regions ... One station for every 1,00,000 km2.

In India the present network consists of about 100 evaporimeter stations.

For most of the reservoirs, it is sufücient if one evaporation station is provided
at a satisfactory location.

For the site near a reservoir, the evaporimeter enclosure should be located upwind
of the reservoir, along the most provalent direction of the high winds and at a distance
away from drifts of spray from the spillways.

9.5. Coefficients for Evaporation Pans

The coefäcients for different pans is use are as follows:-
(0) USA Class A Pan .. 0.7

(b) Colorado Sunken pan 0.89

{e) U.S. Bureau of plant Industry Sunken pan 0.93

(d) GGI-3000 Pan-Varies from 0.75 to 1.00

(e) Class A pan (modified) being used in India.



195

The ratio is found to vary between 1.10 and 0.90 for lake evaporati onEL of the
order of 4 to 5 mm/day, between 0.75 and. 0.65, for EL of the order of 10 mm and
about 0.8 for transition months where EL is lake evaporation.

(f) U, Geological survey floating pan .. 0.8
Note

(i) The coefficients for (a) to (d) are based on WMO Technical note No. 83,
(ä) The coefäcients for (e) are based on the paper

" The role of the mesh
covered Class A pan in the extrapolation of evapotranspiration estimates "
by M. Gango Padhyaya, S. Venkataraman and V. Krishnamurthy of ICAR
symposium on Soil Water Management Hissar, March, 1969.

(iii) The coefficient for ıf) is based on trnsactions of ASCE, Vol. 99, 1934.
(iv) These coeflicients are valid on an annual basis only for reservoirs and

that the monthly estimates, which refer to an extensive shallow sheet of water,
have to be corrected for energy storage or advection into or out of the reservoir.

9,6. Empirical Formulae

For adopting empirical formulae, observation of meteorological factors is quite
essential. Information is required on temperature and humidity of air, temperature
of water and wind velocity.

9,6.1. Evappration Formulae

Some of the important formulae used for computing evaporation from pan or
free water surfaces are :

-

(a) Rohwer's formula.

{b) Penman's formula

(c) Slatyer and Mcilroy formula.

(d) Graphical Technique.

Rohewer's formulae was found to give inaccurate values where evaporation rates
exceed 6 mm a day. The formulae combining both aerodynamic and energy balance
equations are reliable and widely used wherever data on relevant parameters are
available (Penman, Slatyer and Mcilroy). For details see IS : 6939-1973.

9.7. Graphic Technique
Kohler's coaxial technique has been used successfully in U.S.A., In India also

it is found to yield fairly reliable results.

.97.1. Kohler's Co-axial Technique
This uses. the mean air temperature, dew point temperature, wind velocity and

radiation to obtain evaporation from free water surface. Referring to Figure (9-7A)
knowing the mean daily air temperature proceed horizontally to the corresponding
mean daily dew point temperature (or the vapour pressure difference), and then

proceed downward to the corresponding wind velocity and from this point proceed
horizontally to obtain Ea, the value of daily pan evaporation assuming water surface

temperature to be equal to the air temperature.
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Referring to the right hand top portion of Figure (9-7B) procecd from the mean
daily air temperature horizontally to the corresponding solar radiation value and from
this point proceed downwards till the actual value of Ea calculated from Figure
(9-7A) is reached. From this point proceed horizontally to Ihe left hand quadrant of
Figure (9-7B) till the mean daily temperature is reached and then proceed downwards
to obtain the daily lake evaporation, The procedure is indicated by arrows in
Figure (9-7).
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9.8. Transpiration
Only minute portions of the water obsorbed by the root systems of plants remain

in the plant tissues virtually all is discharged to the atmosphere as vapours through
transpiration.

9.9. Evapofrauspiration
In studying the hydrologic balance for a catchment area, one is usually concerned

only with the total evaporation, or evapotranspiration, the evaporation from all
water, soil, snow, ice, vegetation and other surfaces plus transpiration.

Consumptive use is the total evaporation from an area plus the water used directly
in building plant issue.

9.10. Measurement of Transpiration
Since it is not possible to measure transpiration loss from an appreciable area

under natural conditions, determinations are restricted to studies of small samples
under laboratory conditions. Most measurements are made with a phytometer.
Ceramic and piche atmometers are also widely used in transpiration studies.

9,11. Measurement of Evapotranspiration
Many observations of evapotranspiration are made in soil containers variously

known as tanks, evapotransirometers and lysimeters.
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10. FLOOD FORECASTING

10.1. Purpose of Flood Forecasting
10.11. Water control structures such as dams offer a positive method of reducing

or eliminating the damages caused by flooding. In numerious situations however
topographic and or economic factors make the control of floods impractical or
unjustifiable. In these situations river forecasting provides an alternative means of
reducing flood damage and loss of life.

10.1.2. Advance warning of an approaching flood permits evacuation of people,
livestock and equipment. The warning time available determines how much evacation
is possible.

10.13. River forecasts are required for estimating inflow to reservoir in order
to permit the most eficient operation for flood control or other purposes.

10.2. The Tools of River Forecasting
The tools of the river forecasting include rain-fall-runoff relations, unit hydro-

graphs, routing methods, recession curves, and stage-discharge relations.

Because of the importance of the time factor, great stress must be placed on the

development of forecast procedures that will enable flood warning to be issued at
the earliest possible time.

Method for collection and handling of basic data, preparation of forecasts, and
dissemination of these forecasts must be carefully organised in order to speed the

operation and minimize human and mechanical errors. A warning received too late
to permit evacuation of people and removal of property from the threatened area
is of no value.

10.3. Basic Data Requirements

Any forecasting device is dependent on adequate data. The development of the

river-fore-casting procedures requires historical hydrologic data, while the prepa-
ration of operational forecasts requires suflcient current information.

10.4. Godavari Flood Forecasting Scheme

Presently in our state ofMaharashtra Godavari flood forecasting scheme is in opera-
tion for issuing ood warnings for Nanded town since 1976. A special metrologica!
cell has been created in Regional Meteorological Centre, Bombay for forecasting
24 hoursand 48 hours rainfall for different sub-zones 1, II, III, IV ofthe basın, which get
the feed flood from 61 raingauge stations under the control of India Meteorological
Department and State Governments. These raingauge stations are equipped with
either wireless facility or Telegraph facility or canal telephone facility for quick
transmission of data to special cell at Weather Colaba, Bombay. On the basis of
these farecasts, the operation of reservoirs, namely Jayakwadi Stage-I, Yeldari dam,
Siddheshwar dam are regulated. and flood releases are controlled. On the basis of
rough stage discharge correlation graphs prepared for various points on the main
Godavari river considering routing througb rivers are utilised for fore-casting the

stage and magnitude of floods.
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10.5. Analogue Model of Godavari Flood Forecasting Scheme

Central Water and Power Research Station, Pune has prepared an analogue model
for developing the Muskingum constants of main Godavari river for different
reaches. The values of K and X determined on the model are tabulated in Table
No. (6-4). Knowing the Muskingum Constants, the flood can be routed through
the river and outflow at outlet point can be computed.

10.6. Updating ofData and Improvement of the Scheme

As the accuracy of any flood forecasting method depends on the accuracy of basic
data used. It is therefore necessary to improve the data and update it from time to
time.

10.7. Here only very brief introduction has been given as this subject is being
dealt with in Dam Safety Manual under preparation by Superintending Engineer,
Dam Inspectorate, Central Designs Organisation, Nashik.
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11. MATHEMATICAL MODELLING

In Hydrology, hydrologic models considered are mathematical formulations to
simulate natural hydrological phenomena which are considered as processes or as

systems. Any phenomenon which undergoes continuous changes particularly with

respect to time may be called " a process ". As practically all hydrological phenomena
change with time they are " hydrologia processes

".

If the chance of occurrance of the variable involved in such a process is ignored
and the model is considered to follow a definite law of certainity but not any law of
probability, the process and its model are described as "" deterministic ".

On the other hand, if the chance of occurrence of the variables is taken into consi-
deration and the concept of probability is introduced in formulating the model, the

process and its model are described as stochastic or probabilistic.

Strictly speaking, a stochastic process is different from a probabilistic process as
the former is generally considered as time-dependent and the latter as time-indepen-
dent.
The conventional routing of flood flow through a reservoir is a deterministic

process and mathematical formulation of the unit hydrograph theory is a determi-
nistic mode.

In reality, all hydrologic processes are more or less stochastic. They have been

assumed deterministic or probablistic only to simplify their analysis.

There are various conceptual models that have been proposed to delineate an

IUH (Instantaneous Unit Hydrograph). These models may be of physical analogy
or of mathematical simulation, all being composed of simulated components such as

linear reservoirs, linear channels or time area diagrams. Famous Nash's model,
Dooge's model, Kulandaiswany's model are conceptual models of TUH.

Complex water-resources systems can be analysed for optimal design, water
allocation and project operation by suitable mathematical models. Mathematical
model used in water-resources design are usually identified by the mathematical

techniques employed to solve the problem. They are generally the techniques of

operations research for making ortimal decisions.
The use of mathematical models gives the designer an insight into the behaviour

of the system under various conditions of planning and operation and therefore will
enable him to base his decision on the expected behaviour of the system and thus to

reduce his dependence on experience and intuition.

The various types of models for optimal design of water-resources systems are -

(A) Deterministic Models -

(f) Linear Programming model.
(ii) Dynamic Programming model.

(B) (i) Stochastie Linear Programming model.

(ii) Stochastic Dynamic Programming model.

Similarly sequential generation of hydrologic information is a statistical process
using Monte Carlo methods for generating sequentially synthetic hydrologic records.

Many other mathematical models have been proposed for sequential generation
of hydrologic data including the moving average, autoregression of high order and

correlograms etg,
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12. APPLICATIONS OF ELECTRONIC COMPUTERS
IN HYDROLOGY

The electronic computer has become one of the most important tools of modern
research and practicing hydrologists. The major reasons for this are that hydrologic
analysis and design necessitate processing of a large amount of quantitative data
which have been accumulating at a rapid rate and that theoretical approaches have
been gainfully introduced into modern quantitative hydrology and such approaches
involve complicated mathematical procedures and models which can be solved practi-
cally only by high-speed computers.

Electronic computers used may be classified into two basic categories ; Analog,
and Digital. The analog and digital characteristics when combined produce hybrid
computer.

12.1. Computer Simulation of Streamflow
Most ofithe conventional hydrologic methods can be used in a computer solution.

With hourly rainfall increments and hourly streamflow ordinates as input, it is
possible to derive unit hydrographs and loss rates. Conversely, it is possible to
convoive unit hydrograph ordinates and increments of excess rainfall to produce a
streamflow hydrograph.

Routing.of streamflow in a channel or runoff from a watershed is easily programmed
for computer solution using the Muskingum method. If a statistical solution
is preferred, computers will readily determine the regression equation, given the
necessary input data.

In each case, the computer solution is faster and less subject to errors than the

corresponding manual solution. With this, it is possible to calculate on shorter time
intervals and in greater areal detail within the basin.

The most promising approach to computer application for the purposes described
above is "" Simulation ", the representation of the hydrologic system on the computer
so as to imitate the behaviour of the natural system, Number of different simulation
programmes have been devised. One of the earliest was the stanford watershed model.

Simulation is not the only application of computers in hydrology, the generation
of stochastic data by computers is also widely applied.
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