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. Water isjﬁtal{f%}fh'fe and development in all parts o
- World countries where the agricultural sector plays a key.

" dealt in sufficient detail in Chap. 2. Hydrologic abstractions including

~ evapotranspiration and infiltration are presented in Cha eamflow-
_“measurement techniques and assessment of surface-flow yield
- ment form the subject matter of Chaps. 4 and 5 respectiv

rid, Tn Third
role in their
economic growth, the management of water resources is an item of high
priority in their developmental activities. ‘“The basic inputs in  the

f the

_evaluation ,of water resources are from hydrological parameters and the

subject of hydrology forms the core in the evaluation and development
of water resources. In the civil engineering curriculum, 1 ]
occupies an important position. ;

" © During my long teaching experience, T have felt a sti‘bhg‘_b@_é_ﬁ_ for a text-

book oriented to the Indian environment and written i, simple and lucid

style. The present book is a response to the same. T his book is intended
- to serve as a:text for a first course in engineering hydrology at the under-
* graduate level in the civil engineering discipline. Students specializing in
_ various aspects of water-resources engineering, such as water-power
- engineering ‘and agricultural engineering will find this book useful. This
ook also serves as a source of useful information to professional engineers
working in the area of water-resources evaluation and developmen ;

a

Engineering hydrology encompasses a wide spectrum- of topics and. a
main-

book like the present one meant for the first course must necessarily

- tain a balance in the blend of topics. The subject matter has been -
- developed in-a logical and coherent manner and COVEIS
__syllabi of varigus
- the minimum ;
- relevant to Indian conditions. SI units are used throughout the boo

the prescribed
art Js kept 1o
eld situations

Indian universities. The mathemati
mphasis is placed on the applicabilit

Designed essentially for a one-semester course, the material in the book

. is presented in nine chapters. The hydrologic cycle and wo'rl'd_-'water balance
.. are covered in Chap.- 1. Aspects of ' precipitation, essentjally rainfall are

o

be charac-

teristicy of #ood hydrographs and the unit hydrograp
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introdustion to instaniancous unit hydrograph ave covered in suffi-

Jnce, constitute the subiect maties of Chaps. 7 and
in Chap. 7 the flood-psak estimation and frequency studies are
described in detail, Chap. 8 deals with the aspscts of ilood routing, flood
control and forecasting, Basic information on the hydrological aspects ¢f
groundwater has been covered in Chap. 9. _

Numerous worked examples, a set of problems and a set of objective-
type. muitiple-choice questions are provided at the cnd of each chapter to
enable the student fo gain good comprehension of the subject. Questions
and problems included in the book are largely original and are designed
to enhance the capabilities of comprehension, analvsis and application of
the student. s ‘
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| with numerous worked examples in Chap. 6. Floods, a topic.
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gaseous, and in various degrees of motion. Evaporation of water from
water bodies such as oceans and lakes, formation and movement of clouds,
raip and snowfall, streamflow and -groundwater movement are some
examples of the dynamic aspects of water. The various aspects of water
related to the earth can be explained in terms of a cycle known as the
hydroicgic eyele,

Figure 1.1 is a schematic representation of the hydrologic cycle. A
convenient starting point to describe the cycle is in the oceans, Water in

_ the oceans evaporate due to the heat energy provided by solar radiation.
The water vapour moves upwards and form clouds, While much of the

clouds condense and fall back to the oceans as rain, a part of the clouds
is driven to the land areas by winds. There they condense and Precipitate
onto the land mass as rain, snow, hail, sleet, ctc. A part of the precipi-
tation may evaporate back to the atmosphere even while falling. Another
part may be intercepted by vegetation, structures and other such surface
modifications from which it may be either evaporated back to atmosphere
or move down to the ground surface,

A portion of the water that reaches the ground enters the earth’s surface
through infiltration, enhance the moisture content of the soil and reach the

Clouds

Precipitation

SR

Evaporation
from ocean

0 0

OCEAN

G"'oi,:?‘
< ¥4

Str'ecm(S) -%-
Qfe,_ a"""--. 7

Pervious

ROCK materiqf

0 =Evaporation frem ocean
1 = Raindrop evapcration
‘2 =Interception
3 =Transpiration
4 =Evapcration trom land
5 =Evaporation trom water bodies
B-=Surfcce runott
=Infiltration
8=Groundwater
9 =Deep percolation

Fig. 1.1 The hydrologic cycla
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groundwater body. Vegetation sends a portion of the water from under the

ground surface back to the atmosphere through the process of transpira-

tion. The precipitation reaching the ground surface after meeting the needs -
of infiltration and evaporation moves down the natural slope over the

surface and through a network of gullies, streams and rivers to reach the
ocean. The groundwater may come to the surface through springs and

other outlets after spending a considerably longer time than the surface

flow. The portion of the precipitation which by a variety of paths above

and below the surface of the earth reaches the stream chaunnel is called

runoff. Once it enters a stream channel, runoff becomes sfream Slow.

The sequence of events as above is a simplistic picture of a very complex
cycle that has been taking place since the formation of the earth. It is seen
that the hydrologic cycle is a very vast and complicated eycle in which
there are a large number of paths of varying time scales. Further, it is a_
continuous recirculating cycle in the sense that there is neither a beginning
nor an end or a pause. Each path of the hydrologic cycle involves one or
more of the following aspects: (i) transportation of water, (ii) temporary
storage and (iii) change of state; For example, (a) the process of rainfall

‘has the change of state and transportation and (b) the groundwater path

has storage and transportation aspects. The quantities of water going
through various individual paths of the hydrological cycle can be described
by the continuity equation known as water-budget equation or’ hydrologic
equation. . _ ‘ :

For a given problem area, say a catchment, in an interval of time At

Mass inflow — mass outflow = change in mass storage
If the density of the inflow, outflow and storage volumes are same,
Vi— Vo= AS 3 (11)

where ¥; = inflow volume of water into the problem area during the time
period, Ve = outflow volume of water from the problem area during the
time period, and AS = change in the storage of the water volume over a'nd
under the given area during the given period, In applying this continuity
equation [Eq. (1.1)] to the paths of the hydrologic cycle involving change
of state, the volumes considered are the equivalent volumes of water at a
reference temperature, In hydrologic calculations, the volumes are often
expressed as average depths over the catchment area. Thus, for example,
if the annual stream flow from a 10 km? catchment is 107 m?, it corres-
ponds to a depth of (W:(i,ff)? ) = 1 m = 100 ¢m. Rainfall, evaporation
and often runoff volumes are expressed in units of depth over the

catchment. -
It is important to note that the total water resources of the earth is

‘constant and the sun is the source of energy for the hydrologic cycle. A

recognition of the various processes such as evaporation, precipita_tion
and groundwater flow helps one to study the science of hydrology in a

e e e i i e e S
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" systematic way. Also, one realises that man can interfere with virtually any
part of the hydrologic cycle, e.g. through artificial rain, evaporation
suppression, change of vegetal cover and land use, extraction of ground-

- water, etc. Interference at one stage can cause serious repurcussions at
_some other stage of the cycle.

The hydrolegical eycle has important influences in a variety of fields
including agriculture, forestry, geography, economics, sociology and
political science. Enzineering applications of the knowledge of the hydro-
logic cycle, and hence of the subjects of hydrology, are found in the design
and operation of projects dealing with  water supply, irrigation and
drainage, water power, flood control, navigation, coastal works, salinity
control and recreational uses of water,

1.3 WORLD WATER INVENTORY??

The total quantity of water in the world is roughly 1357.5 million cubic
_k:‘lometres (M km®). About 97% of this water is contained in the oceans
as saline water. Thus only about 37.5 M km® is fresh water. Out of this
about 8.5 M km?® is both liquid and fresh and the remaining is contained
in the frozen state as ice in the polar regions and on mountain tops and
glaciers. A rough distribution of the fresh water on the earth is as
follows: :

1. 29.00 M km?®(77%) in polar ice caps and in glaciers

2. 4150Mkm®(11%) as ground water in depths up to 800 m
3. 40150 M km® {(11%) as ground water in depths below 800 m
4. 0.120 M km? in lakes, rivers and streams '
3.0 0.067 M km? as soil moisture and seepage

6. 0.013 M km? in atmosphere as water vapour

Total 37.50 M km?

The total amount of rain and snow falling on the earth each year is
about 0.42 M km® (0.32 M km?® on the ocean and 0.10 M km® on the
land). Over the oceans 9% more water evaporates than falls back as rain,
to be balanced by excess precipitation over the land mass. Thus the
volume of water carried by rivers and springs to the sea each year is about

0.038 M km? It is ;‘ntere_sting_ to know that less than 4% of this total

river flow is used for irrization and the rest flows to the sea unutilized by
inan,

54 H : by * - .
Water-balance studies of the subareas in the world indicate interesting

facts, Table 1.1 gives the water balance of oceans. It is seen that there is

coné{fderable water iransfer between the oceans and the evaporation and
precipitation values vary from one ocean to another.

The water baiance of the continental land mass is shown in Table 1.2.
*1s Interesting (o sce from this table that Africa, in spite of its equatorial

Introduction/6

TABLE 1.1 WATER BALANCE OF OCEANS® mm/yr

Ocean Area  Precipi- inflow  Evapora- Water
(M km?) tation from tion Exchange
adjacent with other
continents oceans
Atlantic (1 780 200 1040 " —60
- Arctic 12 240~ 230 120 350
Indian 75 1010 70 1380 =300 -
Pacific 167 1210 60 140 130

TABLE 1.2 WATER BALANCE OF ConNTINENTS® mm/yr

Continent Area Precipita- Total Runoff Evaporé--
(M km?) tion run- as % of : tion
off precipi-
tation
Africa -30.3 - 686 139 20 547
Asia 45.0 726 293 40 433
Australia ¢ - 736 226 - 30 510 s
Europe 9.8 . 734 319 43 41_5
N. America 20.7 670 287 43 383 !
S. America 17.8 1648 583 35 1065

forest zones, is the driest continent in the world with only 20% of preci-
pitation going as runoff. On the other hand, North America and Europe
emerge as the continents with the highest runoff rates. Extending the -
same analysis to a smaller land mass, viz. to the Indian subcontinent, the
logg-term average runoff for India is found to be 469 (Table 1.3). j
Each year the rivers of the world discharge about 38,000 km® of water

[into the sea. This amounts to an annual average flow of 1.2 M m®/s. The .

world’s largest river, the Amazon, has an average disché}rgc of 200,000

‘m?/s; i.e. one-sixth of the world’s total discharge rate. India’s largest river,

TABLE 1.3 WATER BALANCE OF INDIA, mm/yr

Area Precipita- Evapora- Runoff Runoff as
(M km?) tion tion ' o of pre-
: ci pitatiq:__y :
3.05 11%0 642 548 46 o
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the Brahmaputra, and the second largest the Ganga flow into the Bay of

Bengal with mean annual discharges of 16200 m®5s and 15600 m®/s
respectively. :

1.4 HISTORY OF HYDROLOGY

Water'is the prime requirement for the cxistence of life and thus it has
been man’s endeavour from time immemorial te utilise the available
water resources. IHistory has instances of civilizations that flourished with
the availability of dependable water supplies and then collapsed when the
water supply failed. Numerous relerences exist in Vedic literature to
groundwater availability and its utility. During 3000 nc groundwater
development through wells was known to the people of the Indus Valley
civilizations as revealed by archaeological excavations at Mohenjodaro.
Quotaticns in ancient Hindu scriptures indicate the existence of the know-
ledge of the hydrologic cycle even as far back as the Vedic period. The
first description of the raingauge and its use is contained in the Arthashas-
fra by Chanakya (300 rc). Varahamihira’s (ap 5035-387) Brihatsamhita
contains descriptions of the raingauge, wind vane and prediction proce-
dures for rainfall. Fgyptians knew the importance of the stage measure-
ment of rivers and records of the stages of the Nile dating back to 1800 BC
have been located. The knowledge of the hydrologic cycle came to be
known to Europe much later, around ap 1500,
Chow! classifies the history of hydrology into eight periods as:

Period of speculation—prior to AD 1400
Period of observation—1400-1600
‘Period of measurement—1600-1700
Period of experimentation—1700-1800
Period of medernization—1800-1900
Period of empiricism—1900-1930.
Period of rationalization—1930-1950
Period of theorization—1950-to date

P NP s LN

Most of the present-day science of hydrology has been developed since

1 - . 4 - 2 .
1930, Th_us giving hydroiogy the status of a young science. The world-
wide activities in waicr-resources development since the last few decades

Beth 4 S o . % 5 . . :
'b)’ both developed and developing countries aided by rapid advances in.

$argary

umentation for data acquisition and in the computer facilities for data

1.5 APPLICATIONS IN ENGINEERING

Hydrology finds iis greatest application in the desipgn and operation of

Is have contributed towards the rapid growth rate of this young

B
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waler-resources engineering projects, such as those for (i) irrigation,

- (ii) water supply, (iii) fiood control, (iv) water power and (v) navigation.

In all these projects hydrological investigations for the proper assessment
of the following factors are necessary:

1. The capacity of storage structures such as reservoirs.

2. The magnitude of flood flows to enable safe disposal of the excess

flow. ] ' :

3, The minimum flow and quantity of flow available at various seasons.

4. The interaction of the flood wave and hydraulic structures, such as

levees, reservoirs, barrages and bridges. !

The hydrological study of a project should of necessity precede struc-
tural and other detailed design studies. It involves the collection of rele-
vant data and analysis of the data by applying the principles and theories
of hydrology to seek solutions to practical problems.

Many important projects in the past have failed due to improper assess-
ment of the hydrological factors. Some typical failures of hydraulic
structures are: (i) overtopping and consequent failure of an earthen dam
due to an inadequate spillway capacity, (ii) failure of bridges and culverts
due to excess flood flow and (iii) inability of a large reservoir to fill up
with water due to overestimation of the stream flow. Such failure, often
called Aydrologic failures underscore the uncertainty aspect inherent in
hydrological studies. _

Various phases of the hydrological cycle, such as rainfall, runoff, evapo-
ration and transpiration are all nonuniformly distributed both in time and
space. Further, practically all hydrologic phenomena are complex and at
the present level of knowledge, they can at best be interpreted with the
aid of probability concepts. Hydrological events are treated as random
processes and the historical data relating to the event are analysed by
statistical methods to obtain information on probabilities of occurrence of
various events. The probability analysis of hydrologic data is an impor-
tant component of present-day hydrological studies and enables the engineer
to take suitable design decisions consistent with economic and other criteria
to be taken in a given project.

1.6 SOURCES OF DATA

The main components of the hydrological cycle are rainfall (precipitation),
evaporation, transpiration, infiltration, runoff and ground water. Schema-
tically the interdependency of these components can be represented as
in Fig. 1.2. Depending upon the problem at hand, a hydrologist would
require data relating to the various relevant phases. The data normally
required are:

1. Weather records—temperature, humidity and wind velocity,
2. precipitation data, ]
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Care Precipitatiof
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Fig. 1.2 Components of the hydrologic cycle

stream-flow records, _
evaporation and transpiration data,
infiltration characteristics of the area,
groundwater characteristics, and
7. physical and geological characteristics 0
tion. ; _
In India, meteorological data—including weather and rainfall data—are
collected by the India Meteorological Department (IMD) and by 'some
state government agencies.' Stream flow-data of various rivers and streams’
are usually available with the state irrigation department. Flow in major
rivers are mounitored by Central government agencies such as the Central
Water Commission (CWC). Groundwater data will normally be available
with the Central Groundwater Board and State Government groundwater
development organisations. Data on evaporation, transpiration ‘and infil-
tration will be available with State government organisations, such as the
Irrigation Department and Department o
the basin have to be obtained from a st
able with the Survey of India. The geo
under study are available with the Geo
Geology Directorate, s

oW

f the area under considera-

udy of topographical maps avail-
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PRECIPITATION

21 INTRODUCTION

The term “precipitation’ denotes all forms of water that reach the earth
from the atmosphere. The usual forms are rainfall, snowfall, hail, frost and

_dew. Of all these, only the first two contribute significant amounts of

water. Rainfall being the predominant form of precipitation causing stream

: ﬂqw, especially the flood flow in a majority of rivers in India, unless other-
“wise stated the term “rainfall”” is used in this book synonymously with

precipitation. The magnitude of precipitation varies with time and space.
Differences in the magnitude of rainfall in various parts of a country at a
given time and variations of rainfall at a pldce in various seasons of the

“year are obvious and need no elaboration. It is this variation that is res-

ponsible for many hydrological problems, such as floods and droughts.
The study of precipitation forms a major portion of the subject of hydro-

~ . -meteorology. In this chapter, a brief introduction is given to familiarize the

engineer with important aspects of rainfall and, in particular, with the

: collection and analysis of rainfall data.

t For precipitation to form: (i) the atmosphere must have moisture,
(i) there must be sufficient nucleii present o aid condensation, (iii) weather

. conditions must be good for condensation of water vapour to take place,

and (iv) the products of 'gondensation must reach the earth. Under proper
weather c_on_ditions, the water vapour condenses over nucleii to form tiny
water droplets of sizes less than 0.1 mm in diameter. The nucleii are
usually salt particles or products of combustion and are normally availatle
in plenty. Wind speed facilitates the movement of clouds while its turbu-
lence retains the water droplets in suspension, Water droplets in a cloud
are somewhat similar to the particles in a colloidal suspension. Precipita-
tion results when water droplets come together and coalesce to form larger
drops that can drop down. A considerable part of this precipitation gets-
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evaporated back to the atmosphere. The net precipitation at a place and
its form depend upon a number of meteorological factors, such as the
weather elements like wind, temperature, humidity and pressure in the
volume repion enclosing the clouds and the ground surface at the given
place.

2.2 FORMS OF PRECIPITATION

Some of the common forms of precipitation are; rain, snow, drizzle, glaze,
sleet and hail,

Rain ;

Itis the principal form of precipitation in India. The term “rainfall” is
used to describe precipitations in the form of water drops of sizes larger
than 0.5 mm. The maximum size of a raindrop is about 6 mm. Any drop
larger in size than this tends to break up into drops of smaller sizes during
its fall from the clouds. On the basis of its intensity, rainfall is classified

as:

Type o Intensity

trace to 2.5 mm/h
2.5 mm/h to 7.5 mm/h
> 7.5mmb

1. Light rain
2. Moderate rain
3. Heavy rain

Snow s

Snow is another important form of precipitation. Snow consists of ice crys-
tals which usually combine to form flakes. When new, snow has an initial
density varving from 0.06 to 0.15 glem?® and it is usual to assume an
average density of 0.1 g/cm®, In India, spow occurs only in the Himalayan
regions,

Drizzle ;

A fine sprinkle of numerous water droplets of size less than 0.5 mm and
intensity less than 1 mm/h is known as drizzle. In this the drops are so
small that they appear to float in the air,

Glaze
When rain or drizzle come in contact with cold ground at arcund 0°C, the
water drops freeze to form an ice coating called glaze or Jfreezing rain.

s
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Sleet

It is frozen raindrops of transparent grains which form when rain falls
through air at sublreezing temperature. In Britain, sleet denotes precipi-
tation of snow and rain simaltaneously.

Hail :
It is a showery precipitation in the form of irregular pellets or lumps of ice
of size more than 8 mm. Hails occur in violent thunderstorms in which

vertical currents are very strong.

2.3 WEATHER SYSTEMS FOR PRECIPITATION

For the formation of clouds and subsequent precipitation, it is necessary
that the moist air masses cool to form condensation. This is normally
accomplished by adiabatic cooling of moist air through a process of being
lifted to higher altitudes. Some of the terms and processes connected with
the weather systems associated with precipitation are given below.

Front : !
A front is the interface between two distinct air masses. Under certain

" favourable conditions when a warm air mass and cold air mass mect, the

warmer air mass is lifted over the colder one with the formation of a

" front. The ascending warmer ait cools adiabatically with the consequent

formation of clouds and precipitation.

Cyclone

- A cyclone is a large low pressure region with circular wind motion. Two

types of cyclones are recognised: tropical cyclones and extratropical
cyclones. :

Tropical cyclone: A tiopical cyclone, also called cyclone in India, hur-
ricane in USA and typhoon in South-East Asia, is a wind system with an
intensely strong depression with MSL pressures sometimes below 915 mbars.
The normal areal extent of a cyclone is about 100-200 km in diameter.
The isobars are closely spaced and the winds are anticlockwise in the
northern hemisphere. The centre of the storm, called the eye, which may
extend to about 10-50 km in diameter, will be relatively quiet. However,
right outside the cye, very strong winds reaching to as much as 200 kmph
exist. The wind speed gradually decreases towards the outer edge. The
préessure also increases outwards (Fig. 2.1). The rainfall will normally be
heavy in the entire area occupied by the cyclone, ;

During summer months, tropical cyclones originate in the open ocean at
around 5-10° Latitude and move at speeds of about 10-30 kmph to higher
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Fig. 2.1 Schematic section of a tropical cyclone

latitudes in an irregular path, They derive their energy from the latent heat’
of condensation of ocean water vapour and increase in size as they move '
on oceans. When they move on land the source of energy is cut off and.
the cyclone dissipates its energy very fast. ience, the intensity of the
storm decreases rapidly. Tropical cyclones cause heavy damage to life and
property on their land path and intense rainfall and heavy floods in
streams are its usual consequences. Tropical cyclones give moderate to

excessive precipitation over very large areas, of the order of 10* km?® for

several days.

Extratropical cyclone: These are cyclones formed in locations outside
the tropical zone. Associated with a frontal system, they possess a strong
counter-clockwise wind circulation in the northern hemisphere. The magni-
tude of precipitation and wind velocities are relatively lower than those of
a tropical cyclone. However, the duration of precipitation is usually longer
and the areal extent also is longer.

Anticyclories

These are regions of high pressure, usually of large areal extent. The
weather is usually calm at the centre, Anticyclones cause clockwise wind
circulations in the northern hemisphere. Winds are of moderate speed, and
at the outer edges, cloudy and precipitation conditions exist.

- Convective Precipitation

In this type of precipitation a packet of air which is warmer than the
surrounding air due to localised heating rises because of its lesser density.
Air from cooler surroundings flows to take up its place thas sefting up a
convective cell. The warm air continues to rise, undergoes cooling and

P
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results in precipitation. Depending upon the moisture, thermal and other
conditions light showers to thunderstorms can be expected in convective
precipitation, Usually the areal extent of such rains is small, being limited

toa diameter of about 10 km,

Orographic Precipitation . .

The moist air masses may get lifted-up to higher altitudes due to the pre-
sence of mountain barriers and consequently undergo cooling, condensation
and precipitation. Such a precipitation is known as Orographic precipita-
tion, Thus in mountain ranges, the windward slopes have heavy precipita-
tion and the leeward slopes light rain fall,

2.4 CHARACTERISTICS OF PRECIPITATION ON INDIA *

From the point of view of climate the Indian subcontinent can be consider-
ed to have two major seasons and two transitional periods as :

1. South-west monsoon (June-September) )

2. Transition-I, post-monsoon (October-November)

3. Winter season (December-February)

4. Transition-1I, Summer, (March-May)

The chief precipitation characteristics of these seasons are given below.

South-West Monsoon (June-September)

The south-west monsoon (popularly known as the monsoon) is the princi-
pal rainy season of India when over 75% of the annual rainfall is received
over a major portion of the country. Excepting the south-eastern part of
the peninsula and Jammu and Kashmir, for the rest of the country the

‘south-west monsoon is the principal source of rain with July as the rainiest

month. The monsoon originates in the Indian ocean and heralds its
appearance in the southern part of Kerala by the end of May. The onset
of monsoon is accompanied by high south-westerly winds at speeds of
20-40 knots and low-pressure regions at the advancing edge. The monsoon
winds advance across the country in two branches: (i) the Arabian sea
branch and (ii) the Bay of Bengal branch. The former sets in at the
extreme southern part of Kerala and the latte_r." at Assam, almost simultane-
ously in the first week of June. The Bay branch first covers the north-
eastern regions of the country and turans westwards to advance into Bihar
and UP, The Arabian sea branch moves northwards over Karnataka,
Maharashtra and Gujarat. Both the branches reach Delhi around the same
time by about the fourth week of June. A low-pressure region known as
monsoon trough is formed between the two branches. The trough extends
from the Bay of Bengal to Rajasthan and the precipitation pattern over the
country is generally determined by its position. The monsoon winds
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increase from June to July and begin to weaken in September. The with-
drawal of the monscon, marked by a substantial rainfall activity starts in
September in the northern part of the country. The onset and withdrawal
of the monsoon at various parts of the country arc shown in Fig. 2.2,

The monsoon is not a period of continuous rainfall. The weather is
generally cloudy with frequent spells of rainfall. Ieavy rainfall activity in
various parts of the country owing to the passage of low pressure regions
is common. Depressions formed in the Bay ol Rengal at a frequency of 2-3
per menth move along the trough causing excessive precipitation of about
100-200 mm per day. Breaks of about a weck in which the rainfall activity
is the least is another feature of the monsoon. The south-west monsoon
rainfall over the couniry is indicated in Fig. 2.3. As scen from this figure,
the heavy rainfall arcas are Assam and the north-eastern region with
200-400 cm; west coast and western ghats with 200-300 cm; West Bengal
with 120-160 cm, UP, Haryana and the Punjab with 100-120 cm,

Post-Monsocon (October-November)

As the south-west monsoon retreats, low-pressure areas form in the Bay of
Beneal and a north-casterly flow of air that picks up moisture in the Bay of
Bengal is formed. This air mass strikes the east coast of the southern
peninsula (Tamilinadu) and causes rainfall. Also, in this period, specially.ia
November, severe fropical cyclones form in the Bay of Bengal and the
Arabian sea, The cyclones formed in the Bay of Bengal are about twice as
many as in the Arabian sea. These cyclones strike the coastal areas and
cause intense rainfall and heavy damage to life and property.

Winter Season (December-February)

By about mid-December, disturbances of extra tropical origin travel east-
wards across Afyhanistan and Pakistan. Known as western disturbances,
they cause moderate to heavy rain and snowfall (about 25 cm) in the
Himalayas and Jammu and Kashmir. Some light rainfall also occurs in the
northern plains. Low-pressure areas in the Bay of Bengal formed in these
months causc 10-12 cm of rainfall in the southern parts of Tamilnadu,

Summer (Pre-mensoon) (March-May)
There is very little rainfall in India in this season. Convective cells cause

some thunderstorms mainly in Kerala, West Ben ral and Assam. Some
y 3 3

cyclone activity, dominantly on the east coast, also occurs.

Annual Rainfall

The annual rainfall over the country is shown in Fig. 2.4. Considerabie
arcal variation exists for the annual rainfali in India with high rainfail of
the magnitade of 200 cm in Assam and north-gasisrn paris aud the western
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Fig. 2.2 (8) Normal dates of onset of monsoon

(Reproduced from Natural Resources of Humid Tropical Asia—
Natural Resources Research, XII. © UNESCO, 1974, with
permission of UNESCO)

The territorial waters of India extend into the sea to a distance of
twelve nautical miles measured from the appropriate baseline

Responsibility for the correctness of internal details on the map rests
with the publisher
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ghats,”and scanty rainfall in eastern Rajasthan and parts of Gujarat,
Maharashfra and Karnataka. The average annual rainfall for the entire

. country is estimated® as 119.cm, -

- It is well-known that there is considerable variation of annual rainfall in
time at a place. The coefficient of variation, ;

- 100 X standard deviation
mean

Cy

of the annual rainfall varies between 15 to 70, from place to place with

-an average value of about 30, Variability is least in regions of high rainfall

and largest in regions of scanty rainfall. Gujarat, Haryana, the Punjab and

* Rajasthan have large variability of rainfall. ' ;

2.5 MEASUREMENT

Precipitation is expressed in terms of the depth to which rainfall water
would stand on an area if all the rain were collected on it. Thus I cm of
1ainfall over a catchment area of 1 km?® represents a volume of water
equal to 10 m3. In the case of snowfall, an equivalent depth of water
is used as the depth of precipitation. The precipitation is collected and
measured in a raingauge. Terms such as pluviometer, ombrometer and

' hyetometer are also sometimes used to designate a raingauge.

~ A raingauge essentially consists of a cylindrical-vessel assembly kept in
the open to collect rain. The rainfall catch of the raingauge is affected by
its exposure conditions. To enable the catch of raingauge to accurately
represent the rainfall in the area surrounding the raingauge standard
settings are adopted. For siting a raingauge the following considerations
are important: ' ;
1. The ground must be level and in the open and the instrument must
present a horizontal catch surface.
2. The gauge must be set as near the ground as possible to reduce
wind effects but it must be sufficiently high to prevent splashing,
. flooding ete.
3. The instrument must be surrounded by an open fenced area of at least
5.5m X 5.5m. No object should be nearer to the instrument than
30 m or twice the height of the obstruction, -
‘Raingauges can be broadly classified into two categories as (i) nonrecord-
ing raingauges and (ii) recording gauges. '

? Nonrecording Gauges

The nonrecording gauge extensively used in India is the Symons’ gauge. It
essentially consists of a circular collecting area of 12.7 cm (5.0 inch)

diameter connected to a funnel. The rim of the collector is set in a hori-
zontal plane at a height of 30.5 ¢cm above the ground level. The funuel

i
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Fig. 2.6 Recording from a natural syphon-type gauge (schematic)

action which resets the pen to zero level. It is obvious that the natural
syphon-type recording raingauge gives a plot of the mass curve of rainfall.

Telemetering Raingauges
These raingauges are of the recording type and contain electronic units to

transmit the data on rainfall to a base station both at regular intervals and

on interrogation. The tipping-bucket type raingauge, being ideally suited,
is usuaily adopted for this purpose. Any of the other types of recording
raingauges can also be used cqually effectively. Telemetering gauges are of
utmost use in gathering rainfall data from mountainous and generally
inaccessible places.

Radar Measurement of Rainfall
The meteorological radar is a powerful instrument for measuring the areal
extent, location and movement of rain storms. Further, the amounts of
rainfall over lurge areas can be determined through the radar with a good
degree of accuracy.

-The radar emits a regular succession of pulses of electromagnetic radia-

tion in & narrow beam. When raindrops intercept a radar beam, it has been

shown that

v G

Py = '—ri— (2.1)
where Pr = average echopower, Z = radar-echo factor, r = distance to
target volume and C = a constant. Generally the factor Z is related to
the intensity of rainfall as ;
Ze=al (2.2)
where @ and b are coefficients and J = intensity or rainfall in mm/h, The
v.aiues'a and & for a given radar station have to be determined by calibra-
tion with the help of recording raingauges. A typical equation for Z is

Z = 200 1%

P SRR

Precipitation/2

Meteorological radars operate with wavelengths ranging from 3 to 10 cm
the common values being 5 and 10 cmr. For observing details of heav:
flood-producing rains, a 10-cm radar is used while for light rain and snow ¢
5-cm radar is used. The hydrological range of the radar is about 200 km
Thus a radar can be considered to be a remote-sensing super gauge
covering an areal extent of as much as 100,000 km?2, Radar measurement is
continuous in time and space. Present-day developments in the fielc
include (i) On-line processing of radar data on a computer and
(ii) Doppler-type radars for measuring the velocity and distribution of
raindrops. '

2.6 RAINGAUGE NETWORK

Since the catching area of a raingauge is very small compared to the arcal
extent of a storm, it is obvious that to get a representative picture of a

storm over a catchment the number of raingauges should be as large as

possible, i.e. the catchment area per gauge should be small. On the other

hand, economic considerations to a large extent and other considerations,

such as topography, accessibility, etc. to some extent restrict the number of

gauges to be maintained. Hence one aims at an optimum .density of

gauges from which reasonably accurate information about the storms can

be obtained. Towards this the Worid Meteorological Organisation (WMO)
recommends the following densities.

1. In flat regions of temperate, Mediterrancan and tropical zones:

ideal—-1 station for 600-900 km?,
acceptable~~1 station for 900-3000 km?;
2. in mountainous regions of temperate, Mediterranean and tropical
zones: ;

ideal—1 station for 100-250 km?*
acceptable~1 station for 250-1000 km?; and

3. in arid and polar zones: 1 station for 1500-10,000 km*® depending on
the feasibility,
Ten per cent of raingauge stations should be equipped with self-record-
ing gauges to know the intensities of rainfall, '
From practical considerations of Indian conditions, the Indjan Standard
(IS : 4987-1968) recommends the following densities as sufficient.

1. In plains: 1 station per 520 km?®;
in regions of average elevation 1000 m: 1 station per 260-390 km?;

and ;
3. in predominently hilly areas with heavy rainfall: 1 station per-

130 km?,

.
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Adsauacy of Haingauge Stations

1f there are already some raingauge stations in a catchment, the optimal'

number of stations that should exist to have an assigned percentage of
in the estimation of mean rainfall is obtained by statistical analysis as:

'N;(gl)a" e

€

where N = optimal number of stations, € = allowable degree of error in .

the estimate of the mean rainfall and Cy'= coefficient of variation of the

rair
stations in the catchment each recording rainfall values Py, Py, . ., pi, . . pm
in a known time, the coefficient of variation Cy i is calculated as: !

160 X Opyy
"""“"_“—F =

5 PH~ ( )]/(m—l)
m o 2

C =

/r

whers om.; = ;
'&

P; = precipitation magnitude in the i*® station

P LAY 3 (\;Pl)

HO

In calculating & from Eq, (2.3) it is usual to take ¢ —10/ It is seen that

if the value of ¢ is small, the number of raingauge stations will be more.

ExamrLr 2.1 A catchment has six raingauge stations. In a year, lhe armual
rainfall recorded by the gauges are as follows: !

Station A B i D SRS
Rainfall {em) 8247 102.9‘ 1803 1103 - 938 136.7

——

For a 10Y, ervor in the estimation of the mean mmfa.’l calculate the optimum
number of stations in the catchment.

For this data, m=06 .
P = 1186
Om-; = 35,04
e = 10
& = 100 X 35.04 — 2054

118.6
(29.54 \t
' N‘( 10 )

The optimal number of stations for the catchment is 9. Hence three more
additional stailons are needed,

= 8.7, say 9 stations

values ‘at the existing m stations (in per cent). If there are m

TR DR P SR e
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2.7 PREPARATION OF DATA

" Before using the rainfall records of a station, it is necessary to first check

the data”for continuity and consistency. The continuity of a record may
be broken with missing data due to many reasons such as damage or fauit

~ in a raingauge during a period. The missing data can be estimated by
- using the data of the neighbouring stations. In these calculations the nor-
* ‘mal rainfall is used as a standard of comparison, The normal rainfall is

‘the average value of rainfall at a particular date, month or year over a
specified 30-year period. The 30-year normals are recomputed every decade.
Thus the term “normal annual precipitation” at station A means the
average annual precipitation at 4 based on a specified 30 years of record.

Estimation of Missing. Data

Given the annual precipitation values, Py, P;, P, ... Pm at neighbouring M
stations 1, 2, 3,..., M respectively, it is required to find the missing annual
precipitation Pz at a station X not included in the above M stations.

" Further, the normal annual precipitations Ny, Ny, ..., N... at each of the
‘above (M + 1) stations including station X are known.

If the normal annual precipitations at various stations are thhm about
10% of the normal annual precipitation at station X, then a simple arith-

'mcuc average procedure is foIiowed to estimate Ps. Thus

Il“ thc normal prec1patat:ons vary -considerably, then Pa is estimated by

we:ghmg the precipitation at the various stations by the ratios of normal
. annual prcclpxtatlons Thls method known as the norma! ratio methad nges
s Pa as e j

7 e e ity Q2.5)

S ‘EXAMPLB 2 2 The normal armual ramfal! at stations A, B C and D in a
basin_are 80.97, 67. 59, 76.28 and 92.01 cms respectively. In the year 1975,
“the station D was inoperative and the stations A, B and C recorded annual
* precipitations of 91.11, 72,23 and 79.89 cm respectively. Estimate the rain-
fall at station D in that year, '

‘As the normal rainfall values vary more than 10%, the noxmal ratio

method is adopted. Using Eq. (2 5),

R 920{ S d B K 79.89
(e TR ( 3097 t &1+ )
" ="99.41 cm

_,Test for COnmstsncy of Record
1§ the conditions relevant to the recording of a raingauge station have
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undergone a signiﬁcant change during the period of record, inconsistency
would arise in the rainfall data of that station. This inconsistency would be
feit from the time the significant change took place. Some of the common
causes for inconsistency of record are: (i) shifting of a raingauge station to
a new location, (i) the necighbourhood of the station undergoing a

arked change, (iii) change in the ecosystem due to calamities, such as

forest fires, land slides, and (iv) occurrcnee of observational error from a

certain date. The checking for inconsistency of a record is done by the
double-mass curve technique. This technique is based on the principle that
when each recorded data comes from the same parent pepulation, they are
consistent.

A group of 5 to 10 base stations in the neighbourhood of the problem
station X is selected. The data of the annual (or monthly mean) rainfall of
the station X and also the average rainfull of the group of base stations
covering a long period is arranged in the reverse chronological order (i.e.
the latest record as the first entry and the oldest record as the last entry
in the list). The accumulated precipitation of the station X (i.e. T Ps) and
the accumulated values of the average of the group of base stations (i.e.
¥ Pay) are calculated starting from the latest record. Values of X Py are
plotted against ¥ Pav for various consecutive time periods (Fig. 2.7). A
decided break in the slope of the resulting plot indicates a change in the

precipitation regime of station X. The precipitation values at station .X

beyond the period of change of regime (point 63 in Fig. 2.7) is corrected
by using the relation \

" Break in the year 1963
MC

" Correction ratio= 5¥ =&

= - N
o o O
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Fig. 2.7 Double-mass curve
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C M.
PPy 35 (2.6)

where P = corrected precipitation at anv time period ¢, at station X

P; = original recorded precipitation at time period ¢, at station X

Me = corrected slope of the double-mass curve . |

M = original slope of the mass curve

In this way the older records arc brought up to the new regime of the

station. It is apparent that the more homogeneous the base station records
are, the more accurate will be the corrected values at station X. A change
in slope is normally taken as significant only where it persists for more than
five years. The double-mass curve is also helpful in checking arithmetical
errors in transferring rainfall data from one record to another,

2.8 PRESENTATION OF RAINFALL DATA

A few commonly used.methods of presentation of rainfall data which have
been found to be useful in mtcrpretatlon and analysis of such data are
given below,

Mass Curve of Rainfall

The mass curve of rainfall is a plot of the accumulated precipitation against
time, plotted in chronological order. Records of float type and weighing-
bucket type gauges are of this form, A typical mass curve of rainfall at a
station during a storm is shown in Fig. 2.8, Mass curves of rainfall are ver)
useful in extracting the information on the duration and magnitude of ¢
storm. Also, intensities at various time intervals in a storm can be obtainec
by the slope of the curve. For nonrecording raingauges, mass curves arc
prepared from a knowledge of the approximate beginning and end of o

=
Q
—_
< Et f“"“‘" ‘Storm —— |
T - {(t0em)
g gf
u.l L
& 10+ r
. afF nd..
8 8_ \-2 Storm
E 6t (4em)
T | '_
= 4
5 B
o
-1 Ol vy v g v vt i bt
0 1 2 3

. TIME {gays)

Fig. 2,8 Mass curve of rainfall
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storm and by using the mass curves of adjacent recoraing gauge stations as
a guide,

Hyetograph i

A hvetograph is'a plot of the intensity of rainfall against the time interval.
The hvetograph is derived from the mass curve and is usually represented
as 2 barchart (Fig. 2.9). It is a very convenicnt way of representing the
characteristics of a storm and is particularly important in the development
of design storms to predict extreme floods. The area under a hyetograph
represents the total precipitation received in that period. The time interval
used depends on the purpose; in urban-drainage problems small durations
are used while in flood-flow computations in larger catchments the intervals
are of about 6 h. .

< Q.47

S L

> 0.3 - Hyetograph of the

5':! i tirct storm in Fig.2.8
5 § Total depth=10cm
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S5 Al
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g B B 36 33 40 4B 56

TIME (h)
Fig. 2.9 Hyetograph of a storm

. Point Rainfall - 4

Point rainiall, also known as station rainfall refers to the rainfall data of a
station. Depending upon the' need, data can be listed as daily, weekly,
" monthly, seasonal or annual values for various periods. Graphically these
data are representied as plots of magnitude vs chronological time in the form
‘of a bar diagram. Such a plot, however, is not convenient for discerning a°
trend in the rainfall as there will be considerable variations in the rainfall
~values leading to rapid changes in the plot. A moving-average piot, in
which the average value of precipitation of three or five consecutive time
intervals is plotted at the mid-value of the time interval is useful ip
smoothening out the variations and bringing out the trend (see Prob. 2.9).

12,9 MEAN PRECIPITATION OVER AN AREA

. Asindicated earlier, raingauges represent only point sampling of the areal

e
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distribution of a storm. In practice, however, hydrological analysis requires
a knowledge of the rainfall over an area, such as over a catchment. To

-convert the point rainfall values at various stations into an average value

over a catchment the following three methods are in use : (i) arithmetical-
mean method, (ii) Thiessen-polygon method and (iii) Isohyetal method.

' Arithmetical-Mean Method

When the rainfall measured at various stations in a catchment show little
variation, the average precipitation over the catchment area is taken as the
arithmetic mean of the station values, Thus if Py, P, ..., Ps ...P, are the
rainfall values in a given period in N stations within a catchment, then the
value of the mean precipitation P over the catchment by the arithmetic-
mean method is :

- P1+P:+'----+P‘+"'+P“=-—-1-—N
P N NEIP‘ @7

 In practice, this method is used very rarely.

Thiessen-Mean Method

In this method the rainfall recorded at each station is given a weightage on
the basis of an area closest to the station, The procedure of determining
the weighing area is as follows: Consider a catchment area as in Fig. 2.10
containing three raingauge stations, There are three stations outside the
catchment but in its neighbourhood. The catchment area is drawn to scale
and the positions of the six stations marked on it. Stations 1 to 6 are
joined to form a network of triangles. Perpendicular bisectors for each of

: the sides of the triangle are drawn. These bisectors form a polygon around

Station Boynded| Atea Weightage

abcd Ay | AlA
kade (.82 ] Ax/A .
edcgi | Az | Ag/A
1gh Ay | AylA
hgebj | As | AglA
jbak Ag | Ag/A

Catchment area=Total=A

[ AL P

Fig. 2.10 Thiessen polygons
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each station, The boundary of the catchment, if it cuts the bisectors {s

taken as the outer limit of the polygon. Thus for station 1, the bounding

polyzon is abed. For station 2, kade is taken as the bounding polygon.
These bounding polygons are called Thiessen pelygons. The areas of these
six Thiessen polygons are determined either with a planimeter or by using
an overiay grid. If Py, Py, ..., Pg are the rainfall magnitudes recorded by
the stations 1, 2, ..., 6 respectively, and A4, 4, ..., 4, are the respective
areas of the Thisssen polygons, then the average rainfall over the catchment

P is given by

Pidy + Pydy + ... + Py dy
(s + 4z + - + 4y)

Thus in general for M stations,

P=

M J
Z Ps As
. a7 At 2.8)
e S R |

The ratio 4i/4 is called the weightage factor for each station.

The Thiessen-polygon method of calculating the average precipitation
over an area Is superior to the arithmetic-average method as some
weightaze is given to the various stations on a rational basis. Further, the
raingauge siations outside the catchment are also used effectively. Once
the weightage factors are determined, the calculation of Fis relatively ecasy
for a fixed network of stations.

Isohyetal Mathod

An isoliyet is a line joining points of equal rainfall magnitude. In the
isohyetzl method, the catchment area is drawn to scale and the raingauge
stations are marked, The recorded values for which areal average F is to be
determined are then marked on the plot at appropriate stations. Neighbour-
ing stations outside the catchment are also considered. The isobyets of
varicus values are then drawn by considering point rainfalls as guides and
interpelating between them by the eye (Figure 2.11). The procedure is
similar to the drawing of elevation contours based on spot levels.

The area between two adjacent isohyets are then determined with a
planimeter. If the isohyets go out of catchment, the caichment boundary
is used as the bounding line. The average value of the rainfall indicated by
two isohyets is assumed to be acting over the inter-isohyet area. Thus
Py, Py, -, Pn arte the values of isohyets and if &y, g, ..., as—; are the inter-
isohyct arcas respectively, then the mean precipitation over the catchment
of area A is given by '

a (B2 o (BE) + o (Tt )

{ 7
= g -
P == 3 . A ; - 2 --49)

oy e

s
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isohyetals Catchment ;
=) boundary
® \ ;
Cog.2

oF o

9.1 - ;
5 Station raintal:

Fig. 2.11 Isohyetals of a storm

The isohyet method is superior to the other two methods especially when
the stations are large in number.

ExAMPLE 2.3 In a catchment area, approximated by a circle of diameter
100 km, four rainfall stations are situated inside the catchment and one
Station is outside in its neighbourhood. The coordinates of the centre of
the catchment and of the five stations are given below. Also given are the
annual precipitation recorded by the five stations in 1980. Determine the
average annual precipilation by the Thiessen-mean method.

Centre : (100, 100) Diameter: 100 km.

Distances are in km.

Station 1 2 3 4 . 5
Coordinates (30,80)  (70,100) (100, 140) (130, 100) . (100, 70)
Precipitation (cm) 85.0 135.2 95,3 146.4 102.2

The catchment area is drawn to scale and the stations are marked on it
(Figure 2.12). The stations are joined to form a set of triangles and the
perpendicular bisector of each side is then drawn. The Thiessen-polygon
area enclosing each station is then identified. It may be noted that station
1 in this problem does not have any area of influence in the catchment.
The areas of various Thiessen polygons are determined either by a plani-
meter or by placing an overlay grid.
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-]
Fig. 212 Thiessen ﬁo!yg'ons —Examplc 2,12
Station Boundary Area Fraction of . Rainfall Weighted
of area (km?) | total area - ! P (cm)
g e & - 8.0 e
2 abed 2141 0.2726 135.2. 36.86
: dee 0O A T 0 s T
4 echf - SEEL. T 00ET . ey TABE e 39k
5 fha- - B goe3t i L 0.2499 P 0T N 25.54.
Total - Sk 785'4"_1' S nhen s T oL

Mean precipitation = 121 84 cnt-

ExaMPLE 2.4 The zsohyers due to a srorm ina carchment was drawn

(Fig. 2.11) and the area of. the carchmenr bounded by isohyets were
tabulated as bplaw v s y ‘ :

Tsohyets 20T  Area’

(cm) DR (km?)
Station-12.0 A 57 .30
BAISO-T00, et L

10.0-80 L. 80"

8.0-60 e o180
G BOED i mae 20

Estimate the mean precipitation due to the siorni.

Prlclpft&tlon[31

For the ﬁrst area consnstmg ofa statmn surrounded by a closed lsohyet,
a precipitation value -of 12.0 cm is taken. For all other areas, the mean of

two bouudmg zsohycts are takcn.

" Fraction of

Isohyets. . ©  Average - * Area Weighted
B d i O Tvdlug ¢ (kmY) total area. P (cm)

e ol SRR R i Ly e
Y e Y RO 00667 . 0800
POBT R (1 FR W T B
10080 e e . 01778 © 1.600
8.0-6.0 FO R 1R e v o000 - 2.800
6.0-4.0 - 5.0 20 00444 0.222

. o ._ s ! \-‘:,: ¥
Towb: ' - S s 01,0000 8.844

Mean precipitation P = 8.84 cm _

210 DEPTH AREA—DURATION RELATIONSHIPS

The arcal dlstrabutton charactenstncs of a storm - of gwen duration is

- reflected in its dcpth area relationship. A few aspects of the interdepen-
‘dency of depth ar_ea and duration of storms are discussed below. '

Dapth Area Relatnon : o :
For a rainfall of a given durat:on, the avcrage depth decreases wuth thc area
in an exponenual fashlon given by '

P*P.,exp( KA')‘ e Sty

 where F = average depth in cms over an area 4 km?, Py= highest amount

of rainfall in cm at the storm centre and K and n are constants for a
given region. On the basis of 42 severemost storms in north India, Dhar
and Bhattacharya’ (1975) have obtained the followmg values for Kandn
for storms of different duration.

Duration =~ K " n
1day. 0.0008526 -~ 0.6614
2 days - . 0.0009877 06306

3 days d 0.001745 : 0.5961




32/Enginesring Hydrology

Since it is very unlikely that the storm centre coincides over a raingauge
station, the exact determination of Py is not possible. Hence in the analysis
of large area storms the highest station rainfall is taken as the average
denth over an area of 25 km?.

Lquation (2.10) is useful in extrapolating an existing storm data over an
area.

Maximum Depth-—Area—Duratio‘n Curves

In many hydrological studies involving estimation of severe floods, it is
necessary to have information on the maximum amount of rainfall of vari-

ous durations occurring over various sizes of areas. The development of -

relationship, between maximum depth-area-duration for a region is known
as DAD analysis and forms an important aspect of hydro-meteorological
study. References 1 and 7 can be consulted for details on DAD analysis.
A briel description of the analysis is given below. ;

First, the severemost rainstorms that have occurred in the region under
question are considered. Isohyetal maps and mass curves of the storm are
compiled. A depth-area curve of a given duration of the storm is prepared.
Then from a study of the mass curve of rainfall, various durations and the
maximum depth of rainfall in these durations are noted, The maximum
depth-area curve for a given duration D is prepared by assuming the area
distribution of rainfall for smaller duration to be similar to the total storm,
The procedure is then repeated for different storms and the envelope curve
of maximum depth-area for duration D is obtained. A similar procedure
for various values of D results in a family of envelop curves of maximum
depth vs area, with duration as the third parameter (Fig. 2.13). These
curves are cailed DAD curves,

T Ell?[‘n[ { R PR 0 S P B e T S

28 *'-——"-—--_.___\___18h\ou\rs
24 -

] e e S

P o) Ghours
— Thour

MAXIMUM AVERAGE DEPTH (cm)
>
1

i / 1 1 L ] I

b e e B e e

O $ i § S T l1l! 1 i . lIﬂ' 1 1 1 .
0 107 B Bxic
AREA (krid)

Fig. 2.13  Typica! DAD curves
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Figure 2.13 shows typical DAD curves for a catchment. [n this the
average depth denotes the depth averaged over the area under considera-
tion, It may be seen that the maximum depth for a given storm decreases
with the area; for a given area the maximum depth increases with the
duratioff. :

Preparation of DAD curves involves considerable computational effort
and requires meteorological and topographical information of the region,
Detailed data on severemost storms in the past are needed. DAD curves
are essential to develop design storms for use in computing the design flood
in the hydrological design of major structures such as dams. '

Maximum rain depths observed over the plains of north India are
indicated in Table 2.1. These were due to two storms, which are perhaps
the few severemost recorded rainstorms over the world,

TapLe 2.1 MAxiMUM (oBSERVED) RAIN DEPTHS (cm) OVER PLAINS OF NORTH INDIA%®

Area in km? x '10¢
Duration  .026 G613 026 13 26 52 78 105 130

1 day 81.0% 76.5% 71.1*  47.2% 37.1* 264 203f 18.0f 16.0f
2 days 102.9*% 07.5% 93.2¢ 73.4* 58.7* 42.4* 3561 315t 27.9%
3 days 121.9% 11071 -103.1t  79.2t 67.11 54.6f 48.3Ff 427t 38.9%

Note : *—Storm of 17-18 September 1880 over north-west U.P.
t—Storm of 28-30 July 1927 over north Gujarat,

2.11 FREQUENCY OF POINT RAINFALL

In many hydraulic-engineering applications such as those concerned with
floods, the probability of occurrence of a particular extreme rainfall, e.g.
a 24-h maximum rainfall, will be of importance. Such information is
obtained by the frequency analysis of the point-rainfall data. The rainfall
at a place is a random hydrologic process and the rainfall data at a place
when arranged in chronological order constitute a time series. One of the
commonly used data series is the annual series composed of annual values
such as annual rainfall, If the extreme values of a specified event occurring
in each year is listed, it also constitutes an annual series. Thus for example,
one may list the maximum 24-h rainfall occurring in a year at a station to
prepare an annual series of 24-h maximum rainfall values. The probability
of occurrence of an event in this series is studied by frequency analysis of
this annual data series. A brief description of the terminology and a
simple method of predicting the frequency of an event is described in this
section and for details the reader is referred to standard works on probabi-
lity and statistics. The analysis of annual series, even though described with
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TapLB 2.2 PLOTTING FoSITION FORMULAE TaBLE 2.3 ANNUAL MAX1MUM 24 h RAINFALL AT STATION A

Method P i : :
E Year 1950 °51 '52 °53 '54 55 56 57 'S8 '59 60 ‘61
California ) m|N ! o )
Hazen (m—0.5)/N ] Rainfall ; ’ ; i :
Weibull i + 1) ; : ! (cm) 130 120 7.6 143 160° 9.6 80 125 112 89 89 7.8
N 1
Chegodayev (m—0.3)/(N + 0.4) 28 ;
Blom (m—0.43)/(N + 0.12)
| Sdngaion Un=jae - 1 | Year 1962 ‘63 ‘64 '65 '66 '67 68 69 '70 Tl
\ g H i
} ] Rainfall ' :
3 20 (cm) 9.0 102 85 7.5 60 84 108 106 83 95
K 18F ' The data is arranged in descending order and the probability and
\ g recurrence intervals of various events are calculated as indicated in
of 5B Table 2.4. < sl
el ¢ : T
£ = * TABLE 2.4 CALCULATION OF THE RETURN PERIODS FOR DATA OF TaBLE 2.3
v L d i
w T N = 22 years.
2 N4 ] ; :
=
= ; : m m
{ PR o - i L = 1P
E | i m  Rainfall P e T=1/P | m Rainfall P = gy Tl
= 12 | * (cm) (cm)
Z — 1 . 160 0.043 2326 | 12 9.0 052 @ 192
= < § 2 A 0.087 150 | 13 8.9 — —
< i : :
@ i ] 3 3 13.0 0.130 7.67 14 8.9 0.609 1.64
8 | | 4 12.5 0.174 ; 5.75 15 8.5 0.652 1.53
: ,L o SR O s e S ) R 5 420 0.217 460 | 16 8.4 0.696 1.44
. 4 5678910 ; ' ! : _ :
20 A¢,, B0 I0p i g e 0.261 493 1 47 (84 0.739 135
RETURN PERIOD-T IN YEARS ' g i y
"\ 7 10.8 0.304 3.29 18 8.0 0.783 1.28
Fig. 2.14 Rainfall frequency curve Y 8 10.6 0.348 2.88 19 7.8 0.826 1.21
]
. 5. i 9 10.2 0.391 2.56 20 1.6 0.870 1.15
accurate work, various analytical calculation procedures using frequency ; :
factors are available. Gumbel’'s extreme value distribution and Log i 10 L ol 243 et s Gl =g
11 9.5 0478 209 22 6.0 0.957 1.05

Fearson :I‘ypc IIT method are two commonly used aualytical methods and
are described in Chap. 7 of this book. j

It may be noted that when two or more magnitudes are same (asm = 13
and 14 in Table 2.4) P is calculated for the largest m value of the sct.

(Why 7} - 1
A graph is plotted between the rainfail magnitude and the return period

ExaMPLE 2.6 For a station A, the recorded annual 24 h maximum rainfall
are given below. (a) Estimate the 24 h maximum rainfell with return periods
of 13 and 50 years. (b) What would be the probability of a rainfall of
magnitude equal to or exceeding 10 cm occurring in 24 h af station A,

b o LT S NSO ()

H
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T on a semi-log paper (Fig. 2.14). A smooth curve is drawn through
plotted poinis and the curve extended by judgement. From this curve,

Return period Rainfall magni-

T yecars Aude (cm)
13 g 14.55
50 18.00

For rainfall = 10 em, T = 2.4 years and P = 0.417.

212 INTENSITY-DURATION-FREQUENCY RELATIONSHIP

The intensity of storms decrcases with the increase in storm duration.
Further, a storm of any given duration will have a larger intensity
if its return period is large. In other words, for a storm of given duration,
storms of higher intensity in that duration are rarer than storms of smaller
intensity. In many design problems related to watershed management, such
as runoff disposal and erosion control, it is necessary to know the rainfall
intensitics of different durations and different return periods. The inter-
dependency between the intensity (i cm/h), duration (D h) and return
period (T years) is commonly expressed in a gencral form as '

KT
(D +a)P
where K, x, ¢ and » are constants for a given catchment. The variation of

intensity i with duration D and return period 7 is shown schematically in
Fig. 2.15 (a, b). Typical values of the constants K, x, a and n for a few

=

(2.15)

< 400t
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; 300+

i Return period- years

Wi :
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Fig. 2.15 (a) Intensity-duration-frequency curves
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Fig. 2.15 (b) Depth-duration-frequency curves

places in India based on the reported studies of the Central Soil anq .Wats:r
Conservation Research and Training Institute, Dehradun are given in
Table 2.5.

TaBLE 2.5 TypicaL VALUES ofF CoNsTANTS IN Eq. (2.15)

v

Place K x a n
Bhopal 6.93 0.189 0.50 0.873
Nagpur 11.45 0.156 1.25 1.032
Chandigarh 5.82 0.160 0.40 0.750
Bellary 6.16 0.694 0.50 0.972
Raipur 4.68 0.139 0.15 0.928

Extreme point rainfall values of different durations and for different
return periods have been evaluated by IMD and the iso-pluvial (}ines con~
necting equal depths of rainfall) maps covering the entire country ha_ve
been prepared. These are available for rainfall durations of 15 min, 30 min,
45 min, 1h, 3 h, 6 h, 9 b, 12 b, 15 h and for return periods of 2, 5, 10, 25,
50 and 100 years. A typical 50 yéar-12 h maximum rajnfall map_o_f the
southern peninsula is given in Fig. 2.16(a). The 50 year-1 h l‘naxxfnum
rainfall depths over India and the neighbourhood are shown in Figure
2.16(b). Tsopluvial maps of the maximum rainfall of various duran.ons atfd
of S50-year return periods covering the entire country are available in

Ref, 2.
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213 PROUSABLE MAXIMUM PRECIPITATION (PMP)

In the design of major hydraulic structures such as spiliways in large dams,
the hydrolozist and hydraulic engineer wouid like to keep the failure
probability as low as possible, i.e. virtuaily zero, This is becduse the failure
of such a major structure will cause very heavy damages to life, property,
cconomy and national morale. In the design and analysis of such struc-
iures, the maximum possible precipitation that can reasonably be expected
at a given location is used. This stems from the recognition that there
is a physical npper limit to the amount of precipitation that can fall over a
specified area in a given time,

The probable maximum precipitation (PMP) is defined as the greatest or
extreme rainfzll for a given duration that is physically possible over a
station or basin. From the operational point of view, PMP can be defined
as that rainfall over a basin which would produce a flood flow with
virtually no risk of being exceeded. The development of PMP for a given
repion is an involved procedure and requircs the knowledge of an ex-
perienced  hydrometeorologist.  Basically two approaches are used:
(i) Meteorological methods and (i) the statistical study of rainfall data.
s of meicorological methods that use storm models are available in

Statistical studies indicate that PMP can be estimated as
PMP = ¥Ff+4 Ka (2.16)

where P = mean of annual maximum rainfall series, ¢ = standard devi-
ation of the series and K = a frequency factor which depends upon the
siatistical distribution of the serics, number of vears of record and the
return period. The value of K is usually in the meighbourhood of 15.
Generalised charts for one-day PMP prepared on the basis of the statistical
analysis of 60 to 70 years of rainfall data in the North-Indian plain area
(Lat. 209N to 32°N, Long. 68°E to 89°F) are available in Refs 4 and 5. It

is found that PMP estimates for North-Indian plains vary from 37 to-

00 ¢m for one-day rainfall,

World's Greatest Observed Rainfali
Based upon the rainfall records available all over the” world, a list of
world’s greatest recorded rainfalls of various durations can be assembled.
When this data is plotted on a log-log paper, an enveloping straight line
drawn to the pictted points obeys the equation

P = 42,16 DY 217
where Pn = extreme rainfall depth in cm and D = duration in hours,
The values obtained from this ¥q. (2.17) are of use in PM¥ estimations.

gt e e
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Fig. 2.16 (a) Isopluvial map of 50 yr-24 h maximum rainfall (mm)
\ {Reproduced with permission from India Meteorological Department)

Based upon Survey of India map with the permission of the Surveyor General of Indiz
© Government of India Copyright 1984..

The territorial waters of India extend into the sea to a distance of twelve nautict
miles measured from the appropriate baseline

Responsibility for the correctness of internal details on the map rests with the publisher

TR R AL




e o

88 87 €
Fig. 2.16 (b) Isopluv_ia] map of 50 yr-1h maximum rainfall
(Reproduced from Natural Resources of Humid Tropical

Asia—Natural Resources Research X11, © UNESCO, 1974,
with permission of UNESCO)

Based upon Survey of India map with the permission of the
Surveyor General of India

© Government of India Copyright 1984
£ The territorial waters of India extend into the sea to a distance
of twelve nautical miles measured from the appropriate
baseline {
Responsibility for the correctness of internal details on the map
rests with the publisher )
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PROBLEMS

A catchment arca has seven raingauge stations. In a year the annual rainfall
recorded by the gauges are as follows: :

Station P _ Q R Y T U V
Rainfall (cm) 130.0 142.1 118.2 108.5 165.2 102.1 146.9

For a 59 error in the estimation of the mean rainfall, calculate the minimum
aumber of additional stations required to be established in the catchment,

The normal annual precipitation of five raingauge stations P, O, R, Sand T are
respectively 125, 102, 76, 113 and 137 em. During a particular storm the precipita-
tion recorded by stations P, Q, R, and § are 13.2, 9.2, 6.8 and 10.2 respectively.
The instrument at station T was inoperative during that storm. Estimate the rain-
fall at station T during that storm. )

Test the consistency of the 22 years of data of the annual precipitation measured
at station 4. Rainfall data for the station 4 as well as the average annual rain-
fall measured at a group of eight neighbouring stations located in a meteoralogi-
cally homogeneous region are given below.

Year 1946 47 '48 49 °50 ; 351 - *52 - '53-. 'S4 '55 56 57
Station A '
{cm) 177 144 178 162 194 168 196 144 160 196 141 158 -
8§ Station i

average (cm) 143 132 146 147 161 155 152 117 128 195 156 164
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Year 1958. *50. 760 ‘6l '62. BF %4 6% 66 &I
tation 4
{cm} 145 132 95 148 142 140 130 137 130 163

8 Station
average {em) 155 143 115 135 163 125 143 120 146 161

(a) In what year is a change in regime indicated ?
(b) Adjust the recorded data at station .4 and Jefermine the mean annual precipl-
tation. _ .
2.4 For a drainage basin of 600 km?, isohyetals drawn for a storm gave the following
data: :

Ischyetals (interval) (cm) 15-12 12-9 9-6 6-3 31

Inter-ischyetal area (km?) 92 128 120 175 85

Estimate the average depth of precipitation over the catchment,

2.5 There are 10 raingauge stations available to calculate the rainfall characteristics
of a catchment whose shape can be approximately described by straight lines
joining the following coordinates (distances in kilometres): :

(30,0), €80,10), (110,30, (140,90), (130,115), (40,110), (15,60). Coordinates of the
raingauge stations and the annual rainfall recorded in them in the year 1981 are

iven below.
¢ Station 1 < 2 3 4 .5 6 7 8 9 10
Co-ordi« : ‘ 3
nates  (9,40) (50,0) (140,30) (140,80) (90,140) (0,80) (40,50) (90,30) (90,90} (40,30)
Annual :

rain=

fall (cm) 132 136 93 81 85 124 156 128 102 128

Dieteninine the average annual rainfall over the catchment.

2.6 Figure 2.17 shows a catchment with seven raingauge stations inside it an:d three
stations outside. The rainfall recorded by each of these stations are indicated in
the figure, Draw the figure to an enlarged scale and calenlate the mean precipis
tation by (a) Thiessen-mean method, (b) ischyetal method and by (c) arithmetics
méan method,

2.7 Foliowing data are from a self-recording raingauge during a storm.

Tinte from beginning
of storm (minutes) 10 20 30 40 50 60 70 8 90

rainfzll (mm) 19 41 48 68 91 i24 152 160 166

N Aoy
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Fig. 2.17

(a) Plot the hyetograph of the storm. :
(b) Obtain the values of maximum intensities of this storm for various durailong
and plot a curve of maximum intensity vs duration,
2.8 The record of annual rainfall ata place is given for 25 years, Estimate thc. recur-
rence interval for various magnitudes, By suitable extrapolation, detern?me the
magnitude of annual rainfall at the station corresponding to a recurrence interval

of (a) 50 years and (b) 100 years.

Year 1950 51 '52 '53 54 '55 56 ‘51 'S8 *59 60 61 62
Annual

. raine i
:11 (cm) 113.0 94.5 76.0 87.5 92.7 '.’1.3.-.17.3 85.1 122.8 69.4 81.0 94.5 86.3

Y?ar 1963 '64 '65 "66 '67 ‘68 '69 70 i3 72 73 'T4
Annual

.fr':;ln(-cm) 68.6 82.5 907 99.8 74.4 66.6 65.0 910 106.8 102.2 87.0 84.0

2.9 Plot the three-year moving mean for data of Pfob. 2.8. Is 1herelany- ap;:;i::f
time trend ? (Hint: Average the annual precip:t.anon value of over'a;;pmg
year periods and plot the average value at the middle year of the period.)

2.10 On the basis of isopluvial maps the 50 year-24 h maximum rainfall at- Bangaiore
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is found to te 16.0 cm. Determine the pr obability of a 24 h rainfall of magnitude

equal to or greater than 16.0 em occurring at Bangalore:

{a) Oncein 10 successive years,
(b} two times in 10 successive vears, and
{c; at least once in [0 successive years.

2.1l A one-day rainfall of 15.0 ¢ at a place X was found to have a return period of
100 years. Calculate the probability that a one-day rainfall of this or larger
muagnitude: '

{a) Wil not occur at X during the next 50 years, and
(6Y will ozcur in the next year.
e o fror H 1

2.12 Wher long records are not available, records at two or more stations are combined
to get one long record for the purposes of recurrence interval calculation, This
method is known as station-year method,

The number of times a storm of intensity 4 cm/h was equalled or exceeded in
threce different raingauge stations were 4, 2, and 3 for periods of records of 36,
25 and 48 years respectively, Find the recurrence intervai of the 4 em/h storm in
that area by the station- -year method,

2,13 Annual precipitation values at a place having 70 years of rainfall record can be
tabulated as follows:

Range (cm) No. of years
<<60.0
60-79.9
80-99.9 22
100-119.9 25
120-139.9 : :
»>140 3

Calculate the probability of having:

{2) An annual rainfall equal to or larger than 120 cm,

essive years in which the annua! rainfall is equal to or larger than
and

{¢) an annual rainfall less than 60 cm,

QUESTIONS

2

-

A tropical cyclonz is a
(2} low-pressure zone that occurs in the northern hemisphere only
(b hi ressiure zone with high winds
e of law pressure with clockwise winds in the northern hemisphere
of low pressure with anticlockwise winds is the northern hemisphere.
2.2 Orographic precipitation oceurs due to air masses being fifted to higher altitudes

{€} Zo

(a) the density difference of air masses
(b) a froota] action

P
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(c) the presence of mountain barriers
W extratropical cyclones.
2.3 The normal onsct of monsoon in India is in
(a) early June at Bombay and Madras
(b) early June at Kerala and Assam
{c) early May in Kerala only
(d) November in Tamilnadu and Kerala.
2.4 The average annual rainfall over the whole of India is estimated as
(a) 189 cm (b) 3i%cm (c) 89 cm (d) 119 cm. ;
2.5 Variability of annual rainfail in India is
(a) least in regions of scanty rainfall
(b) largest in regions of high rainfall
(c) least in regions of high rainfall
- (d) largest in coastal areas.
2.6 The standard Symons’ type raingauge has a collecting area of diameter
(a) 12.7cm (b)10em (c) 508 cm (d) 25.4 cm:
2.7 The standard recording raingauge adopted in India is of

" (a) weighing bucket type
(b) natural siphon type
(c) tipping bucket type
(d) telemetry type.
2.8 The following recording raingauges produce the mass curve of prec:pxtatlon as
their record: .
(a) Symons’ raingauge X
(b) tipping-bucket type gauge
(¢) weighing-bucket type gauge
(d) natural siphon gauge.
2.9 When specific information about the densuy of snowfall is not available, the water
equivalent of snowfall is taken as
(a) 50%  (b) 30%  (c) 1030  (d) 90%.
2,10 4, Band C are three catchments each having an area of about 10,000 km?®
situated in an arid zone, mountainous region of a tropical zone and flat region of
a tropical zone respectively, The desirable number of hydrometeorclogical
stations for each of thsse three areas, N, N and N respectively  will be

such that

@ Ng> N> N,

©) Ny > Ny> Nc
2.11 The monthly rainfall at a place 4 during September 1982 was recorded as 55 mm

above normal. Here the term "normal” means
(a) the rainfall on the same month on the previous year
(b) the rainfall that was normally expected based on previous month’s data
(c) the average rainfall computed from past 12 months’ record
(d) The average monthly rainfall for Seplember computed from a specific 30
years of past record.
2.12 The mass curve of rainfall of a storm is a plot of
(a) rainfall depths for various equal durations plotted i decreasing order
(b) rainfall intensity vs time in chronological order
(c¢) accumulated rainfall intensity vs time’
(d) accumulated precipitation vs time in chronological order.

(b) Ny << Ng < N¢
" (d) Ng= N and Ng > N,
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2.13 A hyetozrzph is a plot of
iative rainfall vs time
intensity vs time
ainfa!l depth vs duration
arge vs time.
2.14 The Thiessen polygon is
{2) a polygon obtained by joining adjoining raingauge stations £ i
(b) a representative area used for weighing the obecrved station precipitation
(¢} an area used in the construction of depth-area curves : g i
(d) the deseriptive term for the shape of a hydrograph. . ; o ; 3
215 Anischyet is a line joining points having
(2) ecual evaporation value

(b) eyual barometric pressure - : . 7 : : . %

(c) equal height above the MSL ’ : AB ST%ACF% @ N s F R @M
(d} equal rainfall depthina given duration. y 3

2.16 For a gziven storm the highest rainfall P, and the average rainfall depth P, are > . 2 P R% c I P IT ATIU N

related as F{Py =
(@) Kexp (4™~ (b) exp(—Kdn)  (©) K4 (d) constant.

2.17 By DAD analysis the maximum average depth over an arca of 104 km?® due to \

t;nc-(]izi')’ storm is c:'cuund to be 47 cm. For the same arca the maximum average : :

epth for a three day storm can be expected to be : : ¥

(z) < 47cm (b) > 4Tcm (¢) = 47 cm (d) inadequate information to conclude. : 31 LOSSES FROM PRECIPITATION

2.18 A study of the iso i ale i £ : i ;
of 200 fnm i: ;sz 11: l;:l:lan::?;r?v::::dthj; aslocji;‘f.:_a;h?;’;‘;‘;ﬁ;xﬁ;}nﬂdigt: Evaporation and transpiration form important links in the hydtjologic cycle
rainfail equal to or greater than 200 mm occurring at Calcutta at least once in ; in which water is transferred to the atmosphere as water vapour. In
30 years is . ; engineering hydrology, runoff js the prime subject of study and evapora-
(a) G.45 (b) 0.60 (c) 0.56 (d) 1.0, < . { tion and transpiration phases are treated as “losses” Evaporation from

2.19 If the maximum depth of a 50 years-15 h-rainfall depth at Bhubaneshwar is water bodies and soil masses together with the transpiration from vegeta-
260 mm, the 50 year-3 h-maximum rainfall depth at the same place is | tion is termed as evapotranspiration and is. also known variously as water
(@) <260mm (b) > 260 mm  (c) = 260 mm | loss, total loss or total evaporation. The various aspects of evaporation from
{ii) natampigtat o aiguse LI " a water body and evapotranspiration from a basin are discussed in detail

220 The _probzblc maximum depth of precipitation over a catchment is given by the in this chapter : 3 o
relation FMP = % ?

- e 2 : Before the rainfall reaches the outlet of a basin as runoff, certain

(@) P+ KA (b) Pt Ko () Pexp(~KAn) @ mP. ' demands of the catchment such as interception, depression storage and

jofiltration have to be met. If the precipitation not available for surface
runoff.is defined as “loss”, then these processes are also “losses”. In terms
* of groundwater the infiltration process is a “gain”. Aspects of interceptiomn,
depression storage and infiltration that are important from the point of
view of engineering hydrology are dealt briefly in the end of this chapter.

EVAPORATION

3.2 EVAPORATION PROCESS

Evaporation is the process in which a liquid changes to the gaseous state
at the free surface, below the boiling point through the transfer of heat

Yo g gy
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‘US Weather Bureau and is known as Class A Land Pan. The depth of

water is maintained between 18 cm and 2¢ cm (Fig. 3.1), The pan is nor- |
mally made of unpainted galvanised iron sheet. Monel metal is used where i
cortosion is a problem. The pan is placed on a wooden platform of 15 cm {
height above the ground to allow free circulation of air below the pan. i
Evaporation measurements are made by measuring the depth of water |
with a hook gauge in a stilling well.

Water level in pan

Fig. 3.1 U.S. Class A evaporation pan

; |
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1S Standard Pan :

This pan evaporimeter specified by IS : 5973-1970, also known as modi-
fied Class A Pan, consists of a pan 1220 mm in diameter with 255 mm of
depth. The pan is made of copper sheet of 0.9 mm thickness, tinned inside
and painted white outside (Fig. 3.2). A fixed point gauge indicates the
level of water. A calibrated cylindrical measure is used to add or remove
water maintaining the water level in the pan to a fixed mark. The top of
the pan is covered fully with'a hexagonal wire netting of galvanized iron
to protect the water in the pan from birds. Further, the presence of a wire
mesh makes the water temperature more uniform during day and night. ’

e e b T i i L

|
i
|

} 1220¢%
' : Thermometer clamp|
| Wire-mesh Ihe.rmomet@j’\ A £
b oo Stilting well 4574 'y
|4 Fixed point gauge > [ f
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Fig. 3.2 IS5 cvaporation pan
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The evaporation from this pan is found to be less by about 14%, compared

‘to that from unscreened pan. The pan is placed over a square wooden

platform of 1225 mm width and 100 mm height to enable circulation of air
underneath the pan. - ; :

.Colorado Sunken Pan

This pan, 920 mm square and ‘460 mm deep is made up of unpainted
galvanised iron sheet and buried into the ground within 100 mm of-the top’
(Fig. 3.3). The chief advantage of the sunken pan is that radiation and
aerodynamic characteristics are similar to those of a lake. However, it has
the following disadvantages: (i) difficult to detect leaks, (ii) extra care is
needed to keep the sorrounding area free from tall grass, dust etc. and
(iii) expensive to install,

-Water level
\sume as GL

50 :
[t -3
460
l b s zZ Z7Zzzd
fe—-— 920¢

Fig. 3.3 Colorado sunken evaporation pan

US Geological Survey Floating Pan

With a view to simulate the characteristics of a large body of water, this
square pan (900 mm side and 450 mm depth) supported by drum floats in
the middle of a raft (4.25 m X 4.87 m) is set afloat in a lake. The water
level in the pan is kept at the same level as the lake leaving a rim of 75 mm.
Diagonal baffles provided in the pan reduce the surging in the pan due to
wave action. Its high cost of installation and maintenance together with the
difficulty involved in performing measurements are its main disadvantages.

Pan Coefficient, Cy
Evaporation pans are not exact models of large reservoirs and have the
following principal drawbacks: ; _

1. They differ in the heat-storing capacity and heat transfer from the sides
and bottom. The sunken pan and floating pan aim to reduce this defici-
ency. As a result of this factor the evaporation from a pan depends to a
certain extent on its size. While a pan of 3 m diameter is known to give a
value which is about the same as from a neighbouring large lake, a pan
of size 1.0 m diameter indicates about 20% excess evaporation than that
of the 3 m diameter pan,

‘ ;
TR v e P o s
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2. Tha height of the rim in an evaporation pan affects the wind action
over the surface. Also, it casts a shadow of variable magnitude over the
water surface.

‘2. The heat-transfer characteristics of the pan material is different from
that of the reservoir.

o view of the above, the evaporation observed from a pan has to be
corsected to get the evaporation from a lake under similar climatic and
exposure conditions. Thus a coefficient is introduced as

Lake evaporation = Cp X pan evaporaiion
in which Cp = pan coefficient. The values of T in use for different pans
are given in Table 3.1.

Tanie 3.1 Varves oF PAN CoOEFFICIENT Cp

S. No. Type of pan Average value Range
1. Class A Land Pan 0.70 0,60-0.89
> 151 Pan {modified Class A) 0.80 0.65-1,10
3% Colorado Sunken Pan 0.78 0.75-0.86
4. USGS Floating Pan 0.80 0.70-0.82

Evaporation Stations
It is usual to install evaporation pans in such locations where other meteo-
rolopical data are also simultaneously collected, The WMO recommends
the minimum network of evaporimeter stations as below:

1. Arid zones—One station for every 30,000 km?®,

2. humid temperate climates—one station for every30,000 km?, and

3. cold regions—One statjon for every 100,000 km?.
Currently India has about 200 pan-evaporimeter siations maintained by the
India Meteorclogical Department.

3.4 EMPIRICAL EVAPORATION EQUATIONS

A large number of empirical equations are available to estimate lake eva-
poration using commonly available meteorelogical data. Most formulae are
bascd on the Dalton-type equation and can be expressed in the general
form

EL = Kf(ﬁ) (fw"'(.’u) (3.2)

where Er = lake evaporation in mm/day, ew = saturated vapour pressure
at the water-surface temperature in mm of mercury, es == actual vapour
sure of overlying air at a specified height in mm of mereury, f(u) =
wind-speed correction fynction and K == a coctfiicient. The term ea is

el e e R
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measured at the same height at which wind speed is measured. Two
commonly used empirical evaporation formulae are:

Mever’s Form_ufa (1915
. Er = Ku (ew—ee) (1 -+ %) (3.3)

in which Er, ew, es are as defined in Eq. (3.2), 1y = monthly mean wind
velocity in km/h at about 9 m above ground and K = coefficient account-
ing for various other factors with a value of 0.36 for large deep waters and
0.50 for small, shallow waters.

Rohwer's Formula (1931) _
Rohwer's formula considers a correction for the effect of pressure in
addition to the wind-speed effect and is given by

FEr = 0771 (1.465«—0.000732_17(,) (0.44 -+ 0.0733 u) (ew—eq) 3.4)
in which Ep, e and eq are as defined earlier in Eq. (3.2),
p. = mean barometric reading in mm of mercury

=: mean wind velocity in kmjh at ground level, which can be taken to

g
be the velocity at 0.6 m height above ground .

These empirical formulac are simple to use and permit the use of stan-
dard meteorological data. However, in view of the various limitations of
the formulae, they can at best be expected to give an approximate magni-
tude of the evaporation. References 2 and 3 list several other popular
empirical formuiae. .

In using the empirical equations, the saturated vapour pressure at a given
temperature (ew) is found from a table of e vs temperature in °C, such as
Table 3.3. Often, the wind-velocity data would be available at an elevation

_other than that needed in the particular equation. However, it is known that

in the lower part of the atmosphere, up to a height of about 500 m above
the ground level, the wind velocity can be assumed to follow the 1/7 power
law as

up == C A7 {3.5)

where k= wind velocity at a height h above the ground and C == con-
stant. This equation can be used to determine the velocity at any desired
level if un is known.

ExampLe 3.1 A reservoir with a surface area of 250 hectares had the
following average values of parameters during a week: Water temperature=
20°C, relative humidity = 4055, wind velocity at 1.0 m above ground =
16 kmjh. Estimate the average daily evaporation from the lake and the
volume of water evaporated from the lake during that one week.
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e, == 17.54 mm of Hg
s = 0.40 X 17.54 == 7.02 mm of Hg
u, = wind velocity at a height of 9.0 m above ground .
= u, (57 = 16,0 (9)7 = 21.9 km/h '
.By Meyer’s formula [Eq. (3.3)],
Er = 0,26 {17.54--7.02)( 1+ _2_;_6%) = 8.97 mm/day

Bvaporated volume in 7 days = 7 X —1%%% % 250 X 10% = 157,000 m?

1.6 ANALYTICAL METHODS OF EVAPORATION ESTIMATION

The analytical methods for the determination of Iake evaporation ¢an be
broadly classified into three categories as:

. Water-budget method,

encrgy-balance method, and

mess-transfer method.

ek

LS B |

Warar-Budgpet Method
The water-budget method is the simplest of the three analytical methods
and is also the least reliable. It involves writing the hydrelogical continuity
equation for the lzke and determining the evaporation from a krnowledge
or estimation of other variables, Thus considering the daily average values
for a lake, the continuity equation is written as
PHVPutVe=Vo+ Vi + E+85+T - (36)

whers P == daily precipitation

Vi = daily surface inflow into the lake

Ve = daily groundwater inflow

Vo, = daily surface outflow from the Jake

Vsg = daily seepage outflow

Ep = daily lake evaporation

A5 = increase in lake storage in a day

» = duily transpiration loss

are in units of volume {m?) or depth {mm) over a reference
en (3.6) can be written as
Er = P A (Fig= Vo) + (Vig— Vo)~ Tr— 48 (a7

it atha tavie - . 1 ¥ it 1
no ihisthe terms P, Vo, Vo, and &5 can be measuved, However, i Iy 2ot
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possible to measure Vie, Vog and Tr and therefore these quantities can
only be estimated. Transpiration losses can be considered to be insignifi-
cant in some reservoirs. If the unit of time is kept large, say weeks or
months, better accuracy in the estimate of Er is possible. In view of the
various uncertainties in the estimated values and the possibilities of errors
in measured variables, the water-budget method cannot be expected to give
very accurate results. However, controlled studies such as at Lake Hefner
in USA (1952) have given fairly accurate results by this method.

Energy-Budget Method

The energy-budget method is an application of the law of conservation of
energy. The energy available for evaporation is determined by considering
the incoming energy, outgoing energy and energy stored in the water body
over a known time interval.. : )

Back radiation Heat loss 1o air

Hp Ha °
'
Solar
rodiation : Reﬂec:;d !
He | C
e : Evaporation
i T PLE
: s
N (1-r) He

eWdaler
Heat storedfs

Advection

Heat flux /5 e
b ¥

intc the
QFGUI’!Q Hg

Fig. 3.4 Energy balance in a water body

Considering the water body as in Figure 3.4, the eaergy balance to the
evaporating suface in a period of one day is given by
IfAWHa+H,+f{,—E—H,+H=x (3.8)
where H. = net heat Encrgyjrcceive[’d by tﬁ“e water surface

= Hc(1=r)—Hs
in which K. (1—r) = incoming solar radiation into a surface of reflection
G coeflicient (albedo) r
H, Hs = back radiation (long wave) from water body
H. == sensible heat transfer from water surface to air
H, = heat energy used up in evaporation
= of Ez, where p = density of water, L = latent heat
of evaporation and Ez = evaporation in mm

Ha

R A
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Hy = heat fiux into the ground
H, = heat stored in water body

FH; = net heat conducted out of the system by water flow
(advected energy)

All the energy terms are in calories per square mm per day. If the time
pericds are short, the terms H; and 7y can be neglected as negligibly small.
he terms except e can either be measured or evaluated indirectly. The
¢ heat term Ha, which cannot be readily measured is estimated using
Eawerr's ratio § given by the expression

fa : Te—Ts
el — ~& o ik
‘,8 T Es 6.1 X 107* X pa s

(3.9)

where ps == atmospheric pressure in mm of mercury, en = saturated
vapour pressure in mm of mercury, es = actual vapour pressure of air in
im of mercury, 7 == temperature of water surface in °C and T =

temperature of air in °C. From Eqs (3.8) and (3.9) £ can be evaluated as

—Hy— Hi— H,
PL(I + ﬁ)

Ep = (3:10)

Estimation of evaporation in a lake by the energy balance method has been

1 to give satisfactory results, with errors of the order of 5%, when
izd to periods less than a week. Further details of the energy-budget
:0d are available in Refs 2, 3 and 5.

Aass-Transfar Rethod
is method is based on theories of turbulent mass transfer in boundary

wding atmosphere. However, the details of the method are beyond
pe of this book and can be found in published literature %, With
of quantities measured by sophisticated (and cxpensive) instrumen-
n, this method can give satisfactory resuits.

3.5 BESERVOIR EVAPORATION AND METHGDS FOR
T8 REDUCTION

Any of the methods mentioned above may be used for the estimation of
'eservolr evaporation. Although analytical methods provide better resulfs,
invelve parameters that are difficult to asses or expensive to obtain.
cal e'}i‘is,:ict‘s can at best give approximate values of the correct
ag I!"m»&. Therelore pan measurements find general acceptance
: ticn, Mean monthly and annus) evaporation data
i more than 200 stations by IMD will prove to be very valuzble

to caleulate the mass water vapour transfer from the surface to the
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in field estimations, The water volume lost due to evaporation from a
reservoir in a month is calculated as

Ve = A Em Cs G.11)
where Vi = volume of water lost in evaporation in a month (m®)
A = average reservoir area during the month
Eym == pan evaporation loss in metres in a month
= Erin mm/day X No. of days in the month X 10~
Cy ‘== relevant pan coeflicient -

Bvaporation from a water sutface is a continuous process. Typically under

f

_Indian conditions, evaporation loss from a water body is about 160 c¢m in

a year with enhanced values in arid regions. The quantity of stored water
lost by. evaporation in a year is indeed considerable as the surface area of
many natural and man-made lakes in the country are very large. A small-

sized reservoir may have a surface area of about 2000 thtares while large

- reservoirs such as that at Nagarjuna Sagar have surface area of about

30,000 hectares (300 km?). The surface areas and capacities of some
Indian reservoirs are indicated in Table 3.2.

TABLE3.2 SURFACE AREAS AND CAPACITIES OF SOME INDIAN RESERVOIRS

‘8. No. Reservoir River State Surface area  Gross capacity
5 at MRL in of the reserveir
(km?) (x 108 m®)
Hirakud Mahanadi Orissa 725 8141
2 Gandhi Chambal Madhya 560 8450
‘Sagar Pradesh & :
3 Tungabhadra Tungabhadra Karnataka 378 4040
4 Nagarjuna Krishna Andhra 285 11,315
Sagar Pradesh '
5 Kadana Mahi Gujarat ‘ 172 1714
6 Bhakra Sutlej Punjab E 169 . 9868
7 Panchet Damodar  Bihar 153 1497
8 Matatila Betwa - Uttar Pradesh 142 ‘ 13z
9 Nizam Manjira Andhra 130 715
Sagar Pradesh : _
10 Shivaji = Koyna Maharashtra 115 2780
] Sagar ;

As the construction of various reservoirs as a_part of the water-resburces
developmental effort involve comsiderable inputs of money, which is a
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scarce resource, evaporation from such bodies signifies an economic loss,
In arid zones where water is scatce, the importance of conservdtion
of ‘water throuzh recduction of evaporation is obvicus. )

~e various methods dvailable for reduction of evaporation losses can be

considered under three categories:

-

(i} Reduction of Surface Area :

Eince the volume of water lost by evapordtion is directly proportional to
she surface area of the water body, the reduction of surfdce area wherevet
feasible reduces evaporition losses. Measures like having deep reservoirs

" in place of wider ones and elimination of shallow areas can be considered
tinder this category.

{ii} Mechanical Covers

Permanent roofs over the reservoir, temporary roofs and floating roofs
such as rafts and light-weight floating particles can be adopted wherever
fensible. Obviously these measures are limited to very small water bodies
such as ponds, etc. '

(iii}  Chemical Films o

This method consists of applying a thin chemical film on the water

irface to reduce evaporation. Currently this is the only feasible method

ailable for reduction of evaporation of reservoirs up to moderate size.
Certain chemicals such as cetyl alcohol {(hexadecanoel) and stearyl alcohol

{octadecana!) form monomolecular layers on a water surface. These layers

‘act as evaporation inhibitors by preventing the water molecules to escape .

past them, The thin film formed has the following desirable features:

i. The film is strong and flexible and does not break easily due to wave
action. ;

2, If punctured due to the impact of raindrops or by birds, insects, etc.,
the film closes back soon after.

3. It is pervious to oxygen and carbon dioxide; the water quality is
herefore not affected by its presence.

4. Tt is colourless, odourless and nontoxic.

‘Cetyl alcohol is found to be the most suitable chemical for use as an
evaporaticn inhibitor. Ttisa white, waxy, crystaliine solid and is available
as lumps, flakes or powder. It can be applied to the water surface in the
form of powder, emulsion or solution in mineral turpentine. Roughly about
0.35 kg/hectare/day of cetyl alcchol is nceded for effective action.

lation, wind sweep of the layer to the shore and its removal by birds
sccts, Evaporation reduction can be achieved to a maximum if a

i
A

OX

&

1
fiim pressure of 4 X 107* Nfm is maintained.

e chemical is periodically replenished to make up the losses due to .

&
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Controlled experiments with evaporation pans have indicated an evapo-
ration reduction of about 60% through use of cetyl alcohol. Under field
conditions, the reported values of evaporation reduction range from 20 to .
50%. It appears that a reduction of 20-30% can be achieved easily in
small s_ize'lakcs (< 1000 hectares) through the use of these monomolecular
layers. The adverse effect of heavy wind appears to be the only major
impediment affecting the efficiency of these chemical films.

EVAPOTRANSPIRATION

3.7 TRANSPIRATION

Transpiration is the process. by which water leaves the body of a living
plant and reaches the atmosphere as water vapour. The water is taken up
by the plant-root system and escapes through the leaves. The important
factors affecting transpiration are: atmospheric vapour pressure, tempera-
ture, wind, light intensity and characteristics of the plant, such as the root
and leaf systems. For a given plant, factors that affect the free-water
evaporation also affect transpiration. However, a major difference exists
between transpiration and evaporation. Transpiration is essentially confin-
¢d to daylight hours and the rate of transpiration depends upon the
growth periods of the plant, Evaporation, on the other hand, continues all
through the day and night although the rates are different.

. 3.8 EVAPOTRANSPIRATION

While transpiration takes place, the land area in which plants stand also
lose moisture by the evaporation of water from soil and water bodies.
In hydrology and irrigation practice, it is found that evaporation and trans-

‘piration processes can be considered advantageously under one head as

evapotranspiration. The term consumptive use is also used to denote this
logs by evapotranspiration. For a given set of atmospheric .conditions,
evapotranspiration obviously depends on the availability of water. If
sufficient moisture is always available to completely meet the needs of -
vegetation fully covering-the area, the resulting evapotranspiration is call-
ed potential evapotranspiration (PET). Potential evapotranspiration no longer
critically depends on soil and plant factors but depends essentjally on
climatic factors. The real evapotranspiration occurring in a specific situation
is called actual evapotranspiration (AET).

It is necessary to introduce at this stage two terms: fleld capacity and
permanent wilting poirt. Field capacity is the maximum quaniity of water
that the soil can retain against the force of gravity. Any higher moisture
input to a soil at field capacity simply drains away. Permanent wilting

e T RS
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point is the moisture content of a soil at which the moisture is no longer
ble in suificient quantity to sustain the plants, At this stage, even
ch the soil contains some moisture, it wili be so held by the soil
ins that the roots of the plants are not able {0 extract it in sufficient
guantities to sustain the plants and consequently the plants wilt, The field
y and permanent wilting point depend upon the soil characteristics.
The dillerence between these two moisture contents is called available water,
the moisture available for plant growth.
If the water supply to the plant is adequate, soil moisture will be at the
ﬁcld cdpaciﬂf and AET will be equal to PET. If the water supply is less
""" m.soi! dries out and the ratic AET/PET would then be less
tn"m mitv ‘he decrease of the ratio AET/FET with available moisture

“depends upon the type of soil and rate of drying. Generally, for clayey

soils, AET/PET= 1.0 for pearly 50% drop in the available moisture. As
can be expected, when the soil moisture reaches the permanent wilting

ro‘nt the AET reduces to zero (Fig. 3.5). For a catchment in a given

period of time, the hydrologic budget can be writien as

P—=Ri—=Go— Exct = AS (3.12)

’é?“ ~ Clayey =oil
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Fig. 3.5 Variation of AET

whare P = precipitation, R. == surface runoff, G, = subsurface outflow,
Eser = aciual evapotranspiration (AET) and A5 == change in the moisture
siorage. This water budgeting can be used to calculate £icr by knowing
nating other elements of Eq. (3.12). The sum of R, and Go can be
the stream flow R at the basin outlet without much error.

cept in @ few specialised studies, all applisd studies in hydrology use
PET for various estimation purposes. It is generally agreed that PET is a
good epproximation {or lake evaporation.

2.8 MEASUREMENT OF EVAPOTRANSPIRATION

_ The measurement of evapotranspiration for a given vegetation typz can be
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carried out in two ways: either by using lysimeters or by the use of field
plots.

Lysimeters

A lysimeter is a special watertight tank containing a block of soil and set
in a field of growing plants. The plants grown in the lysimeter are the
same as in the sorrounding field. Evapotranspiration is estimated in terms
of the amount of water required to maintain constant moisture conditions

_within the tank measured either volumetrically or gravimetrically thmugh

an arrangement made in the lysimeter. Lysimeters should be designed to
accurately reproduce the soil conditions, moisture content, type and size of
the vegetation of the surrounding area. They should be so burried that the
soil is at the same level inside and outside the container, Lysimeter studies
are time-consuming and expensive.

Field Plots &
In special plots all the elements of the water budget in a known intcrv_al of
time are measured and the evapotranspiration determined as

Evapotranspiration = [precipitation -+ irrigation input — runoff
— increase in soil storage — groundwater loss]

Measurements are usually confined to precipitation, irrigation input,
surface runoff and soil moisture. Groundwater loss due to deep percola-
tion is' difficult to measure and can be minimised by keeping the moisture
condition of the plot at the field capacity. This method provides fairly
reliable results,

3,10 EVAPOTRAMSPIRATION EQUATIONS

The lack of reliable field data and the difficulties of obtaining reliable
evaportranspiration data have given rise to a number of methods to predict
PET by using climatological data. Large number of formulae are available;
they range from purely empirical ones to those backed by theoretical
concepts. Two useful equations are given below.

Penman’s Equation

Penman’s equation is based on sound theoretical reasoning and is obtained
by a combination of the energy-balance and mass-transfer approach.
Penman’s equation, incorporating some of the modifications suggested by
other investigators is

A Hn+ Esy (3.13)

BED - St
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where PET = daily potential evapotranspiration in mm per day
A = siope of the saturation vapour pressure vs temperature
curve at the mean air temperature, in mm of mercury per
°C (Table 3.3)
Hpn = net radiation in mm of evaporable water per day :
E; = parameter including wind velocity and saturation deficit
Y == psychrometric constant = 0.49 mm of mercury/°C

The net radiation H, is the same as used in the energy budget [Eq. (3.8)]

and is estimated by the following equation:

Hy= M (1=r)(a + 5 2) =aT! 0.56-0.092 v
X (0.10 + 0.90 %)  (3.14)

where Ho = incident solar radiation outside the atmosphere on a horizon-
tal surface, expressed in mm of svaporable water per day (it

is a function of the latitude and pericd of the year as indicat- -

ed in Table 3.4).
r = reflection coefficient (albedo). Usual ranges of values of r are
given below. i

Y

Surface range of ‘r values
Close ground crops 0.15-0.25
Bare lands 0.05-0.45
Water surface ' .03
Snow 0.45-0.90

—

@ = a copstant depending upon the latitude ¢ and is given by
a= 0.2%cos ¢
b = a constant with an average value of 0,52
m = actual duration of bright sunshine in hours
N = maximum possible hours of bright sunshige (it is a function
of latitude as indicated in Table 3.5)
¢ = Stefan-Boltzman constant = 2,01 x 10-* mm/day
T« = mean air temperatuge in degrees kelvin = 273 + °C
€« = aciual mean vapour pressure in the air in mm of mercury

-

The parameter Ea is estimatod as

Es = 035 {1 + Tg‘g—)(ew—'ea} N -

S

ol ?
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in which
. Uy = mean wind speed at 2 m above ground in km/day

ew = saturation vapour pressure at mean air temperature in mm of
mercury (Table 3.3) Hu

€a = actual vapour pressure, defined earlier

For the computation of PET, data on n, es, Uy, mean air temperature and
nature of surface (i.e. value of r) are needed. These can be obtained from
actual observations or through available meteorological datd of the region. .
Equations (3.13), (3.14) and (3.15) together with Tables 3.3, 3.4 and 3.5 ;
enable the daily PET to be calculated. It may be noted that Penman’s -
equation can be used to calculate evaporation from a water surface by
using r = 0.05. Penman’s equation is widely used in India, the UK,
Australia and in some parts of USA. Further details about this equation
are available elsewhere? ¢ 5, -

TABLE 3.3 SATURATION VAPOUR PRESSURE OF WATER

-Tcmpcraturc Saturation A
cC) . vapour pressure (mm/°C)
ew (mm of Hg)

0 , 4.58 0.30
5.0 6.54 0.45
7.5 7.78 0.54

10,0 a1 0.60
12.5 : 10.87 0.71
15.0 12.79 0.80
17.5 15.00 - 0.95
20.0 17.54 g o 1.05
22.8 2044 1.24
25.0 23.76 ' 140 -
i 27.54 1.61
30.0 31.82 1.85
325 3668 2.07
35.0 42.81 : 2.35
37.5 48.36 2.62
40.0 55.32 2.95

45.0 - 7120 3.66
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Taste 3.4 MeAn MONTHLY SOLAR RADIATION AT ToP OF ATMOSPHERE, Hg IN mm OF

EVAPORABLE WATER/DAY

P::);».h Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
tude

0° CI45 150 7152 147 139 134 135 142 149 150 14.6 14.3
10° 12.8 13.9 148 152 150 148 14.8 150 14.9 14.1 131 12.4
20° f0.8 12,3 138 152 157 15:8 957 183 144 129 11.2 103
30° 85 105 127 148 160 165 16.2 153 135 11.3 91 79
40° 6.0 83 110 13.9 159 167 163 148 122 93 67 54
50° 36 59 9.4 127 154 167 161 139 105 7.1 4.3 3.0

, TABLE 3.5 MrAN MONTHLY VALUES OF POSSIBLE SUNSHINE Hours, N

North i i
Jati- Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
tude ;

0° 12,1 121 121 121 121 121 121 121 121 121 120 121
10° 116 11.8 12.1° 124 12,6 12.7 126 12.4 129 119 117 11.5
20° ILT 11,5 120 126 13.1 13.3 13.2 128 123 117 112 10.9
30° 10.4 ll.i 12,0 129 13.7 141 139 13.2 124 115 106 10.2
40° 96 107 11.9 132 14.4 150 147 138 125 112 100 94
50° 8.6 10.1 11.8 138 154 164 160 145 127 108 9.1 8.1

ExaMpir 3.2 Calculate the potential evapotranspiration from an area near

New Delhi in the month of November by Penniun’s formula, The following -

data are available:

Latitude 28°4'N
Elevation 230 maSL
Mean monthly temperature 19°C
Aean relative humidity 75%
Mean observed sunshine hours 9h
Wind veloeity at 2m height 85 kml!day

Nature of surface cover Close-ground green crop

From Tabie 3,3,

A

ew =

I

1.00 mm/°C
16.50 mm of Hg

B 8ttt s
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From Table 3.4
| : Ha = 9.506 mm of water/day
From Table 3.5
| N =10.716 h
n/N = 9/10.716= 0.84
From given data: :
ea = 16.50 X 0.75 = 12.38 mm of H
a = 0.29 cos 28° 4’ = 0.2559
b =052 ;i
@ = 2.01 X 10~ mm/day
Ta =273 +19 =202 K
oT? = 14.613
f' i r = albedo for close-'ground green crop is takeh
as 0.25 wio
From Egq, (3.14), ; ;
Hn = 9.506 X (1-0.25) X (0.2559 + (0.52X0.84))
—14.613 x (0.56—0.092 /12.38)
X (0.10 4+ (0.9 x 0.84) )
= 4.936—2.946
= 1,990 mm of water/day

From Eq, (3.15),

E:= 035 x (1 + Tg“;““) X (16.50—12.38)

= 2.208 mm/day
From Eq. (3.13), noting the value of Y = 0.49

-990) + (2.208 x 0.49)

(L.00 + 0.49) = 2.06 mm/day

PET = L% 1

ExameLe 3.3 Using the data of Example 3.2, estimate the daily evapo-

ration from a lake situated in that place.

|

f

For estimating the daily evaporatiom from a lake,
| used with the albedo r = 0,05,
[

Hence

Penman’s equation is

(1.0~0.05)
(1.0—-0.25)

= 6.252-2.946 = 3.306 mm of water/day
2.224 mm/day

H, =2 (4.936) x - 2.946

Ly

o
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From Eq.(3.13),
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PET = Lake evaporation
_ (1.0 x 3.306) 4 (2.224 X 0.49)
i (1.0 - 0.49)
= 2,95 mm/day

Empirical Formulae

A large number of empirical formulae are avaslable for the estimation of
PET based on climatological data. These are not universally applicable to
all ¢climatic areas, They should be used with caution in areas different from
those for which they were derived,

BIaney—Cndd/e Formula

This is a purely empirical formula based on data from arld western Umted

States, This formula assumes that the PET is related to hours of sunshine -
and temperature, which are taken as measures of solar radiation at an

area. The potential evapotranspiration in a crop-growing season is

given by
Er =254 KF
and F=3p, Ts/100 (3.16)
where : Er = PET in a crop season in cm ‘
K = an empirical coefficient, depends on the type of
_ the crop
F = sum of monthly consumptive use factors for the
period
p, = monthly percent of annual day-time hours,
depends on the jatitude of the place (Table 3.6) -
and T = mean monthly temperature in °F '

Values of X depend on the month and locality. Average value for the
season for sclected crops is given in Table 3.7. The Blaney-Criddle
formula is Jargely used by irrigation engineers to calculate the water
requirements of crops, which is taken as the difference between PET and
effective precipitation. Blaney-Morin equation is another empirical formula
similar to Eq. (3.16) but with an additiona! correction for humidity.

ExampLE 3.4  Estimate the PET of an area for the season November to

February in which wheat is grown. The area is in North India at a latitude of

30°N with mean monthly temperatures as below:

Feb
14.5

Month Nov - Dec Jan
Temp. (°C) 16.5 13.0 11.0

Use the Blaney-Criddle formula.

N =

i
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TasLE 3.6 MonTHLY DaYTIME HOURS PERCENTAGES, pn, For USE IN BLANEY-CRIDDLE
FormuLa (EQ. 3.16) : il

North ) : \

latitude Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
(degrees) : ’ o :

0 : 8.50 7.66 849 821 850 B8.22 850 849 821 8.50 8.22 8.50
10 813 747 8.45 837 881 8.60 '8.86 8.71 825 834 7.91 8.10
15 7.94 7.36 843 844 898 880 9.05 8.83 828 826 7175 783
20 7.74 7.25 8.41 8._52 9.15 9.00 9.25 8.96 830 818 -7.58 7.66
28 7.53 7.14 8.39 5.6 ‘9.33 9.23 9.45 9.09° 832 809 7.40 7.42
30 : . 7.30 7.03 8.38 872 9.53 9.49 9.67 9.22 833 7.99 7.1§ 7.15
85" 705 688 8.35 8.83 5.76 9.77 9.93 937 8.36 7.87 6.95’ 6.86
40 6.76 672 833 8.95 10.02 10,08.10.22 9.54 8.39 7-.‘3.'5 6.72 6.52

TaBLE 3.7 VALUES oF K FoR SELECTED Crops FoR Use IN EQ. (3.16)

Crop Value of X Range of monthly
values
Rice _ 1.10 0.85-1.30
Wheat 065 0.50-0.75
Maize : 0.65 0.50-0.80
Sugarcane .. 090 L 0.75-1.00
.+ Cotton e 0L e i 0.50-0.90
- Potatoes 0.70 ;i 9.65-0.73
Natural Vegetation: ] nct 2
(a) ‘Very dense : 1.30
(b) Dense 1.20
(¢} Medium 100
(d) Light 0.80

From Table 3.7, for wheat X = 0.65. Values of ps for 30°N fs 're.ad from
Table 3.6, the temperatures are converted to Fﬁhrcnhcnght and thc
calculations are performed in the following table, :
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Moenth Tr (°F) Dh P?"I_:f/l 00
Now. Ry 7.19 L A
Dec. 55.4 Fio R 3.96
Jan. 51.8 7.30 3.78
Feb. 58.1 7.03 4.08

S ps Tr/100 = 16.26

By Eq. (3.16),
Er =2.54 % 16.26 X 0.65 = 26,85 cm.

Thornthwaite Formula

This formula was developed from data of eastern USA and uses only the
mean monthly temperature together with an adjustment for day-lengths.
The PET is given by this formula as '

ET = 1.6 Le (1—011)“ (3.17)
(]

where ET = monthly PET in cm

L, = adjustment for the number of hours of daylight and days in
the month, related to the latitude of the place (Table 3.8)

T = mean monthly air temperature °C

12
Ii = the total of 12 monthly values of heat index i = % i,

where { = (T/5)1"51%
a = an empirical constant

= 6.75 X 107" I} =771 X 10~ I} 41.792x10~* },+0.49239

TABLE 3.8 ADIUSTMENT FACTOR I, FOR USE IN THORNTHWAITE FORMULA (Eq. 3.17)

f:toarf‘c Jan Feb Mar Apr May Jume July Aug Sep Oct Nov Dec
_di;!rﬁcs

o] 1.04 094 1.04 1.01 104 1.01 1.04 1.04 1.01 1.04 1.01 1.04

10 1.00 091 1.03 1.03 1.08 106 1.08 1.07 1.02 1.02 0,93 0.99

15 0.97 091 1.03 1.04 1.11 108 1,02 1.08 1.02 1.01 0.95 097
20 095 090 1.03 1,05 1.13 1.11 1.14. 1.11 1.02 1.00 093 094
a5 0.93 0.89 1.03 1.06 1.15 114 1.17 112 1.02 099 091 091
30 0.0 0.87 1.03 1.08 1.18 1.17 1.20 1.14 1.03 0.98 0.89 0.88

40 0.84 083 1.03 1.11 1.24 1.25 1.27 118 104 096 0.83 0.81

e e et e i P S

.

Fig. 3.6 (@) Annual PET (cm) over India
(Source: Scientific Repors No. 136, IMD, 1971,
© Government of India Copyright)
Based upon Survey of India map with the permission of the Surveyor
General of India
© Government of India Copyright 1984

The territorial waters of India extend into the sea to a distance of twelve
nautical miles measured from the appropriate baseline

Responsibility for the correctness of internal details on the map rests with
the publisher,
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3.1 i’OTENTlAL EVAPOTRANSPIRATION OVER INDIA

Using Penman s cquatlon and the available climatalogical data, PET esti-

. matet for the country has been made. The mean annual PET (in cm) over
_ various parts of the country is shown in the form of isopleths—the lines

on a map through places having equal depths of evapotranspiration
[Figure 3.6 (a) ]. It is seen that the annual PET ranges from 140 to 180 ecm
over most parts of the country. The annual PET is highest at Rajkot,
Gujarat with a value of 214.5 cm, Extreme scuth-east of Tamil Nadu also
show high average values greater than 180 cm. The highest PET for
southern peninsula is at Tiruchirapalli, Tamil Nadu with a value of
209 ¢cm. The variation of monthly. PET at stations located in various
climatic zones in the country is shown in Fig. 3.6 (b). Valuable PET data
relevant to various parts of the country are available in Ref. 4.

INITIAL LOSS

In the 'p'rccipilation reaching the surface of a catchment the major abstrac-
tion is from the infiltration process. However, two other processes, though

. small in magnitude, operate to reduce the water volume available for

runoff and thus act as ebstractions. These are (i) the interception process

and (ii) the depression storage, and together they ate called inirial loss.
This abstraction represents the quantity of storage that must be satisfied
before overland runoff begins. The following two sections deal with these
two processes briefly.

‘312 lNTERCEPTION

When it rains over a catchment not all the precipitation falls directly onto

_ the ground. Before it reaches the ground, a part of it may be caught by

the vegetation and subsequently evaporated. The volume of water so
caught is called interception. The mtercepted precipitation may follow one
of the three possible routes:

1. It may be retained by the vegetation as surface storage and returned
to the atmosphere by evaporation; a process termed interception
loss; :

2. it can drip off the plant leaves to join the ground surface ot the
surface flow; this is known as throughfall; and

3. the rainwater may run along the leaves and branches and down the
stem to reach the ground surface. This part is called stemflow.

Interception loss is solely due to cvaporatlon and does not include trans-
piration, throughfall or stemflow.
The amount’ of water intercepted in a given area is extremely difficult
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to measure. It depends on the species composition of vegetation, its
density and also on the storm characteristics. It is estimated that of the
total rainfall in an area during a plant-growing scason the interception

1oss is about 10 to 20%. Interception is satisfied during the first part of a-

storm and if an area experiences a large number of small storms, the
annual interception loss due to forests in such cases will be high, amounting

to greater than 25% of the annual precipitation, Quantitatively, the varia-

tion of interception loss with the rainfall magnitude per storm for small
storms is as shown in Fig. 3.7. It is seen that the interception loss is large
for a small rainfall and levels off to a constant value for larger storms.
For a given storm, the interception loss is estimated as

= Si + K¢ Et (3.18)
where I; = interception loss in mm, Si = interception storage whose value

“varics from (.25 to 1,25 mm depending on the nature of vegetation, K¢ =

ratio of vegetal surface area to its projected area, £ == evaporation rate in
mm/h during the precipitation and ¢ = duration of rainfall in hours.

W
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Fig. 3.7 Typical interception loss curve

1t is found that coniferous trees have more interception loss than decidu-
ous ones. Also, dense grasses have nearly same interception losses as full-
grown trees and can account for nearly 20% of the total rainfall in a
season. Agricultural crops in their growing season also contribute high
interception losses. In view of these the interception process has a very
significant impact on the ecology of the arca related to silvicultural aspects
and in the water balance of a region. However, in hydrological studies
dealing with floods interception loss is rarely significant and is not separa-
tely considered, The common practice is to allow a lump sum value as the
initial loss to be deducted from the initial period of the storm.

3.13 DEPRESSION STORAGE

When the precipitation of a storm reaches the ground, it must first fill up
all depressions before it can flow over the surfuce, The volume of water

B
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trapped in these depressions is called depression storage. This amount is

. eventually lost to runoff through processes of infiltration and evaporation

and thus form a part of the initial loss. Depression storage depends on a
vast number of factors the chicf of which are : (i) the type of soil, (ii) the
condition of the surface reflecting the amount and nature of depression,
(iii} the slope of the catchment and (iv) the antecedent precipitation, as a
measure of the soil moisture. Obviously, general expressions for quantita-
tive estimation of this loss are not available. Qualitatively, it has been
found that antecedent precipitation has a very pronounced effect on

" decreasing the loss to runoff in a storm due to depression. Values of 0.50 cm

in sand, 0.4 cm in loam and 0. 25 em in clay can be taken as representatwes
for depression- storage loss durmg mtcnswe storms.

INFILTRATION

3.14 INFILTRATION PROCESS

It is well-known that when water is applied to the surface of a soil, a part
of it seeps into the soil. This movement of water through the soil surface

is known as infiltration. and plays a very significant role in the runoff

process by affecting the timing, distribution and magnitude of the surface
runoff. Further, infiltration is the primary step in the natural groundwater

recharge.
Infiltration is the flow of water into the ground through the soil surface

and the process can be easily understood through a simple analogy. Con-

. sider a small container covered with wire
inpul gauze as in Fig, 3.8. If water is poured over
ARAAAS the gauze, a part of it will go into the con-
"":-:: ._“\::_: Spitt tainer and a part overflows. Further, the con-
F w\*wwe tainer can hold only a fixed quantity and
9auze . when it is full no more flow into the con-
to 5‘3" cge tainer can take place. This analogy, though a
= highly simplified one, underscores two im-
portant aspects, viz., (i) the maximum rate
: -at which the ground can absorb water, the
Fig:28 i gha";.ﬂigy for  infiltration capacity and (i) the volume of
i idn water that it can hold, the field capacity.
Since the infiltered water may contribute to groundwater discharge in
addition to increasing the soil moisture, the process can be schematically
modelled as in Fig. 3.9(a) and (b). This figure considers two situations,
viz: low-intensity rainfall and high-intensity rainfall, and is self-expla-
natory. :
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Fig. 3.9  An infiltration model

3.15 INFILTRATION CAPACITY

The maximum rate at which a given soil at a given time can absorb water
is defined as the infiltration capacity. It is designated as f; and is expressed
In units of cm/h. The actual rate of infiltration / can be expressed as

: J=fc wheni > f,
and f=1 wheni < f | (.19)

where i = intensity of rainfall. The infiltration capacity of a soil js high
at the beginning of a storm and has an exponcntial decay as the time

elapses. The infiltration process is affected by a large number of factors
and a.few important ones affecting f; are descriked below,

Characteristics of Soil

The type of soil, viz. sand, silt or clay, its texture, structure, permeability
and underdrainage are the umportant characteristics under this category. A
loose, permeable, sandy soil will have a larger infiltration capacity than a

e e S

L
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tight, clayey soil. A soil with good underdrainage, ie. the facility to
transmit the infiltered water downward to a groundwater storage would

; ‘obviously have a higher infiltration capacity. When the soils occur. in

layers, the transmission capacity of the layers determine the overall infil-
tration rate. Also, a dry soil can absorb more water than one whose pores
are already full. The landuse has a significant influence on f. For example,
a forest soil rich in organic matter will have a much higher value of f;
under identical conditions than the same soil in an urban area where it is

subjected to compaction.

Surface of Entry :

At the soil surface, the impact of raindrops causes the fines in the soils to
be displaced and these in turn can clog the pore spaces in tl?e upper
layers. This is an important factor affecting the infiltration capacity. ThL}S
a surface covered by grass and other vegetation which can reduce this
process has a pronounced influence on the value of fe.

Fluid Characteristics : P

Water infiltrating into the soil will have many impurities, both in solution
and in suspension. The turbidity of the water, especially the clay and
colloid content is an important factor as such suspended particles block the
fine pores in the soil and reduce its infiltration capacity. The temperature
of the water is a factor in the sense that it affects the viscosity of the water
which in turn affects the infiltration rate. Contamination of the water by
dissolved salts can affect the soil structure and in turn affect the infiltra-

tion rate. -

3.16 MEASUREMENT OF INFILTRATION

Information about the infiltration characteristics of the soil at a given

" location can be obtained by conducting controlled experiments on small
~areas. The experimental set-up is called an infiltrometer. There are two

kinds of infiltrometers :

1 Floo&ing-type infiltrometer, and
2. Rainfall simulator,

“These are described below.

Flooding-Type Infiltrometer -

This is a simple instrument consisting .essentially of a metal cylinder,
30 cm diameter and 60 cm long, open at both ends. This cylinder is driven
into the ground to a depth of 50 cm (Fig. 3.10). Water is poured .into the
top part to a depth of 5 cm and a pointer is set to mark the water level, As
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infiltration proceeds, the volume is made up

by adding water from a burette to kecp the
water level at the tip of the pointer. Know-
ing the volume of water added at different
time intervals, the plot of the infiltration
capacity vs time is obtained. The experiments
are continued till a uniform rate of infiltra-
tion is obtained and this may take 2-3 h,
The surface of the soil is usually protected

Fig. 3.10 Simple infiltrometer

by a perforated disk 1o prevent formation

of turbidity and its settling on the soil surface,

A major objection to the simple infilirometer as above is that the
infiltered water spreads at the outlet from the tube (as shown by dotted
lines in Fig. 3.10) and as such the tube area is not representative of the
area in which infiltration takes place. To overcome this a ring infiltrometer
consisting of a set of two concentric rings (Fig. 3.11) is used. In this two

rings are inserted into the ground
and water is maintained on the soil

OQuter —  Inner tu _ X
Frng % % “ surface, in both the rings, to a
oL L BT i common fixed level. The outer ring

e g ) S— provides a walcer jacket to the infil-
tering water of the inner ring and
hence prevents the spreading out of

\ the infiltering water of the inner

X tube, The measurcments of water
volume is done on the inner ring
only.

The main disadvantages of flooding-type infiltrometers are

!
/
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Fig. 3.11 Ring infiltrometer

1. the raindrop-impact effect is not simulated;
2. the driving of the tube or rings disturbs the soil structure; and

3. the results of the infiltrometer depend to some extent on their size

with-the larger meters giving less rates than the smaller ones; this is
due to the border effect.

Rainfall Simulator _ : !
In this a small plot of land, of about 2 m x 4 m size, is provided with a
serics of nozzles on the longer side with arrangements to collect and
measure the surface runofl rate, The specially designed nozzles produce
raindrops falling from a height of 2 m and are capable of producing various
inteusities of rainfall. Experiments are conducted under controlled condi-
tiens with various combinations of intensities and durations and the surface |

<% runoff is measured in each case. Using the water-budget equation involving
the volume of rainfall, infiltration and runoll, the infiltration rate and its
variation with time is calculated. If the rainfall intensity is higher than the
infiltration rate, infiltration-capacity values are obtained.

ey

rainfall; it decreases with the degree of saturation an
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r values than flooding-

%ainfall si ' ififiltrometers iven lowe .
g et ' 5 the rainfall impact and

type infiltrometers. This is due to the effect of
turbidity of the surface water present in the former.

417 INFILTRATION-CAPACITY VALUES -

5

The typical variation of the infiltration capécit_y for two soils and {grtttv;r;
initial conditions is shown in Fig. 3.12. It is clear from the figure tha

i i i i i reases with time from the start of
infiltration capacity for a given soil dec )i S
type of soil. Horton (1930) expressed the decay of the infiltration capacity

with time as

foo = for+ (foo—fer ) K fr0 <t < :
infiltration capacity at any time f from start of the rainfall

(3.20)

where for =
feo == initial infiltration capacity at ¢ = 0 :
fer = final steady state value
ts = duration of the rainfall and’ ‘ :
Kn = constant depending upon the soil characteristics and vegetation

cover. : : ;
the three parameters feo, for and

1e di i iation of
The difficulty of finding the varnatio g p s S

Kn with soil characteristics an_d‘ antecedent moisture con
the general use of Eq. (3.20). - :

TS /
N ‘
h-‘- —— — ——

i snltieeniionel ;

£ sol
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E "~ __Dry sandy logm.

w 60f rhe—
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z LON, 2 ;

e : Dry clay loam

- b B

s o N\//Wet sandy loam _
- ~ e e ) — e — ¢ — —
= > Wet clay loam

z

0 1 b 0
0 05 1.0 1.5 2:0 25 :
TIME FROM START OF INFILTRATION (h)

Fig. 3.12 Variation of infiltration capacitx

It is apparent that infiltration-capacity values of soils are subjected to

wide variations depending upon a large number of factors. Typically, a

bare, sandy area will have fe = 1.2 cm/h and a bare, clay soil will have




76/Enginsaring Hydrolagy

f (] g covel imncreases |hese
§ e W, 5 cm/n, 1‘\ gOOd gIaSS cover or Ve etatio]l I
5
Va‘l]f‘s 0Y &s muci as IO tlnlts.

3,18 INFILTRATION INDICES

In hydrological calculations involvin it i
e gl g floods it is found conveni
sz m‘;wj:r()f mﬁitr.ahon rate for the duration of :g:nl;ztﬂilo uf; .
S0 titration rate is called infiliration index and two t f indi .
“The :T:t: lise'h : s
i ﬂ;e. : Uz; ot;”fevz;’j;fege T{;;nfz!li afovc_w}éich the rainfall vélumc is
: railgd ; ; index is derived from i
log,;s isgaégzczf;i}ild;;}; kn?wledge' of the resulting runoff volume.thT;:ai;ﬂi?;:
ekl inm;m;on Cisnlni?ltratxon. Th‘e ¢ value is found by treating it as
e m.tc isL ‘?amt){‘ If the ram}”all intensity is less than ¢, then
fo i paadlyaly mauah to the rainfall intensity: however, if the
e i b o R gv;t an ¢ the difference between rainfall and
- i o rainfa?foi time represents the runoff volume (Fig. 3.13),
i b A n excess of the ¢ index is called rainfall excess.
accounts for the total abstraction and enables runoff

magnitudes to i i
tnces to be estimated for a given rainfal] hyetograph, Example 3.5

illustrates the calenlation of the ¢ index

SITY
o
(8]

== Runoff

RAINFALL INTEN
(cmih)

1.0

05 gt

oL ':i.s?ffis_.. : j’“'”d"\‘
o &6 B 10 12 14

TIME (h)
Fig. 3.13 ¢ Index

EXAMPLE 3.5: A ite .
of 5.8 cm. Given :;;o:;::ew;?{ Ig?cm precipitation produced a direct runoff
o . (] z p; ribution o v . :
Giexsaf the st f the storm as below, estimate the &

Assume . = time of rainfall excess

Then

But this value of ¢ m
ineffective as their magnitude is less than 0.5

therefore modified.
Assume fo =

In this period,
Infiltration

This value of ¢ is satisfactory as it gives s
rainfall excesses. : ;

. Time from start (h) 1

Time fro J
3 om start (h) 1708 -k o s .y
Incremental rainfall ; : 8
in each hour (em) 0
Lem) 4 0.9 1.5 2.3 1
523 1% 16. 10 05

ADSITACTIONS TV T ISwrpir@anwesy oo

Total infiltration = 10.0—58 =4.2cm
=8 h for the first'trial.

& ’%3- = 0.525 cm/h

akes the rainfalls of the first hour and eighth hour
25 em/h. The value of e is

6 h for the secoﬁd trial

= (10.0~0.4—0.5—5.8)
= 3.3 cm

¢ = igi = 0.55 cm/h
= 6 h and by calculating the

2 3 4 3 6 7 8
125 105 045 0

Rainfall excess (cm) 0 0.35 0.95 1.75

Total rainfall excess = 5.8 cm = ‘total tunoff. _
In an attempt to refine the ¢ index the initial lossesare separated from
the total abstractions and an average value of infiltration rate called the W

index is defined as

P—R—Is (3.21)

W= i

where P = total storm precipitation (cm)
R = total storm runoff (¢m)
I. == initial losses (cm)
to = duration of the rainfall excess,
rainfall intensity is greater than W (in hours) and

W = average rate of infiltration (cm/h). :
Since Js values are difficult to obtain, the accurate cstimatior'l of the W
index is rather difficult. The minimum value of the W in_dex obtained under
very wet soil conditions, representing the constant minimum rate of
infiltration of the catchment, is known as Wmin. Both the W index and ¢

index vary from storm to storm. :
The ¢ index during a storm for a catchment depends in general upon the

soil type, vegetal cover, initial moisture condition, storm duration and

i.e. the total time in which the
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intensity. To obtain complete information on the interrelationship between
these factors, a detailed and expensive study of a catchment is necessary.
For practical use in the estimation of {lood magnitudes duc to critical storms,
a simplified relationship for ¢ is adopted. As the maximum {lood peaks are
invariably produced due to long storms and usually in the wet season, the
initial losses arc assumed to be negligibly small. Further, only the soil type
and rainfall are found to be critical in the estimate of the ¢ index for
maximum food-producing storms,

yn the basis of rainfall and runoff correlations, CWC! has found the
following relationship for the estimation of the ¢ index for flood producing
storms and scil conditions prevalent in India:

R = o IV (3.22)
I-R '
and ¢ = TR (3.22-3)

where R = runoffin cm from a 24-h rainfall of intensity / cm/day and
o = a coeflicient which depends upon the soil type as below.

S. No. Type of soil Coefficient
1 Sandy soils and sandy loam 0.17 to 2.25
2 'Coastal alluvium and silty loam 0.25 to 0.34
3 Red soils, clayey loam, grey and brown alluvium . 0.42
4 Black-cotion and clayey soils - 0.42t0 0.46
5 Hilly soils 0.46 to 0.50

In estimating the maximum floods for design purposes, in the absence of
any other dats, a ¢-index value of 0.10 cm/h can be assumed.
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PROBLEMS

3.1 A class A pan was set up adjacent to a lake, The depth of water in the pan at the
beginning of a certain week was 195 mm. In that week there was a rainfall of
45 mm and 15 mm of water was removed from the pan to keep the. water level
within the specified depth range. If the depth of the water in the pan at the end

f the week was 190 mm calculate the pan evaporation. Using a suitable pan
/ coeflicient estimate the lake evaporation in that weck.

3.2 A reservoir has an average area of 50 km? over an year. The normal annual
rainfall at the place is 120 cm and the class A pan evaporation is 240 cm. Assum-
ing the land flooded by the reservoir has a runoff coeffictent of 0.4, estimate the
net annual increase or decrease in the streamflow as a result of the reservoir.

3.3 At a reservoir in the neighbourhood of Delhi the following climatic data were
observed. Estimate the mean monthly and annual evaporation from the reservoir
using Meyer's formula,

Month Temp, . Relative Wind velocity at
. (°C) humidity 2 m above GL

(6] (km/h)
Jan 12.5 i 85 4.0
Feb 158 82 ' 50
Mar 20.7 , 71 50
Apr 27.0 ; 48 50
May : 3100 41 1.8
June 33.5 182 10.0
July 30.6 78 8.0
Aug 290 86 55
Sept 28.2 82 5.0
Oct 28.8 75 4.0
Nov 18.9 [ 77 : 3.6
Dec g 73 40

‘3.4 For the lake in Prob. 3.3, estimate the evaporation in the month of June by

(a) Penman formula and (b) Thornthwaite equation by assuming that the lake
evapotation is the same as PET, given latitade == 28°N and clevation = 230 m
. above MSL. Meau observed sunshine 9 h/day. ) 5
3.5 A reservoir had an average surface area of 20 km? duringJune 1982. In that
month the mean rate. of inflow = 10 m%s, mean outflow = 15 m?/s, monthly
rainfall = 10 cm and change in storage = 16 million m®. Assuming the seepage
losses to be 1.8 cm, estimate the evaporation in that month.

3.6 For an area in South India (latitude = 12°N), the mean monthly temperatures
J are given

~ Month June July Aug
Temp. (°C) 315 31.0 30.0

sept- Oct
200 280
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Calculate the seasonal consumptive use of water for the rice crop in the season
June 16 to October 15, by using the Blaney-Criddle formula.

3.7 A catchment area near Mysore is at latitude 12718 N and at an elevation of

770 m.a.s.l. The mean r_nomhly temperature is given below.

Month

Mean
monthly

Temp. :
(°C) 295 24.5 27.0 23.0 27.0 250 23.5 240 24.0 24.5 23.0 22,5

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

s

Calculate the monthly and annual PET for this catchment using the Thronthwaite
formula.

3.8 The rainfall on five successive days ona catchment were 2,6,9,5and 3 cm, If

the ¢ index for the storm can be assumed as 3 cm/day, find the total surface
IUﬂOJI.

3.9 The mass curve of a rainfall of duration 100 min. is gi'ven below. If the catchment

had an initial loss of 0.6c¢m and a¢ index of 0.6 cm/h, calculate the total
surface runoff from the catchment.

Time from start of
rainfall (min)
Cumulative rainfall (cm) 0 0.5 1.2 2.6 33 35

0 20 40 60 80 100

3.10 An isolated 3-h storm occurred over a basin in the following fashion,

¢/, of catchment ¢ Index Rainfall (cm) :
area (cmfh) © st hour 2nd hour 3rd hour
20 1.00 0.8 2.3 L5
30 0.75 . 0.7 21 1.0
50 0.50 ; 1.0 2.5 0.8

Estimate the runoff from the catchment due to this storm.

/3 11 An isolated storm in a catchment produced a runoff of 3.5 cm. The mass curve of

the average rainfall depth over the catchment was as below:

Time from
beginning of
storm (h) 0 1

Accumulated )
av. rainfall {cm) 0 0.50 1.65 3.55 5.65 6.80 7.75

Calculate the ¢ index for the storm,

o S

e

S . S

e

—

i~
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e .
3.12 In a 140-min storm the following rales of rainfall were observed in successive

. 20-min intervals: 3.0, 3.0, 9.0, 6.6, 1.2, 1.2 and 6.0 cm/h. Assuming the ¢ index

3

—

value as 3.0 em/h and an initial loss of 0.8 cm, determine the total ralnfall net
runoﬂ‘ and W-Index for the storm.

QUESTIONS

If &, and e, are the saturated vapour pressures of the water surface and air
respectively, the Dalton’s law for evaporation Er in unit time is given by Ez =

(@) (e — € (b) Key e, © K(éy ~ ed)

@ K(ey,+en

3.2

3.4

" (d) butylalcohol.

35

3.6

3.7

3.8

The average pan cofficient for the standard US Weather Bureau class A panis
(a) 0.85 (b) 0.70 {c) 0.90 (d) 0.20

A canal is 80 km long and has an average surface width of 15m. If the evapora-
tidn measured in a class A pan is 0.5 cm/day, the volume of water evaporated in a

_month of 30 days is (in m?)

(a) 12600 (b) 18000 (c) 180000
The chemical that is found to be most suitable as water evaporation inhibitor is

(b) methyl alcohol

(d) 126000

(a) ethyl alcohol (¢) cetyl alcohol

Evapotranspiration is confined
(b) night-time only
(d) none of these.

(a) to daylight hours
(¢) land surfaces only
Interception losses

(a) include evaporation, through flow and stemflow

(b) consists of only evaporation loss

(¢) includes evaporation and transpxraucn losses

(d) -consists of only stemflow. ;

If the wind velocity at a height of2 m above ground is 5.0 kmph, its value at a
height of 9 m above ground can be expected to be in km/h about

(a) 9.0 (b) 6.2 (c) 2.3 (d) 10.6.

The highest value of annual evapotranspiration in India is at Rajkot, Gujarat.

- Here the annual PET is about

£3.9

3.10

(a) 150cm (b) 150 mm (d) 310 cm,

The infiltration capacity of a soil was measured under fairly identical general
conditions by a flooding type infiltrometer as f; and by a rainfall simulator
as fr. One can expect. )

@ fr=/r (b} £y > fr © fr< fr

The rainfall on three successive 6- h’rer:ods are 1.3,4.6and 3.1 cm. If the initial
loss is 0.7 ¢cm and the surface runoff resuIlmg from this storm is 3.0 cm, the ¢
index for the storm is

(b) 0.333 em/h

(c) 210 cn.

(d) no fixed pattern.

(a) 0.450 cm{h

() 0.392 cm/h.

(@) 0.167 cm/h.

.F-—:'.:.-'A-—-..,-_.._____
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3.11 A 6-h storm had 6 cm of rainfall and the resulting runoff'was 3 cm, If the ¢ index
remains at the same value the runoff due to 12 em of rainfall in 9 h in the catch-
ment is

(d) 7.5cm.

(a) 9.0cm _ (b). 4.5cm (c) 6c¢m

3.12 If for a given basin in a given period, P = precipitation, E = evapotranspiration,
R = total runoff and AS=increase in the storage of water in the basin, the
hydrological water budget equation states .

(a) P=R-E+ AS (b): R=PLE—~ AS
(c) P=R+E+ AS (d) none of thase

Ly

S~ S N

f

a

'STREAMFLOW MEASUREMENT

4.1 INTRODUCTION

Streamflow representing the runoff phase of the hydrologic cycle is the
most important basic data for hydrologic studies. It was seen in the

- previous chapters that precipitation, evaporation and evapotranspiration

are all difficult to measure exactly and the presently adopted methods have
severe limitations. In contrast the measurement of streamflow is amenable
to fairly accurate assessment, Interestingly, streamflow is the only part of
the hydrologic cycle that can be measured accurately,

A stream can be defined as a flow channel into which the surface runoff
from a specified basin drains. Generally, there is considerable exchange
of water between a stream and the underground water. Streamflow is
measured in units of discharge (m%s) occurring at a specified time and
constitutes historical data. The measurement of discharge in a stream

“forms an important branch of Hydrometry, the science and practice of

water measurement. This chapter deals with only the salient streamflow
measurement techniques to provide an appreciation of this important
aspect of engineering hydrology. Excellent treatises,?%4 and a biblio-
graphy® are available on the theory and practice of streamflow measure-
ment and these are recommended for further details.

Streamflow measurement techniques can be broadly classified into two

. categories as (i) direct determination and (%) indirect determination.

Under each category there are a host of methods, the important ones are
listed below:
1. Direct determination of stream discharge:
(a) Area-velocity methods, '
(b) dilution techniges,
(c) electromagnetic method, and
(d) ultrasonic method.

55y
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Fig. 4.3 Water-depth recorder —Stevens 'I'ypé F recorder
' (Courtesy: Leupold and Stevens, Inc, Beaverton,
Oregon, USA)

Fig. 4.2 Stilling well installation . ’
during floods. Further, the instrument must be properly housed in a : iJ !

suitable enclosure to protect it from weather elements and vandalism. On .
account of these, the water-stage-recorder installations prove to be H
costly in most instances. A water-depth recorder is shown in Fig. 4.3 ‘
{Plate I}, :

Bubble Gauge i
In this gauge compressed air or gasis made to bleed out at a very small
rate through an outlet placed at the bottom of the river [Figs. 4.4, 4.5
(Plate 1) and 4.6 (Plate 2)]. A pressure gauge mcasures the gas pressure
which in turn is equal to the water column above the outlet. A small
change in. the water-surface elevation is feli as a change in pressure from
the present value at the pressure gauge and this in turn is adjusted by a
servo-mechanism to bring the gas to bleed at the original rate under the
new head. The pressure pauge reads the new water depth which is
transmitted to a recorder. iy

—— Instrument d i, i
[ room : ;
s : i i
"-1.\._\ p=7H it. [
————— g5 M

—

Gas —~ CET I
circut 1 High pressure bottle I
i L 2 Gas adjustment unit ; |
WA 3 To precsure point s
Pressure ‘Reterence & Mercury mongmeler r ) Fig 4.5 Bubble gauge installation—Telemnip
! (Courtesy: Neyrtec, Grenoble, France)

point tevel 5 Nerorder

Fig. 4.4 Bubble gauge

T
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Fig. 4.6 Bubble ga
{Courtesy:

uge—Stevens manometer seTrvo

Leupold and Stevens, Inc. Beaverton, Oregon, USA)
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The bubble gauge has certain specific advantages over a float operated
water stage recot:der and these can be listed as under : o

1. There is no need for costly stilling wells; :

2. a large change in the stage, as much as 30 m, can be measured;

3. the recorder assembly can be quite far away from the sensing point; and

4. due to constant bleeding action there is less likelihood of the inlet

getting blocked or choked.

Stage Data

The stage data is often presented in the form of a plot of stage against
chronological time (Figure 4.7) known as stage hydrograph. In addition to
its use in the determination of stream discharge, stage data itself is of
importance in flood warning and flood-protection works, Reliable long-
term stage data corresponding to peak floods can be analysed statistically
to estimate the design peak river stages for use in the design of hydraulic
structures, such as bridges, weirs, etc. Historic flood stages are invaluable
in the indirect estimation of corresponding flood discharges. In view of
these multifarious. uses, the river stage forms an important hydrologic
parameter chosen for regular observation and recording.

CTTIHE
Fig, 4.7 Stage hydrograph

4.3 MEASUREMENT OF VELOCITY |

The measurement of velocity is an important aspect of many direct stream-
flow measurement techniques. A mechanical device, called current meter,
consisting essentially of a rotating element is probably the most commonly
used instrument for accuratc determination of the stream-velocity field.
Approximate stream velocities can be determined by floats. ?

Current Meters ;
The most commonly used instrument in hydrometry to measure the

'velocity at a peiat in the flow cross-section is the current meter. 1t consists

A
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essentially of a rotating element which rotates due to the reaction of the
stream current with an angular velocity proportional to the stream velocity,
Historically, Robert Hooke (1663) invented a propeller-type current meter
1o measure the distance traversed by a ship. The present-day cup-type
instrument and the electrical make-and-break mechanism were invented by
Henry in 1868. There are two main types.of current meters.

I. Vertical-axis meters, and
2. Herizonlal-axis meters.
These are discussed below,

Vertical-Axis Meters : :

These instruments consist of a series of conical cups mounted around a
vertical axis [Figs. 4.8 and 4.9 (Plate 3)]. The cups rotate in a horizontal
plane and a cam attached to the vertical axial spindle records generated
signals proportional to the revolutions of the cup assembly, The Price
current meter and Gurley current meter are typical instruments under this
category. The normal range of velocitics is from 0.15 to 4.0 m/s. The
accuracy of these instruments is about 1.50% at the threshold value and
improves to about 0.30% at speeds in excess of 1.0 m/s. Vertical-axis

Electrical connection [~ HOIst Stabilizing tin
: b LR

Counting el
mechamsm

~
Cup assembly

-6 cups cna
vertical gaxis

. T — ———
g E _-—X
Sounding -~ e —

weight

Fig. 48 Vertical-axis current meter

instruments have the disadvantage that they cannot be used in situations

where there are appreciable vertical components of velocities. For example,

the -instrument shows a positive velocity when it is lifted vertically in
still water. :

Hortizontal-Axis Meters : : :

Th se meters consist of a propeller mounted at the end of a horizontal
~sshaft [Fig, 4,10 (Plate 3) and 4.11]. These come in a wide variety of sizes

with propeller diameters in the range 6 to 12 cm and can register velocities

in the range of 0.15 to 4.0 m/s, Ott-, Neyrtec= [Fig. 4.12 (Plate 4)] and.

Watt-type meters are typical instruments under this kind. These meters are

{

PLATE

YItec type with

sounding weight—Lynx’ type

Lawrence and Mayo (India) New Delh N

Fig. 4.10 Propeller-type current-meter—Ne

Fig. 4.9 Cup-type current meter with

(Courtesy
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Fig. 4.12(b) Neyrtec type meter in a cableway

Fig. 4.12(2) Neyrzéc type current meter for use in wading

(Courtesy: Meyrtec, Grenoble, France)
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~. . - o
“Hoisting & :
electrical connection

~

Fin tor stabilization

Propeller

Sounding weight
Fig. 4.11 Propeller-type current meter

fairly rugged and are not affected by oblique flows of as much as 15° The
accuracy of the instrument is about 1% at the threshold value and is about .
0.257 at a velocity of 0.3 m/s and above, : :

A current meter is so designed that its rotation speed varies linearly
with the stream velocity v at the location of the instrument. A typical
relationship is '

v=aN,tb P - (4.1)

where v = stream velocity at the instrument location in m/s, N, =
revolutions per second of the meter and a, b = constants of the meter,
Typical values of & and b for a standard size 12.5 ¢m dia Price meter (cup-
type) is @ = 0.65 and & = 0.03. Smaller meters of 5 cm."diameter cup
assembly called pigmy meters run faster and are useful in measuring
small velocities. The values of the meter constants for them are of the
order of @ = 0.30 and 5 = 0.003. Further, each instrument has a threshold
velocity below which Eq. (4.1) is not applicable. The instruments have a
provision to count the number of revolutions in a known interval of time.
This is usually accomplished by the making and breaking of an electric
circuit either mechanically or electro-magnetically at each revolution of the
shaft. In older model instruments the breaking of the circuit would be
counted through an audible sharp signal (“tick”) heard on a headphone.
The revolutions per second is calculated by countifig the number of such
signals in a known iuterval‘ of time, usually about 100 s. Present-day

~models employ electro-magnetic counters with digital or analogue

displays.

Calibration

The relation between the stream velocity and revolutions per second of the
meier as in Eq. (4.1) is called the calibration equation. The calibration
equation is unique to each instrument and s determined by towing the
instrument in a special tank, A towing tank is a long channel containing
still water with arrangements for moving a carriage longitudinally over its
surface at constant speed. The instrument to be calibrated is mounted on
the carriage with the rotating element immersed to a specified depth in
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“that the instrument is damaged due to bad

80/Fngineering Hydrology

the water body in the tank. The carriagé is then towed at a predetermin-
ed constant speed (v) and the corresponding average value of revolutions
ond () of the instruments determined. This experiment is. repeat-
ed over the complete range of velocities and a best-fit linear relation in
the form of Iiq. {4.1) obtained. The instruments are designed for rugged
use and hence the calibration once done lasts for guite some time. How-
ever, from the point of view of accuracy it is advisable to check the
instrument calibration once in a while and whenever there is a suspicion
handling or accident. In India
excellent towing-tank facilities for calibration of current meters exist at
the Central Water and Power Research Station, Pune and the Indian Insti-
tute of Technology, Madras.

per scc

Field Use
The velocity distribution in a stream across a vertical section is logarithmic
in mature. In a rough turbulent flow the velocity distribution is given by

30p 2

=875 Va logm (;1',‘:' ) (4.2)

where v = velocity at a point y abov» the bed, vy == shear velocity and
k, = equivalent'sand-grain roughness. To accurately Jc[crmmc the average

-velocity in a vertical section, one has to measure the velocity at a large

numter of points on the vertical. As it is time-consuming, certain simpli-
fied procedures have been evolved.

1. Inshallow streams of depth up to about 3.0 m, the velocity measur-
ed at 0.6 times the depth of flow below the water surface is taken as the
average velocity in the vertical

43)

V= vy 8
This procedure is known as the single-point observation method.

2. In moderately deep streams the velocily is observed at two points:
(/) at 0.2 times the depth of flow below the free surface (vy.0) and (ii) at

"0.8 times the depth of flow below the free surface {v¢.5). The average

velocity in the vertical v is taken as

e 3&%'—_1‘".5 (4.4)

. In rivers having flood flows, only the surface velocity (r,) is measured

wn‘un a deplh of about 0.5 m below the surface. The average velocity
vis obtained by wsing a reduction factor K as

v = Ky, (4.5)
The value of K is obtained from observations at lower stages and lic in the

range of 0.85 to 0.95.
In small streams of shallow depth the current meter is held at the

. requisite depth below the surface in a vertical by an observer who stands

Streamflow Measurement/91

in the water. The arrangement, called wading is quite fast but is obviously .

applicable only to small streams.
In rivers flowing in narrow gorges in well-defined channels a cableway

is stretched from bank to bank well above the flood level. A carriage
moving over the cableway is used as the observation platform.

Bridges, while hydraulically not the best locations, are advantageous
from the point of view of accessibility and transportation. Hence, railway
and road bridges are frequently employed as gauging stations. The velocity
measurement is performed on the downstream portion of the bridge to
minimize the instrument damage due to drift and knock against the bridge
piers.

For wide rivers, boats are the most satisfactory aids in current meter
measurement. A cross-sectional line is marked by distinctive land markings
and buoys. The position of the boat is determined by using two theodo-
lites on the bank through an intersection. method.

Sounding Weights
Current meters are weighted down by lead weights called sounding weights
to enable them to be positioned in a stable manner at the required location
in flowing water. These weights are of streamlined shape with a fin in the
rear (Fig. 4.8) and are ‘connected to the current meter by a hangar bar
and pin assembly. Sounding weights come in different sizes and the mini-
mum weight is estimated as

W=2505vd (4.6)
where W = minimum weight in N, ¥ = average stream velocity in the
vetrtical in m/s and d = depth of flow at the vertical in m,

Velocity Measurement by Floats
A floating object on the surface of a stream when timed can yield the

surface velocity by the relation
::l @.7)

Yo =
where § = distance travelled in time ¢. This method of measuring veloci-
ties while primitive still finds applications in special circumstances, such
as: (i) a small stream in flood, (i) small stream with-a rapidly changing
water surface and (iii) preliminary or exploratory surveys. While any float-
ing object can be used, normally specially made leakproof and easily
identifiable floats are used (Fig. 4.13). A simple float moving on a stream
surface is called surface float, It is easiest to use and the mean velocity is
obtained by multiplying the observed surface velocity by a reduction
coefficient as in Eq. (4.5). However, surface floats are affected by surface
winds. To gét the average velocity in the vertical directly, special floats in
which part of the body is under water is used. Rod floar (Fig- 4.13), in

s i
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which a cylindrical rod is weighed so that it can float vertically belongs

to this category,

S

Surtace fioat

Rod tloat

—

Canister flont

PrTST T

T P T e e
sy

Fig 4.13 Floats

; In _a{sing floats to observe the stream velocity a large number of easil

identifiable floats are released at fairly uniform spacings on the width o)fr'
the stream at an upstream scction. Two sections on a fairly straight feach
are sclected and the time to cross this reach by each float is noted

the surface velocity caleulated. ‘ Ehdes

4.4 AREA-VELOCITY METHOD

This n?‘cthod of d.ischarge measurement consists essentially of measuring the
a.r‘ea of 1n:ros&secfuon of the river at a sclected section c.:allcd the gauging
site and measuring the velocity of flow through the cross-sectional arca.
The gauging site must be selected with care to assure that the stage-dis-
charge curve is reasonably constant over a long period of about a few
years. i;’“cvvards this the following criteria are adopted:

1, T'he strc;tm should have a well-defined cross-section which does not

chiange in various seasons. ‘ '

2. It should be easily accessible all through the year.

3. 'ij?le site should be in a straight, stable reach.

4. The gauging site should be free from backwater effects in the channel.

At the selected site the section line is marked off by permanent survey

n':a.rkm_g.?s1 and_ the cross-section determined. Towards this the depth at
various locations are measured by sounding rods or sounding weights.

When the stream depth is large or when quick and accurate depth measure-

men.ts are needed, an electreacoustic instrument called echo-depth recor-
der is lfsed. In this a high frequency sound wave is sent down by a trans-
duccf' kept immersed at the water surface and the echo reflected by the
.bed Is also picked up by the same transducer. By comparing the time
mterval between the transmission of the signal and the reccipt of its echo,

the distance to the bed is obtained and is indicated or recorded in the

R

%
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instrument, Echo-depth recorders are particularly advantageous in high-
velocity streams, deep streams and in streams with soft or mobile beds.

For purposes of discharge estimation, the cross-section is considered to
be divided into a large number of subsections by verticals (Fig. 4.14). The
average velocity in these subsections are measured by current meters or
floats. It is quite obvious that the accuracy of discharge estimation
increases with the number of subsections used. However, the larger the

éoundcry of

.!'
s 7
: subsection

Fig. 4.14  Stream section for area-velocity method

number of segments, the larger is the effort, time and expenditure involved.
The following are some of the guidelines to select the number of segments:

1. The segment width should not be greater than 1/15 to 1/20 of the

* width of the river. '
2. The discharge in each segment should be less than 1074 of the total

discharge.
3. The difference of velocities in adjacent segments should not
" than 20%. i
It should be noted that in natural rivers the verticals for velocity
measurement are not necessarily equally spaced. The area-velocity method
as above using the current meter is often called as the standard current

be more’

meter method.

Calculation of Discharge
Figure (4.14) shows the cross section of a river in which N—1 verticals are
drawn. The velocity averaged over the vertical at cach section is known.
Considering the total area to be divided into N—1 semgents, the total
discharge is calculated by the method of mid-sections as follows:

Q= NE.! A Q¢ (4.8)

j=1

where A Q¢ = discharge in the ith segment
= (depth at the ith segment) X (} width to the left
. 4 3 width to right) X (average velocity at the ith vertical)

o AR
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I (™ y ;
Ay = JEK (_i_ e fori =2 to (N~2) (4.9) Since the velocity is measured at 0.6 depth, the measured velocity is the
L e ; velocity at that vertical (v).
‘For the first and last sections, the segments ar o : : . ¥ ;
: k A 505 smle ey he L g The calculation of discharge by the mid-section method is shown in
areas and area calculated as ‘ y
T tabular form below: :
Ad, = Wy 31
W2 ' Distance Avcragé_ Depth Ve](lcity Segmental
- Wi i from left width W y ey discharge
WiEtE W= e water edge (m) (m) (m) (m/s) AG:
L ! . (m?/s)
and  Ady = Wal Yva
. 0 0 : .0 — —_
Wa\ ;
(VVN + 1) ¥ 1 2.00 1.1 0.229 0.504
where Wy, = sy i : Lo T 0 0.326 C 1304
- 2 Wy . 3 2.0 2.0 . .
5 2.00 2.5 0.411 2.055
to get
A 5 A A d A = AA 4.10 : 7 2.00 2.0 0.336 1.344
=v;. an 2y B2 1 :
T ; Rivs = rar Cdlorer LR | 9 2.00 17 0.260 0.844
a s 3 / 1 2.00 1.0 0.183 0.363
ExaMpLE 4.1  The data pertaining to a stream-gauging operation at a i; :
gauging site are given below. " £ 12 0 0 i
i Total discharge @ = 6.454 m3/s
Distance from left ¢ | .
; ving-Boat Method
water edge {(m) 0 1.0 3.0 5.0 7.0 9.0 11.0 12.0 : Mlo ingrBont: Math £l Wbl it %8s the. G Btk
Dresth (m) 0 11 20 25 20 17 1.0 0 ] Discharge measurement o arge alluvia rivers, suc ?st e Ganga, by the
: 5 standard current meter method is very time-consuming even when the flow
Barolutionsofia g is low or moderate. When the river is in spate, it is almost impossible to
CGU?Z? B Rt . PRI S U . | use the standard current meter technique due to the difficulty of keeping the
LG in | 3 . .
? 0 boat stationary on the fast-moving surface of the stream for observation
Duration of observa- purposes. It is in such circumstance that the newly developed moving-boat

Hum 0 100 00 150 150 100 100 . 0 techniques prove very helpful.
i In this method a special propeller-type current meter which is free to

{ ; move about a vertical axis is towed in a boat at a velocity vs at right

Thacsasmie aaution &F the cuprent mater'ts B fmgles? to thcj. stream flow. If the flow Yeloc:ty. is vy the meter wnl'l align
| itself in the direction of the resultant velocity vr making an angle 8 with the
v = 0.51 N, +0.03 m/s direction of the boat (Fig. 4.15). Further, the meter will register the
i velocity ve. If ¥ is normal to vy, .

¥s = VR COS 8 and ¥ == vRSin @

Calculate the discharge in the stream.

The calculations are performed in a tabular form. - |
For the first and last sections, 5 ~If the time of transit between two verticals is A 1, then the width between

9\ the two verticals (Figure 4.8) is
( ok _2)

Average width, W = gt 2.0m : il
The flow in the sub-area between two verticals / and i+1 where the depths

are y¢ and yiy, respectively, by assuming the current meter to measure the
i average velocity in the vertical, is’

= 2 2 '
w‘=(—-+m)-—»2.0m e | : i
2 2 . AQi = ( "+;‘+l‘)ﬂ’i+1 vt

P

For the rest of segments,




98/Engineering Hydrology

. T;Morkers
tor glignment |

Verticals<l ¥
R

FLow =5

3‘-{":@

> -8

2, ;1

% Section line

*

Fig. 4.15 Moving-boat method

ie. AQi= (‘ﬁ—z&) v, sin 0 - cos@Ar (4.11)

Thus by measuring the depths yi, velocity v and 8 in a reach and the time

taken to cross the reach Az, the discharge in the sub-area can be determin-
ed. The summation of the partia} discharges A over the whole width of
the stream gives the stream discharge

0 =2 AQ« (4.12)

In field applications a good stretch of the river with no shoals, istands,
bars, etc. is selected. The cross-sectional line is defined by permanent land
marks so that the boat can be aligned along this line. A motor boat with
different sizes of outboard motors for use in different river stages is
selected. A special current meter of the propetler-type, in which the velocity
and inclination of the meter to the boat director # in the horizontal plane
can be measured, is selected. The current meter is usually immersed at a
depth of 0.5 m from the water surface to record surface velocities. To
mark the various vertical sections and know the depths at these points,
an echo-depth recorder is used.

In a typical run, the boat is started from the water cdge and aligned to
go across the cross-sectional line. When the boat is in sufficient depth of
water, the instruments are lowered. The echo-depth recorder and current
meter are commissioned. A button on the signal processor when
pressed marks a distinctive mark line on the depth vs time chart of
the echo-depth recorder. Further, it gives simuitaneously a sharp audio
signal to enable the measuring party to take simultaneous readings of the
velocity vr and the inclination 6. A large number of such measurements are
taken during the traverse of the boat to the other bank of the river. The
operation is repeated in the return journey of the boat, It is important
that the boat is kept aligned along the cross-sectional line and this requires
considerable skill on the part of the pilot. Typically, a river of about

— .

—
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2 km stretch takes about 15 min for one crossing. A number of crossin-gs
are made to get the average value of the discharge. }

The surface velocities are converted to average velocities across the ver-
tical by applying a coefficient [Eq. (4.5)]. The depths y¢ and time intervals
At are read from the echo-depth recorder chart. The discharge is calcu-
lated by Egs. (4.11) and (4.12). In practical use additional coefficients
may be needed to account for deviations from the ideal case and these
depend upon the actual field conditions. '

4.5 DILUTION TECHNIQUE OF STREAMFLOW MEASUREMENT

The dilution method of flow measurement, also known as the chemical
method depends upon the continuity principle applied to a tracer which is
allowed to mix completely with the flow. ;

Consider a tracer which does not react with the fluid or boundary.
Let C, be the small initial concentration of the tracer in the streamflow,
At section 1 a small quantity :

(volume ¥;) of high concentration ® oy Sudden injection .
C; of this tracer is added (Fig. 4.16). = “1P73 ot volume V, at

Let section 2 be sulliciently far & |74 seci _
away on the downstream of section 2 7 :

1 so that the tracer mixes throughly e ! ’/ Conc. atsec.2

with the fluid due to the turbulent- L 2= \/’\'_
mixing process while passing through A&; Cy 2 I ; :
the reach. The concentration profile 8 [ ‘ yf |

1

1
taken at section 2 is schematically oot
shown in Fig. 4.16. The concentra- L 'TIME
tion will have.a base value of Cy,
increases from time f, to a peak
value and gradually reaches the base value of Co at time 7. The stream-
flow is assumed to be steady. By continuity of the tracer material -

Fig. 4.16 Sudden-injection method

M, = mass of tracer added at section 1 = ¥, C;

ty te
- J O(C= Co) dt + -;-I:—‘t— [ (Ca—C) dt
2 1
t) i 15}

Neglecting the second term on the right-hand side as insignificantly small,
0= G2 L& (4.13)

]
- Jemcoar
£ : ’ {
Thus the discharge Q in the stream can be estimated if for a known M,
the variation of C, with time at section 2 and C, are determined. This
method is known as sudden injection or gulp or integration method.

s
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Another way of using the dilution principle is to inject the tracer of
concentration €, at a constant rate Q: at scction 1. At section 2, the
concentration gradually rises from the background value of C, at time 1
to a constant value C, (Fig. 4.17). At the stready state, the continuity
equation for the tracer is

0 CL+QC=(Q + Q) C,

ie. o= 20zt 414
This technique in which Q is esti-
mated by knowing Cy, C,, €y and
z QO is known as constant rate injection
= method or plateau gauging.

It is necessary to emphasise here

e Sectien 1.

RA

Section 2. e
- |Background \__  that the dilution method of gauging
W feonc. , - ‘ is based on the assumption of steady
= L f " _ . €2 flow. If the flow is unsteady and the -
8 L_“ ,,,- e ; = flow rate changes appreciably during

gauging, there will be a change in
the storage volume in the reach and
the steady-state continuity equation
used to develope Egs. (4.13) and
(4.14) is not valid. Systematic errors can be expected in such cases.

Fig. 4.17 Constant rate injection method

Tracers
The tracer used should have ideally the following properties:

L. It should not be absorbed by the sediment, channel boundary and
vegetation. It should not chemically react with any of the above sur-
faces and also should not be lost by evaporation.

2. It should be non-toxic.

3. Itshould be capable of being detected in a distinctive manner in small
concentrations.

4. It should not be very expensive.

The tracers used are of three main types:

1. Chemicals {common salt and sodium dischromate are typical);

2. fluorgscent dyes (Rhodamine—WT and Sulpho-Rhodamine B Extra
are typical); and

3. radioactive materials
Todine-132). ;

Common salt can be detected with an error of + 1% up to a concentra-

tion of 10 ppm. Sodium dichromate can be detected up to 0.2 ppm con-
centrations. Fluorescent dyes have the advantage that they can be detected
at levels of tens of nanograms per litre (~~ 1 in 10') and hence require
very small amounts of solution for injections, Radioactive tracers are detec-

(such as Bromine-82, Sodium-24 and

T OPERIOERNE e
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table up to accuracies of tens of picocuries per litre (~ 1 in 10') and
therefore permit large-scale dilutions. However, they involve the use of
very sophisticated instruments and handling by trained personnel only, The
availability of detection instrumentation, environmental effects of the tracer
and overall cost of the operation are chief factors that decide the tracer to

be used.

Length of Reach
The length of the reach between the dosing section and sampling section
should be adequate to have complete mixing of the tracer with the flow,
This length depends upon the geometric dimensions of the channel cross-
section, discharge and turbulence levels. An empirical formula suggested
by Rimmar (1960) for estimation of mixing length for point injection of a
tracer in a straight reach is
0.13 B2C (0.7 C + 24/g)
L = -
&d
where I = mixing length (m), B = average width of the stream (m),

d = average depth of the stream (m), C = Chezy coefficient of roughness
which varies from 15 to 50 for smooth to rough bed conditions and

(4.15)

g = acceleration due to gravity. The value of L varies from about 2 km

for a mountain stream carrying a discharge of about 1.0 m?*s to about

100 km for river in a plain with a discharge of about 300 m®/s. The mixing

length becomes very large for large rivers and is one of the major cons-
traints of the dilution method. Artificial mixing of the tracer at the dosing
station may prove beneficial for small streams in reducing the mixing

. length of the reach.

Use i o
The dilution method has the major advantage that the discharge is
estimated directly in an absolute way. Itis a particularly attractive method
for small turbulent streams, such as those in mountainous areas. Where
suitable, it can be used as an occasional method for checking the calibra- )
tion, stage-discharge curvés, etc. obtained by other methods.

ExaMpPLE 4.2. A 25 g/l solution of a flourescent tracer was discharged into
a stream at a constant rate of 10 em®(s. The background concentration of
the dye' in the stream water was found to be zero. At a downstream section.
sufficiently far away, the dye was found to reach an equilibrium ¢oncentra-
tion of 5 parts ber billion. Estimate the stream discharge.

By Eq. (4.14) for the constant-rate injection method,

= 2C-C)
2 Ce—C
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O = 10 cm¥fs = 10x10-% m¥/s

C; = 0.025,C, = 5X10°%, C, =0
10%x10-° g
= e———— —_ — 50 ml
0o % 10-° (0.025-5%x10"°) = /8

46 ELECTROMAGNETIC METHOD

The electromagnetic method is based on the Faraday’s principle that an
emf is induced in the conductor (water in the present case) when it cuts a
normal magnetic field. Large coils buried at the bottom of the channel
carry & current [ to produce a controlled vertical magnetic feld,
{Fiz. 4.18). Electrodes provided at the sides of the channel section
messure the small voltage produced due to flow of water in the channel.

C=Conduclivity sensor 3
V =Voltage probe =
N=Noise cancellation probes

B:=Bed conductivity probe

Fig. 4.18 Electromagnetic method

It has  been found that the signal output E will be of the order of
millivolts and is related to the discharge © as

o=k(E +x) - (4.16)
where d = depth of flow, I = current in the coil, andn, K; and K, are
system constants. !

The method involves sophisticated and expensive instrumentation and has

been successfully tried in 3 number of installations, The fact that this kind -
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-of set-up gives the total discharge when once it has been calibrated, makes
it specially suited for field situations where the cross-sectional properties
can change with time due to weed growth, sedimentation, etc. Another
specific application is in tidal channels where the flow undergoes rapid
changes both in magnitude as well as in direction. Present-day commerically
available electromagnetic flowmeters can measure the discharge to an
accuracy of o 377, the maximum channel width that can be accommodated
being 100 m. The minimum detectable velocity is 0.005 m/s.

4.7 ULTRASONIC METHOD

This is essentially an area-velocity method with the average velocity being
measured by using ultrasonic signals. The method was first reported by
Swengel (1955); since then it has been perfected and complete systems are
available commercially, :
Consider a channel carrying a flow with two transducers A and B fixed
at the same level 4 above the bed and on either sides of the channel
(Fig. 4.19). These transducers can receive as well as send ultrasonic signals.
Let 4 send an ultrasonic signal to be received at B after an elapse time #,.

o

ﬁ_r_,-Tronsducer

Cross-section

Fig. 4.19 Ultrasonic method

Similarly, let B send a signal to be received at A after an elapse time f;.
If C = velocity of sound in water,

t, = L[ (C+vp) : 4.17)
where L = length of path from 4 to Band v = component of the flow

velocity in the sound path = v cos 4. Similarly, from Fig. 4.19 it is casy to
sce that

0

i ¢ ¥
i 18
“= = . 8
: 1 1 _ 2v _ 2vcosd
Thus -;;——- -Z- == L 7
ey ok e
or e (7‘--— :2) | @4.19)
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Thus for a given L and 6, by knowing #, and #,, the average velocity along
th 45, i.c. vcan be determined. It may be noted that v is the average
y at a height 4 above the bed and is not the average velocity V for the
whole cross-section. However, for a given channel cross-section v can be
telated to ¥ and by calibration a relation between v/F and h can be
obtained,
discharge is obtained as a product of area and mean velocity V. Estimation
of discharee by using one signal path as above is called single-path
gauging. Alternatively, for a given depth of flow, multiple single paths can
be used to obtain v for different A values. Mean velocity of flow through
the cross-section is obtained by averaging these v values. This technique is
known as multi-path gauging.

Ultrasonic flowmeters using the above principal have frequencies of the
order of 500 kHz. Sophisticated electrenics are needed to transmit, detect
and evaluate the mean velocity of flow along the path. In a given instal-

lation a calibration (usually performed by the current-meter method) is

needed to determine the system constants. Currently available commercial
systems have been installed successfully at many places and accuracies
of about 2% for the single-path method and 1% for the multipath method
are reported. The systems are currently available for rivers up to 500 m
W1dt?1
The specific advantages of the ultrasonic svstcm of river gauging are:

1. Itis rapid and gives high accuracy;

2. it is suitable for automatic recording of data;

3. it can handle rapid changes in the magnitude and direction of flow,

as in tidal rivers; and
4. the cost of installation is independent of the size of rivers.

The accuracy of this method is limited by the factors that affect the signal
velocity and averaging of flow velocity, such as (i) unstable cross-section,
(ii) fluctuating weed growth, (iii) high loads of suspended solids, (iv) air
entrainment and (v) salinity and temperature changes.

48 IMDIRECT METHODS

Under this category are included those methods which make use of the
relationship between the flow discharge and the depths at specified
locations. The field measurement is restricted to the measurement of these
depths only. Two broad classifications of these indirect methods are:

1.- Flow measuring structures, and

2. slope area methods.

Flow-Maeasuring Structures

Use of structures like notches, weirs, flumes and sluice gates for flow

Fora given set-up, as the area of cross-section is fixed, the
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measurement in hydraulic laboratories is well known. These conventional
structures are used in ficld conditions also but their use is limited by the
ranges of head, debris or sediment load of the stream and the back-water
effects produced by the installations. To overcome many of these limita-
tions a wide variety of flow measuring structures with specific advantages
are in use.

The basic prmcrple governing the use of a weir, flume or similar flow-
measuring structure is that these structures produce a unique control
section in the flow. At these structures, the discharge @ is a function of
the water-surface elevation measured at a specified upstream location,

0 =f(H) (4.20)
where H == water surface elevation measured from a specified datum.
Thus, for example, for weirs, Eq. (4.20) takes the form :

0 = KH" (4.2_1)

where H = head over the weir and X, n = system constants, Equation
(4.20) is applicable so long as the downstream water level is below a cer-
tain limiting water level known as the modular limit, Such flows which are
independent of the downstream water level are known as free flows. If the
tailwater conditions do aflect the flow, then the flow is known as drowned
or submerged flow. Discharges under drowned condition are obtained by
applying a reduction factor to the free flow discharges. For example, the
sumberged flow over a weir (Fig. 4. 20) is estimated by the Villemonte

formula,
. i ﬂ n=0:385
=o[1-(7 ) ]

where Qs = submerged discharge, 0, = free flow discharge under head
H,, H, = upstream water surface elevation measured above the weir
crest, Hy = downstream water surface elevation measured above the weir
crest, n = exponent of head in the free flow head discharge relationship

[Eq. (4.21)]. For a rectangular weir n = 1.5,
The various flow measuring structures can be broadly considered under

(4.22)

three categories:
1. Thin-plate structures are usually made from a vert:cally set metal
plate, The V-notch, rectangular full width and contracted notches

are typical examples under this category.

2. Long-base weirs, also known as broad-crested weirs are made of
concrete or masonry and are used for large discharge values.

3. Flumes are made of concrete, masonry or metal sheets depending on
their use and location. They depend primarily on the width constric-

tion to produce a control section. 5
Details of the discharge characteristics of flow-measuring structures are
availablein Refs. 1, 2 and 6. .
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Slope-Area Method
The resistance equation for uniform flow in an open channel, e.g. Manning’s

formula can be used to relate the depths at either ends of a reach to the '

discharge, Figure 4.21 shows the longitudinal section of the flow in a river

between two sections, 1 and 2, Knowing the water-sunface elevations at
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the two sections, it is required to estimate the dischargc; Applying the

energy equation to sections 1 and 2,
Vi |41
Zl+y1+ = Zyty:+ '—"+hL

where Az = head loss in the reach. The head loss hz can be considered to
be made up of two parts (i) frictional loss A and (ii) eddy loss h. Denot-

ing Z + y = h = water-surface elevation above the datum,

; Vi Vi
b+ EE- = hz“l"j? +het-hy
Vi Vi R
e R R (4.23)
or i h = (h hg)+(—_2g y e ) he
If L = length of the reach, by Manning’s fqrmula for uniform flow,
2 2
I = §r == energy slope = Q.‘

L

where K = conveyance of the channel = —i— A R2B,

In nonuniform flow, an average conveyance is used to estimate the average

energy slope and

hr - O
L = 4,
7 S ’ (4.24)
‘where K = VK, K,; K, = ;}- Ay Rj2¢ and K, ?l- Ay R
= 1 2
n == Manning’s roughness coeflicient
The eddy loss 4. is cstimated as
R i \ ‘
W b (4.25)
ha = Ke T e &
- 2g 2
where Ks = eddy-loss coefficient having values as below.
' Cross-section character- Value of K.
istic of the reach Expansion Contraction
Uniform Fac® 0 ¢ 0
Gradual transition 0.3 T4 0.1
Abrupt transiticn 0.8 0.6
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Equation (4.23), (4.24) and (4.25) together with the continuity equation Q =
Ay Vy == 4, V', enable the discharge Q to be estimated for known values of
hannel cross-sectional properties and #,

The discharge is calculated by a trial and error procedure using the
following sequence of calculations:

1. Assume V; = ¥V, This leads to V¥/2¢g = V}/2g and by Eq. (4.23)

hy = hy—~hy, = F = fall in the water surface between sections
1 and 2.
. Using Eq. (4.24) calculate discharge Q.
Compute V; = /4, and V, = Q/A4,. Calcuiate velocity heads and
eddy joss Ae.
4. Now calculate a refined value of ir by Eq. (4.23) and go to step (2).
Fepeat the calculations till tivo successive calculations give values of

discharge (or /i) differing by a negligible margin,

el

This method of estimating the discharge is known as the slope-arca
method. It is a very versatile indirect method of discharge estimation
and requires (f) the selection of a reach in which cross-sectional properties
including bed clevations are known at its ends, (ii) the value of Manning’s
n and (#/i) water-surface elevations at the two end sections.

ExampLE 4.3 During a flood flow the depth of water in a 10 m wide
rectangular channel was found to be 3.0 and 2.9 m at two sections 200 m
apart. The drop in the water-surface elevation was found to be 0.12 m.
Assuming Manning’s coefficient to be 0.025, estimate the flood discharge
through the channel,

Using suffixes 1 and 2 to denote the upstream and downstream section
respeciively, the cross-sectional properties are calculated as follows:

Section 1 Section 2
»y =30m ) Yy =290m
Ay = 30m?* Ay =29 m*®
P, =16m Py =158 m
R, =1875m Ry, =1835m
1
K, s %X 30x(1.875)/2 K, = 00"5 X 29x(1.835)1
= 1824.7 = 1738.9

A.vcrage K for the reach =x/m?_ = 1781.3
To start with iy = fall = 0.12 m is assumed.
Eddy loss he = 0

-
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The calculations are shown in Table 4.1.

St = hr/L = hy[200
" Q=KkVE =1BI3VE
v ; vt
7 - (§) oo - ($)]
72 ( 39 19.62, ;% =175 19.62
I
h/ == (hl 2)+( 23 2g )
g 7o R
hy = fall-?-(":'z— ™ '5}—) = 0,12 + ( 27 2?) . (E1)
TaBLE 4,1 CALCULATIONS FOR EXAMPLE 4.3
Trial hf Sy Q Vil2e Vil2e hy
(trial) (units of (m?/s) (m) (m) by Eq.
1079) (1.e) (m)
1 0.1200 6.000 43.63 0.1078, 0.1154 0.1124
2 0.1124 5.615 42,21 0.1009 0.1080 0.1129
3 0.1129 5.645 42.32 - 0.1014 0.1085 0.1129

(The last column is /iy by Eq. (E.1) and its value is adopted for the next trial.
The discharge in the channel is 42,32 m¥/s.

Flood Discharge by Slope-Area Method

The slope-area method is of particular use in estimating the flocd dis-
charges in a river by past records of stages at different sections. Floods
leave traces of peak elevations called high-water marks in their wake.
Floating vegctative matter, such as_grass, straw and seeds are left
stranded at high water levels when the flood subsides and form excellent
marks. Other high-water marks include silt lines on river banks, trace of
erosion on the banks called wash lines and silt or stain lines on buildings.
In connection with the estimation of very high floods, interviews with senior
citizens living in the area, who can recollect from memory certain salient
flood marks are valuable, Old records in archives often  provide valuable
information on flood marks and dates of occurrence of those floods.
Various such information relating to a particular.flood are cross-checked
for consistency and only reliable data are retained. The slope-area
method is then used to estimate the magnitude of the flood. ‘ i
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The selection of the reach is probably the most important aspect of the
slope-arca method. The following criteria can be listed towards this:

1. The quality of high-water marks must be good.

2, The reach should be straight and uniform as far as possible.

Gradually contracting sections are preferred to an expanding reach.
3. The recorded fall in the water-surface elevation should be larger
than the velocity head. Tt is preferable if the fall is greater than
0.15 m.
4. The longer the reach, the greater is the accuracy in the estimated
discharze. A length greater than 75 times the mean depth provides an
te of the reach length required

estima

The Manning’s roughness coefficient n for use in the computation of

discharge is obtained from standard tables.® Sometimes a relation between

n and the stage is prepared from measured discharges at a neighbouring

gauging station and an appropriate value of n selected from it, with extra-
polation if necessary.

49 STAGE-DISCHARGE RELATIONSHIP

As indicated earlier the measurement of discharge by the direct method
involves a two step procedure; the development of the stage-discharge
relationship which forms the first step is of utmost importance, Once the
stage—discharge (G—0) relationship is established, the subsequent procedure
consists of measuring the stage () and reading the discharge (Q) from the
(G-0) relationship. This second part is a routine operation. Thus the aim
of all current-meter and other direct-discharge measurements is to prepare
a stage—discharge relationship for the given channel gauging section.
The stage—discharge relationship is also known as the rating curve.

The measured value of discharges when plotted against the corresponding
stages give a relationship that represents the integrated effect of a wide
range of channel and flow parameters. The combined effect of these
parameters .is termed confrol. If the (G-() relationship for a gauging
section is constant and does not change with time, the control is said to be
permanent. If it changes with time, it is called shifting control.

Parmanent Control
A majority of streams and rivers, especially nonalluvial rivers exhibit

permanent control. For such a case, the relationship between the stage and

the discharge is a single-valued relation which is expressed as
Q= C (G—a)P® (4.26)
in which Q = stream discharge, G = gauge height (stage), @ = a constant

which represent the gauge reading corresponding to zero discharge, Cr and
P are rating curve constants, This relationship can be expressed graphically

e
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Py p]om:ng the observed stage against the corresponding discharge values
in an anfhmctic or logarithmic plot [Fig. 4.22(a) and (b) ]. Logarithmic
plottlgg is advantageous as Eq. (4.26) plots as a straight line in logarithmic
coordinates. In Fig. 4.22(b) the straight line is drawn to best represent
the data plotted as Q vs (G-a). Coeflicients Cr and B need not be the same
for the full range of stages.

332-01i11'||}|1irl|111
£ a=21.8m |
2 30.0 F : B
7 ®
v "
g 1
S 28.0
1]
o
< 26.0
. ;
24.0
w
b -
5 22.0F : N
| | 1 | | R (g | ! ] | 1 1 | | |
0 4 8 12 16 20 24 28 32

DISCHARGE (x10 m/s)

\

Fig. 4.22 (a) Stage-discharge curve: arithmetic plot

[.Illl\lz.lzh'}] T T Ilkllf‘l‘[
Q=324.2 (3-a)
10 az=21.8m

(G-a) (m)

1 (A R R e | TSI e

100 2 3456 .10° 2 3 6 10
' DISCHARGE Q(mi/s)
Fig. 4.22 (b) Stage-discharge curve: logarithmic plot

Tl}e best values of C, and B in Eq. (4.26) for a given range of stage are
obtained by the least-square-error method., Thus by taking logarithms,

log @ = P log (G-a)+log Cr (4.27)
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or Y =0 X+b (4.272)
in which ¥ = log @, X = log (G-a) and b = log Cr.
For the best-fit straight line of N observations of X and Y,
 NGEXD-ENEY) 4.28)

B = ""HNGEX)~ aXF

w ¥—p(xX)
and b= -"'——‘I'\I—r—"
hat a is an unknown and its deter-

i ted t
In the above it should be note owing alternative methods are

mination poses some c-ijfﬁ?ulties. The foll
- a for it rmination:
avz;l.lall’);;t‘c;; lvz dét{;n ai aritl;me;i(; g‘rjjlpement
o ex{rap&?]aﬁii glc———('::)).rvlerirfg Slisj »':1ruc of a, Plot'log @ ys log (Gl;az
;z:}rejfl:?y l'\r):f%lethcr thé data plots 'as a straight Ene'liz I;’:& S‘;l;(::r?:lo;:d
e neighbourhood ;Jufepgi“:‘i:‘i Lifs:::fs avztrai ght line plot of l.Qg

h paper and draw a best-fit curve.
find a as the value of G

value in th
error find an acceptable va
hat ing i : vs G data
- ;S lAbggaphical method due to Running’ is as tfl'oliows.ﬂ'll;gflzlg(é fophicoce
4 ; i and a smooth curve
ted to an arithmetic scale and s g
are flcjr; :irawn Three points A, B and C on the curve ;;3 .sel
oints @ : : n e o o
fhat their discharges are in geometric Progression, (Fig. 4

QA ___Qi.
0 Lo

and then horizontal lines are

as intersection points witi‘l the
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drawn at B and C to get D and E e A
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Fig. 423 Running’s method for estimation of the constant
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ordinate at F is the required value of g, the gauge height corresponding to
zero discharge. This method assumes the lower part of the stage-discharge
curve to be a parabola, - e

3. Plot Q vs G to an arithmetic scale and draw a smooth good-fitting
curve by eye-judgement. Select three discharges 0y, @, and Q, such that
01/Qs = 0./, and note from thz curve the corresponding values of gauge
readings G,, G, and G, From Eq. (4.27) '

(G~ a)/(Gy—a) = (Gy—a){(Gy—a)

G, G~

ie. qd == *(G-y“—‘—“—l e (4.29)

" 4. A number of optimization procedures that are based on the use of

computers are available to estimate the.best value -of a. A trial-and-error
search for a which gives the best value of the correlation coefficient is one

- of them,

Shifting Control

The control that exists at a gauging section giving risg to a unique stage-
discharge relationship can change due to: (i) changing characteristics caused
by weed growth, dredging or channel encroachment, (ii) ‘aggradation or

. degradation phenomenon in an alluvial channel, (iii) variable backwater

effects affecting the gauging szction and (iv) unsteady flow effects of a rapidly
changing stage. There are no permanent corrective measures to tackle
the shifting controls due to causes (i) and (ii) listed above. The only
recourse in such cases is to have frequent current-meter gaugings and to
update the rating curves. Shifting controls due to causes (i) and (iv) are
described below.

£

Backwater Effect

If the shifting control is due to variable backwater curves, the same stage
will indicate different discharges depending upon the backwater effect. To
remedy this situation another gauge, called the secondary gauge or
auxiliary gauge is installed some distance downstream of the gauging
section and readings of both gauges are taken. The difference between the
main gauge and the secondary gauge gives the fali (F) of the water surface
in the reach, Now, for a given main-stage reading, the discharge under
variable backwater condition is a function of the fall F, i.e.

0 = fG, F) (4.30)

Schematically, this functional relationship is shown in Fig. 4.24. Instead
of having a three-parameter plot, the observed data is normalized with

. respéct to a constant fall value. Let Fy be a normalizing value of the fall
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the best-fit curves, When finalized, these two curves provide the stage-
discharge information for gauging purposes. For example, if the observed
stage is G, and fall Fy, first by using the adjustment curve the .value of
Q,/0, is read for a known value of F,{F,. Using the constant fall-rating
curve, O, is read for the given stage G, and the actual discharge calculated

as (Q/Q0) X Q. :

Unsteady-Flow Effect

When a flood wave passes a gauging station in the advancing portion of
the wave the approach velocities are larger than in the steady flow at
corresponding stages. Thus for the same stage, more discharge than in a
steady uniform flow occurs. In the retreating phase of the flood wave the
converse situation occurs with reduced approach velocities giving lower
" discharges than in an equivalent steady flow case. Thus the stage-dis-

 charge relationship for an unsteady flow will not be a single-valued

relationship as in steady flow but it will be a looped curve as in Fig. 4.26.
It may be noted that at the same stage, more discharge passes through the
river during rising stages than in falling ones. Since the conditions for
each flood may be different, different tloods may give different loops.

e

EoEalling .. e
<
stage \ /f‘
e A .;}/
ul ‘ /,//* \Stecdy flow

2 %,f( curve
o /‘ ~Rising stage

Al Maximum stage p?.
B: Maximum disclurge pt.

BISCHARGE
Fig. 4.26 Loop rating curve

If On is the normal discharge at a givén stage under steady uniform flow
and Qu is the measured (actual) unsteady flow the two are related as®

Owm 1 dh ; g

Qe _ Jia S 2 (4.32)
where Sy = channel slope = water surface sIope at uniform flow, dh/dt ==
rate of change of stage and Vw == velocity of the flood wave. For natural
channels, Vw is usually assumed equal to 1.4 ¥, where IV = average velocity
far a given stage estimated by applying Manning’s formula and the energy
slope §7. Also, the energy slope is uséd in place of So in the denominator
of Eq. (4.32). If enough field data about the flood magnitude and dh/d:
are available, the term (1/¥w S,) can be calculated and plotted against the

3
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stage for use in Eq. (4.32). For estimating the actual discharge at an
observed stage, Oar/On is calculated by using the observed data of dh/fdtr.
Here Q. is the discharge corresponding to the observed stage relationship
for steady flow in the channel reach.

4.10 EXTRAPOLATION OF RATING CURVE

Most hydrological designs consider extreme flood flows. As an example,’
in the design of hydraulic structures, such as barrages, dams and bridges
one needs maximum flood discharges as well as maximum flood levels.
While the desien ilood discharge magnitude can be estimated from other
considerations, the stage-discharge relationship at the project site will have
to be used to predict the stage corresponding te design-flood discharges.
Rarely will the available stage-discharge data include the design-flood
range and hence the need for extrapolation of the rating curve.

Before attempting extrapolation, it is necessary to examine the site and
collect relevant data on changes in the river cross-section due to flood
plains, roughness and backwater effects. The reliability of the extrapolated
value depends on the stability of the gauging section control. A stable
coutrol at all stages leads to reliable results. Extrapolation of the rating
curve in an alluvial river subjected to aggradation and degradation is un-
reliable and the results should always be confirmed by alternate methods.
There are many techniques of extending the rating curve and two well-
known methods are described here,

Conveyance Method
The conveyance of a channel in nonuniform flow is defined by the relation

Q = K5S¢ (4.33)

where Q = discharge in the channel, Sr = slope of the energy line and
K = conveyance. If Manning’s formula is used,

K= AR (4.34)
where n == Manning's roughness, 4 = arca of cross-section and, R =
hydraulic radius. Since 4 and R are functions of the stage, the values of K
for various values of stage are calculated by using Eq. (4.34) and plotted
against the stage. The range of the stage should include values beyond the
level up to which extrapolation is desired. Then a smooth curve is fitted
to the plotted points [Fig. 4.27(a)). Using the available discharge and
stage data, values of Sy are calculated by using Eq. (4.33) as Sy = QYK?
and are plotted against the stage. A smooth curve is fitted through the
plotted points [Fig. 4.27(b)]. This curve is then extrapolated keeping in
mind that §r approaches a constant value at high stages,

v
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Fig. 4.27 (b) Conveyance method of rating curve
extension: Sy vs stage

_ ]Us;ng the conveyance and slope curves, the discharge at any stage ig
l‘.:a ciu at:d as Q0 = K 1{& and a stage-discharge curve covering the desired
ange o extrqpoiatlon 1s constructed. With this extrapolated-rating cu
the stage corresponding to a design-flood discharge can be obtaincd? S
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Logarithmic—?!ot Method
In this techonique the stage-discharge relationship given by Eq. (4.26) is
made use of. The stage is plotted against the discharge on a log-log paper.
A best-fit linear relationship 1s obtained for data points lying in the high-
range and the line is extended to cover the range of extrapolation.
ents of Ed. (4.26) are obtained by the least-square-
ing Xon Y in Eg. (4.27a). For this Eq. (4.272) is

stage
Alternatively, coeffici
error method by regress
written as

Y=Y +C ; 5 (4.35)
where X = log (G-g)and Y = log Q. The coefficients « and C are obtained
as, :

NEXY)-(ET) (£ X) 4
= oA 35
¢ NEr)-GY) (4.352)
and c= _(;;__X_);%(}_L) (4.35b)
The relationship goverping the stage and discharge is now
(4.36)

(G-a)=C1Q*

where C; = antilog s
- By the use of Eq. (4.36) the value of the stage corresponding to 2 design

flcod discharge is estimated.

4.11 HYDROMETRY STATIONS

As the measurement of discharge is of paramouﬁt importance in applied
hydrologic studies, considerable expenditure and effort are being expended
o collect and store this valuable historic data, The WMO

in every country t
aumber of hydrometry stations in

recommendations for the minimum
yarious geographical regions are given in Table 4.2.

TasLe 4.2 WMO CRITERIA FOR HYDROMETRY STATION DENSITY
S. No. Region Minimum Tolerable
density (km?/ density
station) under diffi-

cult condi-
tions (km®/
station)

1. Flat region of temperate, mediterrangan

and tropical zones 1,000-2,500 3,000~]0,000
2. Mountainous regions of temperate, '
medeterrancan and tropical zonss 300-1,000 1,000~ 5,000

3. Arid and polar zones 5,000-20.000

R R e e s
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o

Hydr i it
areayﬁ;o:ﬁet;}; ;;e:t:::?: must be Elted in adequate numbers in the catchment
ams so that the water i
assessed as accurately as possible e
As per W 5. 46 :
o 1:“0 a::ﬁ E?ST{S’ Ind:a. needs 1700 hydrometry stations. Currently
i Ly cy-gauging stations maintained by the Central Water
o5 95 gt etw o}tl‘ which the modern moving-boat method facilities
rwrdac obsewa{ig)n tstzti:t)l;ove};he state governments maintain nearly 800
s. There are also a large number of stations i
the country where only gauge readings are taken. * el e

REFERENCES

1. Acke;rs P., et .al Weirs and Flumes [¢ i :
, P, - or Flow Measurem i it
John Wiley, Chichester, 1978. g WIIEY e

2. i':tos, M.G. (Ed.), Discharge Measurement Structures, Int. Inst. for Land Reclama-
tion and Tmprovement, Wageningen, The Netherlands, Pub. No, 20, 1976. -

3. Chow, V.T. (Ed), Handbook of Applied Hydrology, McGraw Hill, New York

1964.
4. Herschy, R.W. i i

ity y , (Ed.), Hydrometry, Wiley Interscience, John Wiley, Chichester,
5. Kolupaila, S., Bibli i

s ibliography of Hydrometry, Univ. of Notre Dame, Notre Dame,

6. Subramanya, K. 1 . .
o y , Flow in Open Channels, Tata McGraw-Hill, New Delhi,

; 7. Wisler, C.0. and E.F. Brater, Hydrology, John Wiley, New York, 1959.

PROBLEMS

. g e 1 = .
4.1 lllﬂ following data wer collected dulll)g a stream-gauging ODC]&‘IOR in & river

Distance from Depth y Velocity {m/s
le{t(:r;;ter edge {m) at0.2d (atfu).b‘ d
0.0 0.0 . 0.0 0.0
.15 1.3 ; 0.6 0.4
3.0 2.5 0.9 06
4.5 1.7 . 0.7 0.5
6.0 1.0 0.6 0.4
7.5 0.4 ; 04 0..3
9.0 ¢.0 0.0 1 0.0
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4.2

b

where v and vg are vel

is a cocfiicient

where v is the mean velo
that (a) the measured veloc
measured at 0.6 depth from ti
voes and vopa 8¢ the velocities me
surface respectively.

4.3 The following are the data obtained in a st
meter with a calibration equ

per second was

The velocity distribution ina stream is usuall

y approximated as v/va = (yla)ms
ocities at heights » and a above the bed respectively and m
with a v'aluc between 1/5 to 13, (i) Obtain an cxpression for v[v,

city in terms of the depth of flow. (iiy If m=1/6 :«;_hot.lv
an velocity if the veloeity is

1e water surface and (b)) v =1 (vos + Vg.52) Where
asured at 0.2 and 0.82 depths below the water

ity is equal to the me

ream-gauging operation. A current
ation F= (0.32 N0.032) mjs where N = revolutions

used to measure the velocity at 0.6 depth. Using the mid-section

method, calculate the discharge in the stream.

)

Distance
rom right

bank (m) 0 2 4 6

9 12 15 18 20 22 23 24

Depth (m) 0 050 1.10 1.95 225 1.85 1.75 1.65 1.50 125 075 0‘
Number .

of revolu= i

tions 6 80 83 131 139 121 114 109 92 8 70 0

Time (s) o 180 120 120

120 120 120 120 120 120 150 O

4.4 1n the moving-boat method of discharge measute
direction () of the velocity of the stream 1
ed. The depth of the stream is also simu

discharge ina
velocity in &
instrument.

ment the magnitude (VR) and
relative to the moving boat are measur=
itanecusly recorded. Estimate the
river that gave the following moving-boat data. Assume the mean
vertical to be 095 times the surface velocity measured by the

Section Vr 6 Depth Remark
(m/s) (degrees) (m)
o —_ — — Right bank
1 1.75 55 1.8 g is the angle made by
2 1.84 A 2.5 Vg with the boat
3 2.00 60 35 direction
4 2.28 64 3.8
5 2.30 65 4.0 . . :
6 2.20 63 3.8 The various sections
7 2'.00 ) 60 3.0 are spaced ata constant
8 1.84 57 208 distance of 75 m apart
9 1.70 54 2.0
10 i - -— Left Bank

4.5 The dilution
discharge of

used to measure the

method with the sudden-injection procedure was T
nts are given below,

a stream, The data of concentration measureme

: Streamflow Measurement/119
A fuorescent dye weighing 300 N used as a tracer was suddenly ihjected at
station A at 07 h.

Time (h) 07 08 09 10 11 12 '13 14 15 16 17 18 .

Concentration )

at station B ! i
in parts per JO 0 3.0 105 180 180 120 90 60 45 1.5 0O

10° by weight

Estimate the stream discharge,

46 A 500 g/l solution of sodium dichromate was used as chemical tracer. It was
dosed at a constant rate of 4 I/s and at a downstream section the equilibrium con-
centration was measured as 4 parts per million (ppm). Estimate the discharge in

_the stream. ¢
47 A 200 g/l solution of commeon salt was discharged into a stream ata constant
/ratc of 25 1js. The background concentration of the salt in the stream water was

* found to be 10 ppm. At a downstream section where the solutlon was believed to
have been completely mixed, the salt concentration was found to reach an
equilibrium value of 45 ppm. Estimate the discharge in the stream,

4.8 1t is proposed to adopt the dilution method of stream gauging for a river whose
hydraulic propertics at average flow are as follows: Width =45 m, depth = 2.0 m,

discharge = 85 m?fs, Ch2zy coeflicient = 20 to -30. Determine the safe mixing
length that has to be adopted for this stream. i :

‘4.9 During a high flow water-surface elevations of a small stream were noted at two

sections 4 and B, 10 km apart. These elevations and other salient hydraulic pro-
perties are given below.

Section Water-surface. - Area of Hydraulic Remarks
clevation cross-section radius
(m) (m*) (m)
A 104771 73.293 2.733 A is upstream
3 of B
n = 0.020

‘B 104.500 93.375 3.089

The eddy loss coefficients of 0.3 for gradual expansion and 0.1 for gradual com-
traction are appropriate. Estimate the discharge in the stream.’

4.10 A small stream has a trapezoidal cross section with base width of 12 m and side
slope 2 horizontal: 1 vertical in a reach of 8 km. During a flood the high water
levels recorded at either ends of the reach are as below.

Section Elevationof ~ Water surface Remarks
bed elevation .
Upstream 100.20 102.70 'Manning's n = 0.030
Downstream 98.60 101.30 » X

Estimate the discharge in the stream,.

gt A R
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4.11 Downstream of a main gauging station, an auxiliary gauge was installed and the

following readings were obtained,

ai Auxiliary gauge - Discharge
Main gauge i
121.00 120.50 300
121.00 119.50 580

d when the main gauge reading is 121,00 and the

What discharge is indicate
[Hint: Use Eq. 4.30.1

auxiliary gauge reads 120.10.
4.12 The following are the cootdinates of a smooth curve drawn Lo best represent the
stage-discharge data of a river.

&

Stage (m) 20.80 21.42

21.95] 2237 23.00 23.52 23.90

Discharge
(m?]s)

100 200 300 - 400 600 800 1000

Determine thie stage corresponding to zero discharge.
n below. Establish the rating curve by

data of a river arc give
20.50. Determine the stage of the

alue for zero discharge as
f 2600 m?/s.

4.13 The stage-discharge
assuming the stage Vv _
river corresponding o a discharge ©

/

Stage Discharge Stage Discl:argc
(m) (m*fs) (m) (m¥s)
21.95 100 24.05 780
22.45 220 24.55 1010
22.80 295 24.85 1220
23.00 400 25.40 1300
23.40 490 25.15 1420
23.75 500 25.55 1550

23.65 640 25.90 o, 1760

e e ph— e

‘ i ceetion in a river was found to increase at
| 4.14 During a flood the water surface{ a.t a “'3?:?:11;50(; S o s
' ] eri ¢

; Rprhipnd ey oy curve is 160 m*[s. If the velocity of

iv F ; -flow rating
the river stage read from a steady-flow \ : -
the flood w::'e can be assumed as 7.0 s, determing the actual discharge.

Streamflow Mpasu:emem]ui

QUESTIONS

.4.1 In a river carrying a discharge of 142 m¥/s, the stage at a station 4 was 3.6 m and
the water surface slope was 1 in 6000. If during a flood the stage at 4 was 3.6 m
and the water surface slope was 1/3000 the flood discharge (in m®/s) was
approximately. ¢
(a) 100 ~(b) 284 (c) 71 (d) 200.

4.2 In a triangular channel the top width and depth of flow were 2.0 and 0.9 m
respectively. Velocity measurements on the centreline at 18 and 72 cm below
water surface indicated velocities of 0.60 m/s and 0.40 m/s respectively. The
discharge in the channel (in m?/s) is
(a) 0.90 (b) 1.80 (c) 0.45

4.3 Tn the moving-boat method of stream-flow measurement, the essential measure-
ments are ;

(a) the velocity recorded by the current meter, the depths and the speed of the
boat
(b) the velocity and direction of the current meter, the depths and the time inter-
val between depth readings
(c) the depth, time interval between readings, speed of boat and velocity of the
_ Stream
(d) the velocity and direction of the current meter and the speed of the boat.

(d) none of these.

' 4.4 If a gauging section is having shifting control due to backwater effects, then

(a) a loop rating curve results
(b) the section is useless for stream-gauging purposes
{c) the discharge is determined by area-velocity methods
(d) a secondary gauge downstream of the section is needed.

4.5 The stage discharge relation in a river during the passage of a flood wave is mea-
sured, If Qr = discharga at a stage when the water surface was rising and Qr =
discharge at the same stage when the water surface was falling, then

(a) Ox = Qr (b)) Cr > Qr (¢) Qr < @r (d) Qr/Or = constant at all stages.

4.6 The relation between the stage G and discharge Q in a river is usually expressed
as

@) Q=CGy (b) @ =C(G—a) () 0= CG-a)p (d)G= C:(0—a)s.

4.7 The dilution method of stream gauging is ideally suited for measuring discharges
in .
"(a) a large alluvial river
(b) flood flow in a mountain stream
(c) steady flow in a small turbulent steam
{d) a stretch of a river having heavy industrial pollution loads.
4.8 The slope-area method is extensively used in '
(a) development of rating curve
(b) estimation of flood discharge based on high-water marks
(c) cases where shifting control exist
(d) cases where backwater effect is present.
4.9 For a given stream the rating curve applicable to a section is available. To deter-
‘mine the discharge in this stream, the following data are needed
(2) current meter readings at various verticals at the section
(b) slope of the water sutface at the section
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(c) stage at the section
(d) surface yelacity at various sections. ‘ : ‘
4,10 Duringa flood in a wide, rectangular chanuel it is found that at a secﬂcfn the
~depth of flow increases by 50% and at this depth the wmer-surface' slope i3 half
its original value in a given interval of time. This marks an appro:umata change

in the discharge of

(a) =33% (b) +39% (d) no change.

(©) + 20%

YR
RUNOFE

/6.1INTRODUCTION

Runoff means the draining or flowing off of precipitation from a catch--
ment area through a surface channel. It thus represents the output from
‘the catchment in a given unit of time. ' !
Consider a catchment area receiving prccipitaﬁoh. For a given precipi-
tation, the evapotranspiration, initial loss, infiltration and detention-storage
requirements will have to be first satisfied before the commencemenit of
runoff. When these are satisfied, the excess precipitation moves over the
Jand surfaces to reach smaller channels. This portion of the runoff is called -
overland flow and involves building up of a storage over the surface and
draining off of the same. Usually the lengths and depths of overland flow
are small and the flow is in the laminar regime. Flows from several small
channels join bigger channels and flows from these -in turn combine to
form a larger stream, and so on, till the flow reaches the catchment outlet.
The flow in this mode where it travels all the time over the surface as over-
land flow and through the channels as open-channel flow and reaches the
catchment outlet is called surface runoff. _ g o
A part of the precipitation that infilters moves laterally through upper
crusts of the soil and returns to the surface at some location away from
the point of entry into the soil. This component of runoff is known vari-
ously as interflow, through flow, storm seepage, subsurface, storm flow or
quick return flow (Fig. 5.1). The amount of interflow depends on the
geological conditions of the catchment. A fairly pervious soil overlying a
hard impermeable surface is conducive to large interflows. Depending upon
the time delay between the infiltration and the outflow, the interflow is
sometimes ciassified into prompt interflow, i.e. the interflow with the least

time lag and delayed interflow. d :
Another route for the infiltered water is to undergo deep percolation and
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Precipitation
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Fig. 5.1 Different routes of runoff

reach the groundwater storage in the soil. The groundwater follows a
complicated and long path of travel and ultimately reaches the surface.
The time lag, i.e. the difference in time between the entry into the soil and
outflows from it is very large, being of the order of months and years.

This part of runoff -is called groundwater runoff or groundwater flow.

G roundwater flow provides the dry-weather flow in perennial streams.
Hased on the time delay between the precipitation and the runoff, the

runofl is classified into two categories; as ;
1. Direct runoff, and
2. base flow.
These are discussed below.

Direct Runoff

It is that part of runoff which enters the stream immediately after the pre-
cipitation. It includes surface runoff, prompt interflow and precipitation on
the chaanel surface. In the case of snow-melt, the resulting flow entering
the stream is also a direct ruroff. Sometimes terms such as direct storm
runoff and storm runoff are used 10 designate direct runoff.

Base Flow
The delayed flow that reaches a stream essentially as groundwater flow is

calied base flow. Many times delayed interflow is also included under this
category. ;

F.unoff, representing the response of 2 catchment to precipitation reflects
the integrated effects of a wide range of catchment, climate and precipita-
tion characteristics. True runoff is therefore stream flow in the natural
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condition, i.e. without human intervention. Such a stream flow unaffected
by works of man, such as structures for storage and diversion on a stream
is called virgin jlow. When there exist storage or diversion works on a
stream, the flow in the downstream channel is affected by structures and
hence does not represent the true runoff unless corrected for storage
em;c';s and the diversion of flow and return flow. -

ExAMPLE 5.1 The following table gives values of measured discharges at
a siream-gauging site in a year. Upstream of the gauging site a weir built
across the stream diverts 3.0 and 0.50 Mm?® (million m®) of water per month
for irrigation and for use in an industry respectively. The return flows from
irrigation is estimated at 0.8 Mm® and from the indusiry at 0.30 Mm?®
reaching the stream upstream of the gauging site. Estimate the virgin flow.
If the catchment area is 120 km® and the average annual rainfall is 185 em,
determine the runoff-rainfall ratio. ‘

Menth e B W4 B ETT.B 9 10 11 12

Gauged
flow ; : ) ] :
(Mm%) 2.0 1.5 038 06 21 80 180 220 140 90 7.0 30

In a month the virgin flow volume Ry is obtained as
Ro= Vet Va=Vr ' '

volume of flow measured

where Vi
Va = volume diverted out of the stream
V, = volume returned to the stream
The calculations are performed in the following tabular form :
Ve = 0.80 + 0.30 = 1,10 Mm?, Vg = 3.0 + 0.5 = 3.5 Mm®.

Volume (in Mm®)

Month i o2 a8 s 8 7 8 9 10 1 12

v, 20 1.5 08 06 21 80 180 220 140 90 70 30
Vg 35 35 35 35 35 35 35 35 35 35 35 35
TPRNRERE I s o R S D R R 1 LI 11 L1
Re 44 3.9 32 30 45 104 204 244 164 114 94 54

' Total Ry, = 116.8 Mm®

- Annual virgin flow = annual runoff = 116.8 Mm?®
Area of the catchment 120 km® = 1.2 X 10® m®

N T
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1.168 X 10*m?

Annual runoff = —75 768 m® 0.973 m

= 97.3 cm

fi

Rainfall. = 185 cm

o SBY
5% R.n:noi?{;alnfall4 185 = 0,526

5.2 HYDROGRAPH

ge in a stream plotted against time chronologically is

A plot of the dischar
Depending upon the unit of time involved, we have:

calied a hydrograph.
{. Annual hydrographs showing the variation of daily or weekly or 10
daily mean flows over a year;
2. monthly hydrographs showing the variation of daily mean flows over
a month; o
3. seasenal hydrographs depicting the variation of the discharge in a
particular season such, as the monsoon season oOr dry season; and
4. flood hydrographs or hydrographs due to a storm representing stream

flow due to a storm over a catchment.

Fach of these types have particular applications. Annual and seasonal
hydrographs are of use in (i) caleulating the surface water potential of stream,
(it) reservoir studies and (i) drought studies. Flood hydrographs are
essential in analysing stream characteristics associated with floods. This
and use of long-term runofs.

chapter is concerned with the estimation
the subject matter of the next

The study of storm hvdrograph forms
chapter.

Water Year

Tn annual runoff studies it is advantageous to consider a water year beginning
from the time when the precipitation exceeds the average evapotranspiration
losses. In India, June st is the beginning of a water year which ends on
May 3lst of the following calender ysar. In a water year @ complete cycle
of climatic changes is expeeted and hence the water budget will bave the

least amount of carry over.

5.3 RUNOFF CHARACTERISTICS OF STREAMS

A study of the annual hydrographs of streams -enables one to classify
streams into three classes as (i) perennial, (i) intermittent and (iii) ephe-
A perennial stream is one which always carries some flow (Fig. 523,
There is considerable amount of groundwater flow threughout the year.
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DISCHARGE

T2 3 4 5 6 7 6 9 10 1 12
TIME (months) Rec,

Fig. 5.2 Perennial stream

Even during dry scasons the water table will be above the bed of the
stream, ' :

An intermittent stream has limited contribution from the groundwater.
During the wet season the water table is above the stream bed and there is
a contribution of the base flow to the stream flow. However, during dry
seasons the water table drops to a level lower than that of the stream bed
and the stream dries up. Excepting for an occasional storm which can
produce a short-duration flow, the strcam remains dry for the most part of
the dry months (Fig. 5.3). :

DISCHARGE

L L 1} | 1 i [ L
Ty TS 6 7 8 9 10 112
TIME (months) vy

Fig. 5.3 Intermittent stream

: An ephemeral stream is one which does not have any base-flow contribu-
no.n. The annual hydrograph of such a river show series of short-duration
spikes marking flash flows in response to storms (Fig. 5.4). The stream
becomes dry soon after the end of the storm flow. Typically an ephemeral
stream does not have any well-defined channel. Most rivers in arid zones
are of the ephemeral kind. ' .
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Fig.54 Ephemeral stream

The flow characteristics of a stream depend upon:
1. The ranifall characteristics, such as magnitude intensity, distribution in
time and space and its variability;
5. catchment characteristics such as soil, vegetation, slope, geology,
shape and drainage density; and L
3. climatic factors which influence evapotranspiration.

The interrelationship of these factors 1s extremely complex. However, at

the risk of oversimplification, the following salient points can be noted:

1. The seasonal variation of rainfall is clearly reflected in the runoff,

Tish stream discharges occur during mensoon months and low flow
which is essentially due to base flow is maintained during the rest qf
the year. : : s

9. The shape of the storm hydrograph and hence the peak. ﬂwa is
essentinlly controlled by the storm and physical c}}aracf{enstics of
the catchment. Evapotranspiration plays a ‘minor role in this.

3. The annual runofl volume (yield) of a stream is mainly controlled by
the amount of rainfall and evapotranspiration. The geology of the

catchment is significant to the extent of deep percolation losses.

54 Y!ELD (ANNUAL RUNOFF VOLUME)
: tity of water that can be expected from a stream in a given
o ap ¢ the river. It is usual for the

i i lled the yield of
period such as a year is ¢a ;
yield to be referred to the period of a year and then it represents the annual

runnoff volume, In_ this book the term yield is used tg meafn 'ﬂ;;
annual runofl volume unless otherwise specified, The calculation o 3(1;'e ]
is of fundamental importance in all water-resources developmeﬂ;.s:udies.
The various methods used for the estimation of yield can be listed as
below: '

3 catniall
1. Correlation of stream flow and rainfall,

o

mic transformation as
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2. empirical equations, and
3. watg@hed simulations.
A brief review of these methods follow,

Rainfall-Runoff Correlation

The relationship between rainfall and the resulting runoff is quite complex
and is influenced by a host of factors relating the catchment and climate.
Further, there is the problem of paucity of data which forces one to adopt
simple correlations for the adequate estimation of runoff. One of the most
common methods is to correlate runoff, R with rainfall, P values. Plotting
of R values against P and drawing a best-fit line can be adopted for very
rough estimates. A better method js to fit a linear regression line between
R and P and to accept the result if the correlation coefficient is nearer
unity. The equation for straight-line regression between runoff R and
rainfall P is

R=aP+b (5.1)
and the values of the coefficients a and b are given by
g=NGEPR-(=P) ER

NG P)-( Py Ll
: X R—as P . ‘
and b= Pl . (5.3)

in which N = number of observation sets R and P. The coefficient of
correlation r can be calculated as
: —_ X
P NEPR-EZP)ER .4)
VIN (& PH—(Z PFIX[N (B £%)—(Z R)Y]

The value of r lies between 0 to + 1 as R can have only positive correla-
tion with P. A value of 0.6 < r < 1.0 indicates good correlation. Further °
it should be noted that R = 0. -

For large catchments, it is found advautageous to have an exponentiz]
relationship as ;

R =g pnm : (5.5)

where B and m are constants, instead of the linear relationship given
by Eq. (5.1). In that case Eq. (5.5) is reduced to a linear form by logarith-

InR=m Inp+inp : {58 -
and the coefficients m and In § determined by using the method indicated

~ earlier,

Since rainfall records of longer duration than the runoff data are normally

“available for a catchment, the regression equation [(Eq. (5.1) or (5.5)] can

be used to generate synthetic runofl data by using rainfall daia. While this
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may be adequate for preliminary studies, for accurate results sophisticated
methods arc adopted for synthetic generation of runoff data, Many im-
Il—runoff correlation by considering

provements of the above basic rainfal
additional parameters such as <oil moisture or antecedent rainfall have been
he initial soil moisture and

attempted. Antecedent rainfall influences t
hence the infiltration rate at the start of a storm. For calculation of the

annual runoff from the annual rainfall a commonly used antecedent
precipitation index, Pqis given by

P = aPi+b PigtcPiz (5.7

where Pi, Pi-yand Pipare the annual precipit
(i—2)th year, i = current year, @, b and ¢ are coefficients with their sum

equal to unity. The coefficients arc found by trial and error to produce
best results.

There are many other types of antecedent precipitation indices in use to
and runoff. The use of coaxial chart

achieve good correlations of rainfall
index is given by Linsley et all

with a defined antecedent precipatation

" ExampLE 5.2 Given below are the monthly rainfall P and the corresponding
runoff’ R values covering a period of IS months for a catchment, Develop a

correlation equation between R and P.

Mont_l;_ww P —}# Month P R
(em) (em) (cm) (cm)

1 5 0.5 10 30 8.0
2 15 100 1 10 23
3 a0 - 138 12 8 1.6
4 30 8.2 ' 13 2 0.0
5 15 T 14 22 6.5
6 10 13 15 30 9.4
o7 5 0.1 i 16 25 7.6
8 31 12.0 17 8 15
9 36 160 ; 18 6 0.5

e —

For the given data,

TP =348 % R ='1043 N=18
T P = 9534 T R® = 1040.51 v PR = 30832
121104 (3 R = 10878.49 :

(L P &

ation in the ith, (i—Dih and

i

; : Runoff '
For t}‘xe correlratlon equation R = aP + b, by Eq. (5 .2) unoff/131

e NEPR—(2P)(z
a = by s R
N (5 PY)~(5 PP )
_ (18 3083.3) ~ (348 x 104.3)
= : 104.3
(18 X9534)~ 121104 )

= 0.380
By Eq. (5.3),
. yIR-aZp
N

_ 104.3—(0.380 x 348)
. = —1.55

Hence R = 0.38 P—1.55,

In this equation both i
Sl Rand P are incm and R>

N(EPR-(EP) (SR
VINGEP)—(2 PFXIN (S R)—(Z B

0. Correlation coefﬁéient

r o=

| (18 X3083.3) — (348 X 104.3)

- ¥[(18x9534)—12
‘ 1104] < [(1
S IxI( 8x1040‘51)_10378‘49]

Empirical Equations

The importance of estimati
: estimating the S0 s :
logic data for e water availability from i
Sy EpurpQSes of planning water-resource pr O'etj:e available hydro-.
ven in the last century, With a keen sen;le :f WZS recognised
Observation in

their 'region of tlh 4 i
£ ol eir activity many en .
empiri : : gineers of
pirical runoff estimation formulae., However the;gi'i.a;t ;lave developed
s ulac are applic-

able only to the regi : 3

= region in which the 5

esse g y were d

ntially rainfall-runoff relations with a dzri‘t‘j’gi'alﬂ:is'edf‘ormulae are
ird or fourth

parameters to account for climatic or cat t t

‘ li 1 racteristics. Some o
; ! r catchement cha isti S f
portant formulae used in various parts of India Ale -Vlelll b‘e ow.
thc. mpo o 24} low.

Binnie’s Percentages

I Sl! A]exandef Bl!mle 111EaSUICd the Iunoﬂ {lo“l a Sma“ cat h!nent Ileal
C.

Nagpur (Area of 16 km?) duri

L ' . uring 1869 and 187

ok L 1::;1;;: rt;lrc;f;ageilmst cumulative rainfall. Th%: fvl::c?li‘\:zlso\i:fd o

Lk A, Thesc. these he established percentages of r mf? —

gt h L percentages have been wused in Madh il
gion of Maharashtra for the estimation of yiclza o el

Barlow's Tables

Barlow, th i i ; l
¢ first Chief Engineer of the Hydro-Electric Susvey of India (1915)
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on the basis of his study in small catchments (area~130 km?) in Uttar
Pradesh expressed rrnoff R as
R=K: P (5.8)

= runoff coefficient which depends upon the type of catchment

where Kb
f monsoon rainfall. Values of Kp are given in Table 5.1.

and npature O

TasLE 5.1 BARLOW'S RUNOFF CorrFFICIENT K TN PERCENTAGE

(Developed for use in UP)

Class Description of catchment Values of Ky (percentage)

Season | Season 2 Season 3

A Flat, cultivated aud absorbent

soils 7 10 15
B Flat, partly cultivated, .

stiff soils 12 15 18
c Average catchment 16 20 32
D Hills and plains with little

cultivation 28 . 35 60
E Very hilly, steep and hardly

any cultivation 36 45 81

-

Season 1: Light rain, no heavy downpour
Season 2t Average or varying rainfall, no continuous dewnpour

Season 3; Continuous downpour
e e _____/—————-—”M

Strange's Tables s : ;
Strange (1928) studied the then available data on rainfall and runoff in the
border areas of present-day Maharashtra and Karnataka and obtained the

values of the runoff coeflicient:

K: = R/P
as a function of the catchment character.
yield from the total monsoon rainfall, the catchments were characterized
as “‘good”, “ayerage’” and “had”, Values of K, for.thesc catchments are
shown in Table 5.2 Strange also gave @ table for calculating the daily
cunoff from daily rainfall. In this the runofl coefficient depends not only
on the amount of rainfall but also on the state of the ground. Three cate-
gories of the original ground state as ‘dry’, ‘damp’ and ‘wet’ are used by
him.

(5.9)

fnglis and DeSouza Formula
~Asa result of careful stream gauging in 33 sites in Western India, Inglis
and DeSouza (1929) evolved two regional formulae between annual runoff

Rincm and annual rainfall P in cm as follows:

i L

For purposes of calculating the

83

123

154

" : Runofi/12

. TABLE 5.2 Ex1 T TABLES OF T

. RACT OF STRANGE'S TA

.

! oF RUMOFF COEFFICIEN Ks

(For use in border areas of Maharashtra and Karnataka)

Total mo
nsoon Runoff coefficient K, per cent

rainfall (cm) Good Average Bad
2 a
catchment catchment catchment

25 4.3 3.2 23

50 15.0 1.3 7.5

75 26.3 19.7 13.1

100 37.5 28.0 18.7

125 47.6 35.7 23.8
150 44.1 29.4

58.9

1. For Ghat regions of western India

R = 0.85 P-30.5
5 5.1¢
2. For Deccan platean :
1
R= -
555 P (ff 17.8) (5.1

Khosla's Formula

vKal;?;ias C(I t96}0) ana!ysed 'the rainfall, runoff and temperature dafa fe
atchments in India and USA to arrive at an empirical relationshi

between runoff and rai i
4 runof nfall. The time period i
relationship for monthly runoff is ; 1_5" % bbbl o

Rm = Pm_.Lm (5 l’

and L == 0.48 Ty for Tm > 4.5°C
where R = monthly runoff in cm and Rm = 0
Fw = monthly rainfall in cm
L = monthiy losses in cm

Tw = mean monthly temperature of the catchment in °C

F
or Tm < 4.5°C, the loss Lm may provisionally be assumed as

T°C
Lm (cm)

]
1.78

4.5
217

—6.5
1.52

Annual runoff = ¥ Rm

Khosla’s formula is indirectly based on the water-balance concept and tt
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mean monthly catchment temperature is used to reflect the losses due to
evapotranspiration. The formula has been tested on a number of catch-
ments in India and is found to give fairly good results for the annual yield
for use in preliminary studies. The formula can also be used to generate
synthetic runoff data from historical rainfall and temperature data.

Exampie 5.3 For a catchment in UP, India, the mean monthly rainfall
and temperatures are given. Calculate the annual runoff and annual runoff

coefficient by Khosla's formula.

Jan Feb Mar Apr May June July Aug Sep Oct Nov Dec
29 28 29 19 14

2 1 2

Month
Temp. (°C) 12 16 21 27 - 3l 34 31

Rainfall (cm) 4 4 2 0 2 12 32 29 16

In using Khosla’s formula (Eq. 5.12),

Rm = Pn—Lm
if the loss Lm is higher than P then Rum is taken to be zero. The values of
Ry calculated by Eq. (5.12) are

Jan Feb Mar Apr May June July Aug Sep Oct Nov Dec

Month
0 0 0 - 0 17115126 QO 0 0

Runoff (¢cm) o 0

Annual runoff = Total = 34.8 cm

; . _ _Annual runoff 34.8 "
Annual runoff coefficient = —r e = ey T 0.30
Watershed Simulation .
ff for

The hydrologic water-budget equation for the determination of runo
a given period is written as
R= R, + Go= P—Eet — AS

in which R, =
piration, G = net groundwater outf
moisture storage. The. sum of Rs and Go
total runoff R, i.e. streamflow.

; Starting from an initial set of values, one

- R by knowing values of P and functional depend
ration rates with catchment and climatic conditions. For accur
the functional dependence of various parara¢ters gove

(5.13)

surface runoff, P = precipitation, Eet = actual evapotrans-
low and AS = change in the soil-
is considered to be given by the

can use Eq. (5.13) to calculate
ence of Ee, AS and infilt-
ate results,

rning the runoff in
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;?fo:jts:;net?t ar:)d \éalues of P at short time interﬁals are needed. Calcul
1en be done sequentially to obtain th ' :
‘ ! ! e runoll at i
’}:owevler, utl.}c calculation effort involved is enormous if azzlt]:mwtneﬂci ‘
in;nal;a Ig. With (tjhc availability of digital computers the use of water budiv,ct
s above to determine the runoff has becom f. i i o
of predicting the runofl, which is the et e
' ¢ , wi catchment response to i i
1npult is ca.licd deterministic watershed simulation, I:l)' this thca r%::f}?e:;?'fai}
relationships describing the interdependence of various parameters in 1lcha
zyf‘t;nltac;e'ﬁmz prepared and this is called the model, The model js the::
alibrated 1.e. the numerical values -of variou
: _ : ) s coefficients determined
simulating the known rainfall-runoff r i
fi ecords. The accuracy of th i
further checked by re i ' Aot s
! producing the results of another strj i
: ’ ing of rainfall data
for. whn-:h ru~n0ﬁ* values are known. This phase is known as validation or
verification of the model, After this, the model is ready for use
i (tjra\;ford _gnd Ijms!cy (1959) pioneered this technique by i)ropos'in a
(Sa“fﬁ)ecgrhs_lmul;:jtlon model known as the Stanford Watershed Mogde'l
: 1s underwent successive refinements and the *
shed Model-1V (SWM-IV) suitabl e = iin o i
C able for use on a wide variety of conditi
;}zli: prc_npqscd in 196?. The flow chart of SWM-1V is show{a in Figu\rleu;nSs
add‘tl.'nam mputs.are hourly precipitation and daily evapotranspiration m
Soﬂl.lonht() physical d.cscriptiop of the catchment. The mode! considers the
inm:{;; ree zones with distinct properties to simulate evapotranspiration
= ;(;;1, overland flow, channel flow, interflow and baseflow phases 0;‘
r th::no]_bphe:ncnmenon. For calibration about 5 years of data are needed
a tr(':alz ration phasc., the initial guess value of barametcrs are adjusteci
il lal}?d-crmr l:ms until the simulated response matches the recorded
. ing an additional ‘length of rainfall-runoff
: ad : - of about 5 year
g:tr;tl:;n:j thc.m_odnl f1:; verified for its ability to give proper rcsponsi: :
escription of the applicati i .
it gl application of SWM to an __Indlan catch‘ment is
S - i t |
fou;zhfolzi\hjss:ie? tfsted in a number of applications and it has been
/ Istactory results for the yield and not i
- t s ] so satisfactor
Iia:ilt!;s :&tﬁriilcmg peak valgcs. However, it requires considerable fami}-!
e d e model to arrive at optimal values in the calibrating stage.
o :p:skavem?n ]cal!ed Hydrocomp Simulation Program (HSP) (1966)
ge of three simulation modules to solve i
b ' a variety of water-
(sél;ceiasugulanon problems. Another model called the SSAlle mole
ROCk“I’n c;wISynthcszs and Reservoir' Regulation Model) developed by
ks 000I (1968) for the Columbia river basin, USA has been successfully
- a.r n large watersheds. The Kentucky Watershed model (KWM) (1970)
— tt?ws.:d and updated version of SWM-IV. KWM is used with an opti-
esti:; l(tm programme called OPSET which generates best-fit parameter
1mates, The successful use of KWM to catchments up to 1200 km® si
have been reported, i
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5.5 FLOW-DURATION CURVE

It is well-known that the streamflow vdrics over a water vear. One of the
popuiar methods of :....u)mb this streamflow variability is through {
luration curves. A flow-duration curve of a stream is 'a plot of ¢
\painst the per ceat of time the flow was
is also known as discharge-frequency curve,

The streamflow data is arranged in a descending order of discha
using class intervals if the number of individual values is very }zfee Thc

juailed or exceeded, This curve

"'ﬁ,c.-;zta used can be daily, weekly, ten daily or monthly values, If ¥ number

of data points are used in this listing, the plotting position of any dis-
charge (or class value) Q is

Py = X 100 : (5.14)

N-f—l

where m is the order number of the discharge {or class valuc), P, = per-
centage probability of thc flow magnitude being equalled or exceeded. The
plot of the discharge @ against P, s the flow duration curve {Fig ig. 5.6).
Arithmetic scale paper, or semi-log or log-log paper is used depen

o =

ng
upon the range of data and uvse of the plot. The flow duration curve
represents the cumulative frequency distribution and can be considersd to
represent the streamflow variation of an aversge year, The ordinate Oy at
any percentage probability £ represents the flow magnitude in an avera age
year that can be expected to be equalled or exceeded A, per cent of time
and is termed as Pp% dependuble flow. In a perennial river Qg = 100%
dependable flow is a finite value. On the other hand in an intermittent or
ephemeral river the streamflow is zero for a.finite part of an year and as
such (g is equal to zero.
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~Fig. 5.6 Flow duration curve

The following characteristics of the flow duration curve are of interest.

1. The slope of a flow duration curve depends upon the interval of data
sclected. For example, a daily stream flow data gives a steeper curve
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than a curve based on monthly data for the same stream. This is
due to the smoothening of small peaks in monthly data.
The presence of 2 reservoir in a stream considerably modifies ths vir
gin-fow duration curve depending on the nature of flow regulation
Figure 5.7 shows the typical reservoir regulation effect.

!5tural flow
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=
=
=
-
Q
1]
=
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o
3

g 10 20 30 40 50 &0 70 80 90100
PERCENTAGE TIME

DAILY DISCHARGE (i’ /s)

Fig- 5.7 Reservoir regulation effect

The virgin-flow duration curve when plotted on a log probability
paper plots asa straight line at least over the central region. From
thiz property, various coefficients expressing the variability of the
flow in a stream can be eveloped for the description and comparison
of different streams. :
The chronological sequence of occurrence of the flow is masked in
the flow-duration curve. A discharge of say 1600 m¥/s iu a stream
will have the same percentags P, whether it occurrad in Japuary Of
June. This aspect, a serious handicap, must be kept in mind while
interpreting a fJow-duration curve. d :
The flow-duration curve plotted on a log-log paper (Fig. 5.8) is
useful in comparing the flow characteristics of different streams. A
steep slope of the curve indicates a stream with a highly variable
discharge. On the other hand, a flat slope indicates a slow FEsponse
. of the catchment to the rainfall and also indicates small variability.
At the lower end of the curve, @ flat portion indicates considerable
bage flow. A flat curve on the upper portion is typical of river basins
paving large flood plains and also of rivers paving largs snowfall
during a wet seasoil. .
find considerable use in water-resources pl;m'ning

sme of the important uses are &

Aagalivwimen
G2 Vel it

dependable flows in the planning or water-

resources engil :
. in evaluating the characteristics of tae
Tiver;

3

hyd:opowcrpotcnﬁa! of a

i
.
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R0 e e SR L WA I ABLE 5.3 Carcutation of FLow DURATION CURVE FRoM DAILY FLow D
i = . EXAMPLE 5.4 Aldr
v 400 |- Dai .
e ; di?;[l:ag:au No. of days flow in each class  Total of Cu
e } (m?s) - interval Painach . TL;\r,r:.lla- Po=
S sof - 2,3,4 (A__’zl )xmoy,;
& aar 1961-62  1962-63  1963-64  1961-64 Totalm
é =0 lv 1 2 3 4 :
T 20t 5 6 ”
Bk 140-120.1 0 A X ; ohdds
I 3 =3
S - [ r Is 120-100.1 . 2 Ty @ 6 0.55
e D8 19 .
F Oz 26m /s 100- 80.1 12 18 - . = 2.28
I 70
51 : 80- "
5 L.._Aﬁ PN IR T S Oy W e St . . 60' 15 o 32, 15 62 132 6.38
o1 02 03 05 V. 2 3 % 1020 30 50 75100 | 60- 50.1 30 45 . 1203
5 - percentage time indicated discharge is equalled : _ ; e 43 104 216
or exceeded 50~ 40.1 70 60 21.51
' 40- 30.1 . " 430 30.19
Fig. 5.8 Flow duration curve—Example 5.4 o it 84 73 76 215 665 o B
- 25.1 & atall 60.62
. . . ' o o 61 172 _
3. in the design of drainage systems; 4 25- 20.1 4 45 i 76.30
4. in fiood-control studies; ‘ 20~ 15.1 23 . - 963 87.78
5. in computing the sediment load and dissolved solids load of a stream; 15- 10.1 15 23 83 1046 95.35
. { 18 ;
and 10- 5 12 45
5 " : .1 . 1091
ent catchments with a view to extend the 3 = = 5 1096 : :z";s
0 . g

6. in comparing the adjac
streamilow data.

ExAMPLE 5.4 The daily flows of a riv

shown in Table 5.3. For convenience the «
Wl the number of days the flow belonged to the class is shown. Calcu- time plotted i !
e .
; il chronological order. The ordinate of th
any time ¢ is thus of the mass curve, V at

Total ‘ . 365 365 366 N=1096

er for three consecutive years are
Jischarges are Shown in class inter-

vais ar
late the 50 and 75% dependable Jlows jor the river.
The data are arranged in descending order of class va
‘column 5 shows the total number of daysin each class. Column 6 shows ‘ ;
the cumulative total of column §, i.e. the number of days the flow is equal . s :
es the value of m. The per- = IQ dr - (5.15)
L,

lue. In Table 5.3,

el

to or greater than the class interval, This giv

centase probability Py, the probability of flow in the class interval being :
equalied or exceeded is given by Eq. {5.14), ;Ei‘;ﬂﬁz‘;;gs@tiﬁm }?t' the beginning of the cunlfe and Q is the dischar |
i 3 graph is a pl sc ¢ rate.
Py = Tﬁ‘ﬂ ¥ 100%: ' : ' E‘;:::: an f“thraipcarvf: {ZL?];:a%n‘: Z;J;:'les)?;)t,hteo ;eedthﬂt e ﬁo\i-mass
' . ; : rve is also known as Rippl> _aass ¥ m%r,raph. The flow-
In the_ present case N == 1096. The smallest value of the discharge 1n each suggested its use first, Figure 5.9 show curve after Rippl (1882) who
class intzrval is piott;d against Fp on-a log-log paper (Fig. 5.8). From the abscissa is chronological ii‘me . sa t‘thf?al ﬂ.ow-[?aSS curve: Note thist
i 040 = 50% dependable flow = 33 m/s and Qs = 757 depea- days, weeks or months depending oln ::ao:hb in this figure. It can also be in
dable flow == 26 m’/s. . is in units of volume in million m? gth::a being analysed. The ordinate
- include m%s. day (cumec day), ha.m and cm ouv?rti :;Itlcl:)ll:i;*?t S:a i

5.6 FLOW-MASS CURVE ‘ The slope of the mass curve at any point represents 9% Q
flow at s o g : y G = @ =rate of
e E." two points M and N are connected by a straight

he flow-mass cutve is a plot of the cumulative discharge volume against

B s
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Fig. 5.9 Flow mass curve

the average rate of flow that can b_e
if a rescrvoir of adequats stora.gf: is
ng the first and the last -pomts
-z over the whole period of

line, the slope of the line represenlts;
V ’ i s o
maintained between the times fm a0< in

o 1 B joini
lable. Thus the slope of the line AF yomn

o verage disch

of a mass cutve represents the a
plotted record.

i ; Yolume : :
e i i siream whose mass curve 1s plotted n
i

the reservoir is full at the beginning of a
ate is less than the withdrawal (demand)

inflow rate i3 15 : :
g t of water drawn from the storage is the
and demand volumes from the

: i
Consider a reservoir on tae
Fie. 5.6. If it is assumed that
ig. 5.9,
: 3 o
dry period, i.e. when t
rate, the maximum amoun

difference between supply

S Thus the storage required S 18

beginning of the dry season. i
§ = maximum of (EVp — 2 Vs ) ‘

i e storage, S whick

7 — demand volume, Vg = supply volume. The stora'g 1 .

e e any dry season is obtained as tie

o L > .AL’]U[ 1nve -ﬁC.fT Cy iii ab
15 the aximumnm ¢ ative Ge n

¢ 1 ﬂlc ordinate QCIWLSs mMass S = P
renc H aic W 1 § curve Ot u pU aﬂ(§

d by a Teservoir is the

maximum d & 15
demand. The minimum storage voiupis .
(581 Lo o -
larsest of such S values over diliere pe
Consider the fine CD of slope Qe ¢

1 e Thie POT
a bigh point on a ridgs. This 6P
bigh poin

require

2 L8080

noential to the mags curve at
“tant rate of withdrawal Cd
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from 4 re}%rvoir and is called demand line. If the reservoir is full at C (at
time #c), then from point C to E the demand is larger than the supply rate ,
as the slope of the flow-mass curve is smaller than the demand line CD. .
Thus the reservoir will be depleting and the lowest capacity is reached at E.
The difference in the ordinates between the demand line CD and a line EF
drawn parallel (o it and tangential to the mass curve at £ (S, in Fig 5.9)
represents the volume of water needed as storage to meet the demand from
the time the reservoir was full. If the flow data for a large time period is
available, the demnand lines are drawn tangentialiy at various other ridges
(e.g. C'D"inFig. 5.9) and the largest of the storages obtained is sclected as
the minimum storage required by a reservoir. Example 5.5 explains this
use of the mass curve. Example 5.6 indicates: storage calculations by
arithmetic calcuiations by adopting the mass-curve principle.

EXAMPLE 5.5 The following table gives the mean monthly flows in q river

during 1981. Calculate the minimum storage required to maintain a demand
rate of 40 m®/s.

Month Jan Feb March April May June July Aug Sept Oct Nov Dec

Mean
Flow

(m?®/s) 60 45 35 25 15 22 50 8 105 90 380 70

From the given data the monthly flow volume and accumuiatad volumes
are calculated as in table 5.4. The actual number of days in the month are

TABLE 5.4 CALCULATION OF MAsS CURVE-EXAMPLE 5.5 -

Month Mean flow Monthly flow Accumulated
{mdfs) ~ volume volume

(cumec * day)_ (cumec - day) -

Jan 60 1860 1860
Feb 43 1260 3120
Mar Co3s 1085 4205
April 25 _ 750 4935
May 15 465 5420
June 22 660 ‘6080
Tuly 50 1550 7630
Aug - 80 2480 10,110
. Sep 105 3150 13,260 .
Oct 90 2790 16,030 '
Nov £0. 2400 18,450
Dec 70 2170 20,520
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ndllme; Voinmes 58 plaled. cumulative excess demand (i.e, the cumulative excess negative departure),

The maximum valaz in this column represents the minimum storage

necessary to meet the demand requirements. The storage requirement in

the present case is 1920 m?%s. day. Note that the difference between this

(Fig. 5.10). Li s demand line with slope of 40 mefs is dg‘i"g‘ and t‘lw'vah.m ob{ain‘ed by using the mass curve is due to the curvilinear

duration of ‘ﬂ}-”n‘-‘s-‘)n at‘ besinting of the cutve; line AR in Fig. 5.10. variation of inflow velumes obtained by drawing a smooth mass curve, The
“humy Ve L

yial se thee i« drawn tangential to the mass cutve at the arithmetic calculation assumes linear variations of the mass-carve ordinate

E wie line i rawn tdbg M i ; . y = =

sallel to this line AST‘ u'wr“’“‘ C distance S, between these t;\o . between two adiacent time units,
‘.,B- he verticat < Vg i e‘

A D d. The valw

: the demand.

ed ifl calculating the month!ydﬂo:;'
us n ¢a { =
nits of comec, day (= 8.64 X 10 n‘ .
N ¢ accumulated flow

se months

lume against time is plotted

S rage
e ajl tl are assumed to be of averag
a this figure

"\_.’{

Hortic line £ oy
lic ¢ is the storage required to main
i lines 1510 5!

; i1 4 mitlion m® s ; TABLE 5.5 CALCULATION OF STORAGE—EXAMPLE 5.6
¢ o s found to be 2100 m®fs. days = N . - g
Ui o ﬁ__r__ﬁl_j.gﬁ_w——r—-—--';'—“l Month  Mean Velume  Demand  Dempnd Departure Cumula-  Cumu-
e T T F  flowrate  flow rate volume  col.3-5 tive excess lative
T b j / 1 (m?fs) (cures, (m3/s) (cumec. (m?%s day) demand excess
20k- Demand Storog : b . day) day) ' volume flow
1] 40 is — $1=2100 cumec: day (cumec,  volume
%‘ 15\; 21 50m/s =— 5273600 cumeg. day day) (m?/s)
el 1 2 3 4 5 6 7 8
M o
5 1‘5[ Jan 60 1360 40 1240 + 620 620
w :
= = Feb 45 1260 40 1120 + 140 760
-3 Mazch 35 1085 40 1240 — 155 155 —
= April 25 750 40 1200 - 450 — 605
o E
> 7 May 15 465 40 1240 —775  -1380  —
# : .
; / 3 - ~192 -
L):; % Storage / June 22 660 40 1200 540 1920
< 3500 cumec-day July 50 1550 40 1240 + 310 - 310
g at q Aug 80 2480 40 1240 + 1240 - 1550
=
o ‘ : Sept 105 3150 40 1200 + 1950 - . 3500
< ibe Oct 90 2790 - 40 1240 + 1550 - €050
' ;
}‘ Nov 80 2400 40 1200 + 1200 — 7250
4 ;Lﬁ Dec 70 2170 J 1240 + 930 - 81280

Column 8 indicates the cumulative excess inflow volum¢ starting from
l—f;;'v*"mc. each demand withdrawal from storage. This indicates the filling up of
reserveir and the volumes in excess of sterage (in this case 1920 m®s, day)
represent spillover. The calculation of this column is necessary to know
whether the reservoir {ilis up after a demand, and if so, when. In this
! ithmetic calculation example, the cumulative excess inflow volume will réach +1920 m¥/s in the

5.5 through aritnme beginning of September. The reservoir will be full again and will start
spilling after that time. :

: L S PN N R
f—_]f_?cﬁr;"—lvl\é; ——Al-p;r May June kaly Aug Sep Oct
jan Feb !

TIME  {months)

Fip. 5.10 Flow mass curve—Example 5.5
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3600 m¥s. day. If not, a new location for ¥ will have to be chosen and the
above procedure repeated.
The slope of the line CD corresponding to the final location of XY is the

e caralog? .
Engineering Hydre ’ %

sht volume can also be solved by ust g

iy awn from ihe “ridges’ * of the mass

by & giyen st
slopas. The demand line that

a5e tangents are df

be maln‘“ ined

T ¢Hi1S C3 -
mass curve, 1o LIS EA% 00 ey” at vari g demand required demand rate. In this example this rate is found to be 50 m’/s.
e he next . T sl is the ol i ' i
curves “cl ¥ v, in 18- vand -
e ven storage Ly ¥ serjod. Similar deman i
requires i ; . reservoir in U f‘t ary P o i i
ti.ﬂlcf el by the TERs Wm, 5 nass curve (.. w2 Ve lf Variable Demand
ha an 5 in Ll :
nay o oiher “valleys® d various .
¢ oth smailest of ihe In the examples given above a constant demand rate was assumed to

ines uie 1 .
- 1 l‘\“ dem}nd rates determ

5 a be
Fig. 5.11) and ppum firm d““a“d e simplify the problem. In practice, it is more likely that the demand rate

ntes the 0 o
demand rates t hus found des m{:m\‘; be noted that this problem 1?: “;‘:Z varies with time to meet various end uses, such as irrigation, power and
sustained by the given s*oraf’t’ = ujlw‘o 2 smple 5.7 indicates 1his water-supply needs. In such cases a mass curve of demand, also known as
2 ma‘.'i e o1 ccc&-m: ot variable use line is prepared and superposed on the flow-mass curve with
of the Mas proper matching of time. For example, the demand for the menth of
e February must be against the inflow for the same month, If the reservoir

is fuil at first point of intersection of the two curves, the maximum
intercept between the two curves represents the needed storage of the
reservorr (Fig, 5.17). Such a plot is sometimes known as reg:;lar.an
diagram of a reservior,
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in the volume of water in a known interval of time can either be included

in demand rates or deducted from inflow rates. In the latter method, which
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rye of Example 5.5 obtain that maxt
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; efficient of ‘the TABLE 5.6 CALCULATION OF RESERVOIR STORAGE—EXAMPLE 5.8
corave required to meet these domands. {Assume the runoff co ffi ,
storage regiirec st Y5
i area submieriged by the reservoir = 0.5.) Month Inflow Withdrawal Total Depar- Cum. Cum.
s S e S volume Demand Prior Evapo- Rain- with- ture  excess  excess
i e e Demand wonthly M‘_’n‘h_gy (Mm?)  {(Mm?) rights ration = fall drawal (Mm?®) demand flow
i Month - Mean 40K ' evaporation  rainfall (Mm®) (Mm?) (Mm?)  (3+4+ {(Mm?) volume
i (m?/s) (cm) (cm) 5+6) (Mm*®)
PR (Mm?)
M .
2
e 55 220 5 " 1 2 3 4 35 6 7 8 9 10
3 44 B 13
ol z0 il i
ree i : 17
15 240 i 1 Jan 670 220 131 24  —02 373 +29.7 —_— 29.7
0 26.0 : :
10 nid 20 1 Feb 484 230 131 26 —02 388 #9989 . = - 396
; 569 16 13 Mar 402 240 131 34 —01 404 =02 —02 —
100 160 12 :9 Apr 259 260 131 36 0.1 426 -167 ~168  —
108 161 li - May 107 260 107 40 =01 40.6  —-29.9 —468
,— 1 - 7
89 160 " N June 233 260 131 32 ~13 410 =177  —64.5
6.0 = 2
40 19 3 1 6 July 2678 160 131 24 -24 29.1 42387 — 2387
zz —_— 1 2 Aug 2893 160 131 24 -19 206 2597 498.4
: B R S Sept 2074 150 131 24 =19 29.6  177.8 676.2
T e e
Oct 1071 150 131 24 -01 314 757 751.9
ber of days in a month for calculating the monthiy flow and e R - . o gt
Use actual numbder @ ot releases : : . . —0.¢ ; ! 799.
an average month of 30.4 days for ;Hﬂ; E8 (0% = 131 Mm? Dec 804 220 131 34 -02 383 421 8411
= 5% 304 x 8.64 X =t L

Trior right releass =
when 0 > 5.0 m®/s.

V I! me = Tan S 2{) = 0.2 E IV[“l
E ,ﬁ yration vo umn ]{\0 . K

Py (1-05) % 20 = 0. P Mm®

100

fow volume : I X (No. of days in

i rolume =
Rainfall vo ugt A
the month} X 8.

.\ Tuable 5.6 and the required stor2ge capa-
The calculations are ghown in Lable 2 :
city is 64.5 Mm3. .
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resources of a country is the availability of requisite data pertaining to
streamflow. Unfortunately, reliable discharge data are hard to obtain,
especially in developing countries. For India, reliable streamflow covering
the entire river system of the country are not available, Based on Khosla’s
formula {Eq. 5.12), the total annual flow in all the rivers of India has been
estimated as 1672.5 billion m®. Rao® (1975) has made an estimate based on
a comprehensive analysis of available data, According to his estimate, the
total annual runoff from the river system of India is 1645 billion m? which
is remarkably close to the earlier estimate.

The total caichment area of all the rivers in India is approximately

3.05 million km® This can be considered to be made up of three classes of
catchments:

1. Large catchments with basin area larger than 20000 km?;
2. medium catchments with area between 20000 to 2000 km?; and
3. minor catchments with area less than 2000 km?,

Rao’s assessment® indicates that large catchments occupy nearly 85% of ©
the country’s {otal drainage arca and produce nearly 85% of the runoff,
The medium snd minor catchments account for 7% and 8% of aunual
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f the country iwo mighty

ate 71.5% of the total
ntry’s viver flow.
the list of

In the major river basins ©
ether constit
$1% of the cou

runoff respectively.
Jrahmaputra and Ganga tog

lass and contribute

rivers the i

runoff in C

Further, two rivers rank eighth and tenth respectivaly in

th= world’s 10 largest rivers {Table st I8 intercsting to sce from
' .+ for nearly 50% of the world’s annual

7 1hat these 10 rivers accoun

s TeN LARGEST RIVERS

L i

TABLE 5.7 WORLD

m Annual runoff -
(billion m?)
_________,,_____—-m——-——"—____._,,_f__.
1 Amazon 6307
2 Plaut 1358
3 Congd 1245
4 Qrinoco 1000
5 Yanglize 927
6 RMississippl 593
T Yenisel 550
8 Rrahmaputra 510
9 Mekong 500
10 Ganga 493
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PROBLEMS

sata streamfiow-measuring station at the outlet of a catch-

5.1 Long-term observation
1 discharge of €5 mefs. An isohyer
areag

area gives a mean apnuas

ment in a mountainous
afall over the catchm

tal map for the annual rai ent gives the foliowing
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closed by isohyets and the divide of the catchment:

Isohyet Ate ;
a Isoh
st (km?) ?gmﬁet (fhesa)l
Km
140-135
L 44 120-115 o
e 300 115-110 45
1
130-125 450 116-105
125-120 . 200

Calculate (a) the mean a
nnual depth of rainfall ove
annual tunofl and{ ¢) the runoff coefficient SRENE s Wllisedn

5.2 A small stream with a catchm V
et i ent area of 70 km® w ‘ i
'ra.‘nf‘;feagz\i?;zf::;-,og‘a rf:s.ervoir. 'I‘hF data of the ?:lcgaz:lufzznithlz;m:ago; How,
o - e i iversion are. given. The regenerated flow i-:cje. Hew,
. Mms/ﬂmmh. Oiz:'u.gmg Stafl'()n can be assumed to be constant atm-lB e
e i i :m‘l_ the rainfall-runofl relation for this ; e
expected for a monthly rainfall value of 15.5 cm ’?S”cam' ko

Month Monthly Gauged

rainfall monthly gﬁj?;zfilzn
yield

(cm) (Mm?) (Mm?)

1 52 1.08 0.60
2 8.6 2,27 0.70

3 7.1 1.95 0.70
: 9.2 2.80 0.70
. 11.0 3.25 0.70
: 1.2 0.28 0.30
: 10.5 2.90 0.70
. 11.5 2.98 0.70
% 14.0 . 3.80 0.70
r ;’i; 0.84 6.30
- 3.0 . 0.28 0.30
: 0.40 0.30

5.3 The followin
g table shows the ob
annual yield for e observed annual rainfall and th ;
tiom e B c~t:‘~::?.l :u::f;m;nt, Develop the rainfall-runoff :o:r(;l;;fiscifzgmg
L aich 1t and nd the correiati e % ua-
ex SR ; orreiation coefi :
pected from this caichment for an annual raim:all of ngzr;.vwnat Yieln ek by
r
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Ye;a.r 1064 1965 1966 1967 1968 1969 1970 1971 1972 1973 1974 1975

Annual

1l
(cm) 90.5 111.0 38.7 129.5 1455 99.8 147.6 50.9 120.2 90.3 65.2 759

Yichd
{cm) 201 502 53 615 748 399 647 6.5 46.1 362 24.6 200

5.4 The rainfali-runcf relation for a 650 sd. km drainage basin under dry s0il condis

n below,

tions is gi

w

Rainfall {cm) 1.5 5.0 7.5 10.0 12

oo

Runoff 0.0 2.0 4.0 6.5 8.

A storm of 2 hr effective duration occurred over this basin at a time when the soil

The resulting hydrograph was as fellows:

was dry.

B o

Time (h) 0 3 6 9 12 15 18
Flow {m3/s) 0 300 500 400 250 -4 75 -0

Determine the runoff from this basin due to the storm. Assume zero bgse fiow.

; : . : b
Wil was the average coeflicient of runofl during this storm ?
re of a catchment near Bangalore are

The mean monthly rainfall and lemperatu zal !
il he annual runoff coeflicient by

given below. Estimate the annual runoil and t
using Khosla’s runoff formula.,

Month Jan Feb Mar Apr May Jun Jul  Aug Sep Oct Nov Deec
iy 21 20 121
cC) 24 27 32 33 31 26 24 24 23 2

ainfall
ﬁ::n 07 09 11 45 o 74 W 1370 164 153 6.1 1.3

e et
e

[
5.6 Discharges in a river are considered in 10 class intervals. Three consecum;e ye.ars
of data of the discharge in the river are given below. Draw the flow-duration
5f data ! 1
cnrve for the river and determine the 759 dependable flow.

—

Discharge <6 6.0- 10- 15- 25 40- 100- ~ 150- 250- =350

runge {n*fs} 99 149 249 39 99 149 249 349
lo, of 1
S‘(i'u:n-nces 20 137 183 232 169 137 121 60 30 6
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5.7 The average monthly inflow into a reservoir in a dry year is given below:

Month Jun Jul Aug Sep Oct Nov Dec Jan Feb Mar Apr. May

K Mean
Monthly
fiow (m?s) 20 60 200 300 200 150 100 80 60 40 - 30 25

If a uniform discharge at 90 m®fs is desired from this reservoir what minimum
storage capacity is required 7 [Hint : Assume the next year to have similar flows as
the present year.] ’

5.8 For the data given in Prob, 5.7, plot the mass curve and find:
(a) The minimum storage required to sustain a uniform demand of 70 m?/s;
(b) if the reservoir capacity is 7500 cumec. day, estimate the maximum uniform
rate of withdrawal possible from this reservoir.

5.9 The following table gives the monthly inflow and contemplated demand from a
proposed reservoir. Estimate the minimum storage that is necessary to meet the
demand.

Month Jan Feb Mar Apr May Jun July Aug Sept Oct Nov Dec

Monthly
inflow
(Mm?) 50 40 30 25 200 30 200 225 150 90 70 60

Monthly
demand
(Mm?) 70 75 80 85 130 120 25 25 40 45 50 60

5.10 For the reservoir in Prob, 5.9, the mean monthly evaporation and rainfall are
given below.

Month  Jan Feb Mar Apr May Jun July Aug Sep Oct Nov Dec

Evapé-

ration

(cm) 6 8 i3 17 22 22 14 11 1850 512 T 5
Rainfall "

{cm) 1 0 0 0 0 19 43 39 22 -6 2 1

If the average reservoir area can be assumed o be 30 km?, estimate the change.in
the storage requircment necessitated by this additional data, Assume the runoff
coefficient of the area fooded by the reservoir as equal to 0.4,

S R TR
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QUEST!ONB ‘ ) Runof/153
: (b) the reservoir ‘ )
5.1 A mean anrual runoff of 1 m?(s frem 2 catchment of area 31 54 km? represents an (c) the rcsrr"oilr i:v:'?zi?:: :):rgu a'n the start of the dry period
i e Ep— : g 4 e beginni f th i F
z_‘.ﬁ?,grl,,;.».e albof - - , (d) theeservoir is wasting waier by !;gl?l the dry period
(a) 100 em (b) 1em (¢) 100 mm (dy 3.17 cm. 5.11. The flow-mass curve is an ot .f
. ke Fiis ot . : rve ¢
£ lsircct runoff is made up of (a) the hydrograph Bt
e hyetograph

- e runoff, prompt interflow and channel precipitation () the flow duration cur
T n . " i Talit
o runofl, infiltration and evapoiranspiration = (d) the S-curve.

5.12 The total raiafadl i
: raiafall in a catchment
: of area 1200 km* ;

, while the surface : m* during a 6-h st is 16 cfi
() | and evaporation, e surface runoff due to the storm is 1.2 x 108 m®. The ¢ irde:r? Sk b
3 5 f ) . 3 i
The term base flow denotes . v il (b) 1.0 em/h (c) 0.2 cm/h

; _ (d) cannot be estimated with the . . ]
(ay delayed groundwater flow reaching a stream given data.
{0y de groundwater and snowmelt reaching a streard
(i) groundwater and interf
(d) the anpual minimum flow in a streant

1 flow only

53

LK

How

5.4 Virgin flow is
() the flow in the river downstream of a gauging station
() the fow.in the river RpSIreatn of a gauging station
(cy the fow una'Tected by works of nm:an
(¢) the flow that would exist in the stream if thers wete no abstrnctions'to the

prec itation.
5 5 The water year in India starts from the first day of
(a) Januaty (b) April () June (d) September.
56 An ephemeral stream
(a) isone which always carries some flow
(Ly does nol have any base flow contribution
(c) is one which has limited contribution of groundwater in wet season .
() is cne which carrics enty spow-melt walel.
§.7 Khosia's sormula for monibly runofl Rem due to a monthly rainfall Py i5 Rm =
P iv==Lin, WheTe Lo 1%
i (a) a constant
(by montily loss and depends oD the mean monthly catchment temperature .
) a monthly loss coeflicient depending on the antecedent prccipitation index
tration characteristics of the caichment.

) & montlily loss depending on the i
5.8 The flow-duration curve is a plot of
(a} accumulated fiow against time
(b) discharge against tic in chronological order
() the base flow apainst the percentags of Limes the flow is exceeded
(d) the stream discharge against the percentage of times the flow is equalled or

eacecded.
5.9 ina flow-mass curve study the demand ling drawn from a ridge in the curve did
T his reprusents that

not inzersect the mass curve aguiti.
() the reserveil was not full at the beginning

{b) the storage was not adequate

() the demand cannot be met by the inflow as the reservoir will not refill

{d) the reSErvoir is wasing water by spilk.
510 1f in a flow-mass curve, a demand ling drawn tangent to the lowest point m a

iey of the curve does not interseet the mass curve at an eariier time period, it

val

¢e iz inadequate

i RO T

et e
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6.1 INTRODUCTION

While long-term runocft concerned with the estimation of yield was discuss-

ed in the previous chapter, the present chapter examines in delal.s the
short-term rupeil phenomenon. The storm hydrograph is the focal point of

Consider a concentrated storm producing a fairly uniform ra.zinffxll of
duration, 7r over a catchment. After the initial losses and mﬁitrataon u?sses
are met, the raiafall excess reaches the stream through overland an.d ma_n-
nel fiows. In the process of translation a certain ammfnt of storage is built
up in the overland and channel-flow phases. This storage gradually

denietes after the cessation of the rainfall, Thus there is a time lag between

f rainfull i basin ¢ he time w 1t water passes
the occurrence of rainfull in the basin and the time when that water pa
e runo!l measured at the stream-

&

eranh us shown in Fig. 6.1, The

g station at the-basin outict
tion. will give a typicai hy : _
“ihe rainfall is also marked in this figure fo indicate the 1ime
hydrogrant of this kind which results
solated storm is typicaily s saked skew distribution of
and is known variously as srorm hydrograph, flood hydt‘og.’aj)f_:. or

sions @ (1) the rising limb

. It has three characteristic reg :
o curve and peint 8,

2Pl

Il and runoff. The
al

- W cO © o o
AL, joini A, the starting point of the risin : ;
) gy . B0 Between & wo poitils ¢
the point of sction, {ii) the BC between the two p )

limb or depletion curve
y €. Other peints of mte-
noint A, the time inierval

ith a peak P in between, (ii
‘om the second point of i
time {o peak from the sii

inflection w

i £ Al " ey mnse of hvdroprap
¢ of mass of rainfall to i re of mass of hvdrograph
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Fig. 6.1 Elements of a Aow hydrograph

It consists of flow in all the three phases of runoff, viz. surface runoff, in-
terflow and base flow, and embodies in itself the integrated effects of a
wide variety of catchment and rainfall parameters having complex inter-
actions. Thus two different storms in a given catchment produce hydro-
graphs differing from ezch other. Similarly, identical storms in two catch-~
ments produce hydrographs that are different. The interactions of various
storms and catchments are in general extremely complex. If cne examines
the record of a large number of ficod hydrographs of a stream, it will be
found that muny of them will have kinks, multiple peaks, cte. resulting in
shapes much diflerent from the simple single-peaked hydrograph of
Fig. 6.1. These complex hydrographs are the result of storm and catch-
ment peculiarities and their complex interactions. While it is theoretically
possible to resolve a complex hydrograph into a set of simple hydro-
graphs for purposes of hydrograph analysis, the requisite data of accept-
able quality are seldom available. Hence, simple hydrographs resulting
from isolated storms are preferred for hydrograph studies.

6.2 FACTORS AFFECTING FLOOD HYDROGRAPH

The factors that affect ti®e shape of the hydrograph can be broadly group-
ed into climatic factors and physiographic factors. Each of these two
groups contains a host of factors and the important ones are listed in
Table 6.1. Generally, the climatic factors control the rising limb and the
reeession limb s independent of storm characteristics, being deiermined by
catchment characteristics enly. Many of the factors listed in Table 6.1 are
interdependent. Further, iheir effects are very varied and complicated, As
such oaly imporiant o ¢ lsied below in qualitative terms only,
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-T \nLE 6.1 FACTORS AFFECTING FLOOD HYDROGRAPH

hic fi * Climatic factors
Physiographic factors Clima

]

|

!

asin characteristics : l 1. Storm characteristics : precipitation,

e intensity, duraticn, magnitude and
movement of storm,

2, Initial loss

3. Hvapeotranspiration

(f) drainage density
2. Infiltration characteristics :
(a) I
(b) sei1

ticns
(¢) lakes, swamps and other storage

ristics ¢ Cross-sece

ndd storage capacity.

tion, r¢

Shane of the Pasin

) i mote
“The shape of the basin influences the time taken for water from the re ;
. chment to arrive at the outlet, Thus the occurrence of the

4

parts of the cat
. |

1 b har
s o1 o MTapta s 1 shape.,
{he shape of the hydrograph are aflected by the basin shaj

egk and hence t affpeted b > ;
. haped, i.e. nearly semi-circular shaped catchments give high peak a;:i
aped, i.e. nearly ai- I ; vy
ow hyvdrographs while elongaied catchments give broad- and low-pea
.L-“,f Lilis b

cehevmyaticalls hea ‘drooraphs {from
hydrographs. Figure 6.2 shows schematically the hydrograp

A [C g
.STT) —;:7: e 51} h-\'}\ 7 /
»J: —. o= t’
e g e
ol 3
b /\\\ & Q2
el ’:,3 2
%‘/ O =1 ~
TIME TIME .

Fiz. 6.2 Effect of catchment shape on the hydrograph

three catchments having identical infiltzation characteristics du_c to identical
= hudrograph is skewed to
Ia catchment B, the hydro-
o with a relatively longer
shy produced by a

&

over the catchment. In catchment A

, 1.6, the peak occurs relati

e right, the

wed (o i

. Catchment

¢ indicates the complex
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Size :

Small basins behave different from the large ones in terms of the relative
importance of various phases of the runoff phenomenon. In small catch-
ments the overland flow phase is predominant over the channel flow.
Hence the land use and intensity of rainfall have important role on the peak
flood. On large basins these elfects are suppressed as the channel flow phase
is more predominant, The peak discharge is found to vary as A" where 4
is the catchiment arez and # is an exponent whose value is less than unity,
being about 0.5. The time base of the hydrographs from larger basins will
be larger than those of corresponding hydrographs from smaller basins.
The duration of the surface runoff from the time of occurrence of the
peak is proportional to 4™, where m is an exponent less than unity and is
of the order of magnituds of 0.2, i

Slope

The slope of the main stream controls the velocity of flow in the channel.
As the recession himb of the hydrograph represents the depletion of
storage, the stream channel slope will have a pronounced effect on this
part of the hydrograph. Large stream slopes give rise to quicker depletion
of storage and hence result in steeper recession limbs of hydrographs,
This would obvious'y result in a smaller time base, '

The basin slope is important in small catchments where the overland
flow is relatively more important. In such cases the steeper slope of the
catchment results in larger peak discharges.

Drainage Density

The drainage density is defined as the ratio of the total channel length
to the total drainage area. A large drainage density creates situation con-
ducive for quick disposal of runoff down the channels. This fast response
is reficcted in a pronounced peaked discharge. In basins with smaller
drainage densities, the overland flow is predominant and the resulting
hydrograph is squat with a slowly rising limb {Fig. 6.3).
Land Use
Vegetation and forests increase the infiltration and storage capacities of the
soils, Further, they cause considerable retardance to the overland flow.
fus the vegetal cover reduces the peak flow. This effect is usually very
pronounced in small caichments of arca Jess than 150 km®. Further, the
effect of the vegetal cover is prominent in small storms. In generzl, for two
catchments of equal zree, other factors being identical, the peak discharge
is higher for a catchinent that has a lower density of forest cover. Of the
various factors that centrol ihe peak discharge, probably the only factor
that can be mapipuizted is land use and thus it tepresents the cnly practi-

4

cal ineans of exercising long-term naiural control over the flood hydro-
graph of a catchment,
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IME

Fig. 6.3 - Role of drainage density on the
hydrograph

Climatic Factors
Among climatic factors the intensity, duration and direction of storm
movement are the three important ones affecting the shape of a flood
hvdrograph, For a given duration, the peak and volume of the surface
runoff are essentially proportional to the intensity of rainfall. This aspect
made use of in the unit bvdrograph theory of estimating peak-flow
rgm:‘..u as discussed in subsequent scctions of this chapter. in very
il catchments, the shape of the hydrozraph can also be ailected by the

furation of a storm of gw en intensity also has a direct proportional
on the volume of runofl. The effect of duration is reflected in ihe
'r‘zb Cmd peak flow. Idwl!\, i a rainfall of ‘given intensity i lasts

If the storm moves from upstream of the catchment to the downstream
end, there will be a quicker concentration of {low 2t the basin outlet. This
results in a “eakcd hydrograph. Conversely, it” the storm movement is up
L, catchinent, the resulting hydrograph w. ll have a lower peak aad longer
time base. This effect is further au_‘.c,lmalu }\\ the shape of the catchment,

with long and narrow catchments having
srurm»n::')'v;:;aem direction,
6.3 COMPONENTS OF A HYDROGRAPH

As indicated earlier, the cssential components of a hydrograph are: (i) the
he recession fimb. A few salient

rising Hmb, {ii) the crest segment, and {iii}

eatures of these components are described below,

of equilibrium discharge proportional to id.

ographs most sensitive {o the
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Rising Limb

The rising limb of a hydrograph, also known as conceniration curve
represenis the increase in discharge due to the gradual building up of
storage in channels and over the catchment surface. The injtial fosses and
high infiitrationt losses during the early period of a storm cause the
discharge to rise rather slowly in the initial periods, As the storm conti-
nues, more and more flow from distant parts reach the basin outiet.
‘Simultaneously the infiltration losses also decrease with time. Thus under
a uniform storm over the catchment, the runolf increases rapidly with time.
As indicated earlier, the basin and storm characteristics control the shape
of the rising limb of a hydrograph.

Crest Segment

The crest segment is one of the most imporiant parts of a hydrogranh as it
contains the peak flow. The peak flow occurs when the runofl’ from
various parts of the catchment simultaneously contribute the maximum
amount of flow at the basin outlet. Generally for large catchments, the
peak flow occurs after the cessation of rainfall, the time interval from the
centre of mass of rainfall to the peak being essentizlly controlled by basin
and storm characteristics. Multipie-peaked complex hydrographs in a basin
can oceur when two or more sterms oceur in close succession. Estimation
of the peak flow and its occurrence, being very important in flood-flow
stucies are dealt in detail elsewhere in this book. ;

Recession Limb
The recession limb which extends from the point of inflection at the end of
the crest segment to the commencement of the natural groundwaru flow
represents the withdrawal of water from the storage built up in the basin
during the earlier phases of the hydrograph. The starting point of the
recession limb, ie. the point of inflection represents the' condition of
maximum storage. Since the depletion of storage takes place ‘after the
cessation of rainfall, the shape of this part of the hydrograph is independent
of storm characteristics and depends entirely on the basin characteristics:
The storage of water in the basin exists as (i) surface storage, which
includes both sutface detention and channel storage, (i) interflow storage,
and (i) groundwater storage, i.e. base-flow storage. Barnes (1940) show-
ed that the recession of a storage can be expressed as

0 = Qo K, (6.3)

in which @, and @: are discharges at a time interval of ¢ days with @,
being the initia]l discharge; Kr is a recession constant of value less than
unity, Equation (6.1) can also be expressed in an alternative form of the
exponential decay as

Qr=0,e% (6.2
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where a = —In K

The recession constant K, can be considered to be made up of three

of storages as

components to take care of the three types
Ke =Kps * K Ko {6.3)

where K. = recession constant for surface storage, Kr¢ = recession con-
stant for interflow and K = recession constant for base flow, Typically
the values of these recession constants, when 7 s in days, are

Kvs = 0.05 to 0.20

Kye = 0.50 10 0.85

K = 0.8510.0.99
If the interflow is not significant %.¢ can be assumed to be unity. When

Eq. (6.1) or (6.2) is plotted on a semifog paper with the discharge on the

log-scale, it plots as a straight line and {rom this the value of K, can be

found.

Exampie 6.1 The recession portion of a flood hydrograph is given be{aw.
The time is indicated from the arrival of peak. Assuming the interflow
component to be negligible, calculate the baseflew and surface flow recession

coefficients.

Time from peak Discharge Time from -peak Discharge
(days) (m¥/s) {days) {m3/s}
0.0 LW 1.5 5.0
0.5 66 4.0 3.8
Sl - 34 45 : 1.9
1.5 . 20 50 ° 2.6
2.0 13 5.5 - am
25 s 6.0 1.8
3.0 6.7 6.5 1.6
70 1.5

The data are plotted on a semilog paper with discharge on the Fog-_scale
(Fig. 6.4). The part of the curve AFK that plots as & straight line indicates
the base flow. The surface flow tenin ¢ at point B, 5 days after the

peak. From Eq. (6.1},
0.0y

1o

T
}\rb

i

Log Kb = - log (Q1/00)
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Fig. 6.4 Storage recession curve~Example 6,1

From Fig. 6.4, taking
0, = 6.6 m¥[s, t = 2 days, Or = 4.0 m%[s
2 . 1 :
!ea_dmg to log Krp = 5 log (—g——g—)
K = 0.778, says 0.78

From the curve P4, the base flow recession 4BM is subtracted to get the
surface runofl. Figure 6.1 shows the surface runoff depletion plots as a
straight line. Taking, Q, = 26 m%s, f = 2 days, O+ = 2.25 m"/s leads to
K = 0.29. :

6.4 BASE.-FLOW SEPARATION

In many hydrograph analyses a relationship between the surface-flow
hydrograph and the effective rainfall (e rainfall minus losses) is sought to
be established, The surface-flow hydrograpiz is obtained from the total
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torm hvdrograph by separating the guick-response flow from the slow-
i 1t is usual to consider the interflow as a part of the surface
Thus enly the base flow is to be deduct-

Lid

response runofi.
fiow in view of its quick response.
ed from the total storm hydrograph to obtain the surface flow hydrograph.

Thare qre three methods of base-llow sep aration that are in common use,
There are z

Method I—S8traight-Line Method :
this method the separation of the base flow is achieved by joining

In .
with a ivht line the beginning of the surface runoff to a point on
the recession limb representing the end of the direct runofl. In Fig. 6.5
point . represents the beginning of the divect runofl and it is usually easy.

y in view of the sharp change in the runoil rate at that point,

to iden

fe——N days ——s

Fig. 6.5 Rase-flow separation methods

Point B marking the end of the direct runofl is ;ather difficult to .ocate

exactly., An empirical equation for the
peak. _ to the peint B is
N = 0.83 4" _ (6.4)

where A = drainage arca in km® and N is in days. Points 4 and B are
joined by a straight line to demarcate to the base flow and surface runoill
It shouid be realised that the value of N obtained as above is only
approximate and the position of B should be decided by considering a
n;a:nbcr of hydrographs for the catchment. This method of base-fiow

separation is the simplest of all the three methods,

Methed 11
cthod the base-flow curve existing prior to the wmmcnmment of

In this in

the sipface ronoff is extended il it intersects the ordinate drawn at the
peak (point € in Fig. 6.5). This point is joined to point B by a
straighi line, Seaments AC and CF demarcate the base flow and surface

P T e

s time interval N (days) from the
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runoff. This is probably the most widely used base-flow separation
procedure,

Method 111 ‘
In this method the base- ﬂow recession curve after the depletion of the
fiood water is extended backwards till it intersects the ordinate at the
puint of inflection {line EF in Fig. 6.5). Points 4 and F are joined by an
arbitrary smooth curve. This method of base-flow separation is realistic in
situations where the groundwater contributions are significant and reach
the stream quickly.

It is seen that all the thrce methods of base-flow separation are rather
arbitrary. The selection of any one of them depends upon the local
practice and successful predictions achieved in the past. The surface-
runofl hydrograph obtained after the base-fow separation is also known
as direct runoﬂ/:) drograph (DRH)

6.5 EFFECTIVE RAINFALL

For purposes of correlating DRH with the rainfall which produced the
flow, the hydrograph of the rainfall is also pruned by deducting the
losses. Figure 6.6 shows the hyeto-
griaph of a storm. The initial loss and.
infiltration losses are subtracted from
it. The resulting hyetograph iz known
as effective rainfall hyetograph (ERH).
It is also known as hyetograph of rain:
Jaill excess or supra rainfall.

Both DRH and ERFH represent the T TTAT IV
same total quantity but in different 7 f// Lossesy// 1/
units, Since’ ERH is..usualiy in cm/h 4 /A/IJW
ploited against time, the area of ERH RIS o
multiplied by the catchment area gives
the total volume of direct runoff which
is the same as the area of DIH. The initial loss and infiltration losscs
are estimated based on the available data of the catchment.

Rainfall excess

INTENSITY {emih )}

Fig, 6.6 Effective rainfall hyetograph

Exampre 6.2 Rainfall of magnitude 3.8 em and 2.8 cm occurring on two
consecutive 4-h durations on a catchment of arca 27 km® produced the
following hydrograph of flow at the ou.'le: of the catchment. Estimate the
rainfull excess and ¢ index.

N

Time from

stust of ) ‘
rainfali (h) —6 0 6 12 18 24 30 36 42 48 54 60 . 66
Glserved 4

fiow (mYfsy 6 5 13 26 121 18 12 9 7 5 5 4.5 4.5
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£.7). Tt is seen that the storm

The hydrograp
o the simple straight-line

hois plotted to scale (Fig.

1.6 days == 38.5 h

flow separaticn, by E

N == 083x01 =
s the peak at r=12 h and
2=36 h). As N=36h
i Iy, in the present case DRH is

Fowever, by inspection,
ends at =48 h {which g

re to be more satisftory than &

DRH starts at =1

/65 a val

al
el

O 304 -~
o

"] L o
l_’) 20

o Direct runotf

o o -

1 e, | l |
74 3038 !e‘) 48 54 60 66
TIME in b

Fig. 6.7 Base flow separation—FExample 6.2

assumed to exist from 7=0 to 48 h, A straight line base flow separation
gives a constant value of 5 m¥/s for the base flow.

Area of DEH = (5><60><601fL—; (8)- I

+ = A6+ L O

(5-+21)+ -l (21416)
17+ - (7+4)

1 i 1
+?ww+?m}

= 3600X 6% (8-421416-F11+7444-2)
= 1.4904 % 10° m?

= total direct runoff due to storm ®
. ,‘rr o - - i}
Riitol depili — _runofl volume L4904x 1.0
area 27 % 1o
= 0.0352m
= 5.52 ¢m == rainfall excess
Total rainfall = 38-+2.8 = 6.6 cm
Duration = &h
deindex = o ;_"32 = (L135 e¢m/h

ot e
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/ 6.6 UNIT HYDROGRAPH

“The problem of predicting the flood hydrograph resulting from a known

ctorm in a catchment has received considerable atiention. A Jarge number -
of methods arc proposed to solve this problem and of them probably the
rwost popular and widely used method is the unit-hydrograph method. This
method was first supgested by Sherman in 1932 and has undergone many

refinements since then, 7
A unit hydrograph is defined as the hydrograph of direct runoff

resulting from one unit dcpl.. (1 cm) of rainfull excess occurring umform y
over the basin and at a uniform rate for a specified duration (D h),

term unit here refers to a unit depth of rainfall excess which is usu,lll_v_
taken as 1 em. The duration, being a very important characteristic, is used
as a prefix to a specific unit hydrograph. Thus one has a 6-h unit hydro-
graph, 12-h unit hydrograph, ete. and in general a D-h unit-hydrograph
applicable to a given catchment, The definition of a unit hydrograph
implies the following :

1. The unit hydrograph represents the lumped response of tlie
catchment to a unit rainfiﬂ excess of D-h dnration to produce a
direct-runoflf hydrograph. It relates only the direct runoff to the
rainfall excess. Henee {he yolume - of water contained in the unit
hydrograph must be equal to-the rainfall excess. As 1em depth of
rainfall excess is considered the area of the unit hydrograph is équal
to a volume given by 1 ¢m over the catchment,

2. The rainfall is considered to have an average intensity of excess
raiafall (B1) of 1/0 em/h for the duration of the storm,

3. The distribution of the storm is considered to be uniform all over the
catchment.

3 Figure 6.8 shows a typical 6-h unit hydrograph. Here the duration of the
rainfall excess is 0 h ’

Area under the unit hydrograph = 12,92 10* m®

Hence
1292 km?® |

Two basic assumptions constitute the foundations for the unit-hydro-
graph theory. These are: (3} the time invariance and (ii) the linear

TESPONSe.

Catchment area of the basin =

Time Invariance

his first basic assumption is that the direct-runofl response to a given
effeetive rainfall in a catchment is time-invariant. This: implies that the
D31 for a given ER in @ catchment §s always the same irrespective of

whan it oceurs.
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i T AL

Q___&h

o - J‘Cmr-- Rainfall excass
L |

Catchment areq —
g = 1282 knf
L%}

-6-h unit
\ hydrograph

W, e
20 42 48 54 60 66
4E€ in h

Fig. 6.8  Typical 6-h unit hydrograph

Linear Response

The direct-runoff response to the rainfall excess is assumed to be linear.
This is the most important assumption of the unit-hydrograph theory,
Lincar response means that if an input x,(r} causes an output y,(¢)
and an input x,(r) causes an output p,(1), then an input () -Fxa{t) gives
tout yy(1) (). Consequently, il x,(0) = rxy(r), then y,(r) = ri(e).
“the rainfall excess in a duration D is '+ times the unit depth, the
g DRH will have ordinates bearing ratio r to those of the corres-
D-hounit hydrograph. Since the area of the resulting DRH should
ase by the ratio r, the base of the DIVH will be the same as that of the
unit hydrograph.,

L3 7 P,
ihe a

sumption of linear response in a unit hydrograph enables the
method of superposition to be used to derive I3RHs, Accordingly, if two
mfall excesses of p-h duration cach oceur consecutively, their combined
ct is obtained by superposing the respective DRHs with due care being:
drxen to account for the proper sequen
ing from the assumiption of linear re
following two illustrative examples.

¢ of events. These aspects result-
sponse are made clearer in the

EXAMPLE 6.3 Given below are the ordinates of a 6-h unit hvdrograph for a
caichment. Calculate the ordinates of the DRI due to a rainfall excess of
3.5 em ocewrring in 6 hr, )

Time (h) .83 ¥ 9 . 15 18 24 30 36 42 48 54 60 69

UM ordi-

G 25 50 85125 160 18% 160 Lig . Teh 36 95 160 n
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The desired ordinates of the DRH are obtained by multiplying the ordinates
of the unit hydrograph by a factor of 3.5 as in Table 6.2. The resulting
DRH as also the unit hydrograph are shown in Fig. 6.9(a). Note that
the time base of DRH is not changed and remains the same as that of
the unit hydrograph. The intervals of coordinates of the unit hydrograph
(shown in column 1) are not in any way related to the duration of the .
rainfall excess and can be any convenient value,

DISCHARGE (m'rs)

0 & 12 18 24 30 36 47 48 54 60 65 7;
TIME in h .

Fig. 6.9(a) 3.5 cm DRH derived from 6-h unit hydrograph~
Example 6.3 '

TABLE 6.2 CALCULATION of DRH DUE 10 3.5 em BER—Example 6.3

Time Ordinate of 6-h Ordinate of 3,5 cm
: unit hydrograph DRA
(b (s} _ (m/s)
1 2 3
0 0 Sl
3 25 87.5
6 =15 1750 -
9 i 83 297.5"
12 125 437.5
15 , 160 560.0 -
13 185 6475
24 160 = - 560.0
30 110 385.0
35 60 2100
42 i 36 126.0
48 2 87.5
54+ 1€ . 56.0
60 / 8oy B ) 28.0°
69 0

A A o e . 1 e




{88/Engineering Hydrology

Two storms each of 6-h duration and having rainfull excess
; cossivelv, The 2-em ER rain
fer the catchment is the
ng DRI,

o A
0.4

and 2.0 om respectively occur .

EXAMPLE
valies of ectivel] ;
follaws the 3-cm rain. The 6-h wnit hydiog
Caleulare the
First, the D ”Izq due o 3.0- and 2.0-em ER arc Calcuh‘iefi, as 1rtj glxranlpi?:
6.3 53’ mutt g the ordinates of the unit ‘ : “pn_oyYB an } .‘csl:,‘i'
tively, B fl*c 2-cm DRH cccurs alter the J-cm 1.)RH, the ord

{ by 6 s as shown jn column 4 of

s o? ‘ aence of the two DRIs.
st cs of the resulting DRM
s cand 2-cm DRHs at any
it cm DRI are obtained in
ind Z-cm D‘ Hs as weil as

; " e
same as given in Exanple 6.3.

ivdro

od of superpc
ining \}n ordi th‘O

o second
F2ecmER B

g E A i
m -1
= Oyl
~e 800
1 s Composite DRH
& 600k ) +(8) = S5cmDRH 7
r .F\. - —
= EOnL ' J
g 7
U I -
s 400 ; _@ ,_§
o 300} SN 3
/
200 - / i

ii@/ 4 =
’
4 L] I !

1 1 ol
g 6 12 18 34 30 3B 42
TIME in %

Fig. 6.9(b) Principic of surerposition—Example 6.4

Application of Unit Hydrograrh ‘
Using the basic :)fncm‘ :s of the unit hydrograph, one can easily calculate
ent due to a given . st

t it be assun

the DR ia} a

at a D-h unit- hvuugm 3
ial lcsses and infiliration

M blocks of D-h duration
1

ie theit operated upon (ae

R curves. The ordinaics

rm if an appropriate unit&

raph to obiain the

TR s
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‘TaBLE 6:3. CaLcuraTiON or DRH Y METHOD 0F SUPERPOSITION—Example 6.4

Time Ordinate Ordinate Ordinate  Ordinate Remarks’
(h) of 6-h of J-cm of 2-cm of 5-cm
UH DRI DRIH (col. 2 DRH (col..
(m%s) - (col.2x3) lagged by 3+4col. 4)
A : 6 hx2) (m?/s)
TV s 35 4 5 6
0 0 0 ] 0
3 25 C o 0 75
6 50 150 0 150
9 85 25% 50 305
12 Coms 375 100 475
15 160 480 170 650
18 185 " 555 250 ) 805
(20 (172.5 (517.5) (320) (837.5) Interpolated
. vaiue
24 160 480 370 850
30 1o 330 320 650
36 60 180 2200 . 400
42 36 108 120 228
48 - 25 75 72 147
54 16 ©48 50 98
60 8 24 32 56
(66) 2.7 (8.1 (16) (24.1)  Interpolated
value
69 4] 0 (10.6) (10.6) Interpolated
. valus
75 e 0 ) : 0 ’
Note: 1. The entries in col. 4 are shifted by 6 h in time. ;

2. Due to unequal time interval of ordinates » few entries have to be inter-
polatzd to complete the table, These interpolated values ars shown in
parenthicses, ]

of these DRHs are suitably lagged to obtain the proper time sequence and
are then collected and added at each time element to obtain the required
nett DRI due to the storm, :
Tonsider Fig. 6.19 in which a sequence of M rainfall cxcess values
Ry, Ry, ooy Riy wev R each of duration D h is shown. The line uf:] is the
ordinate of a D-h unit hydrograph at ¢ h from the beginning.
The direct runo!f due to R, at time £ is
G = R ut]
The direct runoff due to R, at time (r—D) h is
G = Ry 1= D]
Similarly, 0: = K¢ - uls—(i—1) D}
and Om = Ra « wli—{#~1}D]

S R R R
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cess raintfall

TIME —
Fig. 6.10 DRI{ due to an FRH

Thus at any fime 7, the total direct runoff is

M Ad :
R e

Ot = > Ci= > Ri-ulr=(i—1)D] (6.5
= St
Fax Ji=11

.The arithmetic calculations of Eq. (6.5) are best performed in a tabular

Afier deriving the nett DRH,

s indicated in Examples 6.4 and 6.5,
total flood hydrograph.

d base flow is then added to obtain the

manner
the esti

Examere 6.5 The average sterm rainfull values over a catchment in three

successive G-01 Intervals are known to be 3.5, 7.5 and 5.5 em. The storm: loss
]
& CJH}’!?. U."fﬂg t‘he (’3"'/‘]

rate (¢ index) for the catchment is estimured ai 0.25
unit hydrograph ordinates of Example 6.4, estimate the direct-runcfl’ ivdro-
" the base flow can be asswned to be 13 nPs ar the beginning and
by 2.0 m¥s every 12 h, till the end of the divect-runofl hyiro-

csrimare the r{"f;[fﬂ.’" "”).c';

ive rainfall hyetograph is in the following tab

Ist § hours 2ndd 6 hours 3rd 6 hours
il depth (cm) 18 ' 5.5
3025 cmjh
1.5 553 1.5
ve rainfall (cm) 2.0 &0 4.0

tes of '}l(, unit Hyd"ﬂ". n)‘l
second and third sct of
y and the ordinates o

» the ER wvalues successi
nced by 6and 12 h r

e e

S b e e
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TasLe 64 CALCULATION OF FLooD HYDROGRAPH Dug 1O A KnowN ERH--
EXAMPLE 6.5

Time  Ordina-  Col.2  Col.2  Col2 Ordina- Base  Ordina-

tes of %2.0 % 6.0 x4.0 tes of final flow tes of

UH : (Advan-  (Advas- DRH (Col. (m?s) fiood

ced by ced by 3-+445) hydro

& h) 12 h) graph

¥ : (m%/s)

(Col,

6+7)

1 el 3 4 5 6 7 8
0 -0 0 - 0 0 0. 15 15

3 25 50 0 0 50 15 65 -

6 50 _ 100 O ] 100 15 115
9 : 85 170 150 0 320 15 335
12 125 250 300 0 550 17 567
5 i L gl 3200 . 310 100 930 17 947
18 185 70 750 200 1320 17 1337
@1 . (172.5) (345) (960) (340) (1645) an 662)
24 160 320 1119 500 1930 19 1949
517) (135) 270) (1015) (640) (1945) 15 1564
110 220 950 740 1920 19 1939

36 60 120 660 640 " 1420 21 1441
42 36 72 360 440 872 21 893
48 25 50 216 240 506 23 529
54 16 32 150 144 326 23 © 349
60 8 16 96 160 212 25 237
66 2.7) (5.4) (48) (64) 17y 25 142
69 0 0 = — - _ -,

72 0 16 32 48 27 75

75 oD A - - 5
;’f .G 0 (10.8) o an 27 49
> o 0 G 27 27

g 1
Note .‘Du_c to the unequal time intervals of unit hydrograph ordinates, a few cntr!t‘
indicated in Parentheses have to be interpolated 1o complete the table,

given time interval added. The base flow is then added to obtain the fiood
bydrograph Col. 8, Tablz 6.4,

6.7 DERIVATION OF UNIT HYDROGRAPHS

A number of isolated storm hydrographs caused by short spells of rainfali
excess, each of approximately same duration [0.90 16 1.1 D h] are selecied
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from a study of the continuousty gauged ru.noﬁ.' of the stream. F?r cach of
these surface hydrographs, thg 4base flow is separated by adopting one of
: indicated in Sec. 6.4.

th?l“rt?:t;rz‘is under each DRH is evaluated and the volumsls of the direct
runoff obtained is divided by the catchment qrca to obtain the dgpth ‘of
ER. The ordinates of the various DRHs are divided by the respective ER
values to obtain the ordinates of the unit hydrograph.

Flood hydrographs used in the analysis should be selccted'to meet the
following desirable featutres with respect 10 the storms responsible for them:

1. The storms should be isolated storms occurring indivi_dua!ly.

2. The ra'infall should be fairly uniform during the duration and should
cover the entire catchment area. .

3. The duration of the rainfall should be 1/5 to 1/3 of the basin lag.

4. The rainfall excess of the sclected storm should be high. A range of
ER values of 1.0 to 4.0 cm is sometimes preferred.

graphs of a given duration arc derived by the

A number of unit hydro ‘
xes as shown 1n

above method and then plotted on a common pair of a :
Fig. 6.11. Because of rainfall variations both in space ar}d time and
due to some departures from the assumptions of ic umt-l_lydrqgmph
theory, the various unit hydrographs thus developed will not be 1d§ntlca1. It
is common practice 10 adopt a mean of such curv'cs as t_ht_: unit hydro-
graph of a given duration for the catchment. While deriving the mcan
:ur»'s, the average of peak flows and time to peaks are first calculated.
Then a mean curve of best fit, judged by eye, is drawn through the
averaged peak to close on an averaged base length. The volume_ of- DRH
is calculated and any departure from unity 1% COI‘I‘(?C(Cd by ad;}zstmg the
value of the peak. The averaged ERH of unit depth is customarily dra.wn
in the plot of the unit hydrograph to indicate the type and duration

of rainfall causing the unit hydrograph.

Lh oy T, 1
. @}Two L-h UH for the basin

hem @] due to two siorms

L~ Average peak

|

-~ Average 4-n UH

DISCHARGE (rifs)
(¥%]
o

: _.LA__lﬁ_‘._._J—.ﬁ,i._,_L.._ | S
0. 4 8. 12 16 20 24 28 32 36 40
TIME in h

Fig. 6.11 Derivation of an average unit hydrograph

T I——C— T

By definition the rainfall excess is assumed to occur uniformly over the
catchment during duration D of a unit hydrograph. An idcal duration for
a .unit hydrograph is one wherein small fluctuations in the intensity olr"
rainfall within this duration do not have any significant effects on the run-
f)f’f. The catchment has a damping effect on the fluctuations of the rainfall
intensity in the runoff-producing process and this damping is a function
of the catchment area. This indicates that larger durations are admissible
for larger catchments. By experience it is found that the duration of the
unit hydrograph should not exceed 1/5 to 1/3 basin lag. For catchments of
sizes Jarger than 2350 km? the duration of 6 h is generally satisfactory.

EXAMPLE 6.6 Following are the ordinates of a storm hydrograph of a river
draining a catchment area of 423 km® due to a 6-h isolated storm. Derive
the ordinates of a 6-h unit hydrograph for the catchment.

Time from
start of

storm (h) —0 0 6 12 18 24 30 36 42 48
Discharge
(m?/s) 10 10 30 875 1155 102.5 850 710 590 47.5

Time from

start of

storm (h) 54 60 66 72 78 84 90. 96 102
Discharge

(m?®/s) 390 31.5 260 215 175 150 125 120 120

The storrp hydrogmph is plotted to scale (Fig. 6.12).. Denoting the time
from beginning of storm as ¢, by inspection of Fig. 6.12,

A = beginning of DRH =20
B = end of DRH t=90h
P, = peak t=20h

Hence
N = (90-20) = 70 h = 2.91 days
By Eq. (6.4),
N == (.83 (423)%* = 2.78 days,
Howevcr,l N = 2.9 days is adopted for convenience. A straight line joining
A and B is taken as the divide line for base-flow separation. The ordinates

of DRH are obtained by subtracting the base flow from the ordinates of
the storm hydrograph. The calculations are shown in Table 6.5.
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Fig. 6.12 Derivation of unit hydrograph from a storm
" hydrograph

= 60x60x6 X (sum of _DRH ordinates)
= 60x60x6x587 = 12,68 Mm*

Yolume of DRH

423 km® = 423 Mm*

12.68
423

Drainage area

Runoff depth = ER depth = = (.03 m = 3cm,

The ordinates of DRH (col. 4) are divided by 3 to obtain the ordinates of
the 6-h unit hydrograph, see Table 6.5,

EXAMPLE 6.7 The peak of a flood hydrograph due to a 3-h effective storm is
270 m¥js. The mean depith of rainfall is 5.9 cm. Assuming an average
infiltration loss of 0.3 em/h and a constant base flow of 20 m®[s, estimate the
peak of the 3-h unit hydrograph.

Duration of rainfall excess = 3 h
Total depth of rainfall == 5.9 cm
Loss @ 0.3 cm/h for 3 h = 0.9 cm
Rainfall excess = 5.9-0.9 = 5.0 cm

nyJdiugiapusi 19

TABLE 6.5 CALCULATION OF THE ORDINATES OF A 6-h UNiT HYDROGRAPH—

EXAMPLE 6.6
Time from Ordinate of Base flow Ordinate of Ordinate of
beginning storm hydro- DRH 6-h unit

of storm graph hydrograph
(h) (m?/s) (m?/s) (m3/s) (Col. 4 = 3)

1 2 3 4 5

—6 10.0 10.0 0 0

0 10.0 10.0 0 0

6 30.0 10.0 20.0 6.7

12 87.5 10.5 77.0 257

18 111.5 10,5 101.0 33.7

24 102.5 10.5 92.0 30.7

30 85.0 11.0 74.0 24,7

36 71.0 11.0 60.0 20.0

42 59.0 11.0 48.0 16,0

48 47.5 11.5 36.0 ' 12.0

54 39.0 1.5 275 9.2

60 315 11.5 ' 20,0 6.6

66 26.0 12.0 14.0 4.6

72 21.5 12.0 9.5 3.2

78 17.5 12.0 5.5 1.8

84 15.0 125, 2.5 0.8

90 125 12.5. 0 0

96 12.0 12.0 0 0

102 12.0 12.0 0o 0

Sum = 587.0 195.7

Example 6.7 (Contd.)

Peak flow: :

Peak of flood hydrograph = 270 m?¥fs

Base flow = 20@ m%/s

Peak of DRH = 250 m¥/s
peak of DRH
rainfall excess

250
5.0

Peak of 3-h unit hydrograph =

= 50 m%s

Unit Hydrograph from a Complex Storm
When suitable simple isolated storms are not available, data from complex

.storms of long duration will have to be used in unit-hydrograph deriva-

tion. The problem is to decompose a measured composite flood hydro-
graph into its component DRHs and base flow. A common unit hydro-
graph of appropriate duration is assumed to exist. This problem is thus the




inverse of the derivation of flood hydrograph through use of Eq. (6.5).
Consider a rainfall cxcess made up of three consecutive durations of D-h
and ER values of Ry, R, and Ry, Figure 6.13 shows the ERH. By base flow
separation of the resulting composite flood hydrograph a composite DRH
is obtained (Fig. 6.13). Let the ordinates of the composite DRH be

20 3D

F&L‘—f Raintall eﬁccss

3 o '
5
ok
8 o
‘ ]

0__10

DISCHARGE

T

0 1D 20 30 4D 5D 60 70 BD
TIME —»
Fig. 6.13 Unit hydrograph from a complex storm

drawn at a time interval of D h. At various time intervals 1D, 2D, 3D, ...
from the start of the ERH, let the ordinates of the unit hydrograph be
and the ordinates of the composite DRH be @y, Qs Qa, - »

Hyy iny Hay »oe
Then
0, = Ry
Qe = Ry pt- Ry th
Oy = Ry ugt Ry g+ Ry 1ty (6.6)
0, = Ry ug+Ry usTRs 1e
Q, = Ry usF Ry ty+ Ry tig
SO on,

can be determined. However,
errors propogate and
f errors the recession
scillations and even
hemes are available

From the Eq. (6.6) the values of uy, uy 1y, -+
this method suffers {rom the disadvantage that the
increase as the calculations proceed. In the presence o
limb of the derived D-h unit hydrograph can contain o
negative values, Matrix methods with optimisation sc
for solving Eq. (6.6) in a digital computer.

6.8 UNIT HYDROGRAPHS OF DIFFERENT DURATIONS

Ideally, uni

t hydrographs are derived from simple isolated storms and if the -

dlllration of the various storms do not differ very much, say within a band
width of 4 209/ D, they would all be grouped under one average dttlz'ai'n )
of D h. If in practical applications unit hydrographs of different durathﬂ‘
are needed they are best derived frem field data. Lack of adequate d‘aotn
normally precludes development of unit hydrographs covering a Wic;c r”ntTEi
of durations for a given catchment. Under such conditions a D-hdu;':
hya_irograph is used to develop unit hydrographs of differing duratio ;
Two methods are available for this purpose. o e

1. Method of superposition, and’

2. the S-curve.

The'se are discussed below.

Method of Superposition
I - i i i '
uf;“'? 113'11‘(1j unit };ydrograph is available, and it is desired to deveiop a
ydrograph of »D h, where u is A
¢ . an integer, it is casil
S:c;fntplcllslt}cd by superposing n unit hydrographs -iﬁvith each grap;
parated from the previous onec by D h. Figure 6,14 shows three 4-h
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Fig. 6.14 Construction of a 12-L unit hydrograph from a 4-h unit hydrograph




unit hydrographs 4, B and C. Curve B begins 4 h after 4 and C begins
4 h, after B. Thus the combination of these three curves is a DRH of
3 cm due to an ER of 12 h duration. If the ordinates of this DRH are
now divided by 3, one obtains a 12-h unit hydrograph. The calculations are
easy if performed-in a tabular form (Table 6.6).

ExAMPLE 6.8 Given the ordinates of a 4-h unit hydrograph {columns 1 and
2 in Table 6.6) derive the ordinates of a 12-h unit hydrograph.
The calculations are performed in a tabular form in Table 6.6 In this
Column 3 = ordinates of 4-h UH lagged by 4 h
Column 4 = ordinates of 4-h UH lagged by 8 h
Column 5 = ordinates of DRH representing 3 cm ER in 12 h
Column 6 = ordinates of 12-h UH = (column 3)/3
The 12-h unit hydrograph is shown in Fig. 6.14.

TABLE 6.6 CALCULATION OF A 12-h UriT HYDROGRAPH FROM A 4-h Unit HYDROGRAPH
—Example 6.8

Time Ordinates of 4-h UH DRH Qrdinate of
(h) (m3fs) (Col. 12-h UH
A B C 2+344) (m?fs)
Lagged by  Lagged by (Col. 5)/3
4h 8h
1 2 3 4 s 6
0 0 o s 0 0
4 20 0 - 20 6.7
8 80 20 0 100 33.3
12 130 80 20 230 76.7
16 150 130 80 360 120.0
20 130 150 130 410 1367
24 90 130 150 370 1233
28 52 90 130 272 90.7
132 27 52 90 169 56.3
36 oIS 27 52 94 313
40 5 15 27 47 15.7
44 0 5 15 20 6.7
48 0 5 5 1.7
52 0 0 0
The S-Curve

If it is desired to develop a unit hydrograph of duration mD, where m is a
fraction, the method of superposition cannot be used. A different
technique known as the S-curve method is adopted in such cases, and this
methoed is applicable for rational values of ».

The S-curve, also known as S-hydrograph is a hydrograph produced by a
continuous effective rainfall at a constant rate for an infinite period. It is a
curve obtained by summation of an infinite series of D-h unit hydrographs
spaced D-h apart. Figure 6.15 shows such a series of D-h hydrograph
arranged with their starting points D-h apart. At any given time the
ordinates of the various curves occurring at that time coordinate are
summed up to obtain ordinates of the S-curve. A smooth curve through
these ordinates result in an S-shaped curve called S-curve.

Unit rainfall excess equals 1cm in Dh

o [ I TTITTTTE

h Average excess rainfall intensity
1/Demih ;

2
m/s)
AQS

(

Zu
1

DISCHARGE

Fig. 6.15 S-curve

Trhisl S-curve is due to a D-h unit hydrograph. It has an initial steep
portion and reaches a maximum equilibrium discharge at a time equal to
the um_e base of the first unit hydrograph, The averpge intensity of ER
producing the S-curve is 1/D cm/h and the cquilibrium discharge,
A
Qs = (—5 X IO‘) m®fh,

where 4 = area of the catchment in km? and D = duration in hours of
ER of the unit hydregraph used in deriving the S-curve. Alternatively

0: = 2778 £ mijs (6.7)




e

180/Enginesring Hydrology

where A is in km® and Disin b, The quantity Qs represents the maximumnm
rate at which an ER intensity of 1/D ¢m/h can drain out of a catch-
ment of area A. In qctual construction of an S-curve, it is found that the
curve oscillates in the top portion at around the equilibrium value due to
magnification and accumulation of small errors in the hydrograph. When
it occurs, an average smooth curve. is drawn such that it reaches a value
0, at the lime base of the unit hydr: . raph. '

Consider two D-h S-curves A and & displaced by T'h (Fig. 6.10). If the
ordinates of B are subtracted from that of A4, the resulting curve 1s a DRH

produced by rainfall excess of duration T' h and magnitude (—})— b4 T)

em. Hence if the ordinate differences of 4 and B, i.e. (84— 38p) are divided
by T/D, the resulting ordinates denote a hydrograph due to an ER of 1 ¢m
and of duration T’ i is6s .2 T.h unit hydrograph. The derivation of a T-h
unit hydrograph as above can be achieved either by graphical means or by
arithmetic computations in a tabular form as indicated in Example 6.9.

O gt =

L Sy [ S
e BT L LI

'T;‘J’_-r"
f 2 BN
excess for S curve ”

xcess for o CulveE o

f:-?:'yi*.JD cmih ~

W
[U5]

B e R unit hydrograph
/ A 5 ey

i e B

TIME (h)
Fig. 6.16 Derivation of a T-h unit hydrograph by S-curve lagging method

ExAMPLE 6.9 Solve Example 6.8 by the S-curve method.

The computations are shown in Table 6.7. Column 2 shows the ordinates
of the 4-h unit hydrograph. Column 3 pives the S-curve additions and
column 4 the S-curve ordinates. The sequence of additions arc shown by
arrows. At ¢ = 4 h, ordinate of {he” 4-h UH == ordinate of the S-curve.
This valuec becomes the S-curve addition at = 2 % 4 ="8 h. At this
¢ = § h, the ordinate of UH (80) -~ S-curve addition (20) = S-curve
ordinate (100). The S-curve addition at ¢ = 3 X 4 = 12 ki is 100, and sa
on. Column 5 shows the S-curve Jagged by 12 h. Column 6 gives the
subtraction of lagged S-curve (column 5) from the S-curve (column 4).
Ordinates shown in column 6 are divided by T/D = 12/4 = 3 to obtain
the crdinates of the 12-h unit hydrograph shown in column 7.

TapLE 6.7 DETERMINATION OF A 12-h Unit LIYDROGRAPH Y S-CURVE METHOD —
Example 6.9

Time Ordinate  S-curve  S-curve S-curve (Col. 4— Col. 6
(h) of 4-h  addition ordinate Jagged by  Col.3) (12/4)
UH (mdfs)  (m?fs) 12h —12-h UH
(m?¥/s) (Col. 2+ (m®fs) ordinates
Col. 3) - (m?fs)
M_wé_ﬂ_ﬁ_,_ﬁw_wr_f_f_ﬁ—_—ﬁ
1 2 3 5 6 7
D - s —
0 0 o 0 = 0 0
7/
/
4 20 0¥ 20 - 20 6.7
/
/
8 30 20 % 100 - 100 33.3
/
/
12 130 100¥ 230 0 230 76.7
/
16 150 230 380 20 360 120.0
20 130 380 510 100 410 136.7
24 90 510 600 230 370 123.3
28 52 600 652 380 272 90.7
32 27 652 679 510 169 56.3
36 15 679 694 600 94 31,3
40 5 694 699 652 47 15.7
44 0 699 699 619 20 67
48 699 699 694 5 1.7
54 699 699 0 0

Examprt 6.10  Ordinates of a 4-h unil hydrograph are given. Using this

derive the ordinates of @ 2-h unit hydrograph for the same catchment.

I

-

e

Time (h} 0 4 8 12 16 20 24 28 32 36 40 44
Ordinate

of 4-h UH

{m®/s) o 20 80, 130 150 130 90 52 27 15 5 0

In this case the time interval of the ordinates of the given unit hydrograph
should be at least 2 h. As the given ordinates are at d-h intervals, the
unit-hydrograph is plotted and its ordinates at 2-h intervals determined. The
ordinates are shown in column 2 of Table 6.8. The S-curve additions anc
g.curve ordinates are shown in columns 3 and 4 respectively.
S.curve ordinates corresponding to the time intervals equu i€ suceessive

First, the




TABLE 6.8 DETERMINATION OF 2-h Unit HyproGrAPH FROM A 4-h UNiT HYDROGRAPH

—Example 6.10

Ordinate S.curve  S-curve S-curve Col. (4) 2-h UH

T(llT)c of 4-h addition  ordinate Lagged —(5) ordinate
UH Col. (2) by 2 (h) EQJ_(6)
—+(3) (2/4)
(m?s) (m?/s) (m?fs) (m¥/s)
1 2 3 4 5 6 7
0 0 - 0 - 0 0
2 3 /8 0 8 16
4 20 0 /// 20 8 12 24
6 43 8 l(/ g 51 20 31 62
8 80 20 L///loo 51 49 98
10 110 51 ‘/// 161 100 61 122
12 130 100 3 // 230 161 69 138
14 146 161 e // 307 230 77 154
16 150 230 Y as0 307 73 146
18 142 307 449 380 69 138
20 130 380 510 449 61 122
22 112 449 561 510 51 102
24 90 510 600 561 39 78
26 70 561 631 600 31 62
28 52 600 652 631 21 42
30 38 631 669 652 17 34
32 27 652 679 669 10 20
34 20 669 689 679 10 (20)15
36 135 679 694 689 5 (1010
38 10 689 699 694 5 (106
40 5 694 699 699 () (033
42 2 699 701 699 {2 (ho
44 0 699" 699 701 £52) (=)0

Final adjusted values are given in col, 7.

Unadjusted values are given in parentheses,

durations of the given unit hydrograph (in this case at 0, 4, 8, 12,...h) are
determined by following the method of Example 6.8. Next, the ordinates
at intermediate intervals (viz, at ¢ = 2, 6, 10, 14...h) are determined by
having another series of S-curve additions. The sequence of these are
shown by distinctive arrows in Table 6.8. To obtain a 2-h unit hydrograph
the S-curve is lagged by 2 h (column 5) and this is subtracted from
column 4 and the results listed in column 6. The ordinates in column 6 are
now divided by 7D = 2/4 = 0.5, to obtain the required 2-h unit hydro-
graph ordinates, shown in column 7.

The errors in interpolation of unit hydrograph ordinates often result in
oscillation of S-curve at the equilibrium value. This results in the derived
T-h unit hydrograph having an abnormal sequence of discharges (some-
times even negative values) at the tail end. This is adjusted by fairing the
S-curve and also the resulting T-h unit-hydrograph by smooth curves. For
example, in the present example the 2-h unit hydrograph ordinates at
time > 36-h are rather abnormal, These values are shown in parentheses,
The adjusted values arc entered in column 7.

6.9 USE AND LIMITATIONS OF UNIT HYDROGRAPH .
As the unit hydrographs establish a relationship between the ERH and
DRH for a catchment, they are of immense value in the study of the
hydrology of a catchment. They are of great use in (i) the development of
flood hydrographs for extreme rainfall magnitudes for use in the design of
hydraulic structures, (i) extention of flood-flow records based on rainfall
records and (iii) development of Mlood forecasting and warning systems
based on rainfall.

Unit hydrographs assume uniform distribution of rainfall over the catch-
ment. Also, the intensity is assumed constant for the duration of the
rainfall excess. ln practice, these two conditions are never strictly satisfied.
Nonupiform areal distribution and variation in intensity within7a storm
are very common, Under such conditions unit hydrographs can still be
used if the arcal distribution is consistent bztween different storms. 1ow-
ever, the size of the catchment imposes an upper limit on the applicability
of the unit hydrograph. This is because in very large basins the centre of
the storm can vary from storm to storm and each can give different DRHs
under otherwise identical situations. It is generally felt that about
5000 km® is the upper limit for unit-hydrograph use. Flood hydrographs
in very large basins can be studied by dividing them into a number of
smaller subbasins and developing DRHs by the unit-hydrograph method.
These DRHs can then be routed through their respective channels fo
obtain the composite DRH at the basin outlet.

There is a lower limit also for the application of unit hydrographs. This
limit is usually taken as about 200 ha. At this level of arca, a number of
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factors affect the rainfall-runoff relationship and the unit hydrograph is
not accurate enough for the prediction of DRH.
Other limitations to the use of unit hydrographs are:

1. Precipitation must be from rainfall only. Snow-melt runoff’ cannot
be satisfactorily represented by unit hydrograph.

2 The catchment should not have unusually large storages in tcrms of
tanks, ponds, large flood-bank storages, etc. which affect the linear
relationship between storage and discharge.

3. If the precipitation is decidedly nonuniform, unit hydrographs cannot
be expected to give good results.

In the use of unit hydrographs very accurate reproduction of results
should not be expected. Variations in the hydrograph base of as much as
+ 20% and in the peak discharge by = 109 are normally considered

acceptable.

610 DURATION OF THE UNIT HYDROGRAPH

The choice of the duration of the unit hydrograph depends on the rainfall
records. If recording iaingauge data, are available any convenient time
depending on the size of the basin can be used. The choice is not much if
only daily rainfall records are available. A rough guide for the choice of
duration D is that it should not exceed the least of (i) the time of rise,
(ii) the basin lag and (iii) the time of concentration. A value of D equal to
about 1/4 of the basin lag is about the pest choice. Generally, for: basins
with areas more than 1200 km? a duration I = 12 hrs is preferred.

611 DISTRIBUTION GRAPH

The distribution graph introduced by Bernard (1935) 18 & variation of the
unit hydrograph. It is basically a D-h unit hydrograph with ordinates
showing the percentage of the surface runoff occurring in successive
periods of equal time intervals of D h. The duration of the rainfall excess
(D h) is taken as the unit interval and distribution-graph ocrdinates are
indicated at successive such unit intervals. Figure 6.17 shows a typical 4-h
distribution graph. Note the ordinates plotted at 4-h intervals and the total
area under the distribution graph adds up to 100%. The use of the distri-
bution graph to generate a DRH for a known ERH is exactly the same as
that of a unit hydrograph (Example 6.11). Distribution graphs are uscful
in comparing the runofl characteristics of different catchments.

ExaMmpLe 6.11 A carchment of 200 hectares area has rainfails of 7.5 i,
2.0 ¢ntand 5.0 cm in three consecutive days. The average ¢ index can be
assumed to be 2.5 cmiday. Distribution-graph perventages of ithe surface

Ayarogidplti=/ =

runoff which extended over 6 days for every rainfall of 1-day duration are 5,
15, 40, 25, [0 and 3. Determnine the ordinates of the discharge hydrograph

by neglecting the base How.
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Fig. 6.17 Four-hour distribution graph

The calculations are performed in a tabular form in Table 6.9.

6.12 SYNTHETIC UNIT HYDROGRAPH

To develop unit dydrographs to a catchment, detailed information about
the rainfall and the resulting flood hydrograph are needed. However, such
information would be available only ata few locations and in a majority
of catchments, especially those which are at remote locations, the data

would normally bs very scanty. In order to construct unit hydrographs

for such areas, empirical equations of regional validity which relate
the salient hydrograph characteristics to the basin characteristics are
available. Unit hydrographs derived from such relationships are konown as
synthetic-unit hydrographs. A number of methods for developing synthetic-
unit hydrographs are reported in literature. It should, however, be re-
membered that these methods being based on empirical cotrelations arc
applicable only to the specific regions in which they were developed and
should not be considered as general relationships for use in all regions.

Snyder’'s Method

Snyder (1938), based on a study of a large number of catchments in the
Appalachian Highlands of eastern United States developed a set of
empirical equations for synthetic-unit hydrographs in those arcas. These
equations are in use in the USA, and with some modifications in many
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other countries, and constitute what is known as Snyder’s synthetic-unit
: o3 hydrograph.
25 a2agd B3 =28 The most important characteristic of a basin affecting a hydrograph due
o= bas = 22 g 3 g grap
2 g x 2 &5 38 = to a given storm is basin lag. Actually basin lag (also known as lag time) is
] J the time difference between the centroids of the input (rainfall excess) and
z the output (surface runoff), ie. T, indicated in Sec. 6.1. Physically, it
g S5 e v owm S own 2N represents the mean time of travel of water particles from all parts of the
=] n Ual i ol o = ool . - . “
g ] ~ = 8 9 » o catchment to the outlet during a given storm. Its value is determined
= - o ° o 9 : 3 = .
essentially on the physical features of the catchment, such as size, length,
stream density and vegetation. For its determination, however, only a few |
. important catchment characteristics are considered. For simplicity, Snyder
E o mwnm g Mgy \ has used a somewhat different definition of basin lag (denoted by ) in his
= B sl R z methodology. This #5 is practically of the same order of magnitude as Tr
£ o) and in this section the term basin lag is used to denote Snyder’s fz.
= & 2 The first of the Snyder’s equation relates the basin lag 1y, defined as the
3] . . " - . .
% B =y of time interval from the mid-point of the unit rainfall excess to the peak of
—_ = . . . P
'.E 3° e ='e o @ ° ° g 2 the unit hydrograph (Fig. 6.18), to the basin characteristics as
- B o=
é 'E 5 E lp = Ci (L Lcu)o-a {68)
%‘2 é 2 E '
=iPle |BEeBgBE : E £t
o o o S T =S @ =
kY v o o d = © O © e il
g = L]
& is
| g = ¥ B
— = u“
z BEg 8§ T & G}
5 |E2 % wn g g T = o
G |25 8 i 2 £ g
Z ot St w far.
<) = = © o
: & 2 2
I gl g °
E|EEE | 3 o % “lg 4
S 5 E gt g,
g glg 2 TIME
7 > . % o N
2 | g o™ 2 Fig. 6.18 Elements of a synthetic unit hydrograph
jas} 2o R ) wnonn = @
= 1258 el ol o 3 , "
) g2 b2 i where ¢, is in hours
3 = Z e
z = o L = basin length measured along the water course from the basin
E |5 s & divide to the gauging station in km
= |8E PP g 5
- (o] g = . . .
CR R o - T.s = distance along the main water course from the gauging station
S - & to a point opposite the watershed centroid in km
a ) B y
= - E ] C: = a regional constant representing watershed slope and storage
m Ly — e e oo b e Oy = 2 : s
é E g 5‘ £ i B N 3 é The value of C: in Snyder’s study ranged from 1.35 to 1.65. However,
& g2 studies by many investigators have shown that Ci depends upon the region
under study and wide variations with the value of C: ranging from 0.3 to
6.0 have been reported.




Linsley et al.” found that the basin lag ¢» is better correlated with the

LL ; i
catchment parameter (-*J—“ ) where S == basin slope. Hence, a modified

VS
form of Eq. (6.8) was suggested by them as
LlL¢o
e = (‘\/Sc )n (5.2)

where Ciz and 1 are basin constants, For the basins in the USA studied by
them 1 was found to be equal to 0.38 and the values of Cip were 1.715
for mountainous drainage areas, 1.03 for foot-hill drainage areas and 0.50
for valley drainage areas.

Snyder adopted a standard duration # hours of effective rainfall given

by
- A
tr= = (6.10)
The peak discharge Qzs (m®/s) of a urit hydrograph of standard duration
t+ h is given by Snyder as

278 Cp A

Opy =2 6.1
In 2
where A == catchment area in km® and Cp = a regional constant. This
equation is based on the assumption that the peak discharge is proportion-
I em X calchment arca .

- — ——— ). The values
uration of rainfall excess
of the coeflicient Cp range from 0.56 to 0.69 for Snyder’s study areas and
is considered as an indication of the retention and storage capacity of the

al to the average discharge of ( m

watershed. Like Cr, the values of C, also vary quite considerably depend-

ing on the characteristics of the region and values of Cp in the range 0.31
to 0,93 have been reported.

If a non-standard rainfall duration rz h is adopted, instead of the
standard value #r, to derive a unit hydrograph the value of the basin lag is
afected. The modified basin lag is given by

!':., =, + __ruﬁ:i_ir_
. = 21 Ir ’
T Ip +T (6.12)

where ¢, = basin lag in hours for an effective duration of rr h and 7, is

as given by Eq. (6.8) or (6.9). The value of 7, must be used instead of #p in

£q. (6.11). Thus the peak discharge for a nonstandard ER of duration tx
is in m¥/s

Q, = 2.78 C» Ajt, (6.11a)

Note that when tg = t,
Qo = Qe
The time base of a unit hydrograph (Fig. 6.18) is given by Snyder as

’

4
P
iy =3 —!———8-— days = (72 + 31) h (6.13)

where # = time base. While Eq. (6.13) gives reasonable estimates of # for
large catchments, it may give excessively large values of the time base for
small catchments. Taylor and Schwartz! recommend

f=5 (.f;, + J;“-) (6.14)

with 5 (given in h) taken as the next larger integer value divisible by r
i.e. 1 is about five times the time-to-peak.

To assist in the sketching of unit hydrographs, the widths of unit
hydrographs at 50and 75% of the peak (Fig. 6.18) have been found for

" US catchments by the US Army Corps of Engineers. These widths (in

time units) are correlated to the peak discharge intensity and are given
by

5.87 )
B0 = q—l't)-s- (6.15)
and Was = Wiof/l.75 (6.16)

Wy, = width of unit hydrograph in h at 50%; peak discharge
W, = width of unit hydrograph in h at 757 peak discharge
g = Qs/4 = peak discharge per unit catchment are in m®/s/km*

Since the coefficients C; and Cy vary from region to region, in practical
applications it is advisable that the value of these coefficients are
determined from known unit hydrographs of a meteorologically homo-
geneous catchment and then used in the basin under study. This way
Snyder’s equations are of use in scaling the hydrograph information from
one catchment to another similar catchment.

EXAMPLE 6.12 Two catchments A and B are considered meteorologically
similar. Their catchment characteristics are given below.

Catchment 4 Catchment B
L = 30km L = 45km
Leg = 15 km L¢a = 25km
A = 250 km? A = 400 km*
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For catchment A, a 2-h unit hydrograph was developed and was found to
have a peak discharge of 50 m'[s. The time to peak from the beginning of
the rainfall excess in this unit hydrograph was 9.0 h. Using Snyder’s mc’rhod
develop a unit hydrograph for catchment B, ,

For Catchment A:

fr=20h

Time to peak from beginning of ER = % Fri et b

t, =80h
From Eq. (6.12),
21 ir
Ip 2211/ + T
21
=55 t+0.5 == 8.0
7.5x22
tir= =
» 7 7.857 h

From Eq. (6.8).
tr = Ct (L Len)®
7.857 == C, (30153
Ce = 1.257
From Eq. (6.11a),

0, = 278 Cp A/,
50 = 2.78 X Cyx 250/8.0

For Catchment B: Using the values of Cr = 1.257 and Cp = 0.576 in

catchment B, the parameters of the synthetic-unit hydiograph for catch-
ment B are determined.

From Egq. (6.8),
tp = 1.257(45%25)"% = 10.34 h
By Eq. (6.10),

Using 1r = 2.0 h, i.e. for a 2-h unit hydrograph, by Eq. (6.12),

; 21 , 20
= T0AAR e 22
ot 0.34% 54 = 10.37 h

bR S o i — ket peeetie A

By Eq. (6.11a),
2.78 % 0.576 % 400

Qe = 10.37
= 61,77 m%fs, say 62 m'fs
From Eq. (6.15),

. 5.87 _
Weo = teaaooy — #0
By Eq. (6.16),
44
Was = ﬁ@ = 25h

Time base : From Eq. (6.13), i» = 724(3x%10.37) = 103 h
From Eg. (6.14), ts = 5 (10.37--10) = 58 h

Considering the values of Wi and W, and noting that the arca of

catchment B is rather small, fu /= 58 h is more appropriate in this case.

Finalizing of Synthetic-Unit Hvdrograph

After obtaining the values of Qp, 1, Ly Wis W and fo from Snyder’s

equations, a tentative unit hydrograph is sketched. An S-curve is then
developed and plotted. As the ordinates of the unit hydrograph are tentative,
the $-curve thus obtained will have kinks. These are then smoothened and
a logical pattern of the S-curve is sketched. Using this S-curve the Ir-h
unit hydrograph is then derived back. Further, the area under the unit
hydrograph is checked to see that it represents I cm of runoff. The
procedure of adjustment through the S-curve is repeated till satisfactory
results are obtained. It should be noted that out of the various parameters
of the synthetic-unit hydrograph the least accurate will be the time base #»
and this can be changed to meet other requirements.

Dimensionless-Unit Hydrograph

Dimensionless-unit hvdrographs based on a study of a large number of
unit hydrographs arc recommended by various agencies (o facilitate cons-
truction of synthetic-unit hydrographs. A typical dimensionless unit hydro-
graph developed by the US Soil Conservation Service (SCS) is shown in
Fig. 6.19. In this the ordinate is the discharge expressed as a ratio to the
peak discharge (2/Q2») and the abscissa is the time expressed as a ratio of

- ; : ! .
time (o peak (¢/t,.). In terms of Snyder’s notation, frk = (——; ! ) By
T

definition, Q/C, = 1.0 when ¢/re=1.0. The coordinates of the SCS dimen-
sionless unit hydrograph are given in Table 6.10 for use in developing &
synthetic unit-hydrograph in place of Snyder’s equations (6.13) through
(6.16).

et S
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TABLE 6,10 COORDINATES oF SCS DIMENSIONLESS UniT HyDpROGRAPH!

ey Q/0, ok ey itk Q/2,
0 0 1.1 0.98 28 0.098
0.1 0.015 L2 0.92 3.0 0.075
02 0.075 1.3 0,84 3.5 0.036
0.3 0.16 1.4 0:75 4.0 0.018
0.4 0.28 1.5 0.66 4.5 0.009
0.5 043 1.6 0.56 50 0.004
0.6 0.60 1.8 0,42 RS T
0.7 0.77 2.0 0.32

0.8 0.89 22 0.24

0.9 0.97 2.4 0.18

1.0 1.00 2.6 0.13

Bt e

The Indian Practice

The .CW(.Z (India) aftéra study of a large number of catchments in India of
vary{ng sizes in the range 25 to 500 km?® has recommended the following
relations for developing synthetic-unit hydrographs,

The peak discharge of a D-h unit hydrograph Qs in m¥s is

Ora = 4.44 4% for Sy > 0.0028 (6.17)
aad Ont = 222 4 S5 for S < 0,0028 (6.18)

Hydrographs/193
where 4 = catchment area in km*® and Sw = weighted mean slope given
by

S = [Leaf(Ly/A/ Sy Lo/ SoF oo + Lafv/Sa)]? (6.19)
in which L.« = distance along the river from the gauging station to a point

opposite the centre of gravity of the area.

Ly, Ly, o Ln = length of main channel having slopes S, S Sk respec-
tively, obtained from topographic maps.

The lag time in hours (i.e. time interval from the mid-point of the rainfa
excess to the peak) of a 1-h unit hydrograph, #5, is given by

3.95
tpy = [0, /AT (6.20)

I!I

For design purposes the duration of rainfall excess is taken as
D=1.1¢t;h (6.21)

Equations (6.17) through (6.21) cnable one to determine the duration
and peak discharge of a design-unit hydrograph. The time to peak has to
be determined separately by using Eq. (6.8) or (6.9).

6.13 INSTANTANEOUS UNIT HYDROGRAPH (IUH)

The unit-hydrograph concept discussed in the preceding sections consider-
ed a D-h unit hydrograph. For a given catchment a number of unit
hydrographs of different durations are possible, The shape of these
different unit hydrographs depend upon the value of D. Figure 6.20 shows
a typical variation of the shape of unit hydrographs for different values of D.
As D is reduced, the intensity of rainfall excess being equal to 1/D
increases and the unit hydrograph becomes more skewed. A finite unit
hydrograph is indicated as the duration 2-»0. The limiting case of a unit
hydrograph of zero duration is known as nstantaneous unit hydrograph
(IUH). Thus IUH is a fictitious, conceptual unit hydrograph which
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Fig. 6.20 Unit hydrographs of diffcrent dyratjons




repr;s;cnts., the surface runoff from the catchment due to an instanta
precipitation 9{ the rainfall excess volume of 1 em. IUH is designzfio::
E (r% 01: sometlm_es as u (0, 2). It is a single-peaked hydrograph with a finite
ase width and its important properties can be listed as below:

10 < u(r) < a positive value, for ¢ > 0:

2. u(t) = 0fort <0

3 u(t)~>0as ¢ > co;

o

4, J-z: (£) dr = unit depth over the catchment: and
0
5. time to the peak < time to the centroid of the curve,

; C_ousi.dcr an eifective rainfall 7 (v) of duration z, applied to a catchment
(:;. TUFlg. 6.21. Each infinitesimal element of this ERH will operate on
e IUH to produce a DRH whose discharge at time 7 is given by

.

!
Q) :Iu (r—7) I(x) d= (6.22)
[}
to |
-
1(T)
0
u—— -
f T %—’Iﬂ‘afl_ TIME
I
— |
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where t' = twhent < ¢
and t' = towhent =t

Equation (6.22) is called the convolution integral or Duhamel integral. The
integral of Bq. (6.22) is essentially the same as the arithmetical computation
of Eq. (6.5). )

The main advantage of IUH is that it is independent of the duration of
ERH and thus has one parameter less than a D-h unit hydrograph. This
fact and the definition of TUH make it eminently suitable for theoretical
analysis of rainfali excess—runoff relationship of a catchment. For a given '
catchment TUH, being independent of rainfall characteristics, is indicative

of the catchment storage characteristics.

Derivation of IUH

Consider an S-curve, designated as S;, derived from a D-h unit hydro-
graph. In this the intensity of rainfall excess, i = 1/D cm/h. Let S, be
another S-curve of intensity i cm/h. If S, is separated from .S, by a time
interval dr and the ordinates are subtracted, a DRH due to a rainfall excess
of duration d7 h and magnitude i df = dr/Dh is obtained. A unit hydro-
graph of dr h is obtained from this by dividing the above DRH by i dr.

Thus the dr-h unit hydrograph will have ordinates equal to ( Si.;,rS‘«). As

dt is made smaller and smaller, i.e. as dr—0, an IUH results. Thus for an
IUH, the ordinate at any time ¢ is

ey [ Sa— S\ 1 ds 3
u(f) d,L_‘f%( i dr )_ i d 23}

If: i = 1, then u(t) = dS'/dt, where S represents a S-curve of intensity
1 cm/h. Thus the ordinate of an IUH at any time ¢ is the slope of the S-
curve of intensity 1 cm/h (i.e. S-curve derived from a unit hydrograph of
1-h duration) at the corresponding time. Equation (6.23) can be used in
deriving TUH approximately.

[UHs can be derived in many other ways, notably by (i) harmonic
analysis (ii) Laplace transform and (jii) conceptual models, Details of these
methods are beyond the scope of this book and can be obtained from

Ref. 2,

Derivation of D-h Unit Hydrograph from IUH

For simple geometric forms of IUH, Eq. (6.22) can be used to derive a D-h
unit hydrograph. For complex-shaped IUHs the arithmetic computation
techniques used in deriving unit hydrographs of different durations
{Sec., 6.7) can be adopted. For example, if two IUHs are lagged by D |
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and their corresponding ordinates are summed up and divided by two, the
resulting hydrograph will be a D h unit hydrograph. A D-h unit
hydrograph will have a peak lesser than that of the corresponding IUH and
the time base of the D-h unit hydrograph will be larger than that of JUH

by D h,
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PROBLEMS

6.1 "l:‘he flood hydrograph of a small stream is given below. Analyse the recession
limb of the hydrograph and determine the recession coeflicients, Neglect inter-

flow.
Time Discharge Time Discharge
(days) (m?/s) (days) (m?/s)
0 0.0 3.5 7755
0.5 70.0 4.0 1.9
1.0 38.0 5.0 1.4
1.5 19.0 6.0 1.2
2.0 9.0 7.0 1.1
s 55
3.0 3.5

6.2 Given below are observed flows from a storm of 6-h duration on a stream with a
catchment area of 500 km?.

Time (h) 0 6 12 18 24 30 36 42 48 54 60 66 72

Observed
flow (m3/s) 0 100 250 200 150 100 70 50 35 25 15 5 0

Assuming the base flow to be zero, derive the ordinates of a 6-h unit hydrograph.

ey

mAyarograpnsy 1 >7

6.3 The following are the ordinates of the hydrograph of flow from a catchment area
of 770 km? due to a 6-h rainfall. Derive the ordinates of a 6-h unit hydrograph.
Make suitable assumptions regarding the base flow.

Time from
beginning of
storm (h) 0 6 12 18 24 30 36 42 48 54 60 66 72

Discharge
{m?®/3) 40 65 215 360 400 350 270 205 145 100 70 50 42

6.4 Analysis of the surface runoff records of a 1-day storm over a catchment yielded
the following data:

Time (days) 0 1 2 3 4 5 6 7 8 9
Discharge (m®/s) 20 . 63 151 133 %0 63 44 29 20 20

Estimated base
flow (m?/s) 20 22 25 28 28 26 23 21 20 20

Determine the 24-h distribution graph percentages. If the catchment area is
600 km? determine the depth of rainfall exess.

6.5 The ordinates of a hydrograph of surface runoff resulting from 4.5 cm of rainfall
excess of duration 8 h in a catchiment are as follows:

Time (h) 0 5 13 21 28 32 35 41 45 55
Discharge (m?s) 0 40 210 400 3500 820 1150 1440 1510 1420
Time (h) - 61 91 98 115 138

Discharge

(m?/s) 1190 650 520 290 0

Determine the ordinates of an 8-h unit hydrograph for this catchment.

6.6 The p=ak of a flood hydrograph due to a 6-h storm is 470 m%s. The mean depth
of rainfall is 8.0 cm. Assume an average infiltration loss of 0.25 cm/h and a
constant base flow of 15 m%/s and estimate the peak discharge of a 6-h unit
hydrograph for this catchment.

6.7 Given the following data about a catchment of area 1000 km?, determine the peak
discharge corresponding to a storm of 5em in 1 h.

Titme (h) 0 1 2 3 4 5
Rainfall (¢m) 0 2.5 0 0 0 0
Runoff (m*/s) 300 300 1200 450 300 300

6.8 The ordinates of a 6-h unit hydrograph are given,
Time (h) 0 3 6 9 12 18 24 30 36 42 48 54 60 66

6-h UH
ordinate
_(m“/sl) 0 150 " 250 450 600 800 700 600 450 320 200 100 50 0

A storm had three successive 6-h intervals of rainfall magnitude of 3.0, 5.0 and
4,0 cm respectively. Assuming a ¢ index of 0.20 cm/h and a base flow of 30 m?/s,
det ermine and plot the resulting hydrograph of flow.
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6.9

The ordinates of a 6-h unit hydrograph are as given below:

——

Time (h) (¢] 6 12 18 24 30 36 42 48 54 60 66

Qrdinate of

6-h UH (m?%/s) 0 20 60 150 120 90 66 50 32 20 10 0

If two storms, each of 1-cm rainfall excess and 6-h duration occur in succession,
calculate the resulting hydrograph of flow. Assume base flow to be uniform at
10 m3/s.,

6.10 Using the 6-h unit hydrograph of Prob. 6.9, derive a 12-h unit hydrograph for the
catchment.
6.11 The ordinates of a 2-hr unit hydrograph are given:
Time (h) 0 2 4 6 8 10 12 14 16 18 20 22
2-h UH ordi-
nate (m?/s) 0 25 100 160 190 170 110 70 30 20 6 0
Determine the ordinates of an S-curve hydrograph and using this determine the
ordinates of a 4-h unit hydrograph.
6.12 Using the ordinates of a 12-h unit hydrograph given below, compute the ordi-
nates of a 6-h unit hydrograph.
Time Ordinates of Time Ordinates of
(h) 12-h unit (h) 12-h unit
hydrograph hydrograph
(m?*/fs) (m?/s)
0 ¢ 78 71
6 10 84 58
i2 37 90 46
18 76 96 35
24 111 102 25
30 136 108 17
36 150 114 i2
42 153 120 8
48 146 126 6
54 130 132 3
60 114 138 2
66 99 : 144 0
72 84

Note that the tail portion of the resulting 6-h UH needs fairing.

6.13

6,14

6,17

6.18

6,19

A 3-h unit hydrograph for a basin has the following ordinates. Using the S-curve
method, determine the 9-h unit-hydrograph ordinates.

Time (h) 0 3 6 9 12 15 18 21 24 27 30
Discharge

(m?/s) 0 12 75 132 180 210 183 156 I35 144 96
Time (h) 33 36 39 42 45 48 51 54 57 60
Discharge

(m?/s) 8 66 54 42 33 24 18 12 6 0

Using the 6-h unit hydrograph given in Prob. 6.9 derive the flood hydrograph
due to a storm given below,

Time from beginning
of storm (h) 0 6 12 18

Accumulated rainfall (cm) 0 4 5 10

The ¢ index for the storm can be assumed to be 0.167 cm/h. Assume base flow to

be 20 m3/s constant throughout.

The 6-h unit hydrograph of a catchment is in the form of a triangle with the

peak of 100 m3/s occurring at 24 h from the start. The base is 72 h,

(a) What is the area of the catchment represented by this unit hydrograph?

(b) Calculate the flood hydrograph due to a storm of rainfall excess of 2 cm
during the first 6 h and 4 cm during the second 6 h interval. The base flow
can be assumed {o be 25 m?3/s constant throughout, -

A 6-h unit hydrograph for a catchment of area 1000 km? can be approximated as

a triangle with base of 69 h, Calculate the peak discharge of this unit hydro-

graph, ‘

A 4-h distribution graph has the following ordinates:

Unit periods

(4-h units) 1 2 3 4 5 6
Distribution
(percentage) 5 20 40 20 10 5

A catchment with an area of 50 km® has rainfalls of 3.5, 2.2 and 1.8cm in three
consecutive 4-h periods. Assuming an average ¢ index of 0.25 c¢m/h, determine
the resulting direct rufoff hydrograph.

A 6-h unit hydrograph of a catchment of area 259,2 km? is triangular in shape
with a base of 48 h. The peak occurs at 12 h from the start, Derive the coordi-
nates of a 6-h distributjon graph for this catchment.

The following table gives the ordinates of a direct-runoff hydrograph resu11§BS
from two successive 3-h durations of rainfall-excess values of 2 and 4 cm respec-
tively. Derive a 3-h unit hydrograph for the catchment.

Time (h) 0 3 6 9 12 15 18 21 24 27 30

Direct run-
off (m?/s) 0 120 480 660 460 260 160 100 50 20

<




670 Characteristics of two catchments M and N measured from a map are given below!

6.21
6.22

6.23

6.1

6.2

6.3

6.4

6,5

6.6

Item Catchment M Catchment N
Lea 76 km 52 km
L 148 km 106 km
A 2718 km? 1400 km?

For a 6-h unit hydrograph in catchment M, the peak discharge is at 37 h {rom
the start of the rainfall excess and its value is 200 m?/s. Assuming catchment M
and N are meteorologically similar, determine the elements of a 6-h synthetic
unit hydrograph for catchment N by using Snyder’s method.

A basin has 400 sq.km of area, L = 35 km and Leq = 10 km. Assuming
C; = 1.5 and Cp = 0.70 develop a 3-h synthetic-unit hydrograph for this basin
using Snyder’s method.

Using the peak discharge and time to peak of the unit hydrograph derived in
Prob. 6.20, develop the full unit hydrograph by using the SCS dimensionless-unit
hydrograph.

The TUH of a catchment is a triangle with a base of 36 h and a peak of 20 m’/s
at 8 h from the start, Derive a 2-h unit hydrograph for this catchment.

QUESTIONS

The recession limb of a flood hydrograph can be expressed with positive values
of coefficients,

as 0t/Qo = (a) ke by a K7 ©@a
For a given storm, other factors remaining same,
(a) basins having low drainage density give smaller peaks in flood hydrographs
(b) basins with larger drainage densities give smaller flood peaks

(c) low drainage density basins give shorter time bases of hydrographs

(d) the flood peak is independent of the drainage density.

(d) e—uit

Base-flow separation is performed

(a) on a unit hydrograph to get the direct-runoff hydrograph

(b) on a flood hydrograph to obtain the magnitude of effestive rainfall

(c) on flood hydrographs to obtain the rainfall hydrograph

(d) on hydrographs of efiluent streams only.
A direct-runoff hydrograph due to a storm was found to be triangular in shape
with a peak of 150 m?¥fs, time from start of effective storm to peak of 24 h and a
total time base of 72 h. The duration of the storm in this case was

(a) <24 h (b) between 24 to 72 h

(©) 72 h (d) > 72 h.
A unit hydrograph has

(a) one unit of peak discharge

(b) one unit of rainfall duration

(c) one unit of direct runoff

(d) one unit of the time base of direct runoff.

The basic assumptions of the unit-hydrograph theory are

(a) nonlinear response and time invariance

B

E
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6.9

6.10

6.11

6.12

6.13

6.15

6.16

6.17

(b) time invariance and fincar response

(c) linear response and linear time variance
(d) nonlinear time variance and linear response.
A storm hydrograph was due to Ih of effective rainfall. It contained 6 cm of
direct runofl, The ordinates of DRH of this storm

(a) when divided by 3 give the ordinates of a 6-h unit hydrograph

(b) when divided by 6 give the ordinates of a 3-h unit hydrograph

(c) when divided by 3 give the ordinates of a 3-h unit hydrograph

(d) when divided by 6 give the ordinates of a 6-h unit hydrograph.
A triangular DRH due to a storm has a time base of 80 hrs and a peak flow of
50 m?/s occurring at 20 hrs from the start. If the catchment area is 144 km?, the
rainfall excess in the storm was
(a) 20 cm (b) 7.2 cm
A 12-hr unit hydrograph of a catchment is triangular in shape with a base width
of 144 hrs and a peak discharge value of 23 m®/s. This unit hydrograph refers to a
catchment of area
(a) 756 km® (b) 596 km?
A 6-h unit hydrograph of a catchment is triangular in shape with a base width of
64 h and peak ordinate of 20 m?/s. If a 0.5 cm rainfall excess occurs in 6 h in that
catchment, the resulting surface-runoff hydrograph will have

(a) a base of 128 h (b) a base of 32 h
(c) a peak of 40 m¥/s (d) a peak of 10 m?®/s.

A 90 km? catchment has a 4-h unit hydrograph which can be approximated as a
triangle. If the peak ordinate of this unit hydrograph is 10 m?/s, the time base is
(a) 120 b (b) 64 h (€) 50h (d) none of these.

A triangular DRH due to a 6-h storm in a catchment has a time base of 100 h and
a peak flow of 40 m?/s. The catchment area is 180 km?, The 6-h unit bydrograph
of this catchment will have a peak flow in m?*/s of
(@) 10 (b) 20 (c) 30

The curve iy, is a 6-h unit hydrograph for a catchment having 1 mm of direct
runoff and ue is a 6-h unit hydrograph for the same catchment and having 1cm
of surface runoff.

(a) ordinates of u,, are 1/10 the corresponding ordinates of e

(b) base of uy, is 1/10 the base of ue

(c) ordinates of u,, are 10 times the corresponding ordinates of ue

(d) base of wy, is 10 times that of ue.

If a 4-h unit hydrograph of a catchment has a peak ordinate of 60 m® /s, the peak
ordinate of an 8-h unit hydrograph for the same catchment will be

(a) > 60 m?s (b) = 60 m?/s () < 60 m?fs (d) data inadequale.
A catchment with an area of 756 km® has a 6-h unit hydrograph which is a
triangle with a base of 70 h. The peak discharge of DRH due to 5 cm of rainfall
excess in 6 h from that catchment is in m*/s

(a) 535 (b) 60 (c) 756
For a catchment with an area of 360 km? the equilibrium discharge of an
S-curve obtained by 4-hr unit hydrograph summation is in m?/s.

(a) 250 (b) 90 (c) 90 x 10¢ (d) none of these.

In aa S-curve dervived by a unit hydrograph U of D-h duration
( a) the equilibrium discharge is independent of D

{c) Scm (d) none of these.

(c) 1000 km? (d) none of these.

(d) none of these.

(dy 300,




(b) the time base of U represents the time at which the S-curve altains its
maximum value

(¢) the equilibrium discharge of an S-curve is independent of the catchment area
of the basin

(d) the ordinate is in units of volume.

6.18 An instantaneous unit hydrograph is a direct runoff hydrograph
(a) of 1 cm magnitude due to a rainfall excess of 1-h duration
(b) that occurs instantaneously due to a unit rainfall excess of duration D h
(c) of unit rainfall excess precipitating instantaneously over the catchment
(d) occurring at any instant in a long storm.
6.19 Instantaneous unit hydrograph is 2 hydrograph of
(a) unit duration and iofinitely small rainfall excess
(b) infinitely small duration and of unit ramf‘all eXCess
(c) zero effective precipitation
(d) zero frequency.
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FLOODS

7.1 INTRODUCTION

A flood is an unusually high stage in a river—normally the level at which
the river overflows its banks and inundates the adjoining area. The
damages caused by floods in terms of loss of life, property and economic
loss due to disruption of economic activity are all too well-known. Crores
of rupees are spent every year in flood control and flood forecasting. The
hydrograph of extreme floods and stages corresponding to flood peaks
provide valuable data for purposes of hydrologic design. Further, of the
various characteristics of the flood hydrograph, probably the most impor-
tant and widely used parameter is the flood peak. At a given location in a
stream, flood peaks vary from year to year and their magnitude constitutes
a hydrologic series which enable one to assign a frequency to a given flood-
peak value. In the design of practically all hydraulic structures the peak
flow that can be expected with an assigned frequency (say 1 in 100 years)
is of primary imporlance to adequately proportion the structure to
accommodate its effect. The design of bridges, culvert waterways and spill-
ways for dams and estimation of scour at @ hydraulic structure are some
examples wherein flood-peak values are required.,

To estimate the magnitude of a flood peak the following alternative
methods are available:

1. Rational methokd,

2. empirical method,

3. unit-hydrograph technique, and
4. flood-frequency studies.

The use of a particular method depends upon (i) the desired objective,
(ii) the available data and (iii) the importance of the project. Further the
rational formula is only applicable to small-size (<50 km®*) catchments and
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the unit-hydrograph method is normally restricted to moderate-size catch-

ments with areas less than 5000 km?,

7.2 RATIONAL METHOD

Consider a rainfall of uniform intensity and very long duration occurring
over a basin. The runoif rate gradually increases from zero to a constant
value as indicated in Fig. 7.1. The runofl increases as more anq more
flow from remote areas of the catchment reach the outlet. Designating the
time taken for a drop of water from the farthest part of the catchment to

Raintall
l.-End of
rainfail
o
z
43 ——Recession
i Qp
O wott
Sz Run
o<
o o
e Mty
TIME —

Fig. 7.1 Runoff hydrograph due to uniform rainfall

- {ime of concentration, it is obvious that if the

reach the outlei as ‘e : g
he runoff will be constant and al the peak

rainfull continues beyond #, t noft
value. The peak value of the runoff is given by
V Qp?‘:CA s, fﬂf!;_tc (7.1)
where C == coefficient of runoffl = {runoff/rainfall), 4 = area of the C?t:;l;
ment and i = intensity of rainfall This is the basic cqu‘anon. o o
rational method. Using the commonly used units, Eq. {7.1) is written
field application as

1

. (7.2)
0y =5 Clins) 4

O» = peak discharge ( m?/s)
C = coeflicient of runoff

the mean intensity of precipitation (mm/h
equal to r; and an exceedence probavility P

where

T h) for a duration
lic,p —

A = drainage arca in km?
§: ey

The use of this method to compute v requires three parameter
{f:c p) and C.

S -
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Time of Concentration (z)

There are 4 number of empirical equations available for the estimation of
the time of concentration. Two of these are described below.

US Practice

For small drainage basins, the time of concentration is approximately equal
to the lag time of the peak flow. Thus

te = Ip Of Eq. (69] = CIL ( (7'3)

LLca )n
Vs
where 7. = time of concentration in hours, Ciz, L, Lea, n and S have the
the same meaning as in Eq. (6.9).

Kirpich Equation 1940
te = 0.01947 Lo77 §-0-3% (7.4)

where  r: = time of concentration (minutes)

L = maximum length of travel of water (m) and
S = slope of the catchment = AH/L in which

AH = difference in clevation between the most remote point
on the catchment and the outlet.

Rainfall intensity (ii..»)

The rainfall intensity corresponding to a duration 7. and the desired

probability of exceedence P (i.c. return period 7' = 1/P) is found from the

rainfall-frequency duration relatiouship for the given catchment area

(Chap. 2). This will usually be a relationship of the form
K Tz

T ar g

,1"’_._ p ==
in which K, ¢, x and m are constants, Published rainfall maps exhibiting
this form of relationship are consulted to evaluate ite 5 In USA the peak
discharges for purposes of urban area drainage are calculated by using
P == 0.05to 0.1.

Runoff Coefficient (C)
The coefficient C represents ihe integrated cffect of the catchment losses
and hence depends upon the nature of the surface, surface slope and rain-
fall intensity. The effect of rainfall intensity is not considered in the
available tables of values of C. Some typical values of C are indicated in
Table 9.1.

The rational formula is found to be suitable for peak-flow prediction in
small catchments up to 50 km? in area. It finds considerable application in
urban drainage designs and in the design of small culverts and bridges.

e e o T S B L e S e e
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Ficient C 1N Ea. (7.2)
o e R
e
f
Type of area Value of C

B R R LTI S

A. Urban area (P = 0.05 to 0.10)

TaBLg 7.1 VALUE OF THE COEF

0.05-0.10
Lawns: Sandy-soil, flat, 2% s
Sandy soil, steep, 7% O. v, 0.22
Heavy soil, average, 2-7% : ;
Residential areas: P
Single family areas G i
60-0.75
Multi units, attached ggo o
trial: Light : §
s, H ; y 0.60-0.90
eav
0.70-0.95
Streets
B. Agricultural Area -
Flat: Tight clay, cultivated 0. :
woodland 0.4
Sandy loam, cultivated 0.20
woodland 0.1((})
Hilly: Tight clay, cultivated 0.70
woodland 0.6
Sandy loam, cultivated 0.40
0.30

woodland

It should be noted that the word “rational” is rather a mis.nome:' as l.h‘e

method involves the determination of parameters fe and C ina su'bjectwe

" manner. Detailed description and the practice followed in using the
rational method in various countries are given in detail in Ref. 6.

nt of 0.30 and an area of
aximum length of
th a 25-year

EXAMPLE 7.1  An urban area has a runoff coefficie
0.85 km®. The slope of the catchment is 0.006 and rh.? maxin
travel of water is 950 m. The maximum depth of rainfall wi

return period is as below:

Duration (min) s 10 20 30 40 60

17 26 40 50 57 62

Depth of rainfall (mm)

If a culvert for drainage at the outlet of this area is fo be designed for a
return period of 25 years, estimate the required peak-flow rate.

The time of concentration is obtained by the Kirpich formula

|Eq. (7.4)] as

Lo = 0.01947 X (95077 % (0.006)0%%
= 27.4 min

FloodsjZU/

By interpolation,
Maximum depth of rainfall for 27.4-min duration
(50— 40)

e ke 7.4 + 40 = 474 mm
; ; ; 47.4
Average intensity = i, = g " 60 = 103.8 mm/h
By Eq. (1.2), 0, = 0.30 % 1236.8 X 085 _ 7.35 m¥)s

7.3 EMPIRICAL FORMULAE

The empirical formulae used for the estimation of the flood peak are
essentially regional formulae based on statistical correlation of the observed
peak and important catchment properties. To simplify the form of the
equation, only a few of the many parameters affecting the flood peak are
used. For example, almost all formulae use the catchment area as a
parameter affecting the flood peak and most of them neglect the flood
frequency as a parameter. In view of these, the empirical formula are
applicable only in the region from which they were developed and when
applied to other areas they can at best give approximate values.

Flood-Peak-Area Relationships

By far the simplest of the empirical relationships are those which relate the
flood peak to the drainage area. The maximum flood discharge Q» from a
catchment area 4 is given by these formulae as

» = f(A)
While there are a vast number of formulae of this kind proposed for various
parts of the world, only a few popular formulae used in various parts of
India are given below,

Dickens Formufa (1865)
0, = Cp A (7.6)
where Oy = maximum flood discharge (m%fs)
A == catchment area (km?)
Cp = Dickens constant with value between 6 to 30

The following are some guidelines in selecting the value of Cb:

Value of Cp
North-Indian plains 6
North-Indian hilly regions 11-14
Central India 14-28
Coastal Andhra and Orissa 22-28
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For actual use the focal experience will be of aid in the proper selection of
Cp. Dickens formula is used in the central and northern parts of the
country. :

Ryves Formula (1884)
QOp = Cr A4*/° Tn
where Qp = maximum flood discharge (m?/s)
A = catchment area (km?)
and Cr = Ryves coeflicient

This formula originally developed for the Tamil Nadu region, is in use in
Tamil Nadu and parts of Karnataka and Andhra Pradesh. The values of
C'r recommended by Ryves for use are;

Cr = 6.8 for areas within 80 km from the east coast
= 8.5 for areas which are 80-160 km from the east coast
= 10.2 for limiteé areas near hills

However, various major reservoir projects built in Tamil Nadu since 1950
have adopted considerably much higher values of Cr than the above.

Inglis Formula (1930)
This formula is based on flood data of catchments in Western Ghats in
Maharashtra. The flood peak Q, in m¥/s is expressed as
124 A
P i
" VAT 104
where A is the catchment area in km®.

Equation (7.8) with small modifications in the constant in the numerator
(124) is in use Maharashtra for designs in small catchments.

(7.8)

Other Formulae

There are many such empirical formulac developed in various parts of
the world. References 3 and 4 list many such formulae suggested for use
in various parts of India as well as of the world.

There are some empirical formulae which relate the peak discharge to
the basin area and also include the flood frequency. Fuller’s formula {1914)
derived for catchments in USA is a typical one of this kind and is
given by

Ory = Cr A% (1+0.8 log 7) (7.9)

where Ory = maximum 24-h flood with a frequency of 7" years in m¥s,
A4 = catchment area in km® Cr = a constant with values between 0.18 to
1,88.

FIouUdof LV

Envelope Curves

In regions having same climatological characteristics, if the available flood
data are meagre, the enveloping curve technique can be used to develop a
relationship between the maximum flood flow and drainage area. In this
method the available fiood-peak data from a large number of catchments
which do not significantly differ from each other in terms of meteorologi-
cal and topographical characteristics are collected. The data are then
plotted on a log-log paper as flood peak vs catchment area. This would
result in a plot in which the data would be scattered. If an enveloping
curve that would encompass all the plotted data point is drawn, it can be
used to obtain maximum peak discharges for any given area. Envelop curves
thus obtained are very useful in getting quick rough estimations of peak
values. If equations are fitted to these enveloping curves, they provide
empirical flood formulae of the type, @ = f(4).

Kanwarsain and Karpov (1967) have presented enveloping curves
representing the relationship between the peak-flood flow and catchment
area for Indian conditions. Two curves, one for the south Indian rivers
and the other for north Indian and central Indian rivers, are developed
(Fig. 7.2). These two curves are based on data covering large catchment
areas, in the range 10* to 10° km?®,
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Fig. 7.2 Enveloping curves for Indian rivers

Based on the maximum recorded floods throughout the world, Baird and
Mclilwraith (1951) have correlated the maximum flood discharge Qws in
m¥/s with catchment area 4 in km? as

3025 4
Qs = @R+ AT =
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ExaMPLE 7.2 Estimate the maximum flood flow for the following catchments
by using an appropriate empirical formula:
Ay = 40.5 sq. km. for western Ghat area, Maharashtra
A, = 40.5 km® in Gangetic plain
Ay ="40.5 km® in the Cauvery delta, Timil Nadu
What is the peak discharge for A = 40.5 km® by maximum world-
Aood experience.
1. For this catchment, the Inglis formula is recommended.
By the Inglis formula [Eq. (7.8)],
124 x40.5
B e e
+/40.5+10.4
2. In this case Dickens formula [Eq. (7.6)] with Cp = 6.0 is recom-
mended. Hence
Q{J == 6.0><(405) 938 B 96.3 m3['s

3. In this case Ryves formula [Eq. (7.7) with Cr = 6.8 is preferred, and
this gives

ol L

= 704 m3/s

Op = 6.8 (40.5) 2® = 80.2 m¥/s
4. By Eq. (7.10) for maximum peak discharge based on world experience,

3025x40.5
G = @7 tan sy~ 1367 M

7.4 UNIT-HYDROGRAPH

The unit-hydrograph technique described in the previous chapter can be
used to predict the peak-flood hydrograph if the rainfall producing the
flood, infiltration characteristics of the catchment and the appropriate unit
hydrograph are available. For design purposes, extreme rainfall situations
are used to obtain the design storm, viz., the hyetograph of the rainfall excess
causing extreme floods, The known or derived unit hydrograph of the
catchment is then operated upon by the design storm to generate the desir-
ed flood hydrograph. Details about this use of unit hydrograph are given
in: Sec. 7.9,

7.5 FLOOD-FREQUENCY STUDIES

Hydrologic processes such as floods are exceedingly complex natural
events. They are resultants of a number of component parameters and are
therefore very difficult to model analytically. For example, the floods in a
catchment depend upon the characteristics of the catchment, rainfall and
antecedent conditions, each one of these factors in turn depend upon a

LR iy R

host of constituent parameters. This makes the estimation of the flood
peak a very complex problem leading to many different approaches. The
empirical formulae and unit-hydrograph methods presented in the previous
sections are some of them. Another approach to the prediction of flood
flows, and also applicable to other hydrologic processes such as rainfall etc.
is the statistical method of frequency analysis.

The values of the annual maximum flood from a given catchment arca
for large number of successive years constitute a hydrologic data series
called the annual series. The data are then arranged in decreasing order of
magnitude and the probability £ of each event being equalled to or exceeded.
(plotting position) is calculated by the plotting-position formula

Pt (@.11)

where m == order number of the event and ¥ = total number of events in
the data. The recurrence interval, 7" (also called the return period or
frequency) is calculated as

T=1/P (7.12)
The relationship betwesn 7 and the probability of occurrence of various
events is the same as described In Sec. 2.11. Thus, for example, the
probability of occurrence of the event r times in n successive years is
given by

Frp = "Cr Pr gt
where q=1=P
Consider, for example, a list of flood magnitudes of a river arranged in
descending order as shown in Table 7.2. The length of the record is.50
years.,

TABLE 7.2 CALCULATION OF FREQUENCY T

Order No. Flood magnitude ‘T in years
m @ (m3(s) = 5]/m
1 160 51.00
2 135 25.50
3 128 17.00
4 116 12.93
49 65 1.04
50 63 Lo

The last column shows the return period 7" of various flood magnitude, .
A plot of Q vs T yields the probability distribution. For small return

T e R B A T




212/Engineering Hydrology

periods (i.e. for interpolation) or where limited extrapolation is required, a
simple best-fitting curve through plotied points can be used as the proba-
bility distribution. A logarithmic scale for T is often advantageous. How-
ever, when larger extrapolations of T are involved, theoretical probability
distributions have to be used. In frequency analysis of floods the usual
problem is to predict extreme. flood events. Towards this, specific extreme-
value distributions are assumed and the required statistical parameters
calculated from the available data. Using these the flood magnitude for a
specific return period is estimated.

Chow (1951) has shown that most frequency-distribution functions
applicable in hydrologic studies can be expressed by the following equation
known as the general equation of hydrologic frequency analysis:

(7.13)

where xr=value of the variate X of a random hydrologic series with a
return period 7, x==mean of the variate, o=standard deviation of the
variate, K==frequency factor which depends upon the return period, T and
the assumed frequency distribution. Some of the commonly bsed frequency
distribution functions for the predication of extreme flood values arc:

xr=x+Kgo

1. Gumbel’s extreme-value distribation,

2. log-Pearson Type 1IJ distribution, and

3. log normal distribution.

Only -the first two distributions are dealt with in this book with
emphasis on application, Further details and theoretical basis of these and
‘other methods are available in Refs 1, 3, 6and 7.

7.6 GUMBEL'S METHOD

This extreme value distribution was introduced by Gumbel (1941) and is
commonly known as Gumbel’s distribution. It is one of the most widely
used probability-distribution functions for extreme values in hydrologic and
meteorologic studies for prediction of flood peaks, maximum rainfalls,
maximum wind speed, etc.

Gumbel defined a flood as the largest of the 365 daily flows and the
annual series of flood flows constitute a series of largest values of flows.
According to his theory of extreme events, the probability of occurrence of
an event equal to or larger than a valae xo 18

P (/Y = X[)) = 1"‘8"_#_’ (714)

in which y is a dimensionless variable given by

y=a{x—a)
a = x —0.45005 s
@ = 1.2825/d2

s 1.2825 (x—=%) 4 577 (7.15)

O

Thus

where ¥ = mean and oz = standard deviation of the variate X. In
practice it is the value of X for a given P that is required and as such
Eq. (7.14) is iransposed as

yp= - In[—In (1= FP)] (7.16)

Noting that the return period T = 1/P and designating
yr = the value of v, commonly called the reduced variate, for a given T

T
P— [ in. In ?—:J (717

or yr— = [0.834+2.303 log legi,;rji] (7.17-0)

Now rearranging Eq. (7.1%), the value of the variate X with a return
period 7" 1s

xp o= x| K o (7.18)
. S/_}‘T—O.577)
where K = 13835 (7.19)

Note that Eq. (7.19) is of the same form as the general equation of
hydrologic-frequency analysis Eq. (7.13). Further, Eqs. (7.18) and (7.19)
constitute the basic Gumbel's equations and are applicable to an infinite
sample size (i.e. N = ). ;

Since practical annual data series of extreme events such as floods,
maximum rainfall depths, etc., all have finite lengths of record, Eq. (7.19)
is modified to account of finite ' as given below for practical use.

Gumbel’s Equation for Practical Use
Equation (7.18) giving the value of the variate X with a recurrence
interval T is used as

xp = x +K On-y (7.20)

where  ou_, = standard deviation of the sample

» \[2 (x—xV
N=-1

K = frequency factor expressed as

K = J_’_T..Z.';”i (7.21)

in which  yr = reduced variate, a function of 7 and is given by

THh » T | (1.22)
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7
= yr= | 0834+2.303 log log 'Tff]

‘yn = reduced mean, a function of sample size & and is given
in Table 7.3; for N — o0, 5. —> 0.577

§» = reduced standard deviation, a function of sample size
N and is given in Table 7.4; for N — o0, s, — 1.2825

These equations are used under the following procedure to estimate the
flood magnitude corresponding to a given return based on an annual flood
series,

1. Assemble the discharge data and note the sample size N. Here the
annual flood value is the variate X. Find v and o,., for the given

data.
2. Using Tables 7.3 and 7.4 determine y» and s, appropriate to
given N.

3. Find yr for a given T by Eq. (7.22),
4. Find K by Eq. (7.21).
5. Determine the required xy by Eq. (7.20).

The method is illustrated in Example 7.3.

To verify whether the given data follow the assumed Gumbel’s distribu-
tion, the following-procedure may be adopted. The values of xr for some
return periods 77 << N are caleulated by using Gumbel’s formula and
plotted as xr vs T on a convenient paper such as a semi-log, log-log or
Gumbel probability paper. The use of Gumbel probability paper results in
astraight line for xr vs 7' plet. Gumbel’s distribution has the property
which gives T = 2.33 years for the average of the annual series when A is
very large. Thus the value of a flood with T = 2.33 years is called the
mean annual flood. In graphical plots this gives a mandatory point through
which the line showing variation of x; with 7' must pass. For the given
data, values of return periods (plotting positions) for various recorded
values, x of the variate are obtained by the relation 7" == (N - 1)/m and
plotied on the graph described above. A good fit of observed data with the
theoretical variation line indicates the applicability of Gumbel’s distribution
to the given data series (Fig. 7.3). By extrapolation of the straight line
x7 vs T, values of xr for 7> N can be determined easily ( Example 7.3).

Gumbel Probability Paper

The Gumbel probability paper is an aid for convenient graphical represent-
ation of-Gumbel's distribution. It consists of an abscissa specially marked
for various convenient valucs of the return period 7. To construct the
T'-scale on the abscissa, first construct an arithmetic scale of yr values, say
from —2to 4 3, asin Fig. 7.3. For selected values of T, say 2, 10, 50,
100, 500 and 1000, find the values of yr by Eq. (7.22) and mark off those
positions on the abscissa. The 7-scale is now ready for use (Fig. 7.3),

s EXTREME VALUE DISTRIBUTION

TABLE 7.3 REDUCED MEAN y, 1N GUMBEL’

sample size

N=

0.5220
0.5353
0.5430
0.5481
0.5518
0.5545
10.5567
0.5585

0.5202
0.5343
0.5424
0.5477
0.5515

0.5181

0.5157
0,5320

0.5128
0.5309
0.5402
0.5463
0.5504
0.5535
0.5559
0.5578

0.5100
0.5296
0.5396
0.5458
0.5501
0.5533
0.5557
0.5576

0.5070
0.5283
0.5388
0.5453
0.5497
0.5530
0.5555
0.5574
0.5591

0.5035
0.5268
0.5380
0.5448
0.5493
0.5527
0.5552
0.5572

0.4996
0.5252
0.5371
0.5442
0.5489
0.5524
0.5550
0.5570
0.5587

0.4952
0.5236
0.5362
0.5436
0.5485
0.5521
0.5548
0.5569
0.5586

10
20

05332
0.5418
0.5473
0.5511
0,5540

0.5410
0.5468
0.5508
0.5538
0.5561

30
40
50
60

0.5543
0.5565
0.5583

0.5563
0.5581
0.5596

70
80
50

100

0.5580
0.5595

0.5599

0.5598

0.5593

0.5592

0.5589

0.5600

TABLE 7.4 REDUCED STANDARD DEVIATION sn IN GUMBEL'S EXTREME VALUE DISTRIBUTION

N

sample size

&

0.9833
1.0754
1.1193
1.1458

1.0565
1.1086
1.1388
1.15%0
11734
1.1844
1.1930
1.2001

1.2060

1.0493
1.1047
1.1363
1.1574
1.1721
1.1834
1.1923
1.1994
12055

1.0411
1,1004
1.1339
1.1557
1.1708
1.1824

1.0316
1.0961
1.1313
1.1538

1.0206
1.0915
1.1285
1.1519
1.1681
1.1803
1,1898
1.1973
1.2038

1.0095
1.0864
1:1255

0.9971

0.9676
1.0696

0.9496
1.0628
1.1124
1.1413
11607
1.1747
1.1854
1.1938
1.2007

10
20

1.081t
1.1226

1.1159
1.1436
1.1623
1.1759
1.1863

30
40

1.1499
1.1667
1.1793

1.1480
1.1658
1.1782

1,1696
1.1314
1.1906
1.1980
1.2044

1.1638
1.1770
1.1873

50
60
70

TIVUUD LIV

1.1915
1.1987

1.1890
1.1967
1.2032

1.1881

1.1959
1.2026

1.1953

1.2020

1.1945
1,2013

80
90

1.2049

1.2065

100
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Fig. 7.3 Flood probability analysis by Gumbel’s distribution

The ordinate of & Gumbel paper on which the value of the varlatc., Xy
(flood discharge, maximum rainfall depth, etc.) are plotted may have CIthC“l"
an arithmetic scale of logarithmic scale. Since by Egs (7.18) ax&§ (7.1.9) Xy
varies linearly with yr, @ Gumbel distribution will plot as a straight lulw ;m
a Gumbel probability paper. This property can be used advantageously or

graphical extrapolation, wherever necessary.

he river Bhima at Deorgaoi,
d 1951 to 1977 is given below.
n fit the recorded values.
[ of (i) 100 years and

ExaMPLE 7.3 Maximum recorded floods in !
a tributary of the river Krishna, for the perio
Verify whether the Gumbel extreme-value distributio
Estimate the flood discharge with recurrence interva
(ii) 150 years by graphical extrapolation.

S B R
1953 1954 1955 1956 1957 1958 1959
2947 50060 4903 3757
e
1965 1960 1967 1968

Year 1951 1952

Max. flood (m¥/s) 2947 3521 2399 4124 3496

e s

1960 1961 1962 1963 1904

e e

Year

Max. flood (m?/s) 4798 4290 4652 5050 6900 4366 1380 7826 3320

o e S e [t

Yeur 1969 1970 1971 1972 1973 1974 1975 1976 19:?7
4593 0701 1971

Max. flood (m?/s) 6599 3700 4175 2988 2709 3873
L

B

BN b

e —

Floods/Z 1/

The 'ﬂobd di.schargc values are arranged in descending order and the
plotting position recurrence interval Tp for cach discharge is obtained as
N - ;
oML 28
m n
where m = order number. The discharge magnitude ¢J are plotted against
the corresponding 7' on a Gumbel extreme probability paper (Fig. 7.3).
The statistics ¥ and oa—; for the series are next calculated and are shown
in Table 7.5. Using these the discharge xr for some chosen recurrence
interval is calculated by using Gumbel's formulae [Eqs. (7.22), (7.21) and
(7.20) 1. ‘

PapLe 7.5 CaLcutation or Ty FOR OpservED DATA — Example 7.3

Flood dis- T,

Order Flood dis~ Ty Order
number charge (years) number charge (years)
x (m?/s) x (m?fs)
1 7826 28.00 15 3873 1.87
2 6900 14.00 16 3757 1.75
3 6761 9.33 17 3700 1.65
4 6599 7.00 18 3521 1.56
) 50060 5.60 19 3496 1.47
6 5050 4.07 20 3380 1.40
7 4903 4.00 24 3320 1,33
8 4798 3.50 22 2988 1.27
4652 3.11 23 2947 —

10 4593 2.80 24 2947, 1.17
11 4366 2.55 25 2709 1.12
12 4290 2R3 26 2399 1.08
13 4175 2.15 27 1971 1.04

14 4124 2.00

N = 27 years, X = 4263 m¥s, o,.; = 14326 m¥s

From Tables 7.3 and 7.4, for N = 27, yn = 0.5332 and §a — 1.1004.

Choosing T' = 10 years, by Eq. (7.22)y
o= =[ln - In (10/9)] == 2.25037

3y 18037 — 0.5332
_2.25037-0.5332 _ | g6

1.1004
%y = 4263 - (1.56  1432.6)

= 6499 mPfs
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Similarly, values of xr are calculated for two more T values as shown
below,

18 Xp [obtained by
(years) Eq. (7.20)}
(m?/s)
5.0 5522
10.0 6499
20.0 7436

These values are shown in Fig. 7.3, It is secn that duc to the property
of the Gumbel's extreme probability paper thesc points lie on a straight
line. A straight line is drawn through these points, It is seen that the
observed data fit well with the theoretical Gumbel’s extreme-value distri-
bution.
[Note: In view of the linear relationship of the theoretical x7 and 7 on a
- Gumbel probability paper it is enough if only two values of 7" and the
corresponding xr are calculated. However, il Gumbel’s probability paper is
not available, a semi-log plot with log scale for T will have to be used and
a large set of (xr, 7) values are needed to identify the theoretical curve.]
By extrapolation of the theorctical x7 vs T relationship, from Fig. 7.3,

At T = 100 years, xr == 9600 m%s
At T = 150 years, xpy = 10,700 m*/s
[By using Eq. (7.20) to (7.22), xye0 = 9538 m®/s and Xy50 = 10088 m¥/s.]

EXAMPLE 7.4 Flood-frequency computations for the river Chambal  at
Gandhisagar dam, by using Gumbel's method, yielded the Jollowing restlts:

Return period Peak flood
T (years) (m*fs)
50 40,809
100 46,300

Estimate the flood magnitude in this river with a return period of 500 yeats.
By Eq. (7.20), :

Xpoo = x = Kyo0 On—y

Xgo == % + Kyo Ou-1

(Ko~ Kso) nry = X100™ Xs0 = 46300 — 40809 = 5491

T ;’rz
B =2 - 2
ut K " o

s e

where s, and 7, are constants for the given data series.

[«
Sn

(100~ ¥s0) = 5491

By Eq. (7.22), .
Yoo = —[In+ In (100/99) ] = 4.60015.
Y50 = —[In- In ( 50/49) ] = 3.90194
Oy . SOl
Sn (4.60015—23.90194)
For T = 500 vears, by Eq. (7.22),
Yeoe = ~[In- In (500/499) ] = 6.21361

= 7864

G,»;_.l
Sn

{3500~ Y100) = X500 X100

(6.21361 —4.60015) x 7864 = x50~ 46300
Xgoo == 98988, say 59,000 m*/s

Confidence Limits
Since the value of the variate for a given return period, xr determined by
Gumbel's method can have errors due to the limited sample data used, an
estimate of the confidence limits of the estimate is desirable. The confi-
dence interval indicates the limits about the calculated value between which
the true value can be said to lie with a specific probability based on samp-
ling errors only. '

For a confidence probability ¢, the confidence interval of the variate xr
‘is bounded by values x; and x, given by®

Xifs = Xr :L‘_‘f(c) Se {723)

where f (¢) = function of the confidence probability ¢ determined by using
the table of normal variates as

¢ in per cent 50 68 80 90 a5 99
fe) 0.674 1.00 1.282 1645 196 , 2.58

i,

Se = probable error = bﬁ—ﬂﬂ (7.23a)

b=+V[F 13K+ L.1K*

K = frequency factor given by Eq. (7.21)
on-; = standard deviation of the sample

N == sample size

It is seen that for a given sample and T, 809 confidence limits are twice
as large as the 50% limits and 95% limits are thrice as large as 509 limits.
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ExaMmpLi 7.5 Data covering a period of 92 years for the river Ganga at
Raiwala yielded the mean and standard derivation of the annual flood series
as 6437 and 2951 m®[s respectively. Using Gumbel’s method estimate the
flood discharge with a return period of 500 years. What are the (a) 957, and
(b) 80%, confidence limits for this estimate.

From Table 7.3 for N = 92 years, yu == 0.5589

and sn = 1,2020 from Table 7.4.
Psoo = —ln - In (500/499)]
= §.21361
_ 6.21361--0.5589
Kyo0 = 13030 4.7044

Nooo = 0437--4.7044 X 2951 = 20320 m’/s

From Eq. (7.33 a)
b= +/1+1.3 (4.7044)+1.1 (4.7044)*
= 5,61

2951
se = probable error 561X ——— = 1726

V92
(a) For 95% confidence probability S {c) = 1.96 and by Eq. (7.23)
Xy = 20320 2 (1,96 1726)
x, = 23703 m%/s and Xy = 16937 m’/s

Thus the estimated discharge of 20320 m®/s has a 95% probability of lying
between 23700 and 16940 m¥/s. :
(b) For 807, confidence probability, f (¢} = 1.282 and by Eq. (7.23)
Xyp = 20320 4 (1.282%1726)
x; = 22533 m’fs.  and x, = 18107 m’/s

The estimated discharge of 20320 m¥/s has a 809 probability of lying
between 22530 and 18110 m?/s.

For the data of Example 7.5, the values of xr for different values of T
are calculated and shown plotted on a Gumbel probability paper in
Fig. 7.4. This variation is marked as “fitted line” in the figure. Also
shown in this plot are the 95 and 80% confidence limits for various values
of T. It is seen that as the confidence probability increases, the confidence
interval also increases. Further, an increase in the return period I causes
tiie conflidence band to spread. Theoretical work by Alexeev (1961) has
shown that for Gumbel's distribution the coefficient of skew C, — 1.14 for
very low values of N. Thus the Gumbel’s distribution will give erroneous
results if the sample has a value of Cy very much ditlerent from 1,14,
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Fig. 7.4 Confidence bands for Gumbel’s distribution—
Example 7.5

7.7 LOG-PEARSON TYPE 11l DISTRIBUTION

This distribution is extensively used in USA for projects sponsored by the
US Government. In this the variate is first transformed into logarithmic
form (base 10) and the transformed data is then analysed. If X is the
variate of a random hydrologic series, then the series of Z variates where

z = log x (7.24)
are first obtained. For this z series, for any recurrence interval 7, Eq. (7.13)
gives

zp = z +K; s (7.25)
where K, = a frequency factor which is a function of recurrence interval 7'
and the coefficient of skew C,,

o, == standard deviation of the Z variate sample

v E G- N=D (7.25a)
and ¢, = coeflicient of skew of variale £
NZ(z—2)’ (7.25b)

TSN (V=2) ()
z = mean of the z values
N = sample size = number of years vl record
The variation of A: =/ (Cs, T') is given in Table 7.5
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TanLE 7.6 Kz = f{Cs, T) FOR USE IN Loc-Pearson Type 111 DISTRIBUTION

Recurtence inierval T in years

Coeflicient
ofo skew, C; 2 10 25 50 100 200 1000
3.0 ~ 0,396 1.180 2278 1958 4.051 4,970 7.250
2.5 —0.360 1.250 2.262 3.048 3.845 4,652 6,600
2.2 —-0.330 1,284 2.240 2.970 3,705 4.444 6.200
2.0 —-0.307 1.302 2.219 2,912 3.605 4.298 5,910
1.8 —0.282 1.318 2,193 2.848 3.499 4.147 5.660
1.6 —0.254 1329 2,163  2.780 3.388 3.990 5.390
1.4 -0.225 1337 2,128 2.706 3.271 3.828 5.110
1.2 —0.195 1.340 2.087 2.626 3,149 3.661 4820
1.0 —0.164 1.340 2.043 2.542 3.022 3.489 4.540
0.9 -0,148 1.339 2.018 2.498 2,957 3.401 4,395
0.8 —~0.132 1.336 1.998 " 2.453 2.891 3,312 4,250
0.7 —0.116 1.333 1.967 2.407 2.824 3223 4.105
0.6 —0.099 1.328 1.939 2.359 2755 3.132 3.960
0.5 —~0.083 1.323 1.910 2.311 2686 3.041 3.815
0.4 0,066 1.317 1,880 2.261 2,615 2.949 3.670
0.3 —0.050 1,309 1.849 2.211 2,544 2.856 3,525
0.2 —0.033 1.301 1.818 2.159 2 472 2.763 3.380
0.1 —0.017 1.292 1,785 2.107 2.400 2.670 3.235
0.0 0.000 1.282 1.751 2,054 2326 2576 3.090
0,1 0.017 1.270 1.716 2.000 2252 2.482 2,950
=0 0.033 1.258 1.680 1.945 2.178 2,388 2,810
—0.3 0.050 1.245 1.643 1.890 2.104 2.294 2.675
0.4 0.066 1.231 1,606 1.834 2.029 2.201 2540
=15 0.083 1.216 1.567 1777 1.955 2.108 2,400
—0.6 0.099 1.200 1.528 1.720 1.880 2.016 2275
w T 0.116 1.183 1.483 1.663 1.806 1,926 2,150
—-0.8 0.132 1.166 1.448 1,606 1.733 1.837 2.035
—0.9 0.148 1,147 1,407 1,549 1,660 1.749 1.910
=i 0.164 1.128 1.366 1.492 1,588 1.664 1.880
—14 0.225 1.041 1.198 1.270 1.318 1.351 1.465
—1.8 0.282 0,945 1.035 1,069 1.087 1.097 1,130
—2.2 033 0.844 . 0.888 0.900 0.905 0.907 0.910
o) C 0396 0660 1 0,666 0.666 0.667  0.667 0.668

After finding zr by Eq. (7.25), the corresponding value of xz is obtained by
Eq. (7.24) as
xr = antilog (z7) (7.26)

Sometimes, the cocflicient of skew Cs is adjusted to account for the size of
the sample by using the following relation proposed by Hazen (1930)

A 85
&, = G ( 1+ F) (1.27)

A
where C, = adjusted coefficient of skew. However the standard procedure
for use log-Pearson Type [ distribution adopted by U.S, Water Resources
Council does not include this adjustment for skew.
When the skew is zero, i.e. C, = 0, the log-Pearson Type IlI distribu-
tion reduces to fog normal distribution. The log-normal distribution plots
as a straight line on logarithmic probability paper.

ExampLE 7.6 For the annual flood series data given in Example 7.3,
estimate the flood discharge for a return period of (a) 100 vears and (b) 200
years by using log-Pearson Type I distribution.

The variate z = log x is first calculated for all the discharges. Then the
statistics z, - and Cs are calculated as shown in Table 7.7.

27 %0.0030
o, = 0.1427 C, = W}
z = 3.6071 = 0.043
TABLE 7.7 VARIATE z—Example 7.6
Year Flood z=log x Year Flood z=log x
x (m3/s) x (m?fs)
1951 2947 3.4694 1965 4366 3.6401
1952 3521 3.5467 1966 3380 3.5289
1953 2399 3.3800 1967 7826 3.8935
1954 4124 3.6153 1968 3320 3.5211
1955 3496 3.5436 1969 6599 3.8195
1956 2947 3.4694 1970 3700 3.5682
1957 5060 3.7042 1971 4175 3.6207
1958 4903 3.6905 1972 2988 3.4754
1959 3751 3.5748 1973 2709 3.4328
1960 4798 3.6811 1974 3873 3.5880
1961 4290 3.6325 1975 4593 3.6621
1962 4652 3,6676 1976 6761 3.8300
1963 5050 3.7033 1977 1971 3.2947
1964 6900 3.8388
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The flood discharge for a given T is calculated as below. Values of K for
given T and ¢, = 0.043 are read from Table 7.6.

T Kz K; oz zT X
(yrs) [Eq. (7-25}] = antilog zr
{m?/s)
100 2.358 0.3365 3.9436 8782
200 2.616 0.3733 3.9804 9559

78 PARTIAL-DURATION SERIES

In the annual hydrologic data series of floods, only one maximum value of
flood per year is selected as the data point. It is likely that in some
catchments there are more than one independent floods in a year and
muny of these may be of appreciably high magnitude, To enable all the
Jarge ffood peaks to be considered for analysis, a Mood magnitude larger
than an arbitrary selected base value are included in the analysis, Such a
dita series is called partial-duration series.

In using the partial-duration series, it 1s necessary to establish that all
events considered are independent. Hence the partial-duration series is
adopted mostly for rainfall analysis where the conditions of independency
of events are easy to establish. Tts use in flood studies is rather rare, The
recurrence interval of an event obtained by annual serics (T ) and by the
partial duration series (7p) are related by

e l 56
T T (T 1) s
‘From this it can be seen that the difference between Ty and Tr is sighi-
ficant for Ty < 10 years and that for Ty > 20, the difference is negligibly

small.

7.9 REGIONAL FLOOD FREQUENCY ANALYSIS

When the available data at a catchment is too short 1o conduct frequency
analysis, a regional analysis is adopted. In this a hydrologically homogene-
ous 'rcgion from the statistically point of view is considered. Available
long-time data from neighbouring catchments are tested for homogeneity
and a group of stations satisfying the test are identified. This group of
stations consiitutes a region and all the station data of this region arc
to find the frequency characteristics of the

pooled and analysed as a group :
which corresponds to a recurrence

. region, The mean annual flood QOwma,
interval of 2.33 years is used | .
variation of Qma with drainage area and the vanation of Qr/Qms with T,

where Qr is the discharge for any T are the basic plots prepared in this
analysis, Details of the method gre available o Refl 1,

or nondimensionalising the results. The

7.10 LIMITATIONS OF FREQUENCY STUDIES

The flood-frequency analysis described in the previous sections is a direct
means of estimating the desired flood based upon the available flood-flow
data of the catchment. The results of the frequency analysis depend upon
the length of data. The minimum number of years of record required to
obtain satisfactory estimates depends upon the variability of data and
hence on the physical and climatological characteristics of the basin,
Generally a minimun of 30 vears of data is considered as essential. Smaller
lengths of records are also used when it is unavoidable. However, frequ-
ency analysis should not be adopted if the length of records is less than 10
years.

Flood-frequency studies are most reliable in climates that are uniform
from year to year. In such cases a relatively short record gives a reliable
picture of the frequency distribution. With increasing lengths of flood
records, it affords a viable alternative method of flood-flow estimation in
most Cases, ;

7.11 DESIGN FLOOD

In the design of hydraulic structures it is not practical from econonic
considerations to provide for the safety of the structure and the system at
the maximum-possible flood in the catchment. Small structures such as
culverts and storm drainages can be designed for less severe floods as the
consequences of a higher-than-design flood may not be very serious. [t can
cause temporary inconvenience like the disruption of traffic and very rarely
severe property damage and loss of life. On the other hand, storage
structures such as dams demand greater attention to the magnitude of
floods used in the design. The failure of these structures causes large loss
of life and great property damage on the down.stream of the structure.
From this it is apparent that the type, importance of the structure and.
economic development of the surrounding area dictate the design criteria
for choosing the flood magnitude. This section highlights the procedures
adopted in selecting the flood magnitude for the design of some hydraulic
structures.
The following definitions are first noted:

Design Flood
Flood adopted for the design of a structure,

Spillway Design Flood
Design flood used for the specific purpose of designing the spillway of a
storage structure. This term is frequently vwed to denote the maximum

i
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discharge that can be passed in a hydraulic structure without any damage
or serious threat to the stability of the structure.

Standard Project Flood (SPF)

The flood that would result from a severe combination of meteorological
and hydrological factors that are reasonably applicable to the region.
Extremely rare combinations of factors are excluded.

Probable Maximum Flood (PMF)

The extreme flood that is physically possible in a region as a result of
severemost combinations, including rare combinations of meteorclogical
and hydrological factors.

The PMF is used in situations where the failure of the structure would
result in loss of life and catastrophic damage and as such complete security
from potential floods is sought, On the other hand, SPF is often used
where the failure of a structure would cause less severe damages. Typically,
the! SPF is about 40 to 60% of the PMF for the same drainage basin. The
criteria used for selecting the design flood for various hydraulic structures
vary from one country Lo another. Table 7.8 gives a briefl summary of the
cuidelines adopted by CWC, India to select design floods.

TanLe 7.8 GUIDELINES FOR SELECTING DESIGN Froops

Recommended design flood

1. Spillways for major and medium (a) PMF determined by unit hydrograph
projects with storages more than and probable maximum precipitation
60 Mm?# (PMP)
2 (b) If (a) is not applicable or possible
flood-frequency method with T =
1000 years

2. Permanent barrage and minor (a) SPF determined by unit hydrograph
dams with capacity less than and standard project sterm (SPS)
60 Mm?® which is usually the largest recorded

storm in the region
(b) Flood with a return period of 100
years
{(a) Or (b) whichever gives higher value.
Plood with a return period of 100 or 50
years depending on the importance of the
project.

3. Pickup weirs

4. Aqueducts
(a) Waterway
(b} Foundations and fre¢ board

Flood with T = 50 years
Flood with T = 100 yecars

5. Project with very scanty or inade-
quate data Empirical formulae

a5

rloods/cdf

7.12 DESIGN STORM

To estimate the design flood for a project by the use of a unit hydrograph,
one needs the design storm. This can be the storm-producing probable
maximum precipitation (PMP) for deriving PMF or a standard project
storm (SPS) for SPF calculations. The computations are performed by
experienced hydrometeorologists by using metecrological data, Various
methods ranging from highly sophisticated hydrometeorological methods to
simple analysis of past rainfall data are in use'depending on the availability
of reliable relevant data and expertise.

The following is a brief outline of a procedure followed in India:

1. The duration of the critical rainfall is first sclected. This will be the
basin lag if the flood peak is of interest. If the flood volume is of
prime interest, the duration of the longest storm experienced in the
basin is selected.

2. Past major storms in the region which conceivably could have
occurred in the basin under study are selected. DAD analysis is
performed and the enveloping curve representing maximum depth-
duration relation for the study basin obtained.

3. Rainfall depths for convenient time intervals (e.g. 6 h) are scaled
from the enveloping curve. These increments are to be arranged to
get a critical sequence which produces the maximum flood peak when
applied to the relevant unit hydrograph of the basin.

The critical sequence of rainfall increments can be obtained by trial and
error. Alternatively, increments of precipitation are first arranged in a
table of relevant unit hydrograph ordinates such that (i) the maximum
rainfall increment is against the maximum unit hydrograph ordinate,
(i) the second highest rainfall increment is against the sccond largest unit
hydrograph ordinate, and so on, and (iii) the sequence of rainfall incre-
ments arranged above is now reversed, with the fast item first and first item
last. The new sequence gives the design storm (Example 7.7).

4. The design storm is then combined with hydrologic abstractions most
conducive to high runoff, viz. low initial loss and lowest infiltration rate
to get the hyetograph of rainfall excess to operate upon the unit
hydrograph.

Further details about the above procedure and other methods for
computing design storms are available in Ref. 6. Reference 2 gives details
of the estimation of the design flood peak by unit hydrographs for small
drainage basins of areas from 25-300 km®,

ExaMmpLE 7.7: The ordinates of cumulative rainfall from the enveloping
maximum depth-duration curve for a basin are given below. Also given are the
ordinates of a 6-h unit hydrograph. Design the eritical sequence of rainfall
gxcesses by taking the ¢ index to be 0.15 emfh.
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Time from

start (h) 0 6 12 18 24 30 36 42 48 54 60
Cumulative

rainfall (cm) 0 16 241 30 34 3t 39 40,5 41.3

6-h UH ordinate

(m3/s) 0 20 54 98 126 146 154 152 138 122 106
Time from

start (h) 66 72 78 84 90 9 102 108 114 129 132
6-h UH ordinate

{m?/s) 92 79 64 52 40 30 20 14 10 6 0

The critical storm and rainfall excesses are calculated in a tabular form

in Table 7.8.

TABLE 7.8 CALCULATION OF CRITICAL STORM—Example 7.8

Time Cumula- 6-h in- Ordi- First Design  Infiltra- Rain-
(h) iive rain- cremen- nate of arran- sequence tion loss fall ex-
fall tal rain- 6-h UH gement of rain- (cm) cess of
(cm) fall (m?%s) of rain- fallin- design
(cm) fall in-  crement storm
crement (cm)
1 2 3 4 5 6 7 8
0 0 0 0 0 0
6 15.0 15.0 20 1.5 0.9 0.6
12 24.1 9.1 54 2.0 0.9 1.1
18 30.0 5.9 98 0.8 4.0 0.9 3.1
24 34.0 4.0 126 3.0 9.1 0.9 8.1
30 37.0 3.0 146 5.9 5.0 0.9 14.1
36 3%.0 2.0 154 15.0 5.9 09 50
42 40,5 1.5 152 9.1 3.0 0.9 2.1
48 41,3 0.8 138 4.0 0.8 0.9 0
54 122 2.0
60 106 1.5
66 972
72 19
78 64
84 82
90 40
96 30
102 20
108 14
114 10
120 6
132 0

1. (Column 6 is reversed sequence of column 5)

2. Infiltration loss = 0.15cm/h = 0.9cm/6 h

7.1

7.2

T.3

7.4

7.5
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PROBLEMS

A catchment of area 120 ha has a time of concentration of 30 min and runoll
coefficient of 0.3, If a storm of duration 45 min results in 3,0 cm of rain over
the catchment, estimate the resulting peak flow rate.

Information on the 50-year storm is given below.

Duration (minutes) 15 30 45 60 180
Rainfall (mm) 40 60 75 100 120

A culvert has to drain 200 ha of land with a maximum length of travel of 1.25 km.
The general slope of the catchment is 0.001 and its runoff coefficient is 0.20.
Estimate the peak flow by the rational method for designing the culvert for a
50-year flood.

A basin is divided by 1-h isochirones inlo four sub-areas of size 200, 250, 350 and
170 hectares from the upstream end of the outlet respectively. A rainfall event
of 5-h duration with intensities of 1.7 cm/h for the first 2 h and 1.25 cm/h for the
next 3 occurs uniformly over the basin.  Assuming a constant runoff coefficient
of 0.5, estimate the peak rate of runoff.

(Note : An isochrone is a line on the catchment map joining points having equal
time of travel of surface runoff. See Sec. 8.8)

A flood of 4000 m3/s in a certain river has a return period of 40 years. (a) What
is its probability of exceedence? (b) What is the probability that a flood of
4000 m®/s ‘or greater magnitude may occur in the next 20 years? (c) What is the
probability of oceurrence of a flood of magnitude less than 4000 m?/s?

Colmplete the following:
(a) Probability of a 10-year flood occurring .at least once in the next 5 years

(b) Probability that a flood of magnitude equal to or greater than the 20-year
flood will not oceur in the next 20 years is—-—————
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(c) Probability of a flood equal to or greater than a 50-year flood occurring next
year is—-——-—-—-— :

(d) Probability of a flood equal to or greater than a 50-year flood occurring three
times in the next 10 years is——————:

(e) Probability of a flood equal to or greater than a 50-year flood occurring at
least once in next 50 years is—————-—=""+

7.6 What return period must a designer use in the design of a culvert if he is willing

to accept a 10% risk that a flood will occur in the next 10 years?

[Note: The probability of an cvent occurring at least once in N succes

known as risk.]

sive years is

ency factor K in the Gumbel’s extreme
N and return period T is often given in
K for T=1000 years. Complete

7.7 A table showing the variation of the frequ
value distribution with the sample sizz
books. The following is an incomplete listing of
the table.

Sample
size, N 25 30 35 40 45 50 55 60 65 70

Value of
K (T, N)
for T=

1000 :
years 5.842 5.727 - 5.576 — 5478 — — — 5359

7.8 The following table gives the observed anpual flood values in the River
Bhagirathi at Tehri. Estimale the llood peaks with return periods of 50, 100 and
1000 years by using:

(a) Gumbel's extreme value distribution, and
(b) log-Pearson type 111 distribution

Year 1963 1964 1965 1966 1967 1968 1969

Flood dis-

charge (m?/s) 3210 4000 1250 3300 2480 1780 1860

Year 1970 1971 1972 1973 1974 1975

Flood dis-
charge (m?3/[s) 4130 3110 2320 2480 3405 1820

7.9 A hydraulic structure on a stream has been designed for a discharge of 350 m?fs.
If the available flood data on the stream is for 20 years and the mean and
standard deviation for annual flood series are 121 and 60 m?fs respectively,
calculate the return period for the design flood by using Gumbel's method.

7.10 The flood data of a river was analysed for the prediction of extreme values by log-
Pearson Type Il distribution. Using the variate Z=log Q, where Q=flood
discharge in"the river, it was found that 7 =2.510, o,=0.162 and [coeflicient of
skew C,=0.70. [Bstimate the flood discharges with return periods of 50, 100, 200
and 1000 years in this river.

P i

%11 The following data give flood-data statistics of two rivers in UP:

3. River Length of Mean

No. records annual I
(years) flood (m?/s)

1  Ganga at Raiwala 92 6437 2951

2 Yamuna at Tajewala 54 5627 3360

(a) Estimate the 100- and 1000-year floods for these two rivers by using Gumbel's
method,
(b) What are the 95°% confidential intervals for the predicted values?
7.12 For a river, the estimated flood peaks for two return periods by the use of
Gumbel's method are as follows:

Return period Peak flood
(years) (m3/s)
100 435
50 395

What flood discharge in this river will have a return period of 1000 years.

7.13 Using 30 years data and Gumbel's method the flood magnitudes, for return periods
of 100 and 50 years for a river are found to be 1200 and 1060 m¥fs respectively.
(a) Determine the mean and standard deviation of the data use and
(b) estimate the magnitude of a floed with a return period of 500 years.

7.14 The ordinates of a mass curve of rainfall from a severe storm in a catchment is
given, Ordinates of a 12-h unit hydrograph applicable to the catchment are also
given, Using the given mass curve, develop a design storm to estimate the design
flood for the catchment. Taking the ¢ index as 0.15 cm/h, estimate the resulling
flood hydrograph. Assume the base flow 1o be 50 m?/s.

Time (h) 0 12 24 36 438 60 72 84 96 108 120 132

Cumulative rain-

fall (em) 0 10,2 30.5 34.0 36.0 B

12-h UH ordi-

nate (m?/s) 0 32 96 130 126 98 75 S50 30 IS5 7 0
QUESTIONS

7.1 A culvert is designed for a peak flow Q5 on the basis of the rational formula, 1f a
storm of the same intensity as used in the design but of duration twice larger

occurs, the resulting peak discharge will be

@) Q@ (b) 20, (c) @yl2 (d) 0».

7.2 A catchment of area 90 ha has a runoff coefficient ‘of 0.4. A storm of duration

T e




7.3

7.4
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1.7

7.8

Vi)

7.10

7.12
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larger than the time of concentration of the calchment and of intensity 4.5 cmjh
creates a peak discharge rate of

{a) 11.3 m3/fs (b) 0.45 m?/s (c) 450 mé/s (d) 4.5 m%s.

Of the various empirical formulae relating the flood peak to the catchment area,
(@) Ryves formula is used all over the country

(b) Dickens formula is used all over the country

(c) Inglis formula is in use in a large part of north India

(d) Dickens formula is in usc in a large part of north India,

For an annual flood series arranged in decreasing order of magnitude, the return
period for a magnitude listed at position m in a total of N entries is

(a) m/N (b) m/(N+1) (c) (N+1)im (d) N/(m+1).

The general equation for hydrological frequency analysis states that xyp=value of
a variate with a return period of T years is given by xp=

) = Kas (byx + Ko (©) K& d) x/ Ko.
For a return period of 100 years the Gumbel's reduced variate Yq-is
(@) —4.600 (b) 4.600 () 0,517 (d) 1.2835.

An annual flood series contains 100 years of flood data. Fora return period of

200 years the Gumbel’s reduced varjate is

(a) 5.296 (1) 4.600 {¢) 1.2835 (d) 0.5170.

To use Gumbel's method to estimate the magnitude of a flood with a return

period of T years, the following data pertaining to annoual flood series are

sufficient:

{a) mean and standard deviation

(b) mean, standard deviation and length of record

(c) standard deviation and length of record

(d) mean, standard deviation and coellicient of skew,

To estimate th: flood magnitude with a return period T by the log-Pearsen Type

ITT methed, the following data pertaining to annual flood series are sufficient:

() mean, standard deviation and coeflicient of skew of discharge data;

() mean and standard deviation of the log of discharges and the number of years
of record;

(¢) mean, standard deviation and coeflicient of skew of the log of discharges;

(d) mean and standard deviation of the log of discharges.

The recurrence interval of an event s T, in annual series and T, in partial-

duration series.

(a) T, isalways smaller tham Tops

(b) Difference between T, and TP is negligible for T, < 5 years.

(¢} Difference between T, and Tp is negligible for T, > 10 years,

(d) Difference berween 7, and T, is significant for T4 = 100 years.

The term mean annual flood denotes

(a) mean of floods in partial-duration series

(b) mean annua! fow

(¢) aflood with a recurrence interval of 2.33 years

(d) a flood with a recurrence interval of /2 years, where N=number of years of
record,

The confidence interval for the estimate of a value X3 by Gumbel's method

depends on

(a) the confidence probability only

(b) the return period only

T

rloogs/ioa

(c) the confidence probability and return period
(d) the confidence probability and number of years of record.

7.13 The use of the unit hydrograph for estimating floods is limited to catchments of

size less than N
(a) 5000 km? (b) 500 km? (c) 10* km?* {d) no upper limit.

_7.14 The probable maximum flood is

(a) the standard project flood of an extremely large rivet
(b) a flood adopted in the design of all kinds of spxilwz_iys

(c) a flood adopted in all hydraulic structures _ .
(d) an extremely large but physically possible flood in the region.
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FLOOD ROUTING

8.1 INTRODUCTION

The flood hydrograph discussed in Chap. 6 is in fact a wave. The stage
and discharge hydrographs represent the passage of waves of river depth
and discharge respectively. As this wave moves down the river, the shape
of the wave gets modified due to various factors, such as channel storage,
resistance, lateral addition or withdrawal of flows, etc. When a flood wave
passes through a reservoir, its peak is attenuated and the time base is
enlarged due to the effect of storage. Flood waves passing down a river
have their peaks attenuated duc to friction if there is no lateral inflow,
The addition of lateral inflows can cause a reduction of atfenuation or
even amplification of a flood wave. The study of the basic aspects of these
changes in a flood wave passing through a channel system forms the
subject matter of this chapter.

Flood routing is the technique of determining the flood hydrograph at
a section of a river by utilizing * the data of flood flow at one or more
upstream sections. The hydrologic analysis of problems such as flood
forecasting, flood protection, reservoir design and spillway design invari-
aoly include flood routing. In these applications two broad categories of
routing can be recognised. These are:

L. Reservoir routing, and
2. channel routing,

In reservoir routing the effect of a flood wave entering a reservoir is
studied. Knowing the volume-elevation characteristic of the reservoir and
the outfow-elevation relationship for the spillways and other outlet
structures in the reservoir, the cffect of a flood wave entering the reservoir
is studied to predict the variations of reservoir elevation and outflow dis-
charge with time, This form of reservoir routing is essential (i) in the

design of the capacity of spillways and other reservoir ou_tlct structures alnd
(ii) in the location and sizing of the capacity of reservoirs to meet specific
requirements. ¢ _

In channel routing the changes in the shape of a hydrograph as it tr‘avcls
down a channel is studied. By considering a cha‘nncl 'reach and an input
hydrograph at the upstream end, this form of routing aims to P[‘CdlCt the
flood hydrograph at various sections of the reach. Informatson.on the
flood-peak attenuation and the duration of high-water ]eve1§ obtamed” by
channel routing is of utmost importance in flood-forecasting operations
and {flood-protectien works.

A variety of routing methods are available and they can be brcad].y,
classiﬁed into two categorics as: (i) hydrologic routing and (ii) lleraulzc
routing. Hydrologic-routing ‘methods employ essentially the equation .of
continuity, Hydraulic methods, on the other hand, employ the contmm?y
equation together with the equation of motion of unsteady flow. The basic
differential equations used in the hydraulic routing, known as St. Vcnat}t
equations afford a better description of unsteady flow than hydrologic

methods.

8.2 BASIC EQUATIONS

The passage of a flood hydrograph through a reservoir or a channel rcalch
is an unsteady-flow phenomenon. It is classified in open-.cha.nnel hydra.mhcs
as gradually varied unsteady flow. The equation of continuity use.c} in all
hydrologic routing as the primary equation states that the difference
between the inflow and outllow rate is equal to the rate of change of
storage, i.e.

ds
I-Q = = (8.1)

where 7 = inflow rate, 0 = outflow rate and S = storage. Alternatively,
in a small time interval At the difference between the total inflow volun"le
and total outlow volume i1 2 reach is equal to the change in storage in
that reach

[ At—G At = AS _ (8.2)
bl

where 7 = average inflow in time As, § = average outflow in time Ar and

AS = change in storage. By taking 7= (I, + I)/2, 0 = '(Ql + Q)2
and AS = §,— S, with suffixes 1 and 2 to denote the beginning and end

of the time interval As, Eq. (8.2) is written as

(—ﬁ—g——é) A:—(&*};—QP—) At = §,— 5, (8.3)

The time interval Ar should be sufficiently short so that the inflow gnd
outflow hydrographs can be assumed to be straight line in that time




interval, Further, A must be shorter than the time of transit of the flood
wave through the reach.
In the differential form the equation of continuity for unsteady flow in
a reach with no lateral flow is given by
a0 e ORE
F s e ®4)
where T = top width of the section and y =: depth of flow,
The equation of motion for a flood wave is derived from the application
of the momentum equation as
ay ¥V o iar

ax T g ox g o

= 8§y — St (8.5)

where V = velocity of flow at any section, S, = channel bed slope and
Sr = slope of the energy line. The continuity equation [Eq. (8.4)] and
the equation of motion [Eq. (8.5)] are believed to have been first developed
by A.J.C. Barré de Saint Venant (1871) and are commonly known as
St Venant eguations. Hydraulic-lood routing involves the numerical
solution of St Venant cquations through the use of digital computers.
Details about these equations, such as their derivations and various forms
are available in Ref. 7.

8.3 HYDROLOGIC STORAGE ROUTING

A flood wave I(z) enters a reservoir provided with an outlet such as a
spillway. The outflow is a function of the reservoir elevation only, i.e.
¢ = Q(h). The storage in the reservoir is a function of the reservolr
elevation, S = S(A). Further, due to the passage of the flood wave through
the reservoir, the water level in he reservoir changes with time, h == h(f)
and hence the storage and discharge change with time (Fig. 8.1). It is
required to find the variation of S, & and Q with time, i.e. find § = S(z),
Q == Q) and b = h(t) given I = I(1).

C | md
AR TR AN
. ( - L £
Qutput

.

Reservoir t

Inflow g = S(h)

1=1(t) h/\
{

Fig. 8.1 Storage routing (Schematic)

If an uncontrolled spillway is provided in a reservoir typically

Q=3 i V% L

where H == head over the spillway, L. = effective length of the spillway
erest and Cu = cocflicient of discharge. Similarly, for other forms of
outlets, such as gated spillways, sluice gates, etc. other relations for Q(h)
will be available. '

For reservoir routing, the following data have to be known:

1. Storage volume vs clevation for the reservoir;

2. water-surface clevation vs outflow and hence storage vs outflow

discharge;

3. inflow hydrograph, I = [{¢); and

4. initial values of §, 7 and @ at time ¢ == 0.
There are a variety of methods available for routing of floods through a*
reservoir. All of them use Eq. (8.2) but in various rearranged manners.
Two commonly used methods are described below.

Modified Pul’s Method
Equation (8.3) is rearranged as

(252 )ar+ (s 27) = (s +&) @9

At the starting of flood routing, the initial storage and outflow discharges
are known. In Eq. (8.6) all the terms in the left-hand side are known at
the beginning of a time step Af. Hence the value of the function

A
(S3+—Qz—2-t—) at the end of the time step is calculated by Eq. (8.6).

2

Since the relation § = S(h) and Q = Q(h) are known, (S + *Qéf_)
~ 2
will enable one to determine the reservoir elevation and hence the dis-
charge at the end of the time step. The procedure is repeated to cover the
full inflow hydrograph.
For practical vse in hand computation, the following semigraphical
method is very convenient,

1. From the known storage-elevation and discharge-elevation data,

; ) vs elevation (Fig. 8.2). Here Af is

prepare a curve of (S -+ YQ:?

any chosen interval, approximately 20 to 40%, of the time of rise of
the inflow hydrograph. '
2. On the same, plot prepare a curve of outflow discharge vs elevation
(Fig. 8.2).
3. The storage, elevation and outflow discharge at the starting of rout-

ing are known. For the first time interval Ay, (—{3;;—372—) A¢ and

- (Sl— Qszﬂ) are known and hence by Eq. (8.6) the term

(Sa + QZEA—' ) is determined.
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Qutflow @ (m'is) When the reservoir level was at 100,50, the following flood hydrograph
0 1w 20 40 60 80 100 120 160 160 entered the reservoir. .
T 1 T | T T T T
M #
103.00 ! Time
‘i (h) 0 6 12 18§ 24 30 36 42 48 54 60 66 72
102,50+ ‘ -] Dis-
I|] @ vs elevation chc;rge
e T 10 3
€ 02.00- ’ s = (m’|s) 20 55 & 73 38 46 36 55 20 15 13 U
g | :
£ 1ousol- | i 5.9 A1) vs elevation Route the flood and obtai (i) the outflow hydrograph and (ii) the reservoir
e 2 elevation vs time curve during the passage of the flood wave.
2 A time interval A7 = 6h is chosen. From the available data the
101.00 N L 0 A
elevation—discharge- ( S + e ) table is prepared.
100.50 At=6h ] At =6 x 60 x 60 = x 108
Initial elevation =100-50 1 0.0216 x 10°s
100.00 L I ! ! ! i ] ]
3 4.5 5.0 5.5 6.0 65 7.0 i Elevation (m) 100.00 100.50 101,00 101.50 102.00 102.50 102.75 103.00
§ (sa,%-m) in Mm ' g Discharge
5 | _ Q (m*/s) 0 10 26 46 72 100 116 130
! Fig. 8.2 Modified Pul’s method of storage routing i
0, At {5+ S5%)
4. The water-surface clevation corresponding 10 (Sa + =5 ) is (Mm?) 335 3.58 416 4.88 566 645 678 126
found by using the plot of step (1). The outflow discharge 0, at the
d ti tep A is found from plot of step (2). )
B B 1hS e sieg 0, At & 0 At it i A graph of Q vs elevation and (S E %&f_) vs elevation is prepared
i , At from (S = ) ives ( - ) or the ) . .
| 5. Deducting @3 3 2 & 1 (Fig. 8.2). At the start of routing, elevation-100.50, ¢ = 10.0 m®fs, and
B beginning of the next time step. ) (S-—- Q Ar) _ T . 0 At )\,
6. The procedure is repeated tiil the entire inflow hydrograph is routed. 7 3-3.@3 Mm®. Starting from this value of (S*;—-——*2
¢ ' . : _ : : A P s
ExAMBLE 8.1: A reservoir has the following elevation, discharge and storage | Eq. (8.6)is used to get (S + AQ2 - ) at the end of first time stcp of
relationships: : 6 h as : e
) i ; ' At At 0 At
Elevation Storage Cutflow discharge 3 (S+ Q ) s {F Iy 2k ( _ )
(10° m?) (m?[s) ] 2/ L+l 5=+ 5 Iy
i 0216
100.00 3.350 0 ' : = (10 + 20) x L 221 + (3.362) = 3.686 Mm?®
100.50 3.472 10 ; B
101.00 3.880 26 B Looking '“PQ l;t Fig. 8.2, the water-surface elevation corresponding to
101.50 4.383 4‘2 to ( s +“““2—) = 3,686 Mm? is 100.62 and the corresponding outflow
102.00 4.882 7
102.50 5.370 100 discharge @ is 13 m®s, For the next step, the initial value of(Sw g )
102.75 5.527 116 2
e Q0 Ar ; ;
103.00 5.856 130 : =|5+=5 of the provious step— Q. Ar = (3.686— 13 X0.0216) =

3,405 Mm®,

R T T o TS St A

5 e 1]
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X
The process is repeated for the entire duration of the inflow hydrograph
in a tabular form as shown in Table 8.1.

TapLE 8.1 FLooD ROUTING THROUGH A RESERVOIR—EXAMPLE 8.1

Ar = 6h = 00216 Ms, I = (I, + 1,)2

- o . Ar,

Time Inflow 1 1. 4t 8= qu S+ —{Eg Eleva.- Q
(h) 1 (m?s) (m®fs) (Mm?) (Mm?) (Mm?3) tion m (m3fs)
1 2 3 4 5 6 7 8
(o] 10 2 . 100.50 10

1500 0.324. 3.362" 3.636 g
6 20 100.62 13
37.50" 0.810 3405 4.215
12 55 & 101.04 27
67.50 1.458 3.632 5.090
18 80 101.64 53
76.50 1.652 3.945 5,597
24 73 101,96 69
65.50 1.415 4.107 5.522
30 58 101.91 66
52.00 1.123 4.096 5.219
36 46 % 101.72 57
41.00 0.886 3.988 4.874
42 36 i 101.48 45
31,75 0.686 3.902 4.588
48 27.5 101.30 37
23.15 - 0.513 3.789 4.302
54 20 100.10 29
17.50 0.378 3.676 4.054
60 15 100.93 23
14.00 0.302 3337 3.859
66 13 100.77 18
12 00 0.259 3,470 3.729
72 11 100.65 14

3.427

Using the data in columns 1, 8 and 7, the outflow hydrograph (Fig. 8.3)

and a graph showing the variation of reservoir elevation with time

(Fig. 8.4) are prepared.

: & .
Sometimes a graph of (S— Q?r_) vs elevation prepared from known .

data is plotted in Fig. 8.2 to aid in calculating the items in column. 5. Note
that the calculations are sequential in nature and any error at any stage is
carried forward. The accuracy of the method depends upon the value of
Ar; smaller values of Ar give greater accuracy.

Goodrich Method
Another popular method of hydrologic reservoir routing, known as
Goodrich method utilizes Eq. (8.3) rearranged as

28, 25
'[1 + I:!F“Qiﬁgz T f e _B’I"l'
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Fig. 8.3 Variation of inflow and outflow discharges—Example 8.1
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Fig. 8.4 Variation of reservoir elevation with time—Example 8,1

\’thre suffixes I and 2 stand for the values at the beginning and end of a
time step Af respectively. Collecting the known and initial values together

0+ (B -a) = (B +0) (8.7

For a gi;;n time step, the left-hand side of Eq. 8.7 is known and the

term (K:_ ot Q)2 is determined by using Eq. (8.7). From the known

storage-elevation—discharge data, the function (—%{; i Q)” is known as
2

a function of elevation. Hence the discharge, elevation and storage at the
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end of the time step are obtained. For the next time step,

[(-%ST +0 ) - 2Q3] of the previous time step
2
t(}—‘i — ) for use as the initial values
At 3

The procedure is illustrated in Example 8.2.

ExAMPLE 8.2 Route the following flood hydrograph through the reservoir of
Example 8.1 by the Goodrich method:

Time (h) 0 6 52 18 24 30 36 42 48 54 60 66

Inflow
(m3/s) 10 30 85 140 125 96 75 60 46 35 25 20

The inirial conditions are: when t = 0, the reservoir elevation is 100.60-m,
A time increment A = 6 h = 0.0216 Ms is chosen. Using the known
storage-elevation—discharge data, the following table is prepared.

Elevation ;

(m) 100.00 100.50 101.00 101.50 102,00 102,50 102.75 103.00

Qutflow

Q (m3/[s) 0 10 26 46 72 100 116 130
28

(@)

(m#/s) 310.2  331.5 3853  451.8 5240 5972 6278 6722

A graph depicting Q vs elevation and( —%é;-— -+ Q) vs elevation is prepared

from this data (Fig. 8.5).
At t = 0, Elevation = 100.60, from Fig. 8,5, ¢ = 12 m%s and

(_25% +Q) = 340 m%/s.
25 s o ot oz i,
(m - )1“340 24 = 316 mfs

For the first time interval (;f 6 h,
I, =10, I, =30, Q.= 12,and

(%L{?_ e Q)2 = (10 + 30) + 316 = 356 m¥s

2

From Fig. 8.5 the regservair elevation for this (—?} + Q) is 100.74,

OUTFLOW @ (mis)

0 2 %0 K.(i) 60 80 100 120
1 i I k f L [ T i

140 16C
T

102.50- Q vs elevation

{m)

o

v

)

=)
I

f
103.00F | |
|
I
|
I
l

(m+0) vs elevation

At=6h
initial elevation o
=100:60

RESERVOIR ELEVATION

15 L i i ] 1 L L

1 *l l 1
300 340 400 500 600 700
( %-?- +qQ) (mls)

Fig. 8.5 Goodrich method of storage routing

For the next time increment

(—zfr - ) = 356—2 x 12 = 322 m¥s

! 1

The procedure is repeated in a tabular form (Table 8.2) till the entire flood
is routed.

Using the data in columns 1, 8 and 7, the outflow hydrograph and a
graph showing the variation of reservoir elevation with time (Fig. 8.6) are
plotted.

In this method also, the accuracy depends upon the value of Ar

chosen; smaller values of Ar give greater accuracy.

Other Mathods

In addition to the above two methods, there are a large number of other
methods which depend on different combinations of the parameters of the
basic continuity equation [Eq. (8.3)]. Graphical and analog methods are
also available for reservoir routing. References 3 and 5 can be consulted
for details on some of these methods,
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TABLE 8.2 RESERVOIR ROUTING—GOODRICH MEeTHOD —EXAMPLE 8.2
At = 6,0 h = 0.0216 Ms

28 i
Time I (41 (—25‘? -0 ) ('F 4 Q) Bleva  Dis-
(h) (m3]s) 0 s tion (m)  charge
(mdfs) (m¥js) iy
1 2 3 4 5 6 7
] 10 (340) 100.60 12
40 iie6 356
6 30 100.74 17
115 322 437
12 85 101.38 40
225 357 582
18 140 102.50 98
265 362 657
24 125 102,92 127
21 403 624
30 96 102.70 112
171 400 571
36 75 102,32 920
135 391 526
42 60 102.02 73
106 380 486
48 46 101.74 57
81 372 453
54 35 101.51 46
60 361 421
60 25 101.28 37
45 347 392
66 20 101.02 27
. 335
i Reservoir 4103.00
/f‘v" ~v/el2votion
160 1102.50
(1]
= 4l 4102.00
e
=20 4101.50
w e | .
W 100 101.00
% 80 4100.50
it 0 4
& BR f il
o o
a 40 4 g.:
o
] o
i 83
xe

05475 718 24 30 36 42 48 54 60 66
TIME (h)

Fig. 86 Results of reservoir routing—Example 8.2

8.4 ATTENUATIUN
Figures 8.3 and 8.6 show the typical result of routing a flood hydrograph

through a reservoir. Owing to the storage effect, the peak of the outflow
hydrograph will be smaller than that of the inflow hydrograph. This
reduction in the peak value is called attenuation. Further, the peak of the
outflow occurs after the peak of the inflow; the time difference between
the two peaks is known as /ag. The attenuation and lag of a flood hydro-
graph at a reservoir are two very important aspects of a reservoir operat-
ing under a flood-control criteria. By judicious management of the initial
reservoir level at the time of arrival of a critical flood, considerable
attenuating of the floods can be achieved. The storage capacity of the
reservoir and the characteristics of spillways and other outlets control the
lag and attenuation of an inflow hydrograph. o

In Figs. 8.3 and 8.6 in the rising part of the outflow curve where the
inflow curve is higher than the outfiow curve, the area between the two
curves indicate the accumulation of flow as storage. In the falling part of
the outfow curve, the outflow curve is higher than the inflow curve and
the area between the two indicate depletion from the storage. When the
outflow from a storage reservoir is uncontrolled, as in a freely operating
spillway, the peak of the outflow hydrograph will occur at the point of
intersection of the inflow and outflow curves (Fig. 8.3).

85 HYDROLOGIC CHANNEL ROUTING

In reservoir routing presented in the previous sections, the storage was a
unique function of the outflow discharge, S=/(Q). However, in channel
routing the storage is a function of both outflow and inflow discharges and
hence a different routing method is needed. The flow in a river during a
flood belongs to the category of gradually varied unsteady flow. The water
surface in a channel reach is not only not parallel to the channel bottom but
also varies with time (Fig. 8.7). Considering a channel reach having a
flood flow, the total volume in storage can be considered under two cate-
gories as:

1. Prism storage, and
2. wedge storage.

Prism Storage

It is the volume that would exist if uniform flow occurred at the downstream
depth, i.e. the volume formed by an imaginary plane parallel to the channel
bottom drawn at the outflow section water surface.

Wedge Storage
It is the wedge-like volume formed between the actual water surface
profile and the top surface of the prism storage.

At a fixed depth at a downstream section of a river reach the prism
storage is constant while the wedge storage changes from a positive value
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Fig. 8.7 Storage in a chaunel reach

at an advancing flood to a negative value during a receding flood. The
prism storage S, is similar to a reservoir and can be expressed as a func-
tion of the outflow discharge, S» = f(0). The wedge storage S» can be
accounted for by expressing it as S« == f{/). The total storage in the channel
reach can then be expressed. as

S = K[x I" + (1—x) 0"] (8.8)
where K-and x are coefficients and m = a constant exponent. It has been
found that the value of m varies from 0.6 for rectangular channels {o a
value. of about 1.0 for natural channels,

Muskingum Equation
Using m = 1.0, Eq. (8.8) reduces to a lingar relationship for § in térms of
Iand Qas

S =K[xI+(=x) 0] (8.9)

and this relationship is known as the Muskingum equation. If’l this the
parameter x is known as weighting factor. When x = 0, obviously the
storage is a function of discharge only and the Eq. (8.9} reduces to

S=KQ (8.10)
Such a starage is known as linear storage or linear reservoir. When x = 0.3

T L

both the inflow and outflow are cqually important in determining the
storage.

The coefficient K is known as storage-time constant and has the dimen-
sions of time. It is approximately equal to the time of travel of a flood
wave through the channel reach.

Estimation of K and x

Figure 8.8 shows a typical inflow and outflow hydrograph through a
channel reach. Note that the outflow peak does not occur at the point of

_intersection of the inflow and outflow hydrographs. Using the continuity -

equation [Eq. (8.3)],
At Af
Ui+ 1) 5 —(0 + Q) 5 =4S

the increment in storage at any time 7 and time element Az can be calcula-
ted. Summation of the various incremental storage values enable one to find
the channcl storage S vs time relationship (Fig. 8.8).

If an inflow and outflow hydrcgraph set is available for a given reach,
values of § at various time intervals can be determined by the above
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Fig. 8.8 Hydrographs and storage in channel routing
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a trial value of X, values of § at any time f are
ponding [x I + (1 —x) Q] values. If the value of
_line relationship as given by Eq. (8.9) will
value of x is used, the plotted points will
a value of x is so chosen that the
g. 8.9), The inverse slope of this

technique. BY choosing
plotted against the corres
x is chosen correctly, a straight
result. However, if an incorrect
trace a looping curve. By trial and error,
data very nearly describe a straight line (Fi
straight line will give the value of K.

40
3o
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10

0

(riis)
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Fig. 8.9 Determination of K and x for a channel reach

Normally, for natural channels, th: value of x lies between 0 to 0.3. For
a given reach, the values of x and K are assumed to be constant.

ExAMPLE 8.3: The following inflow and outflow hydrographs were observed in
a river reach. Estimate the values of K and x applicable to this reach Sor use
in the Muskinghum equation.

-
Time (h) 0 6 12 18 24 30 36 42 48 54 60 66
Inflow :

(m3/s) 5 20 50 50 32 22 15 10 7 5 8 5
Qutflow

(m3/s) 5 6 12 29 38 15 29 23 17 13 ) T

Using 4 tinle increment &t = 6 h, the calculations are performed in a
tabul_gr manner as in Table 8.3. The incremental storage AS and S a
calculated in columns 6 and 7 respectively. It is advantageous to -
units [(m?/s).h] for storage terms. e the

TaBLE 8.3 DETERMINATION OF K AND x—ExaMPLE 8.3

Ar= 6h, Storage in (m3/s). h
Time q Q (I—Q) Average AS S
= = I »
th)y (m3/s) (m¥s) (I—Q) Col. s ZAS ® +(!£11‘IS;C) o
x Ar ( m? h ) X == xX= X==
(inj 2y L 035 030 025
s
1 2 3 4 5 6 T 8 9 10
0 5 5 0 1]
: ; : . 0 - 5.0 5.0 5.0
4 .
2 . 155 2 10.9 10.2 9.5
1 50 12 38 g 177 198 253 234 215
8 50 29 21 s 375
: . : ¢ ' g o 7. 364 353 343
3 - 4
s B 20 35.9 36.2 36.5
30 22 35 —13 o o 363 30.5 311 318
6 15 29 —l14 ' B 2
X ’ ” ; A ] 82 24.1 24.8 25.5
—_ 20
" G- 0 1 18.5 19.1 19.8
7 17 —10 . s 132 13.5 14.0 14.5
54 5 13 —8 T e 78 10.2 10.6 11.0
60 5 9 —4 a0 18 42 7.6 1.8 8.0
66 5 7] —2 24 6.3 6.4 6.5

As a first trial x = 0.35 is selected and the value -
evaluated (column s) and plotted against S in Figl.1 Sf gn{:j(; I{ig de
curve is obtained, further trials are performed with x=0.30 and 0.25 Iit”is
seen from Fig, 8.9 that for x == 0.25 the data very nearly describe 'a s‘traight
line and as such x == 0.25 is taken as the apﬁropriate value for the reach

From Fig. 8.9, K = 133 h

Muskingum Method of Routing
Fora given channel reach by selecting a routing interval As and using
the Muskingum equation, the change in storage is

So— 8 = K[x (L—1I) + (1=x) (@~ O] (8.11)
?xherc suffixes 1 and 2 refer to the conditions before and after the time
interval Ar. The continuity equation for the reach is

=8 = (%ﬁm) Ar- (—Q-Lié-g‘—) At (5.12)
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From Fqgs (8.11) and (8.12), @, is evaluated as

Q2=CD 12+C111"‘§'C2 0 (8-13)
_ —Kx 4054
where Cy ——————W———K__ K & 0.5 A7
o —_Kxtosar
17 K—Kx + 0.5 At
- —-0.5 A
Ch s K—-Kx—0.5 41

E—Kx + 0.5 At
Note that C, + €, + €, = 1. Equation (8.13) provides a simple lincar
cquation for channel routing. it has been found that best results the
routing interval should be so chosen that &> Arf > 2 Kx If Ar < 2 Kx,
the coefficient C, will be negative.

ExXAMPLE 8.4: Route the following hydrograph through a river reach for
which K = 12.0 h and x = 0.20. At the start of the inflow flood, the outflow
discharge is 10 m®/s.

Tifiie (h) 0 6 12 18 24 30 36 42 48 54
Inflow (m3/s) 10 20 51 60 55 45 s 27 20 15
=12 %X 020405 %6 0.6
Co=3_3x02+05x6 126 0.048

12 %024+05 X6 _
@ e = (,429
P12 X 02-05 X6
C, = 56 = (.523

TasLe 8.4 MuskiNnGUM METHOD 0F ROUTING —EXAMPLE 8.4

At =6h
Time(hy  [(m%s) . 0.048 1, 04291, 0.523Q, Q)
1 2 3 4 S 6
0 10 ; 10.00
0.96 4.29 5.23 ;
6 20 10.48
2.40 ) 8.58 5.48
2 50 16,46
2:88 21.45 3.61
18 60 32.54
2.64 25.74 £7.28
24 55 45,61
216 23.60 23,85
30 45 49.61
1.68 19.30 25.95
36 35 46.93
1.30 15.02 24.55
42 27 : 40.87
0,96 11.58 21.38
48 20 33.92
0.72 8.58 17.74
54 158 27.04

The calculations are shown in Table 8.4, For the first time interval, 0 to
6h,

[, = 10.0 Cy I =429
O = 10.0 CZ_QL 5-_23

From Eq. (8.13), 0, = 10.48 m?/s

For.the next time step, 6 to 12 h, @, = 10.43 m®/s. The procedure is
repeated for the duration of the inflow hydrograph. By plotting the inflow
and outflow hydrographs the attenuation and peak lag are found to be
10 m?/s and 12 h respectively. A

Alternative Forim
Fquations (8.11) and (8.12) can be combined in an alternative form of the
routing equation as

O, = O+ By (= 0y & By (,—1) (8.14)
__ Ay '
where By = K% + 05 &t
0.5 Ar— Kx

B =g UZx + 05 A

The use of Eq. (8.14) is essentially the same as that of Eq. (8.13).

86 HYDRAULIC METHOD OF FLOOD ROUTING

The hydraulic method of flood routing is essentially a solution of the basic

St Venant equations [Eq’s (8.4) and (8.5)]. These equations arc simultane-
ous, quasi-linear, first-order partial differential equations of the hyperbolic
type and are not amenable to gencral analytical solutions. Only for highly
simplified cases can one obtain the analytical solution of thesc equations.
The development of modern, high-speed digital computers during the past
two decades has given rise to the evolution of many sophisticated numeri-
cal techniques. The various numerical methods for solving St Venant equa-
tions can be broadly classified into two categories:

1. Approximate methods, and
2. complete numerical methods.

Approximate Methods
These are based on the equation of continuity only or on a drastically cur-

* tailed equation of motion. The hydrological method of storage routing and

Muskingum channel routing discussed earlier belong to this category.
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Other methods in this category are diffusion analogy and kinematic wave

models.

Complete Numerical Methods
These are the essence of the hydraulic method of routing and are classified
into many categories as below:

Complete Nurrllel;ical Method

|

Method of characteristics Finite element

;(M(?C) method (FEM)
| | 5
I E I
Characteristic Rectangular

noc‘ies grid

PR B R B
| | | |
I c o E

[ = Implicit method, E = Explicit method

| .
Direct method

In the direct method, the partial derivatives are replaced by finite differ-
ences and the resulting algebraic equations are then solved. In the method
of characteristics (MOC) St Venant equations are converted into a pair of
ordinary differential equations (i.e. characteristic forms) and then solved by
fnite-difference technigues. In the finite element method (FEM) the system
is divided into a number of elements and partial differential equations are
integrated at the podal points of the elements.

The numerical schemes are further classified into explicit and implicit
methods. In the explicit method the algebraic equations are linear and the
dependent variables are extracted explicitly at the end of each time step.
In the implicit method the dependent variables occur implicitly and the
cquations are nonlincar. Each of these two methods have a host of finite-
differencing schemes to choose from. Details of hydraulic flood routing and
a bibliography of relevant literature are available in Refs 5, 6 and 7.

8.7 ROUTING IN CONCEPTUAL HYDROGRAPH DEVELOPMENT

Even though the routing of floods through a reservoir or channel discussed
in the previous section were developed for field use, they have found
another important use in the conceptual studies of hydrographs. The
routing through a reservoir which gives attenuation and channel routing
which gives translation to an input hydrograph are treated as two basic
modifying operators. The following two fictitious items are used in the
studies for development of synthetic hydrographs through conceptual
models:

1. Linear reservoir: a reservoir in which the storage is directly propor- .

moLu NVUEUilg /e

tional to the discharge, (S = KQ). This clement is used to provide
attenuation to a flood wave.

5. Linear channel a fictitious channel in which the time required to
translate a discharge Q through a given reach is constant. An inflow
hydrograph passes through such a channel with only translation and
no attenuation.

Conceptual modelling for IUH development has undergone rapid progress

since the first work by Zoch (1937). Detailed reviews of various contribu-

tions to this field are available in Refs 2 and 3 and the details are beyond -

the scope of this book. However, one simple method, viz, Clark’s method
(1945) which utilizes the Muskingum method of routing through a lincar
reservoir is indicated below as a typical example of the use of routing in

conceptual models.

8.8 CLARK'S METHOD FOR IUH

Clark’s method, also known as Time-area histogram method aims at deve-
loping an IUH due to an instantancous rainfall excess over a catchment. It
is assumed that the rainfall excess first undergoes pure translation and then
attenuation, The translation is achieved by a travel time-area histogram
and the attenuation by routing the results of the above through a linear
reserveir at the catchment outlet.

Time-Area Curve
Time here refers to the time of concentration. As defined earlier in Sec. 7.2,
the time of concentration 7. is the time required for a unit volume of water
from the farthest point of catchment to reach the outlet. It represents the
maximum time of translation of the surface runoff of the catchment. In
gauged areas the time interval between the end of the rainfall excess and the
point of inflection of the resulting surface runoft (Fig. 8.10) provides a
good way of estimating ¢. from known rainfall-runoff data, in ungauged
areas the empirical formulac Eq. (7.3) or (7.4) can be used to estimate fe.
The total catchment area drains into the outlet in /e hours, If points on
the arca having equal tims of travel, (say f; h where 1, < 1), are
considered and located on a map of the catchment, a line joining them is
called an Isochrone (or runoff isochrone). Figure (8.11) shows a catchment
being divided into N (== 8) subareas by isochrones having an equal time
interval. To assist in drawing isochrones, the longest water course is
chosen and its profile plotted as elevation vs distance from the outlet; the
distance is then divided into N parts and the elevations of the subparts
measured on the profile transferred to the contour map of the catchment.
The intér-isochrone areas 4,, Aa, ..., Ay are used to conslruct a travel
time-area histogram (Fig. 8.12). If a rainfall excess of 1 cm occurs
instantaneously and uniformly over the catchment area, this time-area
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histogram represents the sequence in which the volume of rainfall will be
moved out of the catchment and arrive at the outlet. In Fig. 812, a sgb-
area Ar km® represents a volume of Ar km. cm = Ar % 10¢ s_n‘/s moviog
out in time Ate = tofV hrs. The hydrograph of outflow gbtamed by this
figure while properly accounting for the sequence of arrival of flows, do
not provide for the storage properties of the catchment. Tq overcome
this deficiency, Clark assumed a linear reservoir to be hypothetically avail-

able at the outlet to provide the requisite attenuation.

Routing
The linear reservoir at the outlet is assumed to be described by

§ = KQ!

INTER ISOCHRONE AREA

Aq| A,
Ar|A; As| Ag
A
7| Ag
et b Bt
TIME —*

Fig. 8.12 Time-area histogram

where K is the storage time constant. The value of X can be estimated by
considering the point of inflection P; of a surface runoff hydrograph

'(Fig. 8.10). At this point the inflow into the channel has ceased and

beyond this point the flow is entirely due to withdrawal from the channel
storage. The continuity equation

ds
=8 =z |
o =45 _ _p dO
becomes e K — (by Eq. 8.10)
Hence K =—Q:[(dQ/dr): (8.15)

where suffix 7 refers to the point of inflection, (Fig. 8.10), and K can be
estimated from a known surface runoff hydrograph of the catchment. The

" constant K can also be estimated from the data on the recession limb of 2

hydrograph (Sec. 6.3).

Knowing K of the linear reservoir, the inflows at various times are
routed by the Muskingum method. Note that since a linear reservoir is
used x = 0 in Eq. (8.9). The inflow rate between an inter-isochrone area
Ar km® with a time interval As. (h) is

CAr x 100

e — 978 &

AP i S PO i WO 3
3600 Af. Ag, O

The Muskingum routing equation would now be by Eq. (8.13},
= G L G I 00y (8.16)
where Co = (0.5 Are)/(K - 0.5 Ate)
€, = (0.5 At)JK + 0.5 Ato)
Cy = (K~0.5 A)/(K + 0.5 Are)




i.e. C, == C,. Also since the inflows are derived from the histogram [, == I,
e - :
for each interval. Thus Eq. (8.16) becomes

05 = 2C:14 + Cy 0y

e time-area histogram by Eq. (8.17) gives the ordinates of
hment. Using this 1UH any other D-h unit hydrograph

(8.17)

Routing of ti
IUH for the cate
can be derived.

EXAMPLE 8.5: A drainage basin has the Jollowing characteristics:

i 7 = i pl 7
g i o o 1t = v Y nd
Area 110 k?na, Iime ()fLO!’tCCﬂIJu;lOI? 18 /1, Storage consiant 1 h 71

inter-isochrone area distribution as below:

Travel time
t(h)

Inter-1so-
chrone area
(km?) 3 9 20 22 16

0-2 2-4 4-6 G-8 8-10 10-12 12-14 14-16 16-18

18 10 3 4

Determine the IUH for this catchment.
K = 12h, te = 18 h, Ate=2h

R L.k TREES
G Eesx 2
c. _ 12-05 X2 eas

= TIR A0S w2

154 7, -+ 0.846 0,

Equation (8.17) becomes {0, = 0,
= QOrdinate of IUH

Attt = 0, QI. e 0,
I = 278 4:/2 = 1.39 4, m®[s

The calculations are shown in Table 8.5.

8.9 FLOOD CONTROL

The term “flood control” is commonly used to denote all the measures
adopted to reduce damages to life and property by floods. As there 1s
always a possibility, however remote it may be, of an extremely large flood
occurring in a river the complete control of the flood to a level ol zero
loss is neither physically possible nor economically feasible. The flood
control measures that are in use can be classified as:
1. Structural methods:

(i) Storage and detention rescrvoirs,

(ii) levees (flood embankments),

(iii) channe! improvement,

TaBLE 8,5 CALcULATIONS OF IUH—EXAMPLE 8,5

Time (h) Area I (m3/s) 0.154 I; 0.846 0, Ordinate
Ay of ITUH
(km?) (m3/s)

1 2 ‘ 3 4 5 6
0 0 0 0 0

2 3 4,17 0.64 0 0.64

4 12.51 1.93 © o 0.54 2.47

6 20 27.80 4,28 2.09 6.37

8 22 30.58 4.7 5.39 10.10

10 16 22.24 342 8.54 11.96

12 13 25.02 3.85 10.12 13.97

14 10 13.90 2.14 11.82 13.96

16 8 11.12 1.71 11.81 13.52

18 4 5.56 0.86 11.44 12.30

20 0 0 0 10.40 10.40

22 8.80 8.80

24 7.45 7.45

26 6.30 6.30

28 5,30 5.30

* 80 on 50 On

(iv) flood ways (new channels), and
(v) soil conservation.

2. Non-structural methods:

(i) Flood plain zoning, and
(ii) flood warning and evacuation,

Storage Reservoirs

Storage reservoirs offer one of the most reliable and effective methods of
flood control, Ideally, in this method, a part of the storage in the reservoir
is kept apart to absorb the incoming flood. Further, the stored water is
released in a controlled way over an extended time so that downstream
channels do not get flooded. Figure 8.13 shows an ideal operating plan of
a flood control reservoir. As most of the present-day storage reservoirs
have multipurpose commitments, the manipulation of reservoir levels to
satisfy many conflicting demands is a very difficult and complicated task.
It so happens that many storage reservoirs while reducing the floods and
flood damages do not always aim at achieying optimum benefits in the
flood-control aspect. To achieve complete fload control in the entire length
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of a river, a large number of reservoirs at strategic locations in the catch-
ment will be necessary.

The Hirakud and Damodar Valley Corporation (DVC) reservoirs are
examples of major reservoirs in the country which have specific volumes
earmarked for flood absorption,

Detention Reservoirs

A detention reservoir consists of an obstruction to a river with an un-
controlled outlet. These are essentially small structures and operate to
reduce the flood peak by providing temporary storage and by restriction
of the outflow rate. These structures are not common in India.

Levees

Levees, also known as dikes or Jlood embankments are earthen banks con-
structed parallel to the course of the river to confine it to a fixed course
and limited cross-sectional width. The heights of levees wiil be higher than
the design flood level with sufficient free board. The confinement of the
river to a fixed path frees large tracts land from inundation and consequent
damage (Fig. 8.14). '

Levees are one of the oldest and most common methods of flood-pro-
tection works adopted in the world. Also, they are probably the cheapest
of structural flood-control measures. While the protection offered by a
levee against flood damage is obvious, what is not often appreciated is the
potential damage in the event of a levee failure. The levees, being earth
embankments require considerable care and maintenance. In the event of
being overtopped, they fail and the damage caused can be enormous, In
fact, the sense of protection offered by a levee encourages economic acti-
vity along the embankment and if the levee is overtopped the loss would be
more than what would have been if there were no levees. Confinement of
flood banks of a river by levees to a narrower space leads to higher flood
levels for a given discharge, Further, if the bed levels of the river also

Protected flood plain

- >~ Flood plain
(protectea)

(a)

free board
~0.90m

M;’L \;j_

&1 Slope
,~Berm ~5m

/(.'-1 Slope
GL
R=o e GL
f-\,,,-—-’m ?Om D}__/"m
Key trench rain

Borrow pit “2m deep

(b)

Fig. 8.14 A typical levee: (a) Plan (schematic)
(b) Cross-section

rises, as they do in agrading rivers, the top of the levees have to be raised
at frequent time intervals to keep up its safety margin.

The design of a levee is a major task in which costs and economic bene-
fits have to be considered. The cross-section of a‘levee will have to be
designed like an earth dam for complete safety against all kinds of satura-
tion and drawdown possibilities. In many instances, especially in locations
where important structures and industries are to be protected, the water
side. face of levees are protected by stone or concrete revetment. Regular
maintenance and contingency arrangements to fight floods are absolutely
necessary to keep the levees functional.

Masonry structures used to confine the river in a manner similar to
levees are known as flood walls. These are used to protect important
structures against floods, -especially where the land is at a premium,

FIoodWays

Floodways are natural channels into which a part of the flood will be
diverted during high stages. A flood way can be a natural or man-made
channel and its location is controlled essentially by the toﬁography.
Generally, wherever they are feasible, floodways offer an economical
alternative to other structural flood-control rhe‘asurcs._ To reduce the level
of the river Jhelum at Srinagar, a supplementary channel has been



constructed to act as a floodway with a capacity of 300 m?/s. Th'is
channel is located 5 km upstream of Srinagar city and has its outfall in

lake Wullar,

Channel Improvement
The works under this category involve:
|. Widening or deepening of the channel to increase the cross-sectional

area; .
2. reduction of the channel roughness, by clearing of vegetation from

the channel perimeter;
3. short circuiting of meander loops by cutoll channels, leading to
increased slopes.
All these three methods are essentially short-term measures and require
continued maintenance.

Soil Conservation

Soil-conservation measures in the catchment when properly planned and
effected lead to an all-round improvement in the catchment characteristics
affecting abstractions. Increased infiltration, greater evapotranspiration and
reduced soil erosion are some of its easily identifiable results. It is believed
that while small and medium floods are reduced by soil-conservation
measures, the magnitude of extreme floods are unlikely to be aflected by

these measures.

8.10 FLOOD FORECASTING

Forecasting of floods in advance enables a warning to be given to the
veople likely to be affected and further enables civil-defence measures to
be organized. It thus forms a very important and relatively inexpensive
nonstructural flood-control measure. However, it must be realised that a
flood warning is meaningful if it is given sufficiently in advance. Also,
erroneous warnings will cause the populace to loose faith in the system.
Thus the dual requirements of reliability and advance notice are the
essential ingredients of a flood-forecasting system.

The flood forecasting techniques can be broadly divided into three
categories:

1. Short-range forecasts,

2. medium-range forecasts, and

3. long-range forecasts,

Short-Range Forecasts
In this the river stages at successive stations on a river are correlated with
hydrological parameters, such as precipitation oyer the local area, antece-

dent precipitation index, and variation of the stage at the upstream basc
point during the travel time of a flood. This gives an advance warning of
12-40 h for floods. The flood forecasting currently being used for the
metropelitan city of Delhi is based on this technique.

Medium-Range Forecasts

In this rainfall-runoff relationships are used to predict fleod levels with a
warning of 2-5 days. Coaxial graphical correlations of runoff with rainfall
and other parameters like the time of the year, storm duration and
‘antecedent wetness have been developed to a high stage of refinement by
the US Weather Bureau,

Long-Range Forecasts

Using radars and meteorological satellite data, advance information about
critical storm-producing weather systems, their rain potential and time of
occurrence of the event are predicted well in advance.

8.11 FLOOD CONTROL IN INDIA

In Tndia the Himalayan rivers account for nearly 607 of the flood damage
in the country. Floods in these rivers occur during monscon months and
usually in the months of August or September. The damages caused by
floods are very difficult to estimate and a figure of Rs 10 billion
(1000 crores) as the annual flood damage in the country gives the right order
of magnitude. It is estimated that annually on an average 40 Mha of land
are liable to flooding and of this about 12 Mha have some kind of flood-
control measure, There are about 12,500 km of levees and about
25,600 km drainage channels affording protection from floods. Abeut 60
to 80% of flood damages occur in the states of UP, Bihar, West Bengal,
Assam and Orissa. '

Flood forecasting is handled by CWC in closc collaboration with the
IMD, which lends meteorological data support. Nine flood Met oflices
with the aid of recording raingauges provide daily synoptic situations,
actua! rainfall amounts and rainfall forecasts to CWC. The CWC has 141
flood-forecasting stations situated on various basins to provide a forecast-
ing service to a population of nearly 40 million,

A national programme for flood control was launched in 1954 and an
amount of about 976 crores has been spent since then till the beginning of
the Sixth Five-Year Plan. The Planning Commission has provided an
outlay of 1045 crores in the sixth Five-Year Plan for fiood control. These
figures highlight the seriousness of the flood problem and the efforts made
towards mitigating flood damages. The experience gained in the flood
control measures in the country are embodied in the report of the
Rashtriya Barh Ayog (RBA) (National Flood Commission) submitted in
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on all aspects of flood control forms the basis for the evolution of the

present national policy on floods.
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PROBLEMS

* 8.1 The storage, elevation and outflow data of a reservoir are given below:

Outflow dis=-

Elevation Storage
(m) 108 xm3 charge (m3/s)
299.50 ) 4.8 0
300.20 5.5 0
300.70 6.0 15
301.20 6.6 40
301.70 72 75
302.20 7.9 115
302.70 8.8 160

The spillway crest is at elevation 300.20. The following flood flow is expected into
the reservoir.

Time (h) 0 3 6 9 12 15 18 21 24 27
Discharge
{m3/s) 10 20 52 60 53 43 32 22 16 10

e

8.2

8.3

8.4

8.5

8.6

route the flood to obtain (a) the outflow hydrograpni and (D) 1€ IESCLVLEL
elevation vs time curve.

Solve Prob. 8.1 if the reservoir clevation at the start of the inflow hydrograph is
at 301.50,

A small reservoir has the following storage elevation relationship.

62.00 63.00

1500

61,00
1250

60,00
1000

55.00 58.00

Elevation (m)

Storage (103 x m3) 250 650 1800

A spillway provided with its crest at elevation 60.00 has the discharge relationship
Q@ = 15H3%2, whete H = head of water over the spillway crest. When the
reservoir elevation is at 58.00; a flood hydrograph given below enters the
reservoir. Route the flood and determine {he maximum reservoir elevation, peak
outflow and attenuation of the flood peak.

Time (hrs) 0 6 12 15 18 24 30 36 42

Inflow (m3/s) 5 20 50 60 50 32 22 15 10

The storage-elevation-discharge characteristic of a reservoir is as follows:

Elevation (m) 100.00 100.50 101.00
Discharge (m?/s) 12 18 15
400 450 550

Storage (103 % m3)

When the reservoir elevation is at 101.00, the inflow is at a constant rate of 10 m?/s.
Find the time taken for the water surface to drop to the elevation 100.00.

A small reservoir has a spillway crest at elevation 200.00. Above this elevation.
the storage and outflow from the reservoir can be expressed as
Storage: S = 36000 + 18000 p (m3)
Qutflow: Q = 10 ¥ (m3/s)
where y == height of the reservoir level above the spillwa y crest in m.
Route an inflow flood hydrograph which can be approximated by & triangle

fi

as

I=0atr=0h

I = 30 m3/s at ¢ = 6 h (peak flow)

I=0at¢=26 h(end of inflow).

Assume the reservoir elevation as 200.00 at ¢ = 0 h.

Use a time step of 2 b.

Observed values of inflow and outflow hydrographs at the ends of a reach in a
river are given below. Determine the best values of K and x for usein the
Muskingum method of flood routing.
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PROBLEMS

* 8.1 The storage, elevation and outflow data of a reservoir are given below:

Qutflow dis-

Elevation Storage
(m) 106 x m3 charge (m3/s)
299.50 4.8 0
300.20 5.5 0
300.70 6.0 15
301.20 6.6 40
301,70 7.2 75
302.20 T9 115
302.70 8.8 160

The spillway crest is at elevation 300.20. The following flood flow is expected into
the reservoir.

Time (h) 0 3 6 9 12 15 18 21 24 27
Discharge
(m3/s) 100 20 52 60 53 43 32 22 16 10

If the reservoir surface 1s at €1EVATION JUV. UL At s wammsmemmmmme e 7 -
route the flood to obtain (a) the outflow hydrograph and (b) the reservoir

elevation vs time curve.
3.2 Solve Prob, 8.1 if the reservoi

at 301.50.
8.3 A small reservoir has the following storage elevation relationship.

r elevation at the start of the inflow hydrograph is

55.00 58.00 60.00 61.00 62.00 63.00
1800

Elevation (m)
Storage (108 x m?%) 250 650 1000 1250 1500

A spillway provided with its crest at elevation 60.00 has the discharge relationship
Q = 15H32, wheie H = head of water over the spil]Way crest. When the
reservoir clevation is at 58.00; a flood hydrograph given below enters the
reservoir. Route the flood and determine the maximum reservoir elevation, peak

outflow and attenuation of the flood peak.

Time (hrs) 0 6 12 15 18 24 30 36 42

Inflow (m3/s) 5 20 50 60 50 32 22 15 10

8.4 The storage-clevation-discharge characteristic of a reservoir is as follows:

| Elevation (m) 100.00 100.50 101.00
% Discharge (m3/s) 12 18 25
§ Storage (10% x m3) 400 450 550

Mo IR DS Y

When the reservoir elevation is at 101.00, the inflow is at a constant rate of 10 m¥/s.
Find the time taken for the water surface to drop to the elevation 100.00.

8.5 A small reservoir has a spillway crest at elevation 200.00. Above this elevation.
the storage and outflow from the reservoir can be expressed as
Storage: S = 36000 4 18000 y (m?3)
OQutflow: Q@ = 10 ¥ (m3/s)

i where y = height of the reservoir level above the spillwa y crest in m.

‘ Route an inflow flood hydrograph which can be approximated by a triangle

fi

as

I=0att=0h

I = 30 m3[s at ¢ = 6 h (peak flow)

I=0at¢ =26 h(end of inflow).

Assume the reservoir elevation as 200.00 &t ¢ = O h.

Use a time step of 2 h.

8.6 Observed values of inflow and outflow hydrographs at the ends of a reach in a
river are given below. Determine the best values of K and x for usein the
Muskingum method of flood routing.

T R TR e



Time (h) 0 6 12 18 24 30 36 42 48 54 60 66
Inflow

(m3/s) 20 80 210 240 215 170 130 90 60 40 28 16
outflow

(m3/s) 20 20 50 150 200 210 185 155 120 85 55 23

8.7 Route the following flood through a reach for which K = 22 hand x = 0.25.
Plot the inflow and outflow hydrographs and determine the peak lag and attenua-
tion., At¢ = 0 the outflow discharge is 40 m3/s,

Time (h) 0 12 24 36 48 60 72 84 96 108 120 132 144
Inflow
(m3/s) 40 65 165 250 240 205 170 130 115 85 90 60 54

8.8 A stream has a uniform flow of 10 m®/s, A flood in which the discharge increases
linearly from 10 m?/s to a peak of 70 m*/s in 6 h and then decreases linearly to a
value of 10 m#fs in 24 h from the peak arrives at a reach. Route the flood
through the reach in which X = 10 hand x = 0,

8.9 A drainage basin has area = 137 km?, storage constant X = 9.5 h and time of
concentration = 7 h, The following inter-isochrone area distribution data are
available:

Time (h) 0-1 1-2 2-3 3-4 4-35 5-6 6-7

Inter-isochrone
area (km?) 10 38 20 45 32 10 2

Determine (a) the JUH and (b) the I-h unit hydrograph for the catchment.

8.10 Solve Prob. 8.8 with X = 10 h and x = 0.5. Determine the peak lag and attenua-
tion and compare with the corresponding values of Prob. 8.8.
8.11 Show that the reservoir routing equation for a linear reservoir is
dQ ;
v Fa@ = al
where « is a constant. Obtain the outflow from such a reservoir due to an inflow
I =1, + Bt occurring from ¢ = 0to ¢, with the boundary condition @ = 0 at
t=0. :

QUESTIONS

8.1 The hydrologic flood-routing metheds use
(a) equation of continuity only
(b) equation of motion only
(c) both momentum and continuity equations
(d) energy equation only

§.2 The hydraulic methods of flood routing use

‘(a) equation of continuity only
(b) equation of motion only ) o
(c) both the equation of motion and equation of continuity
{d) energy equation only _
8.3 The St Venant cquations for unstcady open-channel flow are
(a) continuity and momentum eguations
(b) momentum equation in two Qifferent forms
(c) momentum and energy equations
(d) energy equation.
8.4 In routing a flood through a reach the point of intersection of inflow and outflow
hydrographs coincides with the peak of outflow hydrograph
{a) in all cases of flood routing
(b) when the inflow is into a reservoir with an uncontrelled outlet
(c) in channel routing only
(d) in all cases of reservoir routing.
8.5 Which of the following is a proper reservoir-routing equation ?

® S-S+ Qx__z*}.f_),(sa__g%g_g)

by (L +I)ar + (nz_f%.d_Ql) z(}%} a2 Q:)
(© %— (I, + 12) a1 + (s,_ sz"-“'_) =(S1 4‘_@2_:&)

28, 2.5,
@arw  +(E-a) (Bria)
8.6 The Muskingum method of flood routing is a

(a) form of reservoir routing method

(b) hydraulic routing method )
{c) complete numerical solution of St Venant equations

(d) hydrologic channel-routing method.
8.7 The Muskingum method of flood routing assume
inflow rate I and outflow rate Q of a reach as §' =
(a) K[x[-(1-x)0] (b)Y K[xQ + (1-x) 1}
() K[xI+ (1-x)0] (d) Kx [I-(1-x) Q].
8.8 The Muskingum method of flood routing gives 0y = Coly + Cils + Cal.
coefficients in this equation will have values such that
(a) Cp + Ci=C, (b) Co—C1~Cy =1
@) Co+ Ci+ Co=1. o
8.9 If the storage S, inflow rate [ and outflow rate @ for a river reach is written as
S=K[xI"+ (1—x) Q"]
(a) n = 0 represents storage routing through a reservoir
(b) n = 1 represents the Muskingum method
(c) n = 0 represents the Muskingum method
(d) n = Orepresents a linear channel.
8.10 A linear reservoir is one in which
(a) the volume varies linearly with elevation
(b) the storage varies linearly with the outflow rate
(c) the storage varies linearly with time
(d) the storage varies linearly with the inflow rate.

s the storage S is related to

The

© C+Ci+C=0



8.11 An isochrone is a line on the basin map ‘
(a) joining raingauge stations with equal rainfall duration
(b) joining points having equal standard time
(¢) connecting points having equal time of

catchment outlet ‘ . ] o ,
(d) that connects points of equa! rainfall depth in a given time interval.

8.12 In the Muskingum method of channel routing if x = 0.5, it represents an outflow

travel of the surface runoff to the

hydrograph
(a) that has reduced peak

(b) with an amplified peak
(c) that is exactly the same as the inflow hydrograph

(d) with a peak which is exactly half of the inflow peak,

9
GROUNDWATER

9.1 INTRODUCTION

In the previous chapters various aspects of surface hydrology that deal with
surface runoff have been discussed. Study of subsurface flow is equally
important since about 22%, of the world’s fresh water resources exist in the
form of groundwater. Further, the subsurface water forms a critical input
for the sustenance of life and vegetation in arid zones, Because of its
importance as a significant source of water supply, various aspects of
groundwater dealing with the exploration, development and utilization have
been extensively studied by workers from different disciplines, such as
geology, geophysics, geochemistry, agricultural engineering, fluid mecha-
nics and civil engineering and excellent treatises are available” 22 ¥ ¢ 5 & 789,
This chapter confines itself to only an elementary treatment of the subject
of groundwater as a part of engineering hydrology.

9.2 FORMS OF SUBSURFACE WATER

Water in the soil mantle is called subsurface water and is considered in two
zones (Fig. 9.1);

I, Saturated zone, and

2. aeration zone.

Saturated Zone

This zone, also known as groundwater zone is the space in which all the
pores of the soil are filled with water, The water table forms its upper limit
and marks a free surface, i.e. a surface having atmospheric pressure.
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Fig. 9.1 Classification of subsurface water

Zone of Aeration |
In this zone the soil pores are only partially saturated with water. Thi‘
space between the land surface and the water table marks the extent o
£his zone. Further, the zone of aeration has three subzones:

Soil Water Zone ' -
This lies close to the ground surface in the major root band of the vege

tation from which the water is lost to the atmosphere by evapotranspiration.

Capillary Fringe ‘ |
In this the water is held by capillary action. Thls.zone extend
water table upwards to the limit of the capillary rise.

s from the

Intermediate Zone .
This lies between the soil water zone and the capillary fringe.

The thickness of the zone of aeration and its constituent sub.zones dep;x;d
upon the soil texture and moisture content and v'ary from regmn to' reﬁura.l
The soil moisture in the zone of aeration is of 1mp0rtanf:e in agrlc: :
practice and irrigation engineering. The present chapter is concerned on y

i rated zone.
nglﬂ;zrﬁt?ﬁateria]s, from soils to rocks have pore spaces. Although the}sle
pores are completely saturated with water below the water table, from the

undwater utilization aspect only such material through which water

i ¢ are significant. On this

moves easily and hence can be extracted with eas il
basis the saturated formations are classified into four categories:

1. Aquifer,
2. aquitard
3. aquiclude, and

4. aquiiuge.
These are discussed below:

Aquifer

An aquifer is a saturated formation of earth material which not only stores
water but yields it in sufficient quantity, Thus an aquifer transmits water
relatively easily due to its high permeability. Unconsolidated deposits of
sand and gravel form good aquifers.

Agquitard
It is a formation through which only seepage is possible and thus the yield
is insignificant compared to an aquifer. It is partiy permeable.

Aguiclude

It is a geological formation which is essentially impermeable to the flow of
water. It may be considered as closed to water movement even though it
may contain large amounts of water due to its high porosity, Clay is an
example of an aquiclude.

Agquifuge
It is a geological formation which is neither porous nor permeable. There

are no interconnected openings and hence it cannot trarsmit watér. Massive
compact rock without any fractures is an aquifuge.

The definitions of aquifer, aquitard and aquiclude as above are relative.
A formation which may be considered as an aquifer at a place where water
is at & premium (e.g. arid zones) may be classified as an aquitard or even
aquiclude in an area where plenty of water is available,

The availability of groundwater from an aquifer at a place depends upon
the rates of withdrawal and replenishment (recharge). Aquifers play the
roles of both a transmission conduit and a storage. -Aquifers are classified
as unconfined aquifers and confined aquifers on the basis of their occurrence -
and field situation. An wunconfined aquifer (also known as warer table
aquifer) is one in which a free surface, i.e. a water table exists (Fig. 9.2).
Only the saturated zone of this aquifer is of importance in groundwater
studies. Recharge of this aquifer takes place through infiltration of precipi-
tation from the ground surface. A well driven into an unconfined aquifer
will indicate a static water level corresponding to the water table level at
that location.

A confined aquifer, also known as artesian aquifer, is an aquifer which is
confined between two impervious beds such as aquicludes or aquifuges
(Fig. 9.2). Recharge of this aquifer takes place only in the area where it is
exposed ad the ground surface. The water in the confined aquifer will be
under pressure and hence the piezometric level will be much higher than
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attain a level higher than the land surface and a well dnve:x:l ::;o ;gcf:gt]:lghe

tion will flow freely without the aid of any P : - haey ki

. Suc‘}} v 10_Ca » 35 derived from the fact that a large nun‘xbcr 0 S

;efm iﬁ::ﬂj\;;relsfound in Artois, a former province 1n north France.
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i - t the ground
Instances of free-flowing wells having as much as a 50-m head a g

surface are reported.

Water Table .
A water table is the free water surface in an l'mco. L gy
i f a well penetrating an unconfined aquifer 1ndicat e
e { fhat oint. The water table is constantly in moto it
f"’atef e chie\?e a b.aiance between the recharge f‘md outflow nmdu;ing
ol totara e. Fluctuations in the water level in a dug we st
sub_s“rface oo go% the year, lowering of the groundwater table in ;1 ngirri-
e seasonsm ing of the wells and the rise in the water tablcho ﬁauctua.
s s hcavy'lt)tl: gorgdrainage, are some common examples of t ethc tépo-
g'ath ook t 11') table. In a general sense, the water table follows s 3
. O'f parin of the surface. If the water table intersects t?lc lan i 4
. feg‘tmf Sr comes out to the surface in the fot:m of springs or.; gccur
th;gz;?mzfsaz Jens or localised patch of impervious st':;tzmw‘:icr o
inside an unconfined aquifer in such a way .that it retal

tained around

above the general water table (Fig. 9.3). SUChhi;"a‘:Z’;;ab::bl}: Usually the
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9.3 AQUIFER PROPERTIES

The important properties of an aquifer are its capacity to release the
water held in its pores and its ability to transmit the flow easily. These pro-
perties essentially depend upon the comppsition of the aquifer.

Porosity

The amount of pore space per unit volume of the aquifer material is called
porosity. It is expressed as

¢ B

Ve (9.1)
where n = porosity, ¥y == volume of voids and Vo = volume of the porous
medium, In an unconsolidated material the size distribution, packing and
shape of particles determine the porosity. In hard rocks the porosity is
dependent on the extent, spacing and the pattern of fracturing or on the

nature of solution channels. In qualitative terms porosity greater than

20%; is considered as large, between 5 to 207, as medium and less than
5% as small.

specific Yield

While porosity gives a measure of the water-storage capability of a for-
mation, not all the water held in the pores is available for extraction by
pumping or draining by gravity. The pores hold back some water by
molecular attraction and surface tension. The actual volume of water that
can be extracted by the force of gravity from a unit volume of aquifer
material is known as the specific yield, Sy. The fraction of water held back
in the aquifer is known as specific retention, Sr. Thus porosity

n=3_5 + S (9.2)

The representative values of porosity and specific yield of some common
garth ‘materials are given in Table 9.1,



TaBLE 9.1 POROSITY AND SPECIFIC YIELD OF 9ELECARLY

FORMATIONS
Formation Porosity Specific yield
7 pd

Clay .45-55 i-10
Sand 35-40 10-30
Gravel 30-40 15-30
Sand stone 10-20 5-15
Shale 1-10 0.5-5
Lime stone 1-10 05-5

It is seen from Table 9.1 that although both clay and sand have high
 porosity the specific yield of clay is very small compared to that of sand.

Darcy’s Law . o
In 1856 Henry Darcy, a French hydraulic engineer, on ?he basis o his
experimental findings proposed a law relating the velocity of flow mma
porous medium. This law, known as Darcy’s law, can be expressed as

‘ V=Ki 9.3)
in which Q = discharge

= ity of seepage = Q/A -
where ¥ = Apparent velocity of seepage = O/ < mediam. ¥ is sometimes

and A = cross sectional area of the porou

dh ; =
also known as discharge velocity. i = 7= = hydraulic gradient, I

i i = di asured in the
which # = piezometric head and s = distance me !
y hasizes that the piezo-

general flow direction; the negative sign emp ! i
metric head drops in the direction of flow. K=u C.OCﬁ"lCl\.nt, c
coefficient of permeability; having the units of velocity.

The discharge Q can be expressed as

g=Kid (9.38)
-xa(-%)

. i B f
whete (—AH) is the drop in the hydraulic grade line in & length As 0

the porous medium,

Darcy’s law is a particular case of the g
been shown valid for laminar flows only.
of the validity of Darcy’s law can be taken as

pnii_y, i,e

eneral viscous fluid flow. It .ha.s‘
For practical purposes, the limit
Reynolds number of value

_ Vds_ 94
Re = % 1

where Re = Reynolds number
ds = representative particle size, usually ds = dy, where d, repre-
sents a size such that 105 of the aquifer material is of smaller
size.

v = kinematic viscosity of water

Excepting for flow in fissures and caverns, to a large extent groundwater
flow in nature obeys Dacry’s law. Further, there is no known lower limit
for the applicability of Darcy’s law. :

It may be noted that the apparent velocity ¥ used in Darcy’s law is not
the actual velocity of flow through the pores. Owing to irregular pore
geometry the actual velocity of flow varies from point to point and the
bulk pore velocity (va) which represents the actual speed of travel of water
in the porous media is expressed as

|4
Va = ‘—n ‘ (95)

where n = porosity. The bulk pore velocity va is the velocity that is obtain-
ed by tracking a tracer added to the groundwater.

Coefficient of Permeability

- The coefficient of permeability, also designated as Eydmu!fc conductivity

reflects the combined effects of the porous medium and fluid properties.
From an analogy of laminar flow through a conduit (Hagen-Poiseuille low)
the coefficient of permeability K can be expressed as '

K=cC di% (9.6)

where dw = mean particle size of the porous medium vy =pg = unit weight
of fluid. p = density of the fluid, g = acceleration due to gravity, & =
dynamic viscosity of the fluid and C = a shape facter which depends on
the porosity, packing, shape of grains and grain-size distribution of the
porous medium, Thus for a given porous material
K:: o
A

where v = kinematic viscosity = u/p =f(temperature). The laboratory or
standard value of the coefficient of permeability (K) is taken as that for pure
water at a standard temperature of 20°C. The value of K, the coefficient of

permeability at any temperature ¢ can be converted to K, by the relation
Ky = Ki (vijvi) (9.7)
where v, and v, represent the kinematic viscosity values at 20°C and t°C
respectively. .
The coefficient of permeability is often considered in two components,
one reflecting the properties of the medium only and the other incorporat-
ing the fluid properties. Thus, referring to Eq. (9.6), a term K, is defined as

K= K, "E"": Ko% (9.8)



where Kg = C d:t

The parameter K, is called specific or intrinsic J.uerme'abilfty wil(ih Il: ;.
function of the medium only. Note that K, has dimensions of [37><.10~1=
expressed in units of cm® or m? or in darcys where 1 darcs‘r = 9 U
m?, Where more than one fluid is involved in porous mm%:a ﬁo:v or ifm
the‘re is considerable temperature variation, the coefficient I\? tl:sol;i aﬂ;
i ] ‘blems, the temperature variati
However, in groundwater flow prc 15, e o A
fficient of permeability

ther small and as such the coe ‘
Z?Jnvenient to use. The common units of K are m/day or cm/s. The con
version factor for these two are

I m/day = 0.001157 cm/s

Some typical values of coefficients of permeabilities of some porous media
are given in Table 9.2.

TABLE 9.2 REPRESENTATIVE VALUES OF THE PERMEABILITY COEFFICIENTS

N Material K (cmfs) K, (darcys)
o. .
A. Granular material 5
1-100 -
1. Clean gravel o
2. Clean coarse sand 03;;)—{1}8? s
0.005-0.
3, Mixed sand i
4. Fine sand 0.001-0.05 11 ZO
5. ‘Silty sand 1 x 10742 x 107* 0. o
6- Sile 1 % 10-%5 x 10™* 0.01- .3
. Si g
7. Clay < 107¢ < 10
B. Consolidated material e
1. Sandstone 10-€-10"3 1073-1.
2. Carbonate rock with secondaty oo R
porosity B
3, Shale 101 10
4. Fractured and weathered rock Loos 10 e

(aquifers)

At 20°C, for water, v = 0.01 cm®/s and substituting in Eq. (9.8)
K, [darcys] = 103 X [cm/s] at 20°C

Consider an aquifer of unit width and thickn‘cssB, (i.e. deptl_l gf;rgillli)é
saturated zone). The discharge through this aquifer under a unit ny
gradient is

T=KB8 (9.9)

This discharge is termed transmissibility, T and has the dimensions of [L*/T].
Its units are m?/s or litres per day/metre width (Ipd/m). Typical values of
T lie in the range 1 X 10* Ipd/m to 1X 10* Ipd/m. A well with & value of
T= 1x10* Ipd/m is considered satisfactory for irrigation purposes.

The coefficient of permeability is determined in the laboratory by a
permeameter. For coarse-grained soils a constant-head permeameter is used.
In this the discharge of water percolating under a constant head difference
(AH) through a sample of porous material of cross-sectional area 4 and
length L is determined. The coefficient of permeability at the temperature
of the experiment is found as

-2 _1

K=2 @am

For fine grained soils, a Jalling-head permeameter is used. Details of

permeameters and their use is available in any good textbook in Sojl

Mechanics, e.g. Ref. 7. It should be noted that laboratory samples are

disturbed samples and a permeameter cannot simulate the field conditions

exactly. Hence considerable care in the preparation of the samples and in
conducting the tests are needed to obtain meaningful results.

Under field conditions, permeability of an aquifer is determined by con-
ducting pumping tests'in a well. One of the many tests available for this
purpose consists of pumping out water from a well at a uniform rate till
steady state is reached, Knowing the steady-state drawdown and the
dischasge-rate, transmissibility can be calculated. Information about the
thickness of the saturation zone leads one to calculate the permeability.
Injection of a tracer, such as a dye and finding its velocity of travel is
ancther way of determining the permeability under field conditions.

EXAMPLE 9.1: At a certain point in an unconfined aquifer of 3 km® agrea,
the ‘water table was at an elevation of 102.00. Due to natural recharge in a
wet season, its level rose to 103.20. A volume of 1.5 Mm® of water was then
pumped out of the aquifer causing the water table to reach a level of 101.20.
Assuming the water table in the entire aquifer to respond in a similar way,

estimate (a) the specific yield of the aquifer and (b) the volume of recharge
during the wet season.

(a) Volume pumped out = area X drop in water table X Sy
L5 X 10° = 3 x 10° x 20 x S,
Sy = 0.25
(b) Recharge volume = 0.25 x (103.20-102.00) x 3 x 10
= 0.9 Mm?®

EXAMPLE 9.2: A field rest for permeability consists in observing the time
required for a tracer to travel between two observation wells. A tracer was
Jound to take 10 k 10 travel between two wells 50 in apart when the difference

in the water-surfiice elevation in them was 0.50 m. The mean particle size
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of the aquifer was 2 mm and the porosity of the medr’lum 03 If v = 001
cm?/s, estimate (@) the coefficients of permeability and intrinsic permeability
of the aquifer (b) the Reynolds number of the flow.

The trater records the actual velocity of water
50 x 100
V2 = =139 cm
Ve =—osgo x 60 0130 o

Discharge velocity Ve=nVe=03X 0.139 = 0.0417 cm/s

5 . 0.50. . . s
Hydraulic gradient 1 s T 1 x 10

- 407 o 102
Coefficient of permeability =T i0°% 4.17 cm/s
s, Kv
Intrinsic permeability, Ky :Wg

417 X 001 _ 45 x 10-¢ cm®
981

Since 9.87 % 1077 cm?® = 1 darcy
K, = 4307 darcys

V ds
(b) Reynolds number Re =——

N

; opgtT=d - 1 4
Taking ds = mean particle size, Re =—0 X 501 0.834.

9.4 GEOLOGIC FORMATIONS AS AQUIFERS

: 1 quifer for d
The identification of a geologic formation as a Potcntlal aq.-ufer f?l %::il:::d
water-development is a specialized job requiring the services of @ e
hydrogeologist. In this section only & few general ob?,t:watlons:j areemogy
and for details the reader is referred to @ standard treatise oD hydrog
such as Ref. 3. . : #
The geologic formations of importance for possible use as an aquifer c2

. . . 5 d
be broadly classified as (i) unconsolidated deposits and (ii) consolidate

' i i d gravel form the most impor-
rocks. Unconsolidated deposits of sand and g hi ke

tant aguifers. They occur as fluvial alluvial deposits, aban R
sedim;zts,, coastalyailuvium and as lake and glacial deposits. The yxeligz
generally [good and may be of the order of 50-100 m?/hr. In. Illjld:jaﬁ st
Gangetic alluvium and the coastal alluvium in the stgtes. of Tamil Na
Andhra Pradesh are examples of good aquifers of this km@. 5
Among consolidated rocks, rocks with primary porosity such a.sksannd
stones are generally good aquifers. The state of weathering of rocks @

i jol: nece the
accurrence of secondary openings such as joints and fractures enha .
. feen i teee than that of alluvid

deposits and typically may have a value oI ZU—-oU 7/, wdUUSLLILS L
Kathiawar and Kutch areas of Gujarat and of Lathi region of Rajasthan
are some examples.

Limestones contain numerous secondary openings in the form of cavities
formed by the solution action of flowing subsurface water. Often these
form highly productive aquifers. In Jodhpur district of Rajasthan, caver-
nous limestones of the Vindhyan system are providing very valuable ground-
water for use in this arid zone.

The volcanic rock basalt has permeable zones in the form of vesicles,
joints and fractures. Basaltic aquifers are reported to occur in confined as
well as underunconfined conditions. In the Satpura range some aquifers of
this kind give yields of about 20 m?/h,

Igneous and metamorphic rocks with considerable weathered and frac-
tured horizons offer good potentialities as aquifers. Since weathered and
fractured horizons are restricted in their thickness these aquifers have
limited thickness. Also, the average permeability of these rocks decreases
with depth. The yield is fairly low, being of the order of 5-10 m?/h.
Aquifers of this kind are found in the hard rock areas of Karnataka, Tamil
Nadu, Andhra Pradesh and Bihar.

9.5 COMPRESSIBILITY OF AQUIFERS

In confined aquifers the total pressure at any point due to overburden is
borne by the combined action of the pore pressure and intergranular pres-
sure. The compressibility of the aquifer and also that of the pore water
causes a readjustment of these pressures

whenever there is a change in storage T
and thus have an important bearing on

the storage characteristics of the aquifer. il B ;A&A
In this section a relation is developed ; T T

. _
Pigzometric
syrfece

between a defined storage coefficient and [j,;
the various compressibility parameters. + . ——
Consider an elemental volume AV = 7 el
(AX AY) AZ = A4 AZ of a compressible ELLUTE S
aquifer (Fig. 9.4). A cartesian coordinate
system with the Z-axis pointing verti-
cally upwards is adopted. Further the
following three assumpticns are made:

Fig. 9.4 Volume element of a
compressible aquifer

1. The elemental volume is constrained in lateral directions and under-
goes change of length in the z-direction only, i.e. AA is constant;
2. the pore water is compressible; and
3. the solid grains of the aquifer are incompressible but the pore strug-

ture is compressible,



By defining the reciprocal ol 1at LU FHHERAES 28w =
compressibility of watar B, it is written as

__ d(bVw) / 5.10
lepnanir e el
where AV, = volume of water in the chosen element of aquifer, and b

p = pressure. By conservation of mass

p.AVw = constant, where p = density of water.
Thus o d(AVw) + AVe de = 0
Substituting this relationship in Eq. (9.10),
B = dp/(p dp)
or do =B dp (9.11)
Similarly by considering the reciprocal of the bulk modulus of elasticity
of the pore-space skeleton as the compressibility of the pores, o, it is
e;presscd as

AT (A;’j"“ (9.12)
in which o. == intergranular pressure. Since AV = AA.AZ with AAd =
constant,

_ _d(AZ)AZ (5.13)
do: '

The total overburden pressure w == p - ¢. = constant.
Thus dp = —d o;, which when substituted in Eq. (9.13) gives

; d(AZ) = o (AZ)dp (9.19)
As the volume of solids, AV, in the elemental volume is constant,
AV, = (1—n) AA. AZ = constant
d(AV:) = (1—-n) d(AZ)=AZ.dn =0
where n = porosity of the aquifer. Using this relationship in Eq. (9.14),
dn = o« (1—n)dp (9.15)
Now, the mass of water in the element of volume, AV, )

AM = pn AAd AZ ;

AZ
or d(AM)mAV[ndp-f-pdn-i—Pn-‘i—%-;z—)—
: d(AM)  dp d(AZ) !
i.e. W— n-'"g— + dn + Rk ;

Substituting from Egs. (9.11), (9.15) and (9.13) for the terms in the right-
hand side respectively
d(AM)

AV =nBdp+ afl=n)dp +nadp

(9.11a) b,

= (np T &) ap
= v (np + w) dh = S, dh (9.16)

where S, = v (n8 + «) and h = piczometric head = z +$— and y =

g = weight of unit volume of water.

The term S, is called specific storage. It has the dimensions of [L~'] and
represents the volume of water released from storage from a unit volume
of aquifer due to a unit decrease in the piezometric head. The numerical
value Of S, is very small being of the order of 1 X 10=* m~%,

By integration of Eq. (9.16) for a confined aquifer of thickness B, a
dimensionless srorage coefficient S can be expressed as

S=+vmp+ o) B (9.17)

The storage coefficient S represents the volume of water released by a
column of a confined aquifer of unit cross-sectional area under a unit
decrease in the piezometric head. The storage coefficient S and the trans-
missibility coefficient 7' are known as the formation constant of an
aquifer and play very important role in the unsteady flow through the
porous media. Typical values of § in confined aquifers lie in the range
5 % 10~F to 5 x 10~% Values of « for some formation material and 8 for
various temperatures are given in Tables 9.3 and 9.4 respectively.

For an unconfined aquifer, the coefficient of storage is given by

S =S8, + v+ np) B, , (9.18)

where B, = saturated thickness of the aquifer. However, the second term
on the right-hand side is so small relative to Sy that for practical purposes
S is considered equal to Sy, i.e. the coeflicient of storage is assumed to
have the same value as the specific yield for unconfined aquifers.

The elasticity of the aquifer is reflected dramatically in the response of
the water levels in the wells drilled in confined aquifers to changes in the
atmospheric pressure. Increase in the atmospheric pressure causes an
increase in the loading of the aquifer. The change in the pressure is
balanced by a partial compression of the water and partial compression of
the pore skeleton. An increase in the atmospheric pressure causes a
decrease in the water level in the well. Converse is the case with the
decrease in pressure. The ratio of the water level change to pressure head
change is called barometric efficiency (BE) and is given in terms of the
compressibility parameters as

BE:-—(

nf
— n;é“) (9.19)
The negative sign indicates the opposite nature of the changes in pressure
head and water level. Using (Eq. (9.17), BE = —nB/y SB and this affords
a means of finding S. The barometric efficiency can be expected to be in
the range 10-75%. It is apparent that unconfined aquifers have practically
no barometric efficiency.



TABLE 9.3 RANGE OF & FOR SOME FORMATION MATERIALS

Bulk modulus of Compressibility

Material
elasticity, Es « = 1/E,;
(N/cm?) {cm?/N)
Loose clay 102-5 x 10% 1072-2 x 10-3
Stiff clay 103-10¢ 1072 x 107
Loose sand 1038-2 x 103 10785 x 10—¢
Dense sand 5 % 103-8 x 103 2 % 107%-1,25 % 107
Dense sandy gravel 104-2 x 10¢ 107¢-5 x 1078

Fissured and

jointed rock 6.7 x 1075-3.3 x 10—*

1.5 x 10%-3 x 10°

TABLE 9.4 VALUES OF B FOR WATER AT VARIOUS TEMPERATURES

Temperature Bulk modulus of Compressibility

(°C) elasticity Ey B = 1{Ey

(N /em?)y (cm?N)
0 2.04 x 108 4.50 x 10—
10 2.11 x 105 474 x 1076
15 2.14 x 105 4.67 x 1078
20 2.20 x 108 4,55 x 1078
25 2.22 x 108 4.50 x 1078
30 2.23 x 109 4.48 x 108
35 2.24 x 108 4.46 x 1078

A few other examples of compressibility effects causing water-level
changes in artesian wells include (i) tidal action in coastal aquifers,
(ii) earthquake or underground explosions and (iii) passing of heavy

railway trains,

9.6 EQUATION OF MOTION

I the velocities of flow in the cartesian coordinate directions x, y, z of the
aquifer element, AV, are u, v and w respectively, the equation of continuity
for the fluid flow is
& (AM)

o

From Eq. (9.16) considering the differentials with respect*to time and

___[ a(ew) | 2 (pv)

a(pw)
ox dy ] (9.20)

taking the limit as AV approaches zero

9(AM) s dh
e

(9.16a)

Further the aquifer is assumed to be isotropic with permeability coefficient
K, so that the Darcy’s equation for x, y and z directions can be written as

oh oh oh
u-*-—K—,vr-wK—a}"andw =—K—— 9.21)

Using Egs (9.21) and (9.11) and noting that h = p/y -+ 2z, the various
terms of the right-haad side of Eq. (9.20) are written as
8 (pu) __ 9 & h

du
ox P TYex K"az -szﬁg(a )

d(ev) v B _ &h oh
oy Py ey TR _szﬁg(ay)

d(pw) _  ow dp
2 =y 5 tw e ==& Gh-xets| () - ot

Assembling these, Eq. (9.20) can be written as

o*h Bzh &h &h oh \?
kol 5k + g5+ a] v xenel(5) < (5) -
oh \? oh oh
(“‘é?) =~ B | S ET (9.2
The second term on the left-hand side is neglected as very small, especially
for 8hjox << 1, and Eq. (9.22) is rearranged to yield
8h | oh 8*h S, &h

e & G
DeﬁningS;B:S,KBuT,andv3h=(i—g—-l 6}; + Z}:). Eq.
(9.23) reads as

sy =S O
Vh = T o (9.24)

This |is the basic differential equation governing unsteady groundwater
flow in a homogeneous isotropic confined aquifer. This form of the
equation is known as diffusion equation.

If the flow is steady, the /8¢ term does not exist, leading to

vh=20 ‘ (9.25)

This .equation is known as Laplace equation and is the fundamental
cquatlon'o_f all potential flow problems. Being linear, the method of
superposition is applicable in its solutious.

Equation (9.24) or (9.25) can be solved for suitable boundary conditions
by- analytical, numerical or analog methods to yield solutions to a variety
of g‘roundwater flow problems. The details of solution of the basic diffe-
rential equation of groundwater are available in standard literature,
(Refs 1, 2, 4, 5 and 6).



9.7 WELLS

Wells form the most important mode of groundwater extraction from an
aquifer. While wells are used in a number of different applications, they
find extensive use in water supply and irrigation engineering practice. bl
Consider the water in an unconfined aquifer being pumped at a constant
rate from a well. Prior to the pumping, the water level in the well indicates
the static water table. A lowering of this water level takes place on pump-
ing. If the aquifer is homogeneous and isotropic and the water table hori-
7ontal initially, due to the radial flow into the well through the aquifer the
water table assumes a conical shape called cone of depression. The drop in
the water table elevation at any point from its previous static level is called
drawdown. The areal extent of the cone of depression is called area af
influence and its radial extent radius of influencc (Fig. 9.5). At constant rate
of pumping, the drawdown curve develops gradually with time due to the
withdrawal of water from storage. This phase is called unsteady flow as
the water-table elevation at a given location near the well changes with time.
On prolonged pumping, an equilibrium state is reached between the rate of
pumping and the rate of inflow of groundwater from the outer edges of the
zone of influence. The drawdown surface attains a constant position with
respect to time when the well is known to operate under steady-flow condi-
tions. As soon as the pumping is stopped, the depleted storage in the cone
of depression is made good by groundwater inflow into the zone of influence.
There is a gradual accumulation of storage till the original (static) level is
reached. This stage is called recuperation or recovery and is an unsteady
phenomenon, Recuperidtion time depends upon the aquifer characteristics.
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Observation wells 4~ _‘02 "9
“ [ A= cly Ground surface
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|
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Fig. 9.5 Well operating in an unconfined aquifer, (definition sketch)

Changes similar to the above take place due to a pumping well in a con-
fined aquifer also, but with the difference that, it is the piezometric surface

instead of the water table that undergoes drawdown with the development

of the cone of depression. In confined aquifers with considerable plezome-
tric head, the recovery into the well takes place at a very rapid rate.

98 STEADY FLOW INTO A WELL

Steady-state groundwater problems are relatively simpler. Expressions for
steady-state radial flow into a well under both confined and unconfined

aquifer conditions are presented below.

Confined Flow

Figure 9.6 shows a well completely penetrating a horizontal confined aquifer
of thickness B. Consider the well to be discharging a steady flow, Q. The
original piezometric head (static head) was H and the drawdown due to
pumping is indicated in Fig. 9.6. The piezometric head at the pumping well
is i and the drawdown sw.

Q
Pumping ?
well dia=2r,, ;\F Original piezomeiricf
W surtace
b
» Swi Piezometric
Aquiclude surtace under
| : pumping
H h ‘ hy h,
% H = )
FLOW ' hw‘
VY% | Contined | B =
aquiter il l
. I T Rl
Cw ol . My AQUICLUDE

—pe—F,

Fig. 9.6 Well operating in a confined aquifer

At a radial distance r from the well, if A is the piezometric head, the
velocity of flow by Darcy’s law is
dh
dr
The cylindrical surface through which this velocity occurs is 2w r B. Hence
by equating the discharge entering this surface to the well discharge,

Vr“‘K

0 = (278) (K %’?_)

9 2 = @

2nKB r



Integrating between fimits r, and r,, with the corresponding piezometric
heads being /2, and h_,.respcctivciy,

= . A e Bl
kg B, T (k)
or Qﬂ_w (9.26)
In 'z
Ty

This is the equilibrium equation for the steady flow in a confined aquifer.
This equation is popularly known as Thiem’s equation.
If the drawdown s, and s, at the observation wells are known, then by
noting that
5, =H-bh), s,= H-hpand KB=T

Equation (9.26) will read as

_ 2n T (s1—82)
. Q= In rofr, 9.27)
" Further, at the edge of the zone of influence, s = 0, r, = R and h, = H,
and at the well wall ry = ru, h; = hw and 5, = s». Equation(9.27) would

then be

2nT Sw
= .28
Q In R/r‘w (9 )
Equation (9.27) or (9.28) can be used to estimate 7, and hence X, from
pumping tests. For the use of the equilibrium equation, Eq. (9.26) or its
alternative forms, it is necessarv that the assumption of complete pene-
tration of the well into the aquifer and steady state of flow are satisfied.

" EXAMPLE 9.3: A 30-cm diameter well completely penetrates a confined aquifer
of permeability 45 m/day. The length of the strainer is 20 m. Under steady
state of pumping the drawdown at the well was found to be 3.0 m and the
radius of influence was 300 m. Calculate the discharge.-

In this problem, referring to Fig. 9.6,

re = 0.15m
R =300m

= 3.0 m
B=20m

= 45/(60 X 60 X 24) = 5.208 X 107* m/s
T KB = 10416 x 107* m?*/s

By Eq. (9.28)
0= 2n T'sy 27 X 10416 X 1073 X 3
T ln Rjre In 300
0.15

== 0.02583 m¥%/s = 25.83 Ips
== 1550 Ipm

ExAMPLE 9.4: For the well in the previous example, calculate the discharge
(a) if the well diameter is 45 cm and all other data remain the same as in
Example 9.3, (b) if the drawdown is increased to 4.5 m and all other dara
remain unchanged as in Example 9.3.

2r T sw
(a) Q - ln R/rw H

As T and sw are constants,

Ql . In Rff'wg

0, " In Rirw,
Putting R == 300 m, Q, = 1550 Ipm, rv; == 0.15 m and rv, = 0.225 m.
0, = 1550 300015 _ 46745

In 300/0.225

[Note that the discharge has mcreascd by about 6% for 50% increase in
the well diameter.]

2n T sw
® 0 ="l Rjre.
QO « so for constant 7, R and rw. Thus
O Sm
Qs Swg
' 4.5
Qq == 1550 X 30 = 2325 1pm

[Note that the discharge increases linearly with the drawdown when other
factors remain constant.]

Unconfined Fiow

Consider a steady flow from a well completely penetrating an unconfined
aquifer, In this case because of the presence of a curved free surface, the

streamlines are not strictly radial straight lines. While a streamline at the
- free surface will be curved, the one at the bottom of the aquifer will be a

horizontal line, both converging to the well. To obtain a simple solution a
set of two assumptions due to Dupit (1863) known as Dupu s assumptions
“are made. These are:
1. For small inclinations of the free surface, the streamlines can be
assumed to be horizontal and the equipotentials are thus vertical.
2. The hydraulic gradient is equal to the slope of the free surface and
does not vary with depth, This assumption is satisfactory in most of
the flow regions except in the immediate neighbourhood of the well,

Consider the well of radius ry penetrating-completely an extensive uncon-
fined horizontal aquifer as shown in Fig. 9.7 The well is pumping a



From Eq. (¥.29),

% K (hg —-h%)

g= In ryfry i
_ mK[(38Y—(36.5)"]
0.025 = Tn 75/25

K = 7.823 X 10 m/s
T=KH=73823 X 107° X 40 = 3.13 x 10~* m?¥s

(b} At the pumping well, ry = 0.15 m
n K (h!f—- s )
2w In ryfre

n X 7.823 X 10—5[ (36.5)"‘~h!,]
0:025 = In 25/0.15

A% == 811.84 and ho = 28.49 m

Drawdown at the well, s = 11.5] m

9.9 UNSTEADY FLOW IN A CONFINED AQUIFER

When a well in a confined aquifer starts discharging, the water from the
aquifer is released resulting in the formation of a cone of depression of the
" piezometric surface. This cone gradually expands with time till an
equilibrium is attained. The flow configuration from the start of pumping
till the attainment of equilibrium is in unsteady regime and is described by
Eq. (9.24). ‘

In polar coordinates, Eq. (9.24), to represent the radial flow into a well,
takes the form

—_—— = (9.31)
Making the same assumptions as used in the derivation of the equilibrium
formula (Eq. 9.26), Thies (1935) obtained the solution of this equation as

e 0]

s= (-0 =32 £ 9.32)

u
where s = H—Ah = drawdown at a point distance r from the pumping
well, H = initial constant piezometric head, @ = constant rate of dis-
charge, T = transmissibility of the aquifer, ¥ = a parameter = r* S/47'¢,

§ = storage coefficient and ¢ = time from start of pumping. The integral
on the right-hand side is called the well function, W(u) and is given by
o0

W(u) 2.[ T
u

Table of W(u) are available in literature (e.g. Refs 1, 8 and 9). Values of
W(u) can be easily calculated by the series (Eq. 9.33) to the required
number of significant digits which rarely exceed 4. For small values of u
(# < 0.01), only the first two terms of the series are adequate

The solution of Eq. (9.32) to find the drawdown s for a given S, 7, r, T
and Q can be obtained in a straightforward manner. However, the esti-
mation of the aquifer constants § and 7' from the drawdown vs time data
of a pumping well, which involve trial-and-error procedures, can be done
either by a digital computer or by semi-graphical methods such as the use
of Type curve * * * or by Chow’s method described in literature?.

For small values of u (u < 0.01), Jacob (1946, 1950) showed that the
calculations can be considerably simplified by considering only the first two
terms of the series of W (u), (Eq. 9.33). This assumption leads Eq. (9.32)
to be expressed as

v =gy -0sm2-m L5 ]

2
%—2’_‘2! (9.33)

du = —0.577216~1n u + u— +

ud

4n 4T
ie. s =2 ( 2.26 T ! ) (9.34)
dn T
If 5, and s, are drawdowns at times #, and ta,
(55—sy) = 48 In % (9.35)

If-thc drawdown s is plotted against time ¢ on a semi-log paper, the plot
will be a straight line for large values of time. The slope of this line
enables the storage coefficient S to be determined. From Eq. (9.34), when
§ =0,

28Tt .
r* s o
225 Tt

3 (9.36)

or s
in which #, = time corresponding to ‘‘zero” drawdown obtained by
extrapolating the straight-line portion of the semi-log curve of s vs ¢
(Fig. 9.8). It is important to remember that the above approximate
method proposed by Jacob assumes u to be very small.

EXAMPLE 9.6: 4 30-cm well penetrating a confined aquifer is pumped at a

‘rate of a 1200 lpm. The drawdown at an observation well at q radial distance

of 30 m is as follows:
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Fig. 9.8 Time-drawdown plot—Example 9.6
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Calculate the aquifer parameters S and T.

The drawdown is plotted against time on a semilog plot (Fig. 9.8). It is
seen that for ¢ > 10 min, the drawdown values describe a straight line. A
best-fitting straight line is drawn for data points with ¢ > 10 min, From

this line,

when s=0,t=1 = 2.5 min = 150s
s; = 3.1mat¢ = 100 min
5, = 5.0 m at ¢, = 1000 min

Also, O =12001lpm = 0.02 m*s

From Eg. (9.36),

e & t2
5275 4n T L f
(50-3.1) =202 1n 1900

Fxn X T 100

N S8 e S o Y ot

T =292 1n 10 = 1.929 X 10~ m'/s/m

4w X 1.9
= 1.67 X 10° lpd/m
From Eq. (9.36),
o 225Tty _ 2.25 % 1.929 x 107® X 150
- r (G0)?
ie. § = 7.23 x 107¢

ExAMPLE 9.7: A well is located in a 25 m confined aquifer of permeability
30 m/day and storage coefficient 0.005. If the well is being pumped at .the
rate of 1750 Ipm, calculate the drawdown at a distance of (a) 100 m and
(b) 50 m from the well after 20 h of pumping.

o BB e - s
(a) T_KBW86400 X 25 = 8.68 X 107° m*fs
s rs (100)* » (0.005)
4T ¢ 4 X (8.68 x 107 X (20 X 24 x 60)
= 0.05
Using Theis method and calculating W(u) to four significant digits,
i _ _ (0.05)° (0 05)*
Wi(u) = —0.5772 _in (0.05) + (0.05) 751 + 330

= —0.5772 + 2.9957 + 0.05—6.25 x 10*~6.94 X 107
= 2.468 ‘

S100 & T,’?‘"T" W(u)

{1750 i
“”( 60 )X R X0 < 2468

= (.66 m

50 m, u—— (50)° X (0.005)
(B) r =30, ¥ =868 x 107) (20 X 24 X 60)

W(u) = —0.5772 + 4.382 + 0.0125-3.9 X 107%
= 3.817

I EEL R Y _
Yoo _( = ) ¥ EEeie X 3817 = Lem

= 0.0125

9.10 WELL LOSS

In a pumping artesian well, the total drawdown at the well sw, can be
considered to be made up of three parts:
1. Head drop required to cause laminar porous media flow, called
Sformation loss, ser (Fig. 9.9);
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2. drop of piezometric head required to sustain turbulent flow in the
region nearest to the well where the Reynolds number may be larger
than unity, sw; and

3. head loss through the well screen and casing, swe.

Of these three,

Swr & Q
and (sw: and swe) @ OF
ThUS Sw = C1 Q + C2 QZ (9.37)

_where C, and C, are constants for a given well (Fig. 9.9). While the first
term C, Q is the formation loss the second term C, Q* is termed well [oss.

The magnitude of a well loss has an impertant bearing on the pump
efficiency. Abnormally high value of well loss indicates clogging of well
screens etc, and requires immediate remedial action. The coefficients C,
and C, are determined by pump test data of drawdown for various
discharges.

9.11 SPECIFIC CAPACITY

The discharge per unit drawdown at the well (Q/sw} is known as specific
capacity of a well and is a measure of the performance of the well. For a
well in a confined aquifer under equilibrium conditions and neglecting well

losses, by Ea. (9.28)

e _ 2t
Sw - In R,frw r
ie. ,:Sw o T

However, for common case of a well discharging at a constant rate () under

SR N e e

unsteady drawdown conditions, the specific capacity is given by

£ _ : (9.38)

St 1 2258 I'¢
" IT In A +C, O

g

where ¢ == time after the start of pumping. The term C,Q is tc account for
well loss. It can be seen that the specific capacity depends upon 7, s, ¢, re
and Q. Further, for a given well it 1s not a constant but decreases with
increases in Q and 1.

9.12 GROUNDWATER BUDGET

The quantum of groundwater available in a basin is dependent on the in-
flows and discharges at various points. The interrelationship between
inflows, outflows and accumulation is expressed by the water budget
equation

ZITA—2Z 0 Ar = AS (9.39)

where Z I Ar represents all forms of recharge and includes contribution by

lakes, streams, canals, precipitation and artificial recharge, if
any, in the basin

Z Q At represents the net discharge of groundwater from the basin
and includes pumping, surface outflows, seepage into lakes
and rivers and evapotranspiration

AS indicates the change in the groundwater storage in the basin
over a time Af

Considering a sufliciently long time interval, Az of the order of a year,
the capability of the groundwater storage to yield the desired demand and
its consequences on the basis can be estimated. It is obvious that too large
a withdrawal than what can be replenished naturally leads ultimately to the
permanent lowering of the groundwater table. This in turn leads to pro-
blems such as drying up of open wells and surface storages like swamps and
ponds, change in the characteristics of vegetation that can be supported by
the basin. Similarly, too much of recharge and scanty withdrawal or
drainage leads to waterlogging and consequent decrease in the productivity
of lands.

The maximum rate at which the withdrawal of groundwater in a basin
can be carried without producing undesirable results is termed safe yield.
This is a general term whose implication depends on the desired objective.
The “undesirable” results include (i) permanent lowering of the ground-
water table or piezometric head, (i) maximum drawdown exceeding a preset
limit leading to inefficient oparation of wells and (iii) salt-water encroach-
ment in a coastal aguifer. Depending upon what undesirable effect js to be
avoided, a vale yield for a basin can be ideatitied.
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Fig. 9.7 Radial flow to a well ip an unconfioed aquifer

discharge Q. At any radial distance r, the velocity of radial flow into the
well is

dh

dr

where A is the height of the water table above the aquifer bed at that loca-
tion, For steady flow, by continuity '

VrmK

dh
Q = (2nrh) Ve = 2nr K h 7
g 4
or mK T = h dh
Integrating between limits r, and r, where the water-table depths are h; and
hy respectively, and on rearranging

rK (hg~ h‘;)
In ra/rl

Q = (9.29)

This is the equilibrium equation for a well in an unconfined aquifcr. As at
the edge of the zone of influence of radius R, H == saturated thickness of
the aquifer, Eq. (9.29) can be written as

nK (H’-— i, )

s, it T 9.30
Q= " Rire {9:0)

where hw = depth of water in the pumping well of radius re.

Equations (9.29) and (9.30) can be used to estimate satisfactorily the dis-
charge and permeability of the aquifer by using field data. Calculations of
the water-table profile by Eq. (9.29), however, will not be accurate near the
well because of Dupit’s assumptions. The water-table surface calculated
by Eq. (9.29) which involved Dupit’s assumption will be lower than the
actual surface. The departure will be appreciable in the immediate neigh-
bourhood of the well (Fig. 9.7). In general, values of R in the range 300 to
500 m can be assumed depending on the type of aquifer and operating con-
ditions of a well. As the logarithm of R is used in the calculation of
discharge, a small error in R will not seriously affect the estimation of Q..
It should be noted that it takes a relatively long time of pumping to achieve
a steady state in a well in an unconfined aquifer. The recovery after the
cessation of pumping is also slow compared to the response of an artesian
well which is relatively fast.

Approximate Equations
If the drawdown at the pumping well sw = (H—ho) is small relative to H,
then

Hz“hz = (H+hw) (H - hw)z 2 H sw

Noting that T= KH, Eq. (9.30) can be written as
__ 2nTsy
Q= R

which is the same as Eq. (9.28). Similarly Eq. (9.29) can be written in terms
of 5, = (H—h)) and 5, = (H—h,) as

(9.30a)

_ 2= T (5.~ 53)
= (9.29a)
Equations (9.29a) and (9.30a) are approximate equations to be used only
when Eq. (9.29) or (9.30) cannot be used for lack of data. Equation
(9.30a) over estimates the discharge by [1/2 (Hfsw—1)]% when compared to
Eq. (9.30). '

EXAMPLE 9.5: 4 30-cm well completely penetrates an unconfined aquifer of
saturated depth 40 m. After a long period of pumping at a steady rate of
1500 Ipm, the drawdown in two observation wells 25 and 75 m Jrom the
pumping well were found ro-be 3.5 and 2.0 m respectively. Determine the
transmissivity of the aquifer What is the drawdown at the pumping well?

-3
(a) G = 200X I gf) 107 = 0.025 m¥/s

h; = 40.0—2.0 = 38,0 hy=400-35 =365 m
rg=75m ry = 25m
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PROBLEMS

A confined aquifer is 25 m thick and 2 km wide, Two observation wells located
2km apart in the direction of flow indicate heads of 45 and 39.5 m. If the
coefficient of permeability of the aquifer is 30 m/day, calculate (a) the total
daily flow through the aguifer and (b) the piezometric head at an observation
well located 300 m from the upstream well,

In a field test a time of 6 h was required for a tracer to travel between two

observation wells 42 m apart. If the difference in waler-table elevations in these

wells were 0.85 m and the porosity of the aquifer is 209, calculate the coefficient

of permeability of the aquifer.

A confined aquifer has . thickness of 30 m and a porosity of 32%. If the bulk

modulus of elasticity of . ‘er and the formation material are 2.2 x 105 and

7800 Njem? respectively, calculate (a) the storage cocflicient and (b) the baro-

metric efficiency of the aquifer.

A 30-cm well completely penetrates an arlesian aquifer. The length of the

strainer is 25 m: Determine the discharge from the well when the drawdown at

the pumping well is 4.0 m. The coeflicient of permeability of the aquifer is 45

m/day. Assume the radius of influence of the well as 350 m.

A 20-cm dia tubewell taps an artesian aquifer. Find the yield for a drawdown of

1.0m at the well. The length of the strainer is 30 m and the coeflicient of

parmeability of the aquifer is 35 m/day. Assume the radius of influence as 300 m.
If all other conditions remain same, find the percentage change in yield

under the following cases:

(a) The diameter of the well is 40 cmy

(b) the drawdown is 6.0 m;

(c) the permeability is 17.5 m/day.

The discharge from a fully penetrating well operating under steady state in a

confined aquifer of 35m thickness is 3000 Ipm. Yalues of drawdown atiwg
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‘tively. Determine the permeability of the aquifer.

9.7 A 45-cm well penetrates an unconfined aquifer of saturated thickness 30 m comple-

tely. Under a steady pumping rate for a long time the drawdowns at two observa-

tion wells 15 and 30 m from the well are 5.0 and 4.2 m respectively. If the permeabi-

lity of the aquifer is 20-m/day, determine the discharge and the drawdown at the
' pumping well.

9.8 A 30-cm well fully penetrates an unconfined aquifer of saturated depth 25 m, When

a discharge of 2100 ipm was being pumped for a long time, observation wells at
radial distances of 3v and 90m indicated drawdown of § and 4 m respectively.

Bstimate the coefficient of permeability and transmissibility of the aquifer. What

is the drawdown at the pumping well ?

A 45-cm well in an unconfined aquifer of saturated thickness of 45 m yields 600 lpm
under a drawdown of 3,0 m at the pumping well, (a) What will be the discharge
under a drawdown of 6.0 m ? (b) What will be the discharge in a 30-cm well under
a drawdown of 3.0 m ? Assume the radius of influence to remain constant at 500 m
in both cases. ‘

For conducting permeability tests in a well penetrating an unconfined aquifer,
two observation wells 4 and B are located at distances 15 and 30 m respectively
from the centre of the well. When the well is pumped at a rate of 5 lps, it is
observed that the elevations of the water table above the impervious layer, up to
which the well extends are 12.0 and 12.5 m respectively at 4 and B. Calculate the
permeability of the aquifer in m/day.

Calculate the discharge in m3day from a tubewell under the following _
conditions: ’

Diameter of the well = 45 cm
Drawdown at the well = 12 m
Length of strainer = 30m
Radius of influence of the well ez 200 m
Coeflicient of permeability = 0.01 cm/s
Aquifer = unconfined

9.12 A fully penerating well of 30-cm diameter in an unconfined aquifer of saturated |

thickness 50 m was found to give the following drawdown-discharge relations under
equilibrium condition.

Drawdown Discharge
at the pump- (Ipm)
ing well (m)

30 600
11.7 1800

If the radius of influence of the well can be assumed to be proportional to the
discharge through-the well, estimate the flow rate when the drawdown at the well
is 6.0 m, :

9.13 A 45-cm well in an unconfined aquifer was pumped at a constant rate af

1500 lpm. At the equilibrium stage the follawing drawdown yalues at fwq
obseryation well wgre noted: ‘



Drawdown

Observation Radial distance
well from pumping (m)
well (m)
A 10 5.0
B 30 2.0

The satura?ed thickness of the aquifer is 45 m. Assuming the radius of influence to
be proportional to the discharge in the pumping well, calculate:

(a) Drawdown at the pumping well;

(b) transmissibility of the aquifer;

(c) drawdown at the pumping well for a discharge of 2000 Ipm; and
(d) radius of influence for discharges of 1500 and 2000 lpm. ,

9.14 A well of 30-cm dia is located in a confined acqtjifer of transmissibilit
500 m?/day and storage constant of 0.005. What pumping rate will have .zo bZ
adopted if the drawdown at the well is not to exceed 10 m in 2 days ?

9.15 The drawdown time data recorded at an observation well situated at a distance of
50 m from the pumping well is given below: '

Time (min) 1.5 3 4.5 6 10 20 40 100
Drawdown (m) 015 06 1.0 1.4 2.4 17 51 69

If the well discharge is 1800 Ipm, calculate the tr issibili .
: 5 b transmissibility a
coefficients.of the aquifer, s

QUESTIONS

9.1 A geoiolgica] formation which is essentially impermeable for flow of water even
though it may contain waler in its pores is called
(a) aquifer
(c) aquitard

(b} aquifuge
(d) aquiclude.
9.2 An aquifer confined at the bottom but not at the top is called

(1) Semiconfined aquifer
(c) conflined aquifer

(by unconfined aquifer
(d) perched aquifer

9.3 Thc‘surface Jjoining the static water levels in several wells penertating a confined
aquifer represents
(a) w.ater-labT‘c surface (b) capillary fringe
(c) piezometric surface of the aquifer  (d) cone of depression.
9.4 The volume of water that can b
t can be extracted by force of gravity from a yni
. ' a yni
of aquifer material is called ol
(a) specific retention
(c). specific capacity
{e) porosity.

(b} specific yield
(d) specific storage

e

a soil sample at the standard temperature of 20°C was

9.5 The permeability of .
bility of the same material at a flow temperature of 10°C

0.01 em/s. The permea
is in cm/s,
(d) depends upon the

() = 0.0l
porous material,

(@) < 0.01 (b) = 0.01
9.6 A soilhasa coelficient of permeability of 0.51 cm/s. If the kinematic viscosity of
water is 0.009 cm?/s, the intrinsic permeability in darcys is

(a) 5.27 x 10* (b) 474 (c) 4.65 x 107 (d) 4000.
9.7 Darcy’s law is valid in a porous media flow if the Reynolds number is less than
unity. This Reynolds number is defined as

(a) (discharge velocity ¥ maximum grain size)/W
(b) (actual velocity X average grain size)/v

(¢) (discharge velocity x mean particle size)/v
(d) (discharge velocity X poré size)fp.

9.8 A sand sample was found to have a porosity of 40%. For an aquifer of thi

material, the specific yield is
(c) < 40%

(a) =40% (b) > 40%
9.9 An unconfined aquifer of porosity 35%, permeability 335 m/day and specific
yield 0.15 has an area of 100 km?®. The water table falls by 0.20 m during a

drought. The volume of water lost from storage in Mm3 is

(a) 7.0 (b) 3.0 (c) 4.0

(d) data is insufficient.

(d) none of these.

9.10 The unit of intrinsic permeability is

(b) m/day (c) darcy/day (d) cm?.

(a) cm/day
9.11 The dimensions of the storage coefficient & are

(a) L3 (b) LT ()BT
'9.12 The dimensions of the coefficient of transmissibility T are

(a) LT (b) L3 17 (c) dimensionless
9,13 The specific storage is

(a) storage coefficient/ (aquifer depth)

(b) same as specific yield

(c) specific capacity per unit depth of aguifer
(d) (Porosity —specific retention).

{d) dimensionless.

(d) L T2

9.14 When there is an increase in the atmospheric pressure, the water level in a well

penetrating a confined aquifer
(a) decreases (b) increases (c) does not undergo any change
(d) increases or decreases depending on the nature of the aguifer.

9.15 Specific capacity is
(a} a constant fora given well
(b) depends on aquifer characteristics only
(c) increases with discharge rate
(d) decreases with time from the start of pumping.

9.16 The discharge per unit drawdown at a well is known as
(b) specific storage

(a) specific yield
(d) none of these.

{c) safe yield



! The specific capacity of a well in a confined aquifer under equilibrivin cohditions
and within tHe working limits of drawdown

(a) can be taken as constant

(b) decreases as the drawdown is increased
(¢) increases as the drawdown is increased
(d) none of these.
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APPENDIX—A

A.1 VOLUME

1 m® = 35.31 cubic feet
== 264 US gallons
= 220 Imp. gallons
== 1,31 cubic yards
= 8.11 X 10~" acre feet
= 1000 litres

A2 FLOW RATE (DISCHARGE)

CONVERSION FACTORS

Unit Cubic metres Litres per Litres per
per sec minute second
(m?®[s) (Ipm) (Ips)
1 cft (cusec) 0.02832 1699 28.32
1 Imp.gpm 7.577 % 107° 4.546 0.07577
1 US gpm 6.309 » 10°° 3.785 0.06309
1 Imp.mgd 0.05262 3157 52.62
1 acre ft/day 0.01428 856.6 14.28

"A.3 PERMEABILITY

. 1. Specific permeability, Ko

1 darcy = 9.87 % 107¥ m® = 9.87 x 10-° cm?



2. Coefficient of permeability, K
1 Ipd/m? = 1.1574 X 10-° cm/s
1 mjday = 1.1574 x 107° cm/s = 20.44 Imp.gpd/ft?
= 24,53 US gpd/ft*
— 0.017 US gpm/ft*

A4 TRANSMISSIBILlTY
1 m?/day = 67.05 Imp. gpd/ft

= 80,52 US gpd/ft
= 0.056 US gpm/ft

A5 EQUIVALENTS OF SOME COMMONLY USED UNITS

1 Metre ~ =3.28 feet

1 Foot =30.48 ecm=0.3048 m

1 Mile =1.609 km

1 Acre =0.405 ha

1 Hectare =2.47 acres
'18q. Km =100 ha

1 Sq. Mile =259 ha = 640 acres

1 Sq. Foot  =0.093 sq. metres

1 TMC =1 thousand million cubic foot

= 28.317 million cubic metres
1 Million Acre ft=1233.48 million cubic metres
1 Million Cubic metre=2810.71 Acre ft.

1 Million Gallons (Imperial) = 160.544 Cubicft
=4546.09 Cubic metres

APPENDIX B

THE SEQUENT PEAK ALGORITHM

B.1 INTRODUCTION

The m‘ass curve method of estimating the minimum storage capacity to meet
a specified demand pattern, described in Sec. 5.6, has a number of different
forms o'f use in its practical application. However, the following basic
assumptions are made in all the adaptations of the mass curve method of
storage analysis. S

1. IftN years' of data are available, the inflows and demands are assumed
Fo repeat in cyclic progression of N year cycles. It is to be noted that
m-h:storlcal data this leads to an implicit assumption that future flows
jw:}l not contain a more severe drought than what has already been
included in the data. )

2. The reserv'oir is assumed to be full at the beginning of a dry period.
Thl.ES. while using the mass curve method the beginning of the dry
period should be noted and the minimum storage rec{uircd to passeach
drought period calculated. Sometimes, e.g. in Problem 5.7, it may be
neeessary to repeat the given data series of N years sequentially for a
minimum of one cycle, i.e. for additional N years, to arrive at the
desired minimum storage requirement.

The mass curve method is widely used for the analysis of reservoir capacity-
deman_d. problems. However, there are many variations of the basic method
tO. lfacmtate graphical plotting, handling of large data etc. A variation of the
arithmetical calculation described in Examples 5.6 and :5.8, called the
sequent peak algorithm is particularly suited for the analysis of" large data
with the help of a computer. This procedure, first given by Thomas (1963)
is described in the following section. ‘

B.2 SEQUENT PEAK ALGORITHM

Let the data be available for N consecutive periods not necessarily of uniform
length. These periods can be year, month, day or hours depending upon the
problem. In the ith period let x; = inflow volume and D, = demand volume.
The surplus or deficit of storage in that period is the net-flow volume given by



Net-flow volume = Inflow volume - Qutflow volume
. D;

In the sequent peak algorithm a mass curve of cumulative net-flow volume
against chronological time is used. This curve, shown typically in Fig. B. 1,
will have peaks (local maximums) and troughs (local minimums). For any
peak P; the next following peak of magnitude greater than P.is called a

sequent peak. Using two cycles of N periods, where N is the number of |

periods of the data series, the required storage volume is calculated by the
following procedure:

£ BASE LENGTH: 2N years
= where N= No.ot years ot Record
2 SEQUENT PEAK,P
& 2EGNERLE 3
a
s
>
SEQUENT PEAK P,
5
Z| EIRST PEAK P
@
[=]
o
0 1 1 1 ! 1 1 Y. 178 L_Lﬁl_J__J__L_J——L—L—J‘—J
l’ \./ TIME (months)
2 . LOWEST T@
- -
G
o
o
z

= CUMULATIVE NET-FLOW VOLUME, Z(x{-Dj)

- Fig.B-1 Definition sketch for sequent peak algorithm

1. Calculate the cumulative net-flow volumes viz.

/

}i:(x,‘—]);) fort=1,2,3,...2N

2. Locate the first peak P; and the sequent peak Pa which is the next peak
of greater magnitude than Py (Fig. B.1).

3. Find the Jowest trough Ti between Pi and P2 and calculate (P - Th).

4. Starting with P, find the next sequent peak Py and the lowest through
T and calculate (P2~ T2).

5. Repeat the procedure for all the sequent peaks available in the 2N
periods, i.e. determine the sequent peak P;, the corresponding 7; and
the jth storage (#;— T;) for all j values.

6. The required reservoir storage capacity is

S =maximum of (P;— 7)) values

e TR —

EXAMPLE B.1 The average monthly flows into a reservoir in a period of Hwo
consecutive dry vears 1981-82 and 1982-83 is given below

Month Mean monthly Month Mean monthly
flow (m®/s) flow (m*/s)
1981—June 20 1982 —June 15
July 60 July 50
Aug. 200 Aug. 150
Sept. 300 Sept. 200
Oct. 200 @t 30
Nov. 150 Nov. 50
. Dec. 100 Dec. 110
1982--Jan. 80 1983 —Jan. 100
Feb. 60 Feb. 60
March 40 March 45
April 30 April 35
May 25 May 30

If a uniform discharge at 90 md)s is desired from this reservoir caleufute the
minimum storage capacity. required.

~ The data is for 2 years. As such, the sequent peak caleulations are per-
formed for 2 x 2 =4 years, The calculations are shown in Table B.1.

Scanning the cumulative net-flow volume values (Col. 7) from the start,
the first-peak £, is identified as having a magnitude of 12,200 cumec-day
which occurs in the end of the seventh month. The sequent peak P is the
peak next to Py and of magnitude higher than [2,000. This 7 is identified
as having a magnitude of 13.230 cumec-day and occurs in the end of the
31st month from the start. Between P and P> the Jowest trough T has a
magnitude of (— 2,000) cumec-day and occurs at the end of the 26th month.
In the present data, run for two cycles of total duration 4 years. no further
sequent peak is observed.

The required storage volume is

§= 12,000 = ( —2,000)= 14,200 cumee-doy



Py=12,00 cumec-day

Storage

§=12,200—(-2.000)

inflow  volume rate volume volume net-flow
a = rate X (m?/s) D, (xi—Dy) _ﬂvolume
~ g (m*/s) {cumec- (cumec-  (cumec- };’(.v. - D))
7} s day day day (cumec-day)
1 June 20 600 S50 2700 —2100 = 2100 I Cycle
2 July 60 1860 90 2790 — 930 --3030
3 Aug. 200 6200 90 2790 43410 - 380
4 Sept. 300 9000 90 2700 6300 6680
S Oct. 200 6200 9} 2790 3410 10,080
6 Nov. 150 4500 90 2700 1800 11,890
7 Dec. 100 3100 90 2790 310 12,200 First peak 7
8 Jan, 80 2480 90 2790 —310 11,890
9 Feb, 60 1680 90 2520 -840 11,050
10 March 40 1240 90 2790 —1550 9,500
: 1 April 30 900 90 2700 — 1800 7,700
12 May 25 775 90 2790 —2015 5,685
13 June 15 450 90 2700 «~2250 3,435
14 July 50 1550 - 90 2750 = 1240 2,195
15 Aug. 150 4650 P 2790 1860 4,055
16 Sepi. 200 6000 90 2700 3300 7,355
17 Oct. S0 2480 90 2790 = 310 7,045
18 Nov. 50 1500 90 2700 — 1200 5,845
19 Dec, 10 3410 90 2790 620 6,465
20 Jan. 100 3100 90 2790 310 6,775
21 Feb, 60 1630 90 2520 — 840 5,935
22 March 45 1395 20 2750 = V355 4,540
23 April 35 1050 90 2700 — 1650 2,890
24 May 30 930 90 2790 - 1860 1030
25 June 20 600 90 2700 = 2100 1,070 Il Cycle
26 July 60 1860 90 2790 = 930 —2,000 Lowest
27 Aug. 200 6200 90 2790 3410 1,410 trough T,
28 Sept. 300 9000 90 2700 6300 7710 between P,
29 Oct. 200 6200 P 2790 410 THI20  and P,
30 Nov. 150 4500 90 2700 1800 12,920
31 Dec. 100 3100 90 2790 310 13,230 Sequent
32 Jan, 80 2430 90 2790 — 310 12,920 Peak P,
13 Feb. 60 1680 90 2520 — 840 12,080
34 March 40 1240 90 2790 —~1550 10,530
15 April 30 900 90 2700 — 1800 8,730
36 May 25 773 90 790 —-2015 6,715
37 June 15 450 920 2700 —2250 4,465
38 July 50 1550 90 2790 - 1240 3,225
39 Aug. 150 4650 () 2790 1860 5,085
40 Sept. 200 6000 90 2700 3300 8,385
41 Oct. 80 2480 90 2790 - 310 8,075
42 Nov, 50 1500 90 2700 - 1200 6,875
43 Dec. 110 3410 90 2790 620 7,495
44 Jan. 100 3100 90 2790 310 7,805
45 Feb. 60 1680 90 2520 — 340 6,965
46 March 45 1395 90 2790 —1395 5,570
47 April 38 1050 90 2700 - 1650 3,920
48 May 30 930 90 2790 — 1860 2,060
N=2 years The data is run for 2 cycles of 2 years
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ANSWERS

CHAPTER 2
Problems . -
2.2) 12,86 cm 2.3) (a)
s @ (b) correction ratio =« [.26
2.5) 135 (2.6) (1) 10.6 cm
(2.4) 7.41 cm (2.5) cm oLy
(3) 1.1 cm
f ‘ 5
2:8) (a) 132.5cm (2.10) [a) 0.167 (2.11) (a) 0.60
- (b) 143.0 cm (b) 0.0153 (b) 0.01
(c) 0.183
(2.12) 10 years (2.13) (a) 0.155
(b) 0.00179
(c) 0.08451
Questions
@1 d @2.2) ¢ (2.3) b @4 d 25 ¢
(2.6) .a 2.7 b (2.8) c,d (29 ¢ (2.10) a
2.11) d (2.12) d (2.13) b (2.14) b (2.15) d
(2.16) b 217) b (2.18) a (2.19) a (2.20) b
CHAPTER 3
Problems

(3.1) 24.5mm

(3.4) (a) 249 cm
(b) 19.15 em

(3.7) 11.25 cm/month  (3.8)
(3.11) 0.75 cm/h

Queastions
@G0 ¢ (3.2) b

(3.2) decrease, 48 Mm?3
(3.5 234cm

11.0cm (3.9 2.50cm
(3.12) 10.0 cm, 4.2 cm

(33) d

2.52 cm/h

(34) c

(3.3) 178 mm/month
(3.6) 46.8 cm

(3.10) 2.24 cm

3.5 d



(2.0} 0 2.7) v LR R & ot . =
6.4) ER = 5.76
(3.11) d (3.12) ¢ el om
Tinie (days) 0 1 2 3 4 5 6 7 8
Dist, graph (%;) 0 10.25 31,50 26.25 1550
CHAPTER 4 p ‘ 925 525 200 0
Problems ) (6.5)
(4.1) 6.429 m3fs (4.3) 1173 mifs (4.4) 3460 m¥/s ‘ :
(4.5) 103 m3/s (4.6) 500 m¥js ° (4.7) 143 md/s Time (h) 0 5 13 21 28 32 35 41
(4.8) 11.0km (4.9) 44.25 m3/s (4,10) 30.18 m¥/s 8-h UH ord (m?s) 0 89  40.7 889 1333 1822 2856 3200
(4.11) 427 m%/s (4.12) 18.60 (4.13) (U —a}=0.16334 (Ui, )
26.85 Tirme () 45 55 61 91 98 115 130
3 o
(4.14) 164.4 m3fs 6-h UH ord (m¥s) 3350 3156 2644 1444 1156 640 0
Questions
4.1) d 4.2) ¢ (4.3) b (4.4) d “5 b (6.6) 70 m’/s
(4.6) ¢ “4.7) ¢ (4.8) b 4.9) ¢ (4.10) b (6.7) 1800 m®/s -+ base How
(6.8)
CHAPTER 5 Foae i 0. 3 6 9 12 18 24 30
Q (m¥/s) 30 300 480 1410 2820 4500 6010 DI
Problems .
(5.1) (a) 121 cm (5.2) 5.06 Mm? Time (h) 36 42 48 54 60 66. 712 7% .
(b) 75.9 cm Q (m?/s) 5080 3996 2866 1866 1060 5 g
(€621 % 00 170 20
{(5.3) R = 0.6163 P—21.513; (5.4) 2.534 cm; 0.436 |
40.12 cm | (6.9)
(5.5) 0,144 (5.6) Q. = 14 m3s .
T
(5.7) 9545 cumecc-day {(5.8) (a) 5700 cumec-day Fneth) 0 6 12 18 24 30 36 42 48 54 60 66 72
(b) 82 m3/s @ (m*/s) 10 30 90 220 280 220 166 126 92 62 40 20 10
(5.9) 365 Mm3 (5.10) 387.8 Mm3 ‘
Questions (6.19)
(5.1) a - (5.2) a (5.3) a (5.4) ¢ (5.5) ¢ Ti h
(5.6) b 57 b (5.8) d (5.9) ¢ (5.10) b R 0 6 12 18 24 30 36 42 48 54 60 66 72
G.10) a (5.12) b 12-h UH ord. (m¥s) 0 10 40 105 135 10578 58 41 26 15 5 O
X
(6.11)
CHAPTER 6
el 0O 2 4 6 8 10 12 14 16
Prob!j{ms » st . I | S-curve ord, (m¥/s) O 25 125 285 475 645 755 825 855
o = 0. 4 s w= 0,204 5 / (] 2 [ .
B K = 0585 " SRl Rl RRRERE A { 4h UHord. (n%s) 0 125 625 130 175 180 140 90 50
(6.3) ‘
il 18 20 22 24 26

0 6 12 18 24 30 36 42 48 54 60 66 72
0 5 35 64 72 62 46 33 21 116 56 1.6 0 S-curve ord (m'fs) 875 881 881 881 881

- 4 4hUHord (mys) 25 o 5 . .

Time (h)
6-h UH ord (m3fs)




(6.12)

Time (h) 0 6 12 18 24 30 36 42 48 54

6-1i UH ord. (m%/s) 0 20 54 98 124 © 148 152 4154 138 122

Time o o6 72 T8 g4+ - 9l 9 102 108 114 120

0-h UH e 92 76 o6 5V 42 28 22 12 10 6

Time 1206 132 138

6-h UH ord. 3 1 0

(6.13)

Time (h) 0 3 6 Y 12 15 18 21 24 27
9-h UH ord. (m?/s) 0 4 29 73 129 174 191 183 158 135
Time ) 30 33 36 39 42 45 48 Sl 54 57 60 63 66
9.h UHl 115 99 83 69 54 43 33 25 18 12 6 2 0
(6.14)

Time (h) 0 6 12 18 24 30 36 42 48 54 60 66 72 78
0 mi/s) ‘a0 80 200 550 620 850 698 530 380 280 178 100 60 20

(6.15) A = 1296 km*

Time (h) 0 ¢ 12 18 24 30 36 42 48 54 60 o6 T2 78
Q@ (m?[s) 95 75 225 375 525 600 525 450 375 300 225 150 75 25

(6.16) 80.6 m*/s
(6.17)

Time (h) 0 2 6 10 14 18 22 26 30 34
DRH ord. (m?%fs) 0 43 194 444 396 281 141 4.9 1.4 0

(6.18)

Time (units of 6 h) 1 2 3 4 5 6
Distribution graph (%) 8.33 25.00 29.17 20.83 12,50 4.17
(6.19)

Time (h) 0 3 6 o9 12 15 18 21 24 27
3-h UH ord. (m3/s) 0 60 120 90 50 30 20 10 ] 0

6.20) ¢, =6U0h ¢t =277 = 126 m’ . .
R . Sb, @y = 126 ms, Wy, = 79 b, Wy, =45 ], 1,=156 b
(6.21) r; = 9h, Qp = 86.5m%s, Wy, = 307h, Woy = 17.5h,1, = 52h

(6.22) Qp = 126 m¥fs, 1y = 30.75h

(6.23)
Time (h) 0 2 4 6 8 10 12 14
2-h UH ord. (m3s) =~ 0 250 7.50 12.50 17.50 19,29 17.85 16.42
Time 16 18 20 22 24 26 28 30
2-h UH 14,99 13,56 12.14 10.71 9.28 7.85 6.06 4.99
Time 32 34 36 38
2-h UH 3.56 2,13 0.71 0
Questions
(6.1) ¢ (6.2) a (6.3) b (6.4) a (6.5) ¢
(6.6) b 6.7) b (6.8) ¢ (6.9) b (6.10) d
(6.11) ¢ (6.12) a 6.13)a (6.14) ¢ 6.15d
(6.16) a 6.17)b (6.18) ¢ (6.19) b
CHAPTER 7
Problems
g:)) 4.0 m3/s (7.2) 10,0 m¥/s (7.3) 19,68 m¥/s
4) (a) 0.025 (7.5) (a) 0.41
: . 7.
(by 0.397 (b) 0.358 (7:6) 96 years
(©) 0.975 (c) 0.02
(d) 8.33 x 10~¢
- (e) 0.636
Ty om 35 45 55 60
; 05
K, m 5.0421 5.5221 5.4420 5.4100 5.3832
(7.8) T years 50 100 1000
Q7 (Gumbel) m¥/s 5760 6390 8470
Q; (Log Pearson Ii) m*/s 3300 5820 7390
(7.9) T = 100 years
(7.10) T years 50 100 200 1000
Qr (m?fs) 790 930 1080 1500

(7.11) Ganga: Qe = 16360 £ 2550 m?/s
qunu 22020 £ 3750 1’!1“;’5

Yamunu: @, 17300 + 3890 md/s

Qigon = 23940 % 5720 m?¥/s

&

(7.12) 567 m¥/s



(713 (@) x = 385 m¥[s, an_, = 223 m?

(7.14)

/s (b) 1525 m?/s

Time (h) 0
Q (m?fs) 50

Timne 108
o 1263

12
104

120
753

24 36
482 1069

132 144
393 183

§72 84
3358 2603

43 60
3138 3699

156 168
51 50

96
1929

Questions
(1.1) a
(7.6) b
(7.1 ¢

CHAPTER 8

Problems
(8.1)

(7.2) d
(7.7) a
(7.12) ¢

(7.3) d
(7.8) b
(7.13) a

(7.5) b
(7.10) c

(74) ¢
(7.9) c
(7.14) d

Time (h)
0 (m?fs)

Elevation (300.00 +)

Time
Q
Elev.

0.0

0.90

030

0.75

0.45

9 12 15 18
26 36 43 - 38
0.85 1.03 115 1.08

21
34
1.00

(8.2)

Timé (h)
Q (m?s)
Elevation
(300,00 +)
Time

Q

Elev.

63

0,50

21
37
1.05

54 46

1.38 1.20

24
31
0.93

(8.3) 62,305, 52.5 m®/s, 7.5m%/s

(8.4) 2 h 25 min

49 53 50

1.28 1.35 1.30

24
0.80

18
45

1-20

gt

(9.2) 1.92cm/s

(8.5)
Time (h) 2 4 6 8 10 12 14
Q (m?s) 0 9.5 20.0 29.6 215 23.7 21.5 LT
Time 10 15 20 22 24 20
O (m?s) 154 1018 9.3 59 33 0
(8.6) X = 10.0h, x = 0.2
(8.7) 21 h, 35 m?fs
(8.8)
Time (h) 0 3 6 9 12 15 18 21
Q (m¥/s) 100 145 250 3638 43.8 478 452 42.9
Time 24 27 30
o 39.2 34.5 29.1
(8.9)
1UH ord. (m?s) o 278 13.06 1731 2809 3418 33.54 30.75
1-h UHord. (m¥s) 0 139 797 1518 2270 31.14 33.86 3215
Time 8 9 10 11 12 13 14
IUH 27.68 2491 22,42 2018 18.16 16.34 14.70 soon
1-h UH 2922 2630 23.67 21,30 19.17 17.34 1552 soon
(8.10) 3 h, 0.6 m¥/s
Bl O BF (f. -1, ),”“'_ E
o 4
Questions
(8.1) a 8.2) c (83 a (8.4) b (8.5) d
(8.6) d 8.7 ¢ (8.8) d (8.9 b (8.103 b
8.1 c (8.12) a
CHAPTER 9
Problems
(9.1) (a) 4125 m?/day (b) 44,175 m





