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Chapter

INTRODUCTION

1.1 INTRODUCTION

Hydrology means the science of water. It is the science that deals with the occurrence,
circulation and distribution of water of the earth and earth’s atmosphere. As a branch
of earth science, it is concerned with the water in streams and lakes, rainfall and snow-
fall, snow and ice on the land and water occurring below the earth’s surface in the
pores of the soil and rocks. In a general sense, hydrology is a very broad subject of an
inter-disciplinary nature drawing support from allied sciences, such as meteorology,
geology, statistics, chemistry, physics and fluid mechanics.

Hydrology is basically an applied science. To further emphasise the degree of ap-
plicability, the subject is sometimes classified as

1. Scientific hydrology—the study which is concerned chiefly with academic as-

pects.
2. Engineering or applied hydrology—a study concerned with engineering ap-
plications.

In a general sense engineering hydrology deals with (i) estimation of water resources,
(i1) the study of processes such as precipitation, runoff, evapotranspiration and their
interaction and (iii) the study of problems such as floods and droughts, and strategies
to combat them.

This book is an elementary treatment of engineering hydrology with descriptions
that aid in a qualitative appreciation and techniques which enable a quantitative evalu-
ation of the hydrologic processes that are of importance to a civil engineer.

1.2 HYDROLOGIC CYCLE

Water occurs on the earth in all its three states, viz. liquid, solid and gaseous, and in
various degrees of motion. Evaporation of water from water bodies such as oceans
and lakes, formation and movement of clouds, rain and snowfall, streamflow and
groundwater movement are some examples of the dynamic aspects of water. The vari-
ous aspects of water related to the earth can be explained in terms of a cycle known as
the hydrologic cycle.

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
forms 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, etc. A part of the precipitation
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0 =Evaporation from ocean 5 = Evaporation from water bodies
1 =Raindrop evaporation 6 = Surface runoff

2 =Interception 7 =Infiltration

3 =Transpiration 8= Groundwater

4 =Evaporation from land 9 =Deep percolation

Fig.1.1 The Hydrologic Cycle

may evaporate back to the atmosphere even while falling. Another part may be inter-
cepted 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 groundwater body.
Vegetation sends a portion of the water from under the ground surface back to the
atmosphere through the process of transpiration. 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 channel is called runoff. Once it enters a stream channel, runoff
becomes stream flow.

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 cycle 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) tempo-
rary storage and (iii) change of state. For example, (a) the process of rainfall has the
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change of state and transportation and (b) the groundwater path has storage and trans-
portation aspects.

The main components of the hydrologic cycle can be broadly classified as trans-
portation (flow) components and storage components as below:

Transportation Storage components
components
Precipitation Storage on the land surface
(Depression storage, Ponds, Lakes, Reservoirs, etc)
Evaporation Soil moisture storage
Transpiration Groundwater storage
Infiltration
Runoff

Schematically the interdepen- Evapo-
dency of the transportation compo-  transeiration
nents can be represented as in A < l l l l l
Fig. 1.2. The quantities of water (Run off)
going through various individual 11113 0
paths of the hydrological cycle in —<—: Infiltration >
a given system can be described by |

the continuity principle known as :

water budget equation or hydro- I
logic equation. _<_| I_’_mse flow

It is important to note that the Groundwater flow
total water resources of the earth
are constant and the sun is the
source of energy for the hydrologic
cycle. A recognition of the various processes such as evaporation, precipitation and
groundwater flow helps one to study the science of hydrology in a 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 groundwater, etc. Interference at one stage can cause seri-
ous repercussions at some other stage of the cycle.

The hydrological cycle has important influences in a variety of fields including
agriculture, forestry, geography, economics, sociology and political scene. Engineer-
ing applications of the knowledge of the hydrologic cycle, and hence of the subjects of
hydrology, are found in the design and operation of projects dealing with water sup-
ply, irrigation and drainage, water power, flood control, navigation, coastal works,
salinity control and recreational uses of water.

Precipitation

Stream flow

>

Fig. 1.2 Transportation Components of the
Hydrologic Cycle

1.3 WATER BUDGET EQUATION
CATCHMENT AREA

The area of land draining into a stream or a water course at a given location is known
as catchment area. 1t is also called as drainage area or drainage basin. In USA, it is
known as watershed. A catchment area is separated form its neighbouring areas by a
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ridge called divide in USA and wa-
tershed in UK (Fig. 1.3). The areal
extent of the catchment is obtained by
tracing the ridge on a topographic map
to delineate the catchment and meas-
uring the area by a planimeter. It is
obvious that for a river while mention-
ing the catchment area the station to
which it pertains (Fig. 1.3) must also )
be mentioned. It is normal to assume ~ Stauon M
the groundwater divide to coincide ¥ River A
with the surface divide. Thus, the Fig. 1.3 Schematic Sketch of Catchment
catchment area affords a logical and of River A at Station M
convenient unit to study various as-

pects relating to the hydrology and water resources of a region.

Further it is probably the singlemost important drainage characteristic used in hydro-
logical analysis and design.

Watershed
(divide)

River A

WATER BUDGET EQUATION

For a given problem area, say a catchment, in an interval of time A¢, the continuity
equation for water in its various phases is written as

Mass inflow — mass outflow = change in mass storage

If the density of the inflow, outflow and storage volumes are the same

¥ —¥; = AS (L.1)
where #; = inflow volume of water into the problem area during the time period, +5
= outflow volume of water from the problem area during the time period, and AS =
change in the storage of the water volume over and under the given area during the
given period. In applying this continuity equation [Eq. (1.1)] to the paths of the hydro-
logic cycle involving change of state, the volumes considered are the equivalent vol-
umes 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 corresponds to a depth of

[LJ =1 m = 100 cm. Rainfall, evaporation and often runoff volumes are
10 x10°
expressed in units of depth over the catchment.

While realizing that all the terms in a hydrological water budget may not be known
to the same degree of accuracy, an expression for the water budget of a catchment for
a time interval A¢ is written as

P-R-G-E-T=AS (1.2-a)
In this P = precipitation, R = surface runoff, G = net groundwater flow out of the
catchment, E = evaporation, 7 = transpiration and AS = change in storage.

The storage S consists of three components as

§=8+8,+S,
where S, = surface water storage
S,,, = water in storage as soil moisture and

S, = water in storage as groundwater.
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Thus in Eq. (1.2-a) AS = AS, + AS,,, + AS,

All terms in Eq. (1.2-a) have the dimensions of volume. Note that all these terms
can be expressed as depth over the catchment area (e.g. in centimetres), and in fact
this is a very common unit.

In terms of rainfall-runoff relationship, Eq. (1.2-a) can be represented as

R=P-L (1.2-b)
where L = Losses = water not available to runoff due to infiltration (causing addition
to soil moisture and groundwater storage), evaporation, transpiration and surface stor-
age. Details of various components of the water budget equation are discussed in
subsequent chapters. Note that in Eqs (1.2-a and b) the net import of water into the
catchment, from sources outside the catchment, by action of man is assumed to be zero.

ExampLe 1.1 A lake had a water surface elevation of 103.200 m above datum at the
beginning of a certain month. In that month the lake received an average inflow of 6.0
m’/s from surface runoff sources. In the same period the outflow from the lake had an
average value of 6.5 m*/s. Further, in that month, the lake received a rainfall of 145 mm
and the evaporation from the lake surface was estimated as 6.10 cm. Write the water
budget equation for the lake and calculate the water surface elevation of the lake at the
end of the month. The average lake surface area can be taken as 5000 ha. Assume that
there is no contribution to or from the groundwater storage.

Sorution:  In a time interval A¢ the water budget for the lake can be written as
Input volume — output volume = change in storage of the lake
(IAt+PA)—(QAt+ EA)=AS
where ] = average rate of inflow of water into the lake, O = average rate of outflow from
the lake, P = precipitation, £ = evaporation, 4 = average surface area of the lake and
AS = change in storage volume of the lake.
Here At=1month =30 x 24 x 60 X 60 =2.592 x 10°s =2.592 Ms
In one month:

Inflow volume = TA7= 6.0 X 2.592 = 15.552 M m*

Outflow volume = OA¢= 6.5 x 2.592 = 16.848 M m®
14.5 % 5000 x 100 X 100

. s . _ _ 3_ 3
Input due to precipitation = P4 100 x 105 Mm’=725Mm
6.10 5000x100x100
Outflow due to evaporation = E4 = X =3.05Mm’
100 106
Hence AS =15.552 +7.25 - 16.848 — 3.05 =2.904 M m*
, _ AS 2.904 x10°
Change in elevation Az=—=—————— =0.058m

A 5000 %100 %100
New water surface elevation at the end of the month = 103.200 + 0.058
=103.258 m above the datum.

ExampLe 1.2 A small catchment of area 150 ha received a rainfall of 10.5 cm in 90
minutes due to a storm. At the outlet of the catchment, the stream draining the catchment
was dry before the storm and experienced a runoff lasting for 10 hours with an average
discharge of 1.5 m’/s. The stream was again dry after the runoff event. (a) What is the
amount of water which was not available to runoff due to combined effect of infiltration,
evaporation and transpiration? What is the ratio of runoff to precipitation?
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Sorurion:  The water budget equation for the catchment in a time At is
R=P-L (1.2-b)
where L = Losses = water not available to runoff due to infiltration (causing addition to
soil moisture and groundwater storage), evaporation, transpiration and surface storage.
In the present case Az = duration of the runoff = 10 hours.
Note that the rainfall occurred in the first 90 minutes and the rest 8.5 hours the precipi-
tation was zero.
(a) P = Input due to precipitation in 10 hours
=150 x 100 x 100 x (10.5/100) = 157,500 m*
R = runoff volume = outflow volume at the catchment outlet in 10 hours
= 1.5 x 10 x 60 x 60 = 54,000 m*
Hence losses L = 157,500 — 54,000 = 103,500 m?
(b) Runoff/rainfall = 54,000/157,500 = 0.343
(This ratio is known as runoff coefficient and is discussed in Chapter 5)

1.4 WORLD WATER BALANCE

The total quantity of water in the world is estimated to be about 1386 million cubic
kilometres (M km?). About 96.5% of this water is contained in the oceans as saline
water. Some of the water on the land amounting to about 1% of the total water is also
saline. Thus only about 35.0 M km? of fresh water is available. Out of this about 10.6
M km? is both liquid and fresh and the remaining 24.4 M km? is contained in frozen
state as ice in the polar regions and on mountain tops and glaciers. An estimated
distribution of water on the earth is given in Table 1.1.

Table1.1 Estimated World Water Quantities

Item Area Volume Percent Percent
(Mkm?) (Mkm®) total water fresh water
1. Oceans 361.3 1338.0 96.5 —
2. Groundwater
(a) fresh 134.8 10.530 0.76 30.1
(b) saline 134.8 12.870 0.93 —
3. Soil moisture 82.0 0.0165 0.0012 0.05
4. Polar ice 16.0 24.0235 1.7 68.6
5. Other ice and snow 0.3 0.3406 0.025 1.0
6. Lakes
(a) fresh 1.2 0.0910 0.007 0.26
(b) saline 0.8 0.0854 0.006 —
7. Marshes 2.7 0.01147 0.0008 0.03
8. Rivers 148.8 0.00212 0.0002 0.006
9. Biological water 510.0 0.00112 0.0001 0.003
10. Atmospheric water 510.0 0.01290 0.001 0.04
Total: (a) All kinds of water 510.0 1386.0 100.0
(b) Fresh water 148.8 35.0 2.5 100.0

Table from WORLD WATER BALANCE AND WATER RESOURCES OF THE
EARTH, © UNESCO, 1975. Reproduced by the permission of UNESCO.
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The global annual water balance is shown in Table 1.2.

Table 1.2 Global Annual Water Balance

Item Ocean Land

1. Area (M km?) 361.30 148.8
2. Precipitation (km®/year) 458,000 119,000
(mm/year) 1270 800
3. Evaporation (km®/year) 505,000 72,000
(mm/year) 1400 484

4. Runoff to ocean
(i) Rivers (km®/year) 44,700
(i) Groundwater (km?/year) 2,200
Total Runoff (km?/year) 47,000
(mm/year) 316

Table from WORLD WATER BALANCE AND WATER RESOURCES OF THE
EARTH, © UNESCO, 1975. Reproduced by the permission of UNESCO.

It is seen from Table 1.2 that the annual evaporation from the world’s oceans and
inland areas are 0.505 and 0.072 M km? respectively. Thus, over the oceans about 9%
more water evaporates than that falls back as precipitation. Correspondingly, there
will be excess precipitation over evaporation on the land mass. The differential, which
is estimated to be about 0.047 M km® is the runoff from land mass to oceans and
groundwater outflow to oceans. It is interesting to know that less than 4% of this total
river flow is used for irrigation and the rest flows down to sea.

These estimates are only approximate and the results from different studies vary;
the chief cause being the difficulty in obtaining adequate and reliable data on a global
scale.

The volume in various phases of the hydrologic cycle (Table 1.1) as also the rate of
flow in that phase (Table 1.2) do vary considerably. The average duration of a particle
of water to pass through a phase of the hydrologic cycle is known as the residence time
of that phase. It could be calculated by dividing the volume of water in the phase by
the average flow rate in that phase. For example, by assuming that all the surface
runoff to the oceans comes from the rivers,

From Table 1.1, the volume of

water in the rivers of the world =0.00212 M km®
From Table 1.2, the average flow rate
of water in global rivers = 44700 km®/year

Hence residence time of global rivers, 7, = 2120/44700 = 0.0474 year = 17.3 days.

Similarly, the residence time for other phases of the hydrological cycle can be
calculated (Prob. 1.6). It will be found that the value of T, varies from phase to phase.
In a general sense the shorter the residence time the greater is the difficulty in predict-
ing the behaviour of that phase of the hydrologic cycle.

Annual water balance studies of the sub-areas of the world indicate interesting
facts. The water balance of the continental land mass is shown in Table 1.3(a). It is
interesting to see from this table that Africa, in spite of its equatorial forest zones, is
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the driest continent in the world with only 20% of the precipitation going as runoff. On
the other hand, North America and Europe emerge as continents with highest runoff.
Extending this type of analysis to a smaller land mass, viz. the Indian subcontinent,
the long term average runoff for India is found to be 46%.

Table 1.3(a) Water Balance of Continents> mm/ year

Continent Area  Precipitation Total Runoff as % Evaporation
(M km?) runoff  of precipitation
Africa 30.3 686 139 20 547
Asia 45.0 726 293 40 433
Australia 8.7 736 226 30 510
Europe 9.8 734 319 43 415
N. America  20.7 670 287 43 383
S. America 17.8 1648 583 35 1065

Water balance studies on the oceans indicate that there is considerable transfer of
water between the oceans and the evaporation and precipitation values vary from one
ocean to another (Table 1.3(b)).

Table 1.3(b) Water Balance of Oceans? mm/ year

Ocean Area Precipitation Inflow from  Evaporation Water
(M km?) adjacent exchange with
continents other oceans
Atlantic 107 780 200 1040 —60
Arctic 12 240 230 120 350
Indian 75 1010 70 1380 -300
Pacific 167 1210 60 1140 130

Each year the rivers of the world discharge about 44,700 km? of water into the
oceans. This amounts to an annual average flow of 1.417 Mm?/s. The world’s largest
river, the Amazon, has an annual average discharge of 200,000 m?/s, i.e. one-seventh
of the world’s annual average value. India’s largest river, the Brahmaputra, and the
second largest, the Ganga, flow into the Bay of Bengal with a mean annual average
discharges of 16,200 m*/s and 15,600 m>/s respectively.

1.5 HISTORY OF HYDROLOGY

Water is the prime requirement for the existence of life and thus it has been man’s
endeavour from time immemorial to utilise the available water resources. History has
instances of civilizations that flourished with the availability of dependable water sup-
plies and then collapsed when the water supply failed. Numerous references exist in
Vedic literature to groundwater availability and its utility. During 3000 BC groundwater
development through wells was known to the people of the Indus Valley civilizations
as revealed by archaeological excavations at Mohenjodaro. Quotations in ancient Hindu
scriptures indicate the existence of the knowledge of the hydrologic cycle even as far
back as the Vedic period. The first description of the raingauge and its use is contained
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in the Arthashastra by Chanakya (300 BC). Varahamihira’s (AD 505-587)
Brihatsamhita contains descriptions of the raingauge, wind vane and prediction pro-
cedures for rainfall. Egyptians knew the importance of the stage measurement of riv-
ers 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
AD 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 modernization—1800—1900
Period of empiricism—1900-1930
Period of rationalization—1930-1950
. Period of theorization—1950—to—date

Most of the present-day science of hydrology has been developed since 1930, thus
giving hydrology the status of a young science. The worldwide activities in water-
resources development since the last few decades by both developed and developing
countries aided by rapid advances in instrumentation for data acquisition and in the
computer facilities for data analysis have contributed towards the rapid growth rate of
this young science.

PRI RO

1.6 APPLICATIONS IN ENGINEERING

Hydrology finds its greatest application in the design and operation of water-resources
engineering projects, such as those for (i) irrigation, (ii) water supply, (iii) flood con-
trol, (iv) water power, and (v) navigation. In all these projects hydrological investiga-
tions 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, reser-

voirs, barrages and bridges.

The hydrological study of a project should necessarily precede structural and other
detailed design studies. It involves the collection of relevant 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 assessment
of the hydrological factors. Some typical failures of hydraulic structures are:
(1) overtopping and consequent failure of an earthen dam due to an inadequate spill-
way 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 hydrologic failures underscore the uncertainty aspect
inherent in hydrological studies.
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Various phases of the hydrological cycle, such as rainfall, runoff, evaporation and
transpiration are all nonuniformly distributed both in time and space. Further, practi-
cally 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 ana-
lysed by statistical methods to obtain information on probabilities of occurrence of
various events. The probability analysis of hydrologic data is an important 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.

1.7 SOURCES OF DATA

Depending upon the problem at hand, a hydrologist would require data relating to the
various relevant phases of the hydrological cycle playing on the problem catchment.
The data normally required in the studies are:

e Weather records—temperature, humidity and wind velocity
Precipitation data
Stream flow records
Evaporation and evapotranspiration data
Infiltration characteristics of the study area
Soils of the area
Land use and land cover
Groundwater characteristics
Physical and geological characteristics of the area
Water quality data

In India, hydro-meteorological data are collected by the India Meteorological De-
partment (IMD) and by some state government agencies. The Central Water Commis-
sion (CWC) monitors flow in major rivers of the country. Stream flow data of various
rivers and streams are usually available from the State Water Resources/Irrigation
Department. Groundwater data will normally be available with Central Groundwater
Board (CGWB) and state Government groundwater development agencies. Data re-
lating evapotranspiration and infiltration characteristics of soils will be available with
State Government organizations such as Department of Agriculture, Department of
Watershed development and Irrigation department. The physical features of the study
area have to be obtained from a study of topographical maps available with the Survey
of India. The information relating to geological characteristics of the basin under study
will be available with the Geological Survey of India and the state Geology Directo-
rate. Information relating to soils at an area are available from relevant maps of
National Bureau of Soil Survey and Land Use Planning (NBSS&LUP), 1996. Further
additional or specific data can be obtained from the state Agriculture Department and
the state Watershed Development Department. Land use and land cover data would
generally be available from state Remote sensing Agencies. Specific details will have
to be derived through interpretation of multi-spectral multi-season satellite images
available from National Remote Sensing Agency (NRSA) of Government of India.
Central and State Pollution Control Boards, CWC and CGWB collect water quality
data.
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: REvisioN QUESTIONS :

1.1

1.2
1.3
14
1.5

Describe the Hydrologic cycle. Explain briefly the man’s interference in various parts of
this cycle.

Discuss the hydrological water budget with the aid of examples.

What are the significant features of global water balance studies?

List the major activities in which hydrological studies are important.

Describe briefly the sources of hydrological data in India.

1.1

1.2

1.3

14

1.5

: ProBLEMS |

Two and half centimetres of rain per day over an area of 200 km? is equivalent to average
rate of input of how many cubic metres per second of water to that area?

A catchment area of 140 km? received 120 cm of rainfall in a year. At the outlet of the
catchment the flow in the stream draining the catchment was found to have an average
rate of 2.0 m%/s for 3 months, 3.0 m*/s for 6 months and 5.0 m*/s for 3 months. (i) What
is the runoff coefficient of the catchment? (ii) If the afforestation of the catchment re-
duces the runoff coefficient to 0.50, what is the increase in the abstraction from precipi-
tation due to infiltration, evaporation and transpiration, for the same annual rainfall of
120 cm?

Estimate the constant rate of withdrawal from a 1375 ha reservoir in a month of 30 days
during which the reservoir level dropped by 0.75 m in spite of an average inflow into the
reservoir of 0.5 Mm>/day. During the month the average seepage loss from the reservoir
was 2.5 cm, total precipitation on the reservoir was 18.5 cm and the total evaporation
was 9.5 cm.

A river reach had a flood wave passing through it. At a given instant the storage of water
in the reach was estimated as 15.5 ha.m. What would be the storage in the reach after an
interval of 3 hours if the average inflow and outflow during the time period are 14.2 m?/
s and 10.6 m?/s respectively?

A catchment has four sub-areas. The annual precipitation and evaporation from each of
the sub-areas are given below.

Assume that there is no change in the groundwater storage on an annual basis and calcu-
late for the whole catchment the values of annual average (i) precipitation, and (ii) evapo-
ration. What are the annual runoff coefficients for the sub-areas and for the total catch-
ment taken as a whole?

Sub-area Area Annual precipitation Annual evaporation
Mm? mm mm
A 10.7 1030 530
B 3.0 830 438
C 8.2 900 430
D 17.0 1300 600
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Estimate the residence time of

(a) Global atmospheric moisture.

(b) Global groundwater by assuming that only the fresh groundwater runs off'to the oceans.
(c) Ocean water.

: OBJECTIVE QUESTIONS :

1.1

1.2

1.3

14

1.5

1.6

1.7

1.8

1.9

The percentage of earth covered by oceans is about

(a) 31% (b) 51% (©) 71% (d 97%
The percentage of total quantity of water in the world that is saline is about
(@) 71% (b) 33% (c) 67% (d 97%

The percentage of total quantity of fresh water in the world available in the liquid form

is about

(a) 30% (b) 70% (c) 11% (d 51%

If the average annual rainfall and evaporation over land masses and oceans of the earth

are considered it would be found that

(a) over the land mass the annual evaporation is the same as the annual precipitation

(b) about 9% more water evaporates from the oceans than what falls back on them as
precipitation

(c) over the ocean about 19% more rain falls than what is evaporated

(d) over the oceans about 19% more water evaporates than what falls back on them as
precipitation.

Considering the ratio of annual precipitation to runoff = ;, for all the continents on the

earth,

(a) Asia has the largest value of the ratio r,,

(b) Europe has the smallest value of 7.

(c) Africa has the smallest value of r,.

(d) Australia has the smallest value of ;.

In the hydrological cycle the average residence time of water in the global

(a) atmospheric moisture is larger than that in the global rivers

(b) oceans is smaller than that of the global groundwater

(c) rivers is larger than that of the global groundwater

(d) oceans is larger than that of the global groundwater.

A watershed has an area of 300 ha. Due to a 10 cm rainfall event over the watershed a

stream flow is generated and at the outlet of the watershed it lasts for 10 hours. Assum-

ing a runoff/rainfall ratio of 0.20 for this event, the average stream flow rate at the outlet

in this period of 10 hours is

(a) 1.33 m’s (b) 16.7 m’/s (c) 100 m*/minute (d) 60,000 m*/h

Rainfall of intensity of 20 mm/h occurred over a watershed of area 100 ha for a duration

of 6 h. measured direct runoff volume in the stream draining the watershed was found to

be 30,000 m®. The precipitation not available to runoff in this case is

(a) 9cm (b) 3cm (c) 17.5 mm (d) 5mm

A catchment of area 120 km? has three distinct zones as below:

Zone Area (km?) Annual runoff (cm)
A 61 52
B 39 42
C 20 32

The annual runoff from the catchment, is
(a) 126.0 cm (b) 42.0 cm (c) 454 cm (d) 473 cm
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Chapter

PRECIPITATION

2.1 INTRODUCTION

The term precipitation denotes all forms of water that reach the earth from the atmos-
phere. 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 flow, especially the flood flow in a majority of rivers
in India, unless otherwise stated the term rainfall is used in this book synonymously
with precipitation. The magnitude of precipitation varies with time and space. Differ-
ences in the magnitude of rainfall in various parts of a country at a given time and
variations of rainfall at a place in various seasons of the year are obvious and need no
elaboration. It is this variation that is responsible for many hydrological problems,
such as floods and droughts. The study of precipitation forms a major portion of the
subject of hydrometeorology. In this chapter, a brief introduction is given to familiar-
ize the engineer with important aspects of rainfall, and, in particular, with the collec-
tion and analysis of rainfall data.

For precipitation to form: (i) the atmosphere must have moisture, (ii) there must be
sufficient nuclei present to aid condensation, (iii) weather conditions must be good for
condensation of water vapour to take place, and (iv) the products of condensation
must reach the earth. Under proper weather conditions, the water vapour condenses
over nuclei to form tiny water droplets of sizes less than 0.1 mm in diameter. The
nuclei are usually salt particles or products of combustion and are normally available
in plenty. Wind speed facilitates the movement of clouds while its turbulence retains
the water droplets in suspension. Water droplets in a cloud are somewhat similar to the
particles in a colloidal suspension. Precipitation results when water droplets come
together and coalesce to form larger drops that can drop down. A considerable part of
this precipitation gets 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 region enclos-
ing 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 1t is 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
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break up into drops of smaller sizes during its fall from the clouds. On the basis of its
intensity, rainfall is classified as:

Type Intensity
1. Light rain trace to 2.5 mm/h
2. Moderate rain 2.5 mm/h to 7.5 mm/h
3. Heavy rain > 7.5 mm/h

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

DrizziE 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 comes in contact with cold ground at around 0° C, the
water drops freeze to form an ice coating called glaze or freezing rain.

SLEET ltis frozen raindrops of transparent grains which form when rain falls through
air at subfreezing temperature. In Britain, s/eet denotes precipitation of snow and rain
simultaneously.

HAIL Ttis 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 fa-
vourable conditions when a warm air mass and cold air mass meet, the warmer air
mass is lifted over the colder one with the formation of a front. The ascending warmer
air cools adiabatically with the consequent formation of clouds and precipitation.

CYCLONE A cyclone s alarge low pressure region with circular wind motion. Two
types of cyclones are recognised: tropical cyclones and extratropical cyclones.
Tropical cyclone: A tropical cyclone, also called cyclone in India, hurricane in
USA and typhoon in South-East Asia, is a wind system with an intensely strong de-
pression with MSL pressures sometimes below 915 mbars The normal areal extent of
a cyclone is about 100200 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 eye, very strong winds/reaching to as much as 200 kmph
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exist. The wind speed gradually decreases towards the outer edge. The pressure also
increases outwards (Fig. 2.1). The rainfall will normally be heavy in the entire area
occupied by the cyclone.
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Fig.2.1 Schematic Section of a Tropical 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 latitudes in an irregu-
lar 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. Hence, 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 magnitude 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 larger.

ANTICYCLONES These are regions of high pressure, usually of large areal extent.
The weather is usually calm at the centre. Anticyclones cause clockwise wind circula-
tions 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 thus setting up a con-
vective cell. The warm air continues to rise, undergoes cooling and results in precipi-
tation. 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 to a diameter of about 10 km.

OROGRAPHIC PRECIPITATION The moist air masses may get lifted-up to higher
altitudes due to the presence of mountain barriers and consequently undergo cooling,
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condensation and precipitation. Such a precipitation is known as Orographic precipi-
tation. Thus in mountain ranges, the windward slopes have heavy precipitation and
the leeward slopes light rainfall.

2.4 CHARACTERISTICS OF PRECIPITATION IN INDIA

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

e South-west monsoon (June—September)

e Transition-I, post-monsoon (October—November)

e Winter season (December—February)

o Transition-II, 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 monsoon) is the principal 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 month which has maximum rain. 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 30—70
kmph 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 latter
at Assam, almost simultaneously in the first week of June. The Bay branch first covers
the north-eastern regions of the country and turns 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
increase from June to July and begin to weaken in September. The withdrawal of the
monsoon, 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 are shown in Fig. 2.2(a) and Fig. 2.2(b).

The monsoon is not a period of continuous rainfall. The weather is generally cloudy
with frequent spells of rainfall. Heavy rainfall activity in various parts of the country
owing to the passage of low pressure regions is common. Depressions formed in the
Bay of Bengal at a frequency of 2—3 per month move along the trough causing exces-
sive precipitation of about 100-200 mm per day. Breaks of about a week in which the
rainfall activity is the least is another feature of the monsoon. The south-west monsoon
rainfall over the country is indicated in Fig. 2.3. As seen from this figure, the heavy
rainfall areas are Assam and the north-eastern region with 200400 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. The long term average monsoon rainfall over the coun-
try is estimated as 95.0 cm.



The McGraw-Hill Companies

Precipitation = 17

60°  65° 70° 75°  80° 85°  90° 95°
T T T = T T T T
Onset of Monsoon —35°

(@)
60° 65° 70° 75° 80° 85° 90°  95°
of T T T N T T T T
35 R Withdrawal -{35°

of monsoon

30 30°

25 250

20 20°

15 150

10°
10°

65° 70° 75° 80° 85° 90° 95°

(b)
Fig. 2.2 (a) Normal Dates of Onset of Monsoon, (b) Normal Dates of With-
drawal 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 200 nautical miles measured from the appro-
priate baseline
Responsibility for the correctness of the internal details on the map rests with the publisher.
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Fig. 2.3 Southwest Monsoon Rainfall (cm) over India and Neighbourhood

(Reproduced with permission from India Meteorological Department)
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 200 nautical miles measured from the
appropriate baseline
Responsibility for the correctness of the internal details on the map rests with the publisher.

POST-MONSOON (OCTOBER-NOVEMBER)

As the south-west monsoon retreats, low-pressure areas form in the Bay of Bengal and
anorth-easterly 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 (Tamil Nadu) and causes
rainfall. Also, in this period, especially in November, severe tropical 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 eastwards across
Afghanistan and Pakistan. Known as western disturbances, they cause moderate to
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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 cause 10—12 cm of rainfall in the southern parts of
Tamil Nadu.

SUMMER (PRE-MONSOON) (MARCH-MAY)

There is very little rainfall in India in this season. Convective cells cause some thun-
derstorms mainly in Kerala, West Bengal and Assam. Some cyclone activity, domi-
nantly on the east coast, also occurs.

ANNUAL RAINFALL

The annual rainfall over the country is shown in Fig. 2.4. Considerable areal variation
exists for the annual rainfall in India with high rainfall of the magnitude of 200 cm in
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Fig. 2.4 Annual Rainfall (cm) over India and Neighbourhood
(Reproduced from Natural Resources of Humid Tropical Asia — Natural
Resources Research, XII. © 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 200 nautical miles measured from the
appropriate baseline

Responsibility for the correctness of the internal details on the map rests with the publisher.
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Assam and north-eastern parts and the western ghats, and scanty rainfall in eastern
Rajasthan and parts of Gujarat, Maharashtra and Karnataka. The average annual rain-
fall for the entire country is estimated as 117 cm.

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

B 100 x standard deviation

v

mean
of the annual rainfall varies between 15 and 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, Punjab and Rajasthan have large variability of
rainfall.
Some of the interesting statistics relating to the variability of the seasonal and an-
nual rainfall of India are as follows:
o A few heavy spells of rain contribute nearly 90% of total rainfall.
e While the average annual rainfall of the country is 117 cm, average annual rain-
fall varies from 10 cm in the western desert to 1100 cm in the North East region.
e More than 50% rain occurs within 15 days and less than 100 hours in a year.
e More than 80% of seasonal rainfall is produced in 10-20% rain events each
lasting 1-3 days.

2.5 MEASUREMENT OF PRECIPITATION
A. RAINFALL

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 1 cm of rainfall over a catchment area
of 1 km? represents a volume of water equal to 10 m>. 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 condi-
tions. 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:

e The ground must be level and in the open and the instrument must present a

horizontal catch surface.

e 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, etc.

e The instrument must be surrounded by an open fenced areca of at least
5.5 m x 5.5 m. 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) nonrecording

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
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funnel. The rim of the collec- e—127—> |
tor is set in a horizontal plane ng{ A
at a height of 30.5 ¢cm above Funnel _:;___/7 %
the ground level. The funnel 7
discharges the rainfall catch Metal __ it
into a receiving vessel. The container /III\\ 9 ©
funnel and receiving vessel are "’ ‘I N 3
housed in a metallic container. c . : I
) K ollecting |
Figure 2.5 shows the details of bottle ——>: |
the installation. Water con- I l Y
tained in the receiving vesselis ~ GL ' : v

measured by a suitably gradu- 777
ated measuring glass, with an
accuracy up to 0.1 mm.

Recently, the India Mete- Concrete block 600 x 600 x 600
orological Department (IMD)
has changed over to the use of ~ Fig. 2.5 Nonrecording Raingauge (Symons’
fibreglass reinforced polyester Gauge)
raingauges, which is an improvement over the Symons’ gauge. These come in differ-
ent combinations of collector and bottle. The collector is in two sizes having areas of
200 and 100 cm? respectively. Indian standard (IS: 5225-1969) gives details of these
new raingauges.

For uniformity, the rainfall is measured every day at 8.30 AM (IST) and is re-
corded as the rainfall of that day. The receiving bottle normally does not hold more
than 10 cm of rain and as such in the case of heavy rainfall the measurements must be
done more frequently and entered. However, the last reading must be taken at 8.30
AM and the sum of the previous readings in the past 24 hours entered as total of that
day. Proper care, maintenance and inspection of raingauges, especially during dry
weather to keep the instrument free from dust and dirt is very necessary. The details of
installation of nonrecording raingauges and measurement of rain are specified in In-
dian Standard (IS: 4986—1968).

This raingauge can also be used to measure snowfall. When snow is expected, the
funnel and receiving bottle are removed and the snow is allowed to collect in the outer
metal container. The snow is then melted and the depth of resulting water measured.
Antifreeze agents are sometimes used to facilitate melting of snow. In areas where
considerable snowfall is expected, special snowgauges with shields (for minimizing
the wind effect) and storage pipes (to collect snow over longer durations) are used.

RECORDING GAUGES

Recording gauges produce a continuous plot of rainfall against time and provide valu-
able data of intensity and duration of rainfall for hydrological analysis of storms. The
following are some of the commonly used recording raingauges.

TIPPING-BUCKET TYPE This is a 30.5 cm size raingauge adopted for use by the
US Weather Bureau. The catch from the funnel falls onto one of a pair of small buck-
ets. These buckets are so balanced that when 0.25 mm of rainfall collects in one bucket,
it tips and brings the other one in position. The water from the tipped bucket is col-
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lected in a storage can. The tipping actuates an electrically driven pen to trace a record
on clockwork-driven chart. The water collected in the storage can is measured at regu-
lar intervals to provide the total rainfall and also serve as a check. It may be noted that
the record from the tipping bucket gives data on the intensity of rainfall. Further, the
instrument is ideally suited for digitalizing of the output signal.

WEIGHING-BUCKET TYPE In this raingauge the catch from the funnel empties
into a bucket mounted on a weighing scale. The weight of the bucket and its contents
are recorded on a clock-work-driven chart. The clockwork mechanism has the capac-
ity to run for as long as one week. This instrument gives a plot of the accumulated
rainfall against the elapsed time, i.e. the mass curve of rainfall. In some instruments of
this type the recording unit is so constructed that the pen reverses its direction at every
preset value, say 7.5 cm (3 in.) so that a continuous plot of storm is obtained.

NATURAL-SYPHON TYPE  This type of recording raingauge is also known as float-
type gauge. Here the rainfall collected by a funnel-shaped collector is led into a float
chamber causing a float to rise. As the float rises, a pen attached to the float through a
lever system records the elevation of the float on a rotating drum driven by a clock-
work mechanism. A syphon arrangement empties the float chamber when the float has
reached a pre-set maximum level. This type of raingauge is adopted as the standard
recording-type raingauge in India and its details are described in Indian Standard (IS:
5235-1969).

A typical chart from this type of raingauge is shown in Fig. 2.6. This chart shows a
rainfall of 53.8 mm in 30 h. The vertical lines in the pen-trace correspond to the
sudden emptying of the float chamber by syphon 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.
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Fig. 2.6 Recording from a Natural Syphon-type Gauge (Schematic)

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 usually adopted for this purpose.
Any of the other types of recording raingauges can also be used equally effectively.
Telemetering gauges are of utmost use in gathering rainfall data from mountainous
and generally inaccessible places.
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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 large
areas can be determined through the radar with a good degree of accuracy.

The radar emits a regular succession of pulses of electromagnetic radiation in a
narrow beam. When raindrops intercept a radar beam, it has been shown that

p - @.1)
2
where P, = average echopower, Z = radar-echo factor, » = distance to target volume
and C = a constant. Generally the factor Z is related to the intensity of rainfall as
Z=al’ (2.2)
where a and b are coefficients and / = intensity of rainfall in mm/h. The values a and
b for a given radar station have to be determined by calibration with the help of re-

cording raingauges. A typical equation for Z is

Z=200 1"

Meteorological radars operate with wavelengths ranging from 3 to 10 cm, the
common values being 5 and 10 cm. For observing details of heavy flood-producing
rains, a 10-cm radar is used while for light rain and snow a 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?.
Radar measurement is continuous in time and space. Present-day developments in the
field include (i) On-line processing of radar data on a computer and (ii) Doppler-type
radars for measuring the velocity and distribution of raindrops.

B. SNOWFALL

Snowfall as a form of precipitation differs from rainfall in that it may accumulate over
a surface for some time before it melts and causes runoff. Further, evaporation from
the surface of accumulated snow surface is a factor to be considered in analysis deal-
ing with snow. Water equivalent of snowfall is included in the total precipitation amounts
of a station to prepare seasonal and annual precipitation records.

DEPTH OF SNOWFALL Depth of snowfall is an important indicator for many
engineering applications and in hydrology it is useful for seasonal precipitation and
long-term runoff forecasts. A graduated stick or staff is used to measure the depth of
snow at a selected place. Average of several measurements in an area is taken as the
depth of snow in a snowfall event. Snow stakes are permanent graduated posts used to
measure total depth of accumulated snow at a place.

Snow boards are 40 cm side square boards used to collect snow samples. These
boards are placed horizontally on a previous accumulation of snow and after a snow-
fall event the snow samples are cut off from the board and depth of snow and water
equivalent of snow are derived and recorded.

WATER EQUIVALENT OF SNOW Water equivalent of snow is the depth of water
that would result in melting of a unit of snow. This parameter is important in assessing
the seasonal water resources of a catchment as well as in estimates of stream flow and
floods due to melting of snow.
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The amount of water present in a known depth of snow could be estimated if the
information about the density of snow is available. The density of snow, however,
varies quite considerably. Freshly fallen snow may have a density in the range of 0.07
to 0.15 with an average value of about 0.10. The accumulated snow however causes
compaction and in regions of high accumulation densities as high as 0.4 to 0.6 is not
uncommon. Where specific data is not available, it is usual to assume the density of
fresh snow as 0.10.

Water equivalent of snow is obtained in two ways:

Snow Gauges Like rain gauges, snow gauges are receptacles to catch precipita-
tion as it falls in a specified sampling area. Here, a large cylindrical receiver 203 mm
in diameter is used to collect the snow as it falls. The height of the cylinder depends
upon the snow storage needed at the spot as a consequence of accessibility etc. and
may range from 60 cm to several metres. The receiver is mounted on a tower to keep
the rim of the gauge above the anticipated maximum depth of accumulated snow in
the area. The top of the cylinder is usually a funnel like fulcrum of cone with side
slopes not less than 1 H: 6 V, to minimize deposits of ice on the exterior of the gauge.
Also, a windshield is provided at the top. Melting agents or heating systems are some-
times provided in the remote snow gauges to reduce the size of the containers. The
snow collected in the cylinder is brought in to a warm room and the snow melted by
adding a pre-measured quantity of hot water. Through weighing or by volume meas-
urements, the water equivalent of snow is ascertained and recorded.

SnowTubes Water equivalent of accumulated snow is measured by means of snow
tubes which are essentially a set of telescopic metal tubes. While a tube size of 40 mm
diameter is in normal use, higher sizes up to 90 mm diameter are also in use. The main
tube is provided with a cutter edge for easy penetration as well as to enable extracting
of core sample. Additional lengths of tube can be attached to the main tube depending
upon the depth of snow.

To extract a sample, the tube is driven into the snow deposit till it reaches the
bottom of the deposit and then twisted and turned to cut a core. The core is extracted
carefully and studied for its physical properties and then melted to obtain water equiva-
lent of the snow core. Obviously, a large number of samples are needed to obtain
representative values for a large area deposit. Usually, the sampling is done along an
established route with specified locations called snow course.

2.6 RAINGAUGE NETWORK

Since the catching area of a raingauge is very small compared to the areal 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. To-
wards this the World Meteorological Organisation (WMO) recommends the follow-
ing densities.
o In flat regions of temperate, Mediterranean and tropical zones
Ideal—1 station for 600-900 km?
Acceptable—1 station for 9003000 km?
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e In mountainous regions of temperate, Mediterranean and topical zones
Ideal—1 station for 100-250 km?
Acceptable—1 station for 25-1000 km?
e In arid and polar zones: 1 station for 1500—10,000 km? depending on the feasi-
bility.
Ten per cent of raingauge stations should be equipped with self-recording gauges
to know the intensities of rainfall.
From practical considerations of Indian conditions, the Indian Standard (IS: 4987—
1968) recommends the following densities as sufficient.
o In plains: 1 station per 520 km?;
e In regions of average elevation 1000 m: 1 station per 260-390 km?; and
o In predominantly hilly areas with heavy rainfall: 1 station per 130 km?.

ADEQUACY OF RAINGAUGE STATIONS

If there are already some raingauge stations in a catchment, the optimal number of
stations that should exist to have an assigned percentage of error in the estimation of
mean rainfall is obtained by statistical analysis as

G, Y
N= (2.3)
£
where N = optimal number of stations, £= allowable degree of error in the estimate of
the mean rainfall and C, = coefficient of variation of the rainfall values at the existing

m stations (in per cent). If there are m stations in the catchment each recording rainfall
values Py, P,,..., P,... P, in aknown time, the coefficient of variation C, is calculated

as:
c - 100 ><_0'm_l
P
(B -Py
where G, | = ! = standard deviation

m—1

P, = precipitation magnitude in the i station

P= L(ZPI ] = mean precipitation
m\ 1
In calculating N 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.
According to WMO recommendations, at least 10% of the total raingauges should

be of self-recording type.

ExampLe 2.1 A catchment has six raingauge stations. In a year, the annual rainfall
recorded by the gauges are as follows:

Station A B C D E F
Rainfall (cm) 82.6 102.9 180.3 110.3 98.8 136.7

For a 10% error in the estimation of the mean rainfall, calculate the optimum number of
stations in the catchment.
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Sorution.”  For this data,

m=6 P=1186 0,,=3504 £=10
100 x35.04

. =29.54
118.6

2
N= (%) = 8.7, say 9 stations

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

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 fault in a raingauge during a period. The
missing data can be estimated by using the data of the neighbouring stations. In these
calculations the normal rainfall is used as a standard of comparison. The normal rain-
fall 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 percipitation at station 4 means the average annual precipitation at 4
based on a specified 30-years of record.

ESTIMATION OF MISSING DATA

Given the annual precipitation values, P, P,, P, ... P, at neighbouring M stations 1,2,
3, ..., M respectively, it is required to find the missing annual precipitation P, at a
station X not included in the above M stations. Further, the normal annual precipitations
N N,, ..., N; ... at each of the above (M + 1) stations including station X are known.

If the normal annual precipitations at various stations are within about 10% of the
normal annual precipitation at station X, then a simple arithmetic average procedure is
followed to estimate P,. Thus

Px=$[P1+P2+...+Pm] (2.4)

If the normal precipitations vary considerably, then P, is estimated by weighing the

precipitation at the various stations by the ratios of normal annual precipitations. This
method, known as the normal ratio method, gives P, as

N, R B By
P, = S L (2.5)
M|N, N, N

m

ExampLe 2.2 The normal annual rainfall at stations A, B, C, and D in a basin are
80.97, 67.59, 76.28 and 92.01 cm respectively. In the year 1975, the station D was inop-
erative and the stations A, B and C recorded annual precipitations of 91.11, 72.23 and
79.89 cm respectively. Estimate the rainfall at station D in that year.

Sorution.”  As the normal rainfall values vary more than 10%, the normal ratio method
is adopted. Using Eq. (2.5),
_ 92.01 X(91.11 L7223 79.89

P
b 3 80.79  67.59 76.28

) =99.48 cm
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TEST FOR CONSISTENCY OF RECORD

If the conditions relevant to the recording of a raingauge station have undergone a
significant change during the period of record, inconsistency would arise in the rainfall
data of that station. This inconsistency would be felt 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, (ii) the neighbourhood of the station
undergoing a marked change, (iii) change in the ecosystem due to calamities, such as
forest fires, land slides, and (iv) occurrence 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 population, 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 or seasonal mean) rainfall of the station X
and also the average rainfall 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. 2P,) and the accumulated values of the average of the group of base
stations (i.e. XP,,) are calculated starting from the latest record. Values of 2P, are
plotted against P, 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

ME
P, =P, M, (2.6)
where P, = corrected precipitation at any time period ¢, at station X

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

Break in the year 1963
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Fig. 2.7 Double-mass Curve
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M, = corrected slope of the double-mass curve
M, = original slope of the double-mass curve
In this way the older records are brought 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 the slope is normally taken as
significant only where it persists for more than five years. The double-mass curve is
also helpful in checking systematic arithmetical errors in transferring rainfall data
from one record to another.

ExampLe 2.3 Annual rainfall data for station M as well as the average annual rain-
fall values for a group of ten neighbouring stations located in a meteorologically homo-
geneous region are given below.

Annual Average Annual Average
Rainfall of Annual Rainfall of Annual
Year Station M Rainfall of Year Station M Rainfall of
(mm) the group (mm) the group
(mm) (mm)
1950 676 780 1965 1244 1400
1951 578 660 1966 999 1140
1952 95 110 1967 573 650
1953 462 520 1968 596 646
1954 472 540 1969 375 350
1955 699 800 1970 635 590
1956 479 540 1971 497 490
1957 431 490 1972 386 400
1958 493 560 1973 438 390
1959 503 575 1974 568 570
1960 415 480 1975 356 377
1961 531 600 1976 685 653
1962 504 580 1977 825 787
1963 828 950 1978 426 410
1964 679 770 1979 612 588

Test the consistency of the annual rainfall data of station M and correct the record if there
is any discrepancy. Estimate the mean annual precipitation at station M.

Sorution.  The data is sorted in descending order of the year, starting from the latest
year 1979. Cumulative values of station M rainfall (XP,) and the ten station average
rainfall values (XP,) are calculated as shown in Table 2.1. The data is then plotted with
XP,, on the Y-axis and ZP,, on the X-axis to obtain a double mass curve plot (Fig. 2.8).
The value of the year corresponding to the plotted points is also noted on the plot. It is
seen that the data plots as two straight lines with a break of grade at the year 1969. This
represents a change in the regime of the station M after the year 1968. The slope of the
best straight line for the period 1979-1969 is M, = 1.0295 and the slope of the best straight
line for the period 1968-1950 is M, = 0.8779.

The correction ratio to bring the old records (1950—1968) to the current (post 1968)
regime is = M /M, = 1.0295/0.8779 = 1.173. Each of the pre 1969 annual rainfall value is
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multiplied by the correction ratio of 1.173 to get the adjusted value. The adjusted values at
station M are shown in Col. 5 of Table. The finalized values of P,, (rounded off to nearest
mm) for all the 30 years of record are shown in Col. 7.

The mean annual precipitation at station M (based on the corrected time series) =
(19004/30) = 633.5 mm

Table 2.1 Calculation of Double Mass Curve of Example 2.3

1 2 3 4 5 6 7
P, 2P, P, P, Adjusted Finalised
Year (mm) (mm) (mm) (mm) values of  values of P,
P,, (mm) (mm)
1979 612 612 588 588 612
1978 426 1038 410 998 426
1977 825 1863 787 1785 825
1976 685 2548 653 2438 685
1975 356 2904 377 2815 356
1974 568 3472 570 3385 568
1973 438 3910 390 3775 438
1972 386 4296 400 4175 386
1971 497 4793 490 4665 497
1970 635 5428 590 5255 635
1969 375 5803 350 5605 375
1968 596 6399 646 6251 698.92 699
1967 573 6972 650 6901 671.95 672
1966 999 7971 1140 8041 1171.51 1172
1965 1244 9215 1400 9441 1458.82 1459
1964 679 9894 770 10211 796.25 796
1963 828 10722 950 11161 970.98 971
1962 504 11226 5801 11741 591.03 591
1961 531 11757 600 12341 622.70 623
1960 415 12172 480 12821 486.66 487
1959 503 12675 575 13396 589.86 590
1958 493 13168 560 13956 578.13 578
1957 431 13599 490 14446 505.43 505
1956 479 14078 540 14986 561.72 562
1955 699 14777 800 15786 819.71 820
1954 472 15249 540 16326 553.51 554
1953 462 15711 520 16846 541.78 542
1952 95 15806 110 16956 111.41 111
1951 578 16384 660 17616 677.81 678
1950 676 17060 780 18396 792.73 193

Total of P,, = 19004 mm
Mean of P,,= 633.5 mm

2.8 PRESENTATION OF RAINFALL DATA

A few commonly used methods of presentation of rainfall data which have been found
to be useful in interpretation and analysis of such data are given as follows:
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MaAass 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. 2.9. Mass curves of rainfall are very useful in extracting the information on the
duration and magnitude of a storm. Also, intensities at various time intervals in a
storm can be obtained by the slope of the curve. For nonrecording raingauges, mass
curves are prepared from a knowledge of the approximate beginning and end of a
storm and by using the mass curves of adjacent recording gauge stations as a guide.

t
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Fig. 2.9 Mass Curve of Rainfall
HYETOGRAPH 0.4r
A hyetograph is a plot of the E L Hyetograph of the
intensity of rainfall against ;0-3_ first storm in Fig. 2.9
the time interval. The £ [ Total depth = 10 cm
. . c 0.2F Duration =56 h

hyetograph is derived from @ “-“[
the mass curveandisusually = [
represented as a bar chart "E 01r
(Fig. 2.10). It is a very con- & :. ne . . . . .
venient way of representing 00 8 16 24 32 40 48 56

the characteristics of a storm Time( hours) —
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 the 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.

Fig. 210 Hyetograph of a Storm

POINT RAINFALL

Point rainfall, 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 represented as plots of
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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 vari-
ations in the rainfall values leading to rapid changes in the plot. The trend is often
discerned by the method of moving averages, also known as moving means.

Moving average Moving average is a technique for smoothening out the high
frequency fluctuations of a time series and to enable the trend, if any, to be
noticed. The basic principle is that a window of time range m years is selected. Start-
ing from the first set of m years of data, the average of the data for m years is calcu-
lated and placed in the middle year of the range m. The window is next moved
sequentially one time unit (year) at a time and the mean of the m terms in the window
is determined at each window location. The value of m can be 3 or more years; usually
an odd value. Generally, the larger the size of the range m, the greater is the smoothening.
There are many ways of averaging (and consequently the plotting position of the mean)
and the method described above is called Central Simple Moving Average. Example
2.4 describes the application of the method of moving averages.

ExampLE 2.4 Annual rainfall values recorded at station M for the period 1950 to
1979 is given in Example 2.3. Represent this data as a bar diagram with time in chrono-
logical order. (i) Identify those years in which the annual rainfall is (a) less than 20% of
the mean, and (b) more than the mean. (ii) Plot the three-year moving mean of the annual
rainfall time series.

Sorution. (i) Figure 2.11 shows the bar chart with height of the column representing
the annual rainfall depth and the position of the column representing the year of occur-
rence. The time is arranged in chronological order.

The mean of the annual rainfall time series is 568.7 mm. As such, 20% less than the
mean = 426.5 mm. Lines representing these values are shown in Fig. 2.11 as horizontal
lines. It can be seen that in 6 years, viz. 1952, 1960, 1969, 1972, 1975 and 1978, the
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Fig. 2,11 Bar Chart of Annual Rainfall at Station M
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annual rainfall values are less than 426.5 mm. In thirteen years, viz. 1950, 1951, 1955,
1963, 1964, 1965, 1966, 1967, 1968, 1970, 1976, 1977 and 1978, the annual rainfall was
more than the mean.
(i1) Moving mean calculations are shown in Table 2.2. Three-year moving mean curve is
shown plotted in Fig. 2.12 with the moving mean value as the ordinate and the time in
chronological order as abscissa. Note that the curve starts from 1951 and ends in the year
1978. No apparent trend is indicated in this plot.

Table 2.2 Computation of Three-year Moving Mean

1 2 3 4
Annual Three consecutive year 3-year moving
Year Rainfall (mm) total for moving mean mean
P, (Py+ P+ Piy ) (Col. 3/3)*

1950 676

1951 578 676 + 578 + 95 = 1349 449.7
1952 95 578 + 95 + 462 = 1135 378.3
1953 462 95 +462 + 472 = 1029 343.0
1954 472 462 +472 + 699 = 1633 5443
1955 699 472 + 699 + 479 = 1650 550.0
1956 479 699 + 479 + 431 = 1609 536.3
1957 431 479 + 431 + 493 = 1403 467.7
1958 493 431 + 493 + 503 = 1427 475.7
1959 503 493 + 503 + 415 = 1411 470.3
1960 415 503 + 415 + 531 = 1449 483.0
1961 531 415 + 531 + 504 = 1450 483.3
1962 504 531 + 504 + 828 = 1863 621.0
1963 828 504 + 828 + 679 = 2011 670.3
1964 679 828 + 679 + 1244 = 2751 917.0
1965 1244 679 + 1244 + 999 = 2922 974.0
1966 999 1244 + 999 + 573 = 2816 938.7
1967 573 999 + 573 + 596 = 2168 722.7
1968 596 573 + 596 + 375 = 1544 514.7
1969 375 596 + 375 + 635 = 1606 5353
1970 635 375 + 635 + 497 = 1507 502.3
1971 497 635 + 497 + 386 = 1518 506.0
1972 386 497 + 386 + 438 = 1321 440.3
1973 438 386 + 438 + 568 = 1392 464.0
1974 568 438 + 568 + 356 = 1362 454.0
1975 356 568 + 356 + 685 = 1609 536.3
1976 685 356 + 685 + 825 = 1866 622.0
1977 825 685 + 825 + 426 = 1936 645.3
1978 426 825 + 426 + 162 = 1863 621.0
1979 612

*The moving mean is recorded at the mid span of 3 years.

2.9 MEAN PRECIPITATION OVER AN AREA

As indicated earlier, raingauges represent only point sampling of the areal
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Fig. 212 Three-year Moving Mean

distribution of a storm. In practice, however, hydrological analysis requires a knowl-
edge 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,
(i1) 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 P, P,,..., P,, ...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 catch-
ment by the arithmetic-mean method is

- B+Ph+...+B+..+B | X

P v V2B 2.7)

i=1

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. 2.13 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 each station. The
boundary of the catchment, if it cuts the bisectors is taken as the outer limit of the
polygon. Thus for station 1, the bounding polygon is abcd. For station 2, kade is taken
as the bounding polygon. These bounding polygons are called Thiessen polygons.
The areas of these six Thiessen polygons are determined either with a planimeter or
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A = total catchment area

Station| Bounded | Area | Weightage
by
1 abcd A, AJA
2 kade A, AIA
3 edcgf Ay As/A
4 fgh A, A A
5 hgcbj Ag As/A
6 jbak Ag AglA

Fig. 213 Thiessen Polygons

by using an overlay grid. If P, P,,... , P4 are the rainfall magnitudes recorded by the
stations 1, 2,..., 6 respectively, and 4, 4,,..., A¢ are the respective areas of the Thiessen
polygons, then the average rainfall over the catchment P is given by
_ BA+R A +.. . +FA4
(A Ayt )
Thus in general for M stations,

(2.8)

A
The ratio — is called the weightage factor for each station.

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

ISOHYETAL METHOD

An isohyet is a line joining Isohyetals

points of equal rainfall mag- ° Catchment
nitude. In the isohyetal w/ \ - [boundary
9.2
c.

method, the catchment area
is drawn to scale and the  ©
raingauge stations are
marked. The recorded val-
ues for which areal average
P is to be determined are
then marked on the plot at
appropriate stations. Neigh-
bouring stations outside the
catchment are also consid-
ered. The isohyets of vari- <
ous values are then drawn

by considering point rain- Fig. 214 Isohyetals of a Storm

oE o

—

9.1
\ Station rainfall
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falls as guides and interpolating between them by the eye (Fig. 2.14). 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 catchment 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 P, P,, ..., P, are the values of isohyets and if a,, a,,
..., a,; are the inter-isohyet areas respectively, then the mean precipitation over the
catchment of area A is given by

A+h b+ B B, +F,
_a| oy e T e
P=
A
The isohyet method is superior to the other two methods especially when the sta-
tions are large in number.

(2.9)

ExampLE 2.5 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 neigh-
bourhood. 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 precipitation by the Thiessen-mean method.

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

Distance are in km
Station 1 2 3 4 5
Coordinates (30, 80) (70, 100) (100, 140) (130, 100) (100, 70)
Precipitation (cm) 85.0 135.2 953 146.4 102.2

Sorution.”  The catchment area is drawn to scale
and the stations are marked on it (Fig. 2.15). 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 poly-
gons are determined either by a planimeter or by
placing an overlay grid.

Fig. 215 Thiessen Polygons—

Example 2.5
Station  Boundary Area  Fraction of total Rainfall Weighted
of area (km?) area P (cm)

(col. 4 X col. 5)

1 — — — 85.0 —

2 abed 2141 0.2726 135.2 36.86
3 dce 1609 0.2049 95.3 19.53
4 ecbf 2141 0.2726 146.4 39.91
5 fba 1963 0.2499 102.2 25.54
Total 7854 1.000 121. 84

Mean precipitation = 121.84 cm.
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ExampLE 2.6 The isohyets due to a storm in a catchment were drawn (Fig. 2.14) and
the area of the catchment bounded by isohyets were tabulated as below.

Isohyets Area

(cm) (km?)
Station—12.0 30
12.0-10.0 140
10.0-8.0 80
8.0-6.0 180
6.0-4.0 20

Estimate the mean precipitation due to the storm.

Sorution.  For the first area consisting of a station surrounded by a closed isohyet, a
precipitation value of 12.0 cm is taken. For all other areas, the mean of two bounding
isohyets are taken.

Isohytes Average Area (km?) Fraction of Weighted
value of P total area P (cm)
(cm) (col. 3/450) (col. 2 X col. 4)
1 2 3 4 5
12.0 12.0 30 0.0667 0.800
12.0-10.0 11.0 140 03111 3.422
10.0-8.0 9.0 80 0.1778 1.600
8.0-6.0 7.0 180 0.4000 2.800
6.0-4.0 5.0 20 0.0444 0.222
Total 450 1.0000 8.844

Mean precipitation P = 8.84 cm

2.10 DEPTH-AREA-DURATION RELATIONSHIPS

The areal distribution characteristics of a storm of given duration is reflected in its
depth-area relationship. A few aspects of the interdependency of depth, area and dura-
tion of storms are discussed below.

DEPTH-AREA RELATION

For a rainfall of a given duration, the average depth decreases with the area in an
exponential fashion given by

P =P, exp (—-KA4") (2.10)
where P = average depth in cm over an area 4 km?, P, = highest amount of rainfall in
cm at the storm centre and K and » are constants for a given region. On the basis of 42
severemost storms in north India, Dhar and Bhattacharya® (1975) have obtained the

following values for K and » for storms of different duration:

Duration K n
1 day 0.0008526 0.6614
2 days 0.0009877 0.6306

3 days 0.001745 0.5961
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Since it is very unlikely that the storm centre coincides over a raingauge station, the

exact determination of P, is not possible. Hence in the analysis of large area storms

the highest station rainfall is taken as the average depth over an area of 25 km?.
Equation (2.10) is useful in extrapolating an existing storm data over an area.

MAXIMUM DEPTH-AREA-DURATION CURVES

In many hydrological studies involving estimation of severe floods, it is necessary to
have information on the maximum amount of rainfall of various 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 2 and 9 can be consulted for details on DAD
analysis. A brief 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 envelope curves of maximum depth vs area, with duration as
the third parameter (Fig. 2.16). These curves are called DAD curves.

Figure 2.16 shows typical DAD curves for a catchment. In this the average depth
denotes the depth averaged over the area under consideration. It may be seen that the
maximum depth for a given storm decreases with the area; for a given area the maxi-
mum depth increases with the duration.

T IIIIIIII T T T TTTTT T T

. 28 18 hours —
£
o
z 2 -
S 12 hours
K E
>
S 16 | _
()
]
= 12 L 6 hours B
E gl thour |
<
&
= 4l i

0 1 IIIIIIII 1 IIIIIIII 1 L1

10 102 103 5x 103

Area (km?)
Fig.2.16 Typical DAD Curves
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
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storms for use in computing the design flood in the hydrological design of major
structures such as dams.

Table 2.3 Maximum (Observed) Rain Depths (cm) over Plains of North India*®

Area in km? x 10*
Duration 026 0.13 0.26 1.3 2.6 5.2 7.8 10.5 13.0

1 day 81.0% 76.5* 71.1 472% 37.1* 264 2031 18.0f 16.01
2days  102.9% 97.5% 932% 73.4% 587* 424* 3561 31.5% 27.9%
3days 12199 110.7F 103.1f 7921 67.1f 54.61 48.3% 42.7 38.9%

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

Maximum rain depths observed over the plains of north India are indicated in Ta-
ble 2.3. These were due to two storms, which are perhaps the few severe most re-
corded rainstorms over the world.

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 a sequence
ofrainfall 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 probability
and statistical methods. The analysis of annual series, even though described with
rainfall as a reference is equally applicable to any other random hydrological process,
e.g. stream flow.

First, it is necessary to correctly understand the terminology used in frequency
analysis. The probability of occurrence of an event of a random variable (e.g. rainfall)
whose magnitude is equal to or in excess of a specified magnitude X is denoted by P.
The recurrence interval (also known as return period) is defined as

T=1/P (2.11)
This represents the average interval between the occurrence of a rainfall of magnitude
equal to or greater than X. Thus if it is stated that the return period of rainfall of 20 cm
in24 his 10 years at a certain station 4, it implies that on an average rainfall magnitudes
equal to or greater than 20 cm in 24 h occur once in 10 years, i.e. in a long period of
say 100 years, 10 such events can be expected. However, it does not mean that every
10 years one such event is likely, i.e. periodicity is not implied. The probability of a
rainfall of 20 ¢cm in 24 h occurring in anyone year at station 4 is 1/ 7= 1/10 = 0.1
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If the probability of an event occurring is P, the probability of the event not occur-
ring in a given year is ¢ = (1—P). The binomial distribution can be used to find the
probability of occurrence of the event » times in # successive years. Thus

!
Py ="C P = P (2.12)
’ (n=r)lr!
where P, , = probability of a random hydrologic event (rainfall) of given magnitude
and exceedence probability P occurring » times in n successive years. Thus, for exam-
ple,
(a) The probability of an event of exceedence probability P occurring 2 times in n
successive years is
PZ, .= n! PZ n—2
(n—2)!2!
(b) The probability of the event not occurring at all in n successive years is
PO,n=qn=(1_P)n
(c) The probability of the event occurring at least once in n successive years
P=1-¢"=1-(1-P) (2.13)

ExampLe 2.7 Analysis of data on maximum one-day rainfall depth at Madras indi-
cated that a depth of 280 mm had a return period of 50 years. Determine the probability
of a one-day rainfall depth equal to or greater than 280 mm at Madras occurring (a) once
in 20 successive years, (b) two times in 15 successive years, and (c) at least once in 20
successive years.

Sorution.” Here P = 1 _ 0.02
By using Eq. (2.12):

(@ n=20,r=1
Py 5= % % 0.02 x (0.98)" =20 x 0.02 x 0.68123 = 0.272
(b) n=15r=2
Py 5= 1;'5;' % (0.02)% x (0.98)13 = 15 x % % 0.0004 x 0.769 = 0.323

(¢) ByEq. (2.13)
P, =1-(1-0.02)*=0.332

PLOTTING POSITION

The purpose of the frequency analysis of an annual series is to obtain a relation be-
tween the magnitude of the event and its probability of exceedence. The probability
analysis may be made either by empirical or by analytical methods.

A simple empirical technique is to arrange the given annual extreme series in de-
scending order of magnitude and to assign an order number m. Thus for the first entry
m = 1, for the second entry m = 2, and so on, till the last event for which m = N =
Number of years of record. The probability P of an event equalled to or exceeded is
given by the Weibull formula

P= (N”jrl) (2.14)

The recurrence interval 7= 1/P= (N + 1)/m.




The McGraw-Hill Companies

Precipitation = 41

Equation (2.14) is an empirical for-  Table 2.4 Plotting Position Formulae
mula and there are several other such

empirical formulae available to calcu- ~ Method P

late P (Table 2.4). The exceedence  California m/N

probability of the event obtained by the  Hazen (m—0.5/N

use of an empirical formula, such as  Weibull m/N + 1)

Eq. (2.14) is called plotting position. ~ Chegodayev (m—0.3)/(N+0.4)
Equation (2.14) is the most popular ~ Blom (m—0.44)/(N + 0.12)
plotting position formula and hence  Gringorten (m —3/8)/AN + 1/4)

only this formula is used in further sec-
tions of this book.

Having calculated P (and hence T') for all the events in the series, the variation of
the rainfall magnitude is plotted against the corresponding 7 on a semi-log paper
(Fig. 2.17) or log-log paper. By suitable extrapolation of this plot, the rainfall magnitude
of specific duration for any recurrence interval can be estimated.
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Fig.2.17 Return Periods of Annual Rainfall at Station A

This simple empirical procedure can give good results for small extrapolations and
the errors increase with the amount of extrapolation. For accurate work, various ana-
lytical calculation procedures using frequency factors are available. Gumbel’s extreme
value distribution and Log Pearson Type III method are two commonly used analyti-
cal methods and are described in Chap. 7 of this book.

If P is the probability of exceedence of a variable having a magnitude M, a com-
mon practice is to designate the magnitude M as having (100 P) percent dependability.
For example, 75% dependable annual rainfall at a station means the value of annual
rainfall at the station that can be expected to be equalled to or exceeded 75% times,
(i.e., on an average 30 times out of 40 years). Thus 75% dependable annual rainfall
means the value of rainfall in the annual rainfall time series that has P = 0.75, i.e.,
T=1/P = 1.333 years.
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ExampLE 2.8 The record of annual rainfall at Station A covering a period of 22 years
is given below. (a) Estimate the annual rainfall with return periods of 10 years and 50
years. (b) What would be the probability of an annual rainfall of magnitude equal to or
exceeding 100 cm occurring at Station A? (b) What is the 75% dependable annual rain-
fall at station A?

Year Annual rainfall Year Annual rainfall
(cm) (cm)
1960 130.0 1971 90.0
1961 84.0 1972 102.0
1962 76.0 1973 108.0
1963 89.0 1974 60.0
1964 112.0 1975 75.0
1965 96.0 1976 120.0
1966 80.0 1977 160.0
1967 125.0 1978 85.0
1968 143.0 1979 106.0
1969 89.0 1980 83.0
1970 78.0 1981 95.0

Sorution.  The data are arranged in descending order and the rank number assigned to
the recorded events. The probability P of the event being equalled to or exceeded is calcu-
lated by using Weibull formula (Eq. 2.14). Calculations are shown in Table 2.5. It may be
noted that when two or more events have the same magnitude (as for m = 13 and 14 in
Table 2.5) the probability P is calculated for the largest m value of the set. The return

period T is calculated as T=1 /P.

Table 2.5 Calculation of Return Periods
N =22 years
Annual Return Annual Return
m  Rainfall Probability Period m  Rainfall Probability Period
=m/(N+1) T=1/P P=m/(N+1) T=1/P
(cm) (years) (cm) (Years)
1 160.0 0.043 23.000 12 90.0 0.522 1.917
2 143.0 0.087 11.500 13 89.0 0.565
3 130.0 0.130 7.667 14 89.0 0.609 1.643
4 125.0 0.174 5.750 15 85.0 0.652 1.533
5 120.0 0.217 4.600 16 84.0 0.696 1.438
6 112.0 0.261 3.833 17 83.0 0.739 1.353
7 108.0 0.304 3.286 18 80.0 0.783 1.278
8 106.0 0.348 2.875 19 78.0 0.826 1.211
9 102.0 0.391 2.556 20 76.0 0.870 1.150
10 96.0 0.435 2.300 21 75.0 0.913 1.095
11 95.0 0.478 2.091 22 60.0 0.957 1.045

A graph is plotted between the annual rainfall magnitude as the ordinate (on arithmetic
scale) and the return period T as the abscissa (on logarithmic scale), (Fig. 2.17). It can be
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seen that excepting the point with the lowest 7, a straight line could represent the trend of
the rest of data.

(@) (1) For T= 10 years, the corresponding rainfall magnitude is obtained by inter-
polation between two appropriate successive values in Table 2.5, viz. those
having 7= 11.5 and 7.667 years respectively, as 137.9 cm

(i) for T=50 years the corresponding rainfall magnitude, by extrapolation of the
best fit straight line, is 180.0 cm

(b) Return period of an annual rainfall of magnitude equal to or exceeding 100 cm, by

interpolation, is 2.4 years. As such the exceedence probability P = 1 0417

(¢) 75% dependable annual rainfall at Station 4 = Annual rainfall with probability
P =0.75, i.e. T =1/0.75 = 1.33 years. By interpolation between two successive
values in Table 2.7 having 7 = 1.28 and 1.35 respectively, the 75% dependable
annual rainfall at Station 4 is 82.3 cm.

2.12 MAXIMUM INTENSITY-DURATION-FREQUENCY
RELATIONSHIP

MAXIMUM INTENSITY-DURATION RELATIONSHIP

In any storm, the actual intensity as reflected by the slope of the mass curve of rainfall
varies over a wide range during the course of the rainfall. If the mass curve is consid-
ered divided into N segments of time interval A¢ such that the total duration of the
storm D = N Az, then the intensity of the storm for various sub-durations ¢, = (1. A¢), (2.
AY), (3. Ab),...(j. A?)... and (N. Af) could be calculated. It will be found that for each
duration (say ), the intensity will have a maximum value and this could be analysed
to obtain a relationship for the variation of the maximum intensity with duration for
the storm. This process is basic to the development of maximum intensity duration
frequency relationship for the station discussed later on.

Briefly, the procedure for analysis of a mass curve of rainfall for developing maxi-

mum intensity-duration relationship of the storm is as follows.

e Select a convenient time step At such that duration of the storm D = N. At.

e For each duration (say ;= j.Af) the mass curve of rainfall is considered to be
divided into consecutive segments of duration #; . For each segment the
incremental rainfall d; in duration ¢, is noted and intensity /; = d;/t; obtained.

e Maximum value of the intensity (/,,) for the chosen ¢ is noted.

e The procedure is repeated for all values of j =1 to N to obtain a data set of /,,,; as
a function of duration ¢, Plot the maximum intensity /,, as function of duration «.

o [t is common to express the variation of /,, with ¢ as

] =<

" (t+a)

where a, b and ¢ are coefficients obtained through regression analysis.
Example 2.9 describes the procedure in detail.

MAXIMUM DEPTH-DURATION RELATIONSHIP

Instead of the maximum intensity /,, in a duration ¢, the product (/,,. ¢) = d,, = maxi-
mum depth of precipitation in the duration ¢ could be used to relate it to the duration.
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Such a relationship is known as the maximum depth-duration relationship of the storm.
The procedure of developing this relationship is essentially same as that for maximum
intensity-duration relationship described earlier.

Example 2.9 describes the procedure in detail

MAXIMUM INTENSITY-DURATION-FREQUENCY RELATIONSHIP

If the rainfall data from a self-recording raingauge is available for a long period, the
frequency of occurrence of maximum intensity occurring over a specified duration
can be determined. A knowledge of maximum intensity of rainfall of specified return
period and of duration equal to the critical time of concentration is of considerable
practical importance in evaluating peak flows related to hydraulic structures.

Briefly, the procedure to calculate the intensity-duration-frequency relationship for

a given station is as follows.

e M numbers of significant and heavy storms in a particular year Y, are selected
for analysis. Each of these storms are analysed for maximum intensity duration
relationship as described in Sec. 2.12.1

o This gives the set of maximum intensity /,, as a function of duration for the year
Y.

e The procedure is repeated for all the N years of record to obtain the maximum
intensity /,, (D)) ; forallj=1to Mand k=1 to N.

e Each record of 7, (D)), for k =1 to N constitutes a time series which can be
analysed to obtain frequencies of occurrence of various /,, (D)) values. Thus
there will be M time series generated.

e The results are plotted as maximum intensity vs return period with the Duration
as the third parameter (Fig. 2.18). Alternatively, maximum intensity vs duration
with frequency as the third variable can also be adopted (Fig. 2.19).
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Fig. 218 Maximum Intensity-Return Period-Duration Curves

Analytically, these relationships are commonly expressed in a condensed form by
general form
= KI° (2.15)
(D+a)"
where [ =maximum intensity (cm/h), 7= return period (years), D = duration (hours)
K, x, a and n are coefficients for the area represented by the station.
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Sometimes, instead of maxi-
mum intensity, maximum depth
is used as a parameter and the
results are represented as a plot
of maximum depth vs duration
with return period as the third
variable (Fig. 2.20).
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[Note: While maximum intensity
is expressed as a function of 0 0 J 5 3 4 5 8
duration and return period, it is Duration (h)
customary to refer this function
as intensity-duration-frequency
relationship. Similarly, in the
depth-duration-frequency relationship deals with maximum depth in a given duration. ]
Rambabu et al. (1979)'° have analysed the self-recording rain gauge rainfall records
of 42 stations in the country and have obtained the values of coefficients K, x, a, and
n of Eq. 2.15. Some typical values of the coefficients for a few places in India are
given in Table 2.6.

Maximum depth of rainfall (cm)

Fig. 220 Maximum Depth-Duration-
Frequency Curves

Table 2.6 Typical values of Coefficients K, x, a and n in Eq. (2.15)

[Ref. 10]
Zone Place K x a n
Northern Zone  Allahabad 4911 0.1667 0.25 0.6293
Amritsar 14.41 0.1304 1.40 1.2963
Dehradun 6.00 0.22 0.50 0.8000
Jodhpur 4.098 0.1677 0.50 1.0369
Srinagar 1.503 0.2730 0.25 1.0636
Average for the zone 5.914 0.1623 0.50 1.0127
Central Zone Bhopal 6.9296  0.1892 0.50 0.8767
Nagpur 11.45 0.1560 1.25 1.0324
Raipur 4.683 0. 1389 0.15 0.9284
Average for the zone 74645  0.1712 0.75 0.9599
Western Zone  Aurangabad 6.081 0.1459 0.50 1.0923
Bhuj 3.823 0.1919 0.25 0.9902

(Contd.)
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(Contd.)
Veraval 7.787 0.2087 0.50 0.8908
Average for the zone 3.974 0.1647 0.15 0.7327

Eastern Zone Agarthala 8.097 0.1177 0.50 0.8191
Kolkata (Dumdum) 5.940 0.1150 0.15 0.9241
Gauhati 7.206 0.1157 0.75 0.9401
Jarsuguda 8.596 0.1392 0.75 0.8740
Average for the zone 6.933 0.1353 0.50 0.8801

Southern Zone  Bangalore 6.275 0.1262 0.50 1.1280
Hyderabad 5.250 0.1354 0.50 1.0295
Chennai 6.126 0.1664 0.50 0.8027
Trivandrum 6.762 0.1536 0.50 0.8158

Average for the zone 6.311 0.1523 0.50 0.9465

Extreme point rainfall values of different durations and for different return periods
have been evaluated by IMD and the iso-pluvial (lines connecting equal depths of
rainfall) maps covering the entire country have been prepared. These are available for
rainfall durations of 15 min, 30 min, 45 min, 1 h, 3 h, 6 h, 9 h, 15 h and 24 h for return
periods of 2, 5, 10, 25, 50 and 100 years. A typical 50 year—24 h maximum rainfall
map of the southern peninsula is given in Fig. 2.21. The 50 year-1 h maximum rainfall

82° 84°

40%VPM
280

} KKN

| 8°
74° 82° 84°
Fig. 2.21 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 India, © Government of
India Copyright 1984

The territorial waters of India extend into the sea to a distance of 200 nautical miles measured from the
appropriate baseline

Responsibility for the correctness of the internal details on the map rests with the publisher.
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depths over India and the neighbourhood are shown in Fig. 2.22. Isopluvial maps of
the maximum rainfall of various durations and of 50-year return periods covering the
entire country are available in Ref. 1.

132°N

NN

72° 76° 80° 84° 88° 92° E

Fig. 2.22 Isopluvial Map of 50 yr-1 h Maximum Rainfall (mm)
(Reproduced from Natural Resources of Humid Tropical Asiae—Natural
Resources Research, XII. © 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 200 nautical miles measured from the
appropriate baseline

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

ExampLE 2.9 The mass curve of rainfall in a storm of total duration 270 minutes is
given below. (a) Draw the hyetograph of the storm at 30 minutes time step. (b) Plot the
maximum intensity-duration curve for this storm. (c) Plot the maximum depth-duration
curve for the storm.

Times since Start in Minutes 0 30 60 90 120 150 180 210 240 270
Cumulative Rainfall (mm) 0 6 18 21 36 43 49 52 53 54

Sorution.  (a) Hyetograph: The intensity of rainfall at various time durations is calcu-
lated as shown below:
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Time since Start (min) 30 60 90 120 150 180 210 240 270
Cumulative Rainfall (mm) 6.0 18.0 21.0 36.0 43.0 49.0 52.0 53.0 54.0
Incremental depth of

rainfall in the interval (mm) 6.0 120 3.0 150 7.0 6.0 30 1.0 1.0
Intensity (mm/h) 12.0 24.0 6.0 30.0 14.0 120 6.0 2.0 2.0

The hyetograph of the storm is shown in Fig. 2.23

Hyetograph of the storm
35

r 30
30

25 24

20 f

14
12 12

Rainfall intensity (mm/h)

30 60 90 120 150 180 210 240 270

Time since start (min)

Fig. 2.23 Hyetograph of the Storm —Example 2.9

(b) Various durations A¢ = 30, 60, 90 ... 240, 270 minutes are chosen. For each dura-
tion Atz a series of running totals of rainfall depth is obtained by starting from various
points of the mass curve. This can be done systematically as shown in Table 2.7(a & b).
By inspection the maximum depth for each  is identified and corresponding maximum
intensity is calculated. In Table 2.7(a) the maximum depth is marked by bold letter and
maximum intensity corresponding to a specified duration is shown in Row No. 3 of
Table 2.7(b). The data obtained from the above analysis is plotted as maximum depth vs
duration and maximum intensity vs duration as shown in Fig. 2.24.

2.13 PROBABLE MAXIMUM PRECIPITATION (PMP)

In the design of major hydraulic structures such as spillways in large dams, the
hydrologist and hydraulic engineer would like to keep the failure probability as low as
possible, i.e. virtually zero. This is because the failure of such a major structure will
cause very heavy damages to life, property, economy and national morale. In the design
and analysis of such structures, 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 upper limit to the amount of precipitation that can fall over a specified area in
a given time.
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Table 2.7(a) Maximum Intensity-Duration Relation

Incremental depth of rainfall (mm) in various durations

Durations(min)

Cumulative
Time  Rainfall
(min.) (mm) 30 60 90 120 150 180 210 240 270
0 0
30 6 6
60 18 12 18
90 21 3 15 21
120 36 15 18 30 36
150 43 7 22 25 37 43
180 49 6 13 28 31 43 49
210 52 3 9 16 31 34 46 52
240 53 1 4 10 17 32 35 47 53
270 54 1 2 5 11 18 33 36 48 54

Table 2.7(b) Maximum Intensity-Maximum Depth-Duration Relation

Maximum
Intensity (mm/h) 30.0 22.0 20.0 185 172 163 149 133 12.0
Duration
in min. 30 60 90 120 150 180 210 240 270
Maximum
Depth (mm) 150 22.0 30.0 37.0 43.0 49.0 52.0 53.0 540

60.0

| Max. depth-duration |
50.0 "

40.0 /.>/./
/I Max. intensity-duration |

. \'\*L‘\\\

10.0

30.0

Max. depth (mm) and max. intensity (mm/h)

0.0 :

T T T T
0 50 100 150 200 250 300
Duration (min.)

Fig. 2.24 Maximum Intensity-Duration and Maximum Depth-Duration
Curves for the Storm of Example 2.9

The probable maximum precipitation (PMP) is defined as the greatest or extreme
rainfall 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
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would produce a flood flow with virtually no risk of being exceeded. The develop-
ment of PMP for a given region is an involved procedure and requires the knowledge
of an experienced hydrometeorologist. Basically two approaches are used (i) Mete-
orological methods and (ii) the statistical study of rainfall data. Details of meteoro-
logical methods that use storm models are available in published literature.®
Statistical studies indicate that PMP can be estimated as

 PMP=P +Ko (2.16)
where P = mean of annual maximum rainfall series, o = standard deviation of the
series and K = a frequency factor which depends upon the statistical distribution of the
series, number of years of record and the return period. The value of K is usually in the
neighbourhood 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. 20° N to 32° N, Long. 68° E to 89° E) are available in Refs 4 and 5. It is found
that PMP estimates for North-Indian plains vary from 37 to 100 cm for one-day rain-
fall. Maps depicting isolines of 1-day PMP over different parts of India are available
in the PMP atlas published by the Indian Institute of Tropical Meteorology.®

WORLD’S GREATEST OBSERVED RAINFALL

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

P, =42.16 D*47 (2.17)

where P, = extreme rainfall depth in cm and D = duration in hours. The values ob-
tained from this Eq. (2.17) are of use in PMP estimations.

2.14 RAINFALL DATA IN INDIA

Rainfall measurement in India began in the eighteenth century. The first recorded data
were obtained at Calcutta (1784) and it was followed by observations at Madras (1792),
Bombay (1823) and Simla (1840). The India Meteorological Department (IMD) was
established in 1875 and the rainfall resolution of the Government of India in 1930
empowered IMD to have overall technical control of rainfall registration in the coun-
try. According to this resolution, which is still the basis, the recording, collection and
publication of rainfall data is the responsibility of the state government whereas the
technical control is under IMD. The state government have the obligation to supply
daily, monthly and annual rainfall data to IMD for compilation of its two important
annual publications entitled Daily Rainfall of India and Monthly Rainfall of India.

India has a network of observatories and rain gauges maintained by IMD. Cur-
rently (2005), IMD has 701 hydrometeorological observatories and 201
agrometeorological observatories. In addition there are 8579 rain gauge stations out
of which 3540 stations report their data to IMD. A fair amount of these gauges are of
self-recording type and IMD operates nearly 400 self-recording rain gauges.

A set of 21 snow gauges, 10 ordinary rain gauges and 6 seasonal snow poles form
part of glaciological observatories of the country.

In addition to the above, a large number of rain gauges are maintained by different
governmental agencies such as Railways, State departments of Agriculture, Forestry
and Irrigation and also by private agencies like coffee and tea plantations. Data from
these stations though recorded regularly are not published and as such are not easily
available for hydrological studies.
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2.7

2.8

2.9

: REvisioN QUESTIONS }

Describe the different methods of recording of rainfall.

Discuss the current practice and status of rainfall recording in India.

Describe the salient characteristics of precipitation on India.

Explain the different methods of determining the average rainfall over a catchment due
to a storm. Discuss the relative merits and demerits of the various methods.

Explain a procedure for checking a rainfall data for consistency.

Explain a procedure for supplementing the missing rainfall data.

Explain briefly the following relationships relating to the precipitation over a basin:
(a) Depth-Area Relationship

(b) Maximum Depth-Area-Duration Curves

(c) Intensity Duration Frequency Relationship.

What is meant by Probable Maximum Precipitation (PMP) over a basin? Explain how
PMP is estimated.

Consider the statement: The 50 year-24 hour maximum rainfall at Bangalore is 160 mm.
What do you understand by this statement?

2.1

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

Station P (0] R S T U 14
Rainfall (cm)  130.0 142.1 118.2 108.5 165.2 102.1 146.9
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For a 5% error in the estimation of the mean rainfall, calculate the minimum number of
additional stations required to be established in the catchment.

The normal annual precipitation of five raingauge stations P, O, R, S and T are respec-
tively 125, 102, 76, 113 and 137 cm. During a particular storm the precipitation re-
corded by stations P, O, R, and S are 13.2,9.2, 6.8 and 10.2 cm respectively. The instru-
ment at station 7 was inoperative during that storm. Estimate the rainfall at station 7
during that storm.

Test the consistency of the 22 years of data of the annual precipitation measured at
station 4. Rainfall data for station 4 as well as the average annual rainfall measured at a
group of eight neighbouring stations located in a meteorologically homogeneous region
are given as follows.

Average Average
Annual Annual Annual Annual
Year Rainfall of Rainfall of 8 Year Rainfall of Rainfall of 8
Station A  Station groups Station A Station groups
(mm) (mm) (mm) (mm)
1946 177 143 1957 158 164
1947 144 132 1958 145 155
1948 178 146 1959 132 143
1949 162 147 1960 95 115
1950 194 161 1961 148 135
1951 168 155 1962 142 163
1952 196 152 1963 140 135
1953 144 117 1964 130 143
1954 160 128 1965 137 130
1955 196 193 1966 130 146
1956 141 156 1967 163 161

(a) In what year is a change in regime indicated?

(b) Adjust the recorded data at station 4 and determine the mean annual precipitation.
In a storm of 210 minutes duration, the incremental rainfall at various time intervals is
given below.

Time since start of the storm

(minutes) 30 60 90 120 150 180 210
Incremental rainfall in the time
interval (cm) 1.75 225 6.00 4.50 250 1.50 0.75

(a) Obtain the ordinates of the hyetograph and represent the hyetograph as a bar chart
with time in chronological order in the x-axis.

(b) Obtain the ordinates of the mass curve of rainfall for this storm and plot the same.
What is the average intensity of storm over the duration of the storm?

Assuming the density of water as 998 kg/m?, determine the internal diameter of a tubular

snow sample such that 0.1 N of snow in the sample represents 10 mm of water equiva-

lent.

Represent the annual rainfall data of station 4 given below as a bar chart with time in

chronological order. If the annual rainfall less than 75% of long term mean is taken to

signify meteorological drought, identify the drought years and suitably display the same

in the bar chart.
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Year 1961 1962 1963 1964 1965 1966 1967 1968 1969 1970
Annual
rain (mm) 760 750 427 380 480 620 550 640 624 500
Year 1971 1972 1973 1974 1975 1976 1977 1978 1979 1980
Annual

rain (mm) 400 356 700 580 520 102 525 900 600 400

For a drainage basin of 600 km?, isohyetals drawn for a storm gave the following data:

Isohyetals (interval) (cm) 15-12 12-9 9-6 6-3 3-1
Inter-isohyetal area (km?) 92 128 120 175 85

Estimate the average depth of precipitation over the catchment.

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 given
below.

Station 1 2 3 4 5
Co-ordinates (0, 40) (50, 0) (140, 30) (140, 80) (90, 140)
Annual

Rainfall (cm) 132 136 93 81 85
Station 6 7 8 9 10
Co-ordinates (0, 80) (40, 50) (90, 30) (90, 90) (40, 80)
Annual

Rainfall (cm) 124 156 128 102 128

Determine the average annual rainfall over the catchment.

Figure 2.25 shows a catchment with seven raingauge stations inside it and three stations
outside. The rainfall recorded by each of these stations are indicated in the figure. Draw
the figure to an enlarged scale and calculate the mean precipitation by (a) Thiessen-
mean method, (b) Isohyetal method and by (c) Arithmetic-mean method.

Annual rainfall at a point M is needed. At five points surrounding the point M the values
of recorded rainfall together with the coordinates of these stations with respect to a set of
axes at point M are given below. Estimate the annual rainfall at point M by using the
USNWS method.

Station Rainfall Coordinates of station
P (cm) (in units)

X Y
A 102 2.0 1.0
B 120 2.0 2.0
C 126 3.0 1.0
D 108 1.5 1.0
E 131 4.5 1.5
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Fig.2.25 Problem 2.9

|:Hint: In the US National Weather Service (USNWS) method the weightage to the

stations are inversely proportional to the square of the distance of the station from the
station M. If the co-ordinate of any station is (x, y) then D* = x* + ? and weightage
W = 1/D?. Then rainfall at M = P,, = il } .
w
2.11 Estimate from depth-area curve, the average depth of precipitation that may be expected
over an area of 2400 Sq. km due to the storm of 27th September 1978 which lasted for
24 hours. Assume the storm centre to be located at the centre of the area. The isohyetal
map for the storm gave the areas enclosed between different isohyetes as follows:

Isohyet (mm) 21 20 19 18 17 16 15 14 13 12
Enclosed 54 134 203 254 295 328 353 371 388 391
area (km?) 3 5 0 5 5 0 5 0 0 5

2.12 Following are the data of a storm as recorded in a self-recording rain gauge at a station:

Time from the beginning of
storm (minutes) 10 20 30 40 50 60 70 80 90
Cumulative rainfall (mm) 19 41 48 68 91 124 152 160 166

(a) Plot the hyetograph of the storm.
(b) Plot the maximum intensity-duration curve of the storm.
2.13 Prepare the Maximum depth-duration curve for the 90 minute storm given below:

Time (minutes) 0 10 20 30 40 50 60 70 80 90
Cumulative rainfall (mm) 0 8 15 25 30 46 55 60 64 67
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The mass curve of rainfall in a storm of total duration 90 minutes is given below.
(a) Draw the hyetograph of the storm at 10 minutes time step. (b) Plot the Maximum
intensity-duration curve for this storm. (c) Plot the Maximum depth-duration curve for
the storm.

Time (Minutes) 0 10 20 30 40 50 60 70 80 90
Cumulative
rainfall (mm) 0 21 63 145 21.7 279 33.0 351 362 37.0

The record of annual rainfall at a place is available for 25 years. Plot the curve of recur-
rence interval vs annual rainfall magnitude and by suitable interpolation estimate the
magnitude of rainfall at the station that would correspond to a recurrence interval of (a)
50 years and (b) 100 years.

Year Annual Rainfall Year Annual Rainfall
(cm) (cm)
1950 113.0 1963 68.6
1951 94.5 1964 82.5
1952 76.0 1965 90.7
1953 87.5 1966 99.8
1954 92.7 1967 74.4
1955 71.3 1968 66.6
1956 77.3 1969 65.0
1957 85.1 1970 91.0
1958 122.8 1971 106.8
1959 69.4 1972 102.2
1960 81.0 1973 87.0
1961 94.5 1974 84.0
1962 86.3
The annual rainfall values at a station P for a period of 20 years are as follows:
Year Annual Rainfall Year Annual Rainfall
(cm) (cm)
1975 120.0 1985 101.0
1976 84.0 1986 109.0
1977 68.0 1987 106.0
1978 92.0 1988 115.0
1979 102.0 1989 95.0
1980 92.0 1990 90.0
1981 95.0 1991 70.0
1982 88.0 1992 89.0
1983 76.0 1993 80.0
1984 84.0 1994 90.0
Determine

(a) The value of annual rainfall at P with a recurrence interval of 15 years.

(b) The probability of occurrence of an annual rainfall of magnitude 100 cm at station P.
(c) 75% dependable annual rainfall at the station.

[Hint: If an event (rainfall magnitude in the present case) occurs more than once, the
rank m = number of times the event is equalled + number of times it is exceeded.]
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Plot the three-year and the five-year moving means for the data of Problem 2.15. Com-
ment on the effect of increase in the period of the moving mean. Is there any apparent
trend in the data?

On the basis of isopluvial maps the 50 year-24 hour maximum rainfall at Bangalore is
found to be 16.0 cm. Determine the probability of a 24 h rainfall of magnitude 16.0 cm
occurring at Bangalore:

(a) Once in ten successive years.

(b) Twice in ten successive years.

(c) At least once in ten successive years.

A one-day rainfall of 20.0 cm at a place X was found to have a period of 100 years.
Calculate the probability that a one-day rainfall of magnitude equal to or larger than
20.0 cm:

(a) Will not occur at station X during the next 50 years.

(b) Will occur in the next year.

When 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 6 cm/h was equalled or exceeded in three
different rain gauge stations in a region were 4, 2 and 5 for periods of records of 36, 25
and 48 years. Find the recurrence interval of the 6 cm/h storm in that area by the station—
year method.

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

Range (cm) Number

of years
< 60.0 6
60.0-79.9 6
80.0-99.9 22
100.0-119.9 25
120.0-139.9 8
> 140.0 3

Calculate the probability of having:

(a) an annual rainfall equal to or larger than 120 cm,

(b) two successive years in which the annual rainfall is equal to or greater than
140 cm,

(c) an annual rainfall less than 60 cm.

2.1

: OBUJECTIVE QUESTIONS I

A tropical cyclone is a

(a) low-pressure zone that occurs in the northern hemisphere only

(b) high-pressure zone with high winds

(c) zone of low pressure with clockwise winds in the northern hemisphere

(d) zone of low pressure with anticlockwise winds in the northern hemisphere.

2.2 A tropical cyclone in the northern hemisphere is a zone of

(a) low pressure with clockwise wind

(b) low pressure with anticlockwise wind
(c) high pressure with clockwise wind

(d) high pressure with anticlockwise wind.
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Orographic precipitation occurs due to air masses being lifted to higher altitudes by
(a) the density difference of air masses

(b) a frontal action

(c) the presence of mountain barriers

(d) extratropical cyclones.

The average annual rainfall over the whole of India is estimated as

(a) 189 cm (b) 319 cm (¢) 89 cm (d) 117 cm.
Variability of annual rainfall 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.

The standard Symons’ type raingauge has a collecting area of diameter

(a 12.7cm (b) 10 cm (c) 5.08 cm (d) 254 cm.
The standard recording raingauge adopted in India is of

(a) weighing bucket type (b) natural siphon type

(c) tipping bucket type (d) telemetry type

The following recording raingauges does not produce the mass curve of precipitation as
record:

(a) Symons’ raingauge (b) tipping-bucket type gauge

(c) weighing-bucket type gauge (d) natural siphon gauge.

When specific information about the density of snowfall is not available, the water equiva-
lent of snowfall is taken as

(a) 50% (b) 30% (c) 10% (d) 90%

The normal annual rainfall at stations 4, B and C situated in meteorologically
homogeneous region are 175 cm, 180 cm and 150 cm respectively. In the year 2000,
station B was inoperative and stations 4 and C recorded annual precipitations of 150 cm
and 135 cm respectively. The annual rainfall at station B in that year could be estimated
to be nearly

(a) 150 cm (b) 143 cm (c) 158 cm (d) 168 cm

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 in the same month in the previous year

(b) the rainfall 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 September computed from a specific 30 years of

past record.

The Double mass curve technique is adopted to

(a) check the consistency of raingauge records

(b) to find the average rainfall over a number of years

(c) to find the number of rainguages required

(d) to estimate the missing rainfall data

The mass curve of rainfall of a storm is a plot of

(a) rainfall depths for various equal durations plotted in decreasing order

(b) rainfall intensity vs time in chronological order

(¢) accumulated rainfall intensity vs time

(d) accumulated precipitation vs time in chronological order.

A plot between rainfall intensity vs time is called as

(a) hydrograph (b) mass curve (c) hyetograph (d) isohyet
A hyetograph is a plot of

(a) Cumulative rainfall vs time (b) rainfall intensity vs time

(c) rainfall depth vs duration (d) discharge vs time
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The Thiessen polygon is

(a) a polygon obtained by joining adjoining raingauge stations

(b) a representative area used for weighing the observed station precipitation

(c) an area used in the construction of depth-area curves

(d) the descriptive term for the shape of a hydrograph.
An isohyet is a line joining points having

(a) equal evaporation value (b) equal barometric pressure

(c) equal height above the MSL (d) equal rainfall depth in a given duration.
By DAD analysis the maximum average depth over an area of 10* km? due to one-day
storm is found to be 47 cm. For the same area the maximum average depth for a three
day storm can be expected to be

(a) <47 cm (b) >47 cm (c) =47 cm

(d) inadequate information to conclude.
Depth-Area-Duration curves of precipitation are drawn as

(a) minimizing envelopes through the appropriate data points

(b) maximising envelopes through the appropriate data point

(c) best fit mean curves through the appropriate data points

(d) best fit straight lines through the appropriate data points
Depth-Area-Duration curves of precipitation at a station would normally be

(a) curves, concave upwards, with duration increasing outward

(b) curves, concave downwards, with duration increasing outward

(c) curves, concave upwards, with duration decreasing outward

(d) curves, concave downwards, with duration decreasing outward

A study of the isopluvial maps revealed that at Calcutta a maximum rainfall depth of 200
mm in 12 h has a return period of 50 years. The probability of a 12 h rainfall equal to or
greater than 200 mm occurring at Calcutta at least once in 30 years is

(a) 0.45 (b) 0.60 (c) 0.56 (@ 1.0

A 6-h rainfall of 6 cm at a place 4 was found to have a return period of 40 years. The
probability that at 4 a 6-h rainfall of this or larger magnitude will occur at least once in
20 successive years is

(a) 0.397 (b) 0.603 (c) 0.309 (d) 0.025

The probability of a 10 cm rain in 1 hour occurring at a station B is found to be 1/60.
What is the probability that a 1 hour rain of magnitude 10 cm or larger will occur in
station B once in 30 successive years is

(a) 0.396 (b) 0.307 (c) 0.604 (d) 0.500

A one day rainfall of 18 hours at Station C was found to have a return period of 50 years.
The probability that a one-day rainfall of this or larger magnitude will not occur at
station C during next 50 years is

(a) 0.636 (b) 0.020 (c) 0.364 (d) 0.371

If the maximum depth of a 50 years-15 h-rainfall depth at Bhubaneshwar is 260 mm, the
50 year-3 h-maximum rainfall depth at the same place is

(a) <260 mm (b) >260 mm (¢) =260 mm

(d) inadequate date to conclude anything.

The probable maximum depth of precipitation over a catchment is given by the relation
PMP =

(a) P +KA" b) P+Ko (©) Pexp(-K4")  (d) mP
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Chapter

ABSTRACTIONS FROM
PRECIPITATION

3.1 INTRODUCTION

In Engineering Hydrology runoff due to a storm event is often the major subject of
study. All abstractions from precipitation, viz. those due to evaporation, transpiration,
infiltration, surface detention and storage, are considered as losses in the production
of runoff. Chief components of abstractions from precipitation, knowledge of which
are necessary in the analysis of various hydrologic situations, are described in this chapter.
Evaporation from water bodies and soil masses together with transpiration from
vegetation is termed as evapotranspiration. Various aspects of evaporation from water
bodies and evapotranspiration from a basin are discussed in detail in Secs 3.2 through
3.11. Interception and depression storages, which act as ‘losses’ in the production of
runoff, are discussed in Secs 3.12 and 3.13. Infiltration process, which is a major
abstraction from precipitation and an important process in groundwater recharge and
in increasing soil moisture storage, is described in detail in Secs 3.14 through 3.19.

A 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 energy. Consider a body
of water in a pond. The molecules of water are in constant motion with a wide range of
instantaneous velocities. An addition of heat causes this range and average speed to
increase. When some molecules possess sufficient kinetic energy, they may cross over
the water surface. Similarly, the atmosphere in the immediate neighbourhood of the
water surface contains water molecules within the water vapour in motion and some of
them may penetrate the water surface. The net escape of water molecules from the
liquid state to the gaseous state constitutes evaporation. Evaporation is a cooling process
in that the latent heat of vaporization (at about 585 cal/g of evaporated water) must be
provided by the water body. The rate of evaporation is dependent on (i) the vapour
pressures at the water surface and air above, (ii) air and water temperatures, (iii) wind
speed, (iv) atmospheric pressure, (v) quality of water, and (vi) size of the water body.

VAPOUR PRESSURE

The rate of evaporation is proportional to the difference between the saturation vapour
pressure at the water temperature, e,, and the actual vapour pressure in the air, e,,. Thus
E, =Cle,—e,) (3.1)
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where E; = rate of evaporation (mm/day) and C = a constant; e,, and e, are in mm of
mercury. Equation (3.1) is known as Dalfon's law of evaporation after John Dalton
(1802) who first recognised this law. Evaporation continues till e, = ¢e,. If ¢, > ¢,
condensation takes place.

TEMPERATURE  Other factors remaining the same, the rate of evaporation increases

with an increase in the water temperature. Regarding air temperature, although there
is a general increase in the evaporation rate with increasing temperature, a high corre-
lation between evaporation rate and air temperature does not exist. Thus for the same
mean monthly temperature it is possible to have evaporation to different degrees in a
lake in different months.

WiIND Wind aids in removing the evaporated water vapour from the zone of evapo-

ration and consequently creates greater scope for evaporation. However, if the wind
velocity is large enough to remove all the evaporated water vapour, any further in-
crease in wind velocity does not influence the evaporation. Thus the rate of evapora-
tion increases with the wind speed up to a critical speed beyond which any further
increase in the wind speed has no influence on the evaporation rate. This critical wind-
speed value is a function of the size of the water surface. For large water bodies high-
speed turbulent winds are needed to cause maximum rate of evaporation.

ATMOSPHERIC PRESSURE  Other factors remaining same, a decrease in the baro-
metric pressure, as in high altitudes, increases evaporation.

SoLUBLE SALTS When a solute is dissolved in water, the vapour pressure of the
solution is less than that of pure water and hence causes reduction in the rate of evapo-
ration. The percent reduction in evaporation approximately corresponds to the per-
centage increase in the specific gravity. Thus, for example, under identical conditions
evaporation from sea water is about 2-3% less than that from fresh water.

HEAT STORAGE IN WATER BODIES Deep water bodies have more heat storage
than shallow ones. A deep lake may store radiation energy received in summer and
release it in winter causing less evaporation in summer and more evaporation in win-
ter compared to a shallow lake exposed to a similar situation. However, the effect of
heat storage is essentially to change the seasonal evaporation rates and the annual
evaporation rate is seldom affected.

3.3 EVAPORIMETERS

Estimation of evaporation is of utmost importance in many hydrologic problems asso-
ciated with planning and operation of reservoirs and irrigation systems. In arid zones,
this estimation is particularly important to conserve the scarce water resources. How-
ever, the exact measurement of evaporation from a large body of water is indeed one
of the most difficult tasks.

The amount of water evaporated from a water surface is estimated by the following
methods: (i) using evaporimeter data, (ii) empirical evaporation equations, and (iii)
analytical methods.

TYPES OF EVAPORIMETERS

Evaporimeters are water-containing pans which are exposed to the atmosphere and
the loss of water by evaporation measured in them at regular intervals. Meteorological
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data, such as humidity, wind movement, air and water temperatures and precipitation
are also noted along with evaporation measurement.

Many types of evaporimeters are in use and a few commonly used pans are de-
scribed here.

CLASS A EVAPORATION Water levelin pan io
PAN ltisastandard pan of 1210 X 7 5

mm diameter and 255 mm depth = +2‘§5
used by the US Weather Bureau Y
andis known as Class A Land Pan.  GL B E% w uﬁ 150
The depth of water is maintained 77> _ /’R '\
between 18 cm and 20 cm (Fig. | 1210 Dia. |

3.1). The pan is normally made of supp\évrct)?(sjg;

unpainted galvanised iron sheet.
Monel metal is used where
corrosion 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. Evaporation measurements
are made by measuring the depth of water with a hook gauge in a stilling well.

Fig. 3.1 U.S. Class A Evaporation Pan

1S STANDARD FPAN  This pan evaporimeter specified by IS: 59731970, also known
as modified 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. 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.

|« 1220 ¢ »
Thermometer clamp

Wire-mesh Thermometer
cover Stilling well
102 ¢
/ Fixed point gauge |<_"|
U9 o al
<t
-]~ Copper sheet 10 ¢ 1>l |« 235 255 ;an
25 thickness 0.9 15 190 JL J
¥ 5y | [ /
T VY | Mf = rr f
o
|75 ‘4_ z Wooden <2009
platform
< 1225 Sq >

Fig. 3.2 ISI Evaporation Pan
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COLORADO SUNKEN FAN Water level
This pan, 920 mm square and 460 Ksame as GL
mm deep is made up of unpainted +

galvanised iron sheet and buried o
into the ground within 100 mm of \+

the top (Fig. 3.3). The chief ad- 460
vantage of the sunken pan is that
radiation and aerodynamic char-
acteristics are similar to those of [ 920 Sq. >|
alake. However, it has the follow-
ing disadvantages: (i) difficult to
detect leaks, (ii) extra care is needed to keep the surrounding area free from tall grass,
dust, etc., and (iii) expensive to instal.

Fig.3.3 Colorado Sunken Evaporation Pan

US GEOLOGICAL SURVEY FLOATING PAN With a view to simulate the char-
acteristics 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 in-
volved in performing measurements are its main disadvantages.

PAN COEFFICIENT C, 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 deficiency. 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.

2. The 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.

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

In view of the above, the evaporation observed from a pan has to be corrected to

get the evaporation from a lake under similar climatic and exposure conditions. Thus
a coefficient is introduced as

Lake evaporation = C, x pan evaporation
in which C, = pan coefficient. The values of C,, in use for different pans are given in

Table 3.1
Table 3.1 Values of Pan Coefficient Cp
S.No. Types of pan Average value Range
1. Class A Land Pan 0.70 0.60—0.80
2. IST 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
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EVAPORATION STATIONS It is usual to instal evaporation pans in such locations
where other meteorological data are also simultaneously collected. The WMO recom-
mends 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 every 50,000 km?, and

3. Cold regions—One station for every 100,000 km?.

Currently, about 220 pan-evaporimeter stations are being maintained by India
Meteorological Department.

A typical hydrometeorological station contains the following: Ordinary raingauge;
Recording raingauge; Stevenson Box with maximum and minimum thermometer and
dry and wet bulb thermometers; wind anemometer, wind direction indicator, sunshine
recorder, thermohydrograph and pan evaporimeter.

3.4 EMPIRICAL EVAPORATION EQUATIONS

A large number of empirical equations are available to estimate lake evaporation us-
ing commonly available meteorological data. Most formulae are based on the Dalton-
type equation and can be expressed in the general form

Ep =Kfu)e,—e,) (3.2)
where E; = lake evaporation in mm/day, e, = saturated vapour pressure at the water-
surface temperature in mm of mercury, e, = actual vapour pressure of over-lying air at
a specified height in mm of mercury, f(#) = wind-speed correction function and K =a
coefficient. The term e, is measured at the same height at which wind speed is meas-
ured. Two commonly used empirical evaporation formulae are:

MEYER'S FORMULA (1915)

E, =Ky (e, - ea)(l +L1'—96) (3.3)

in which £;, e, e, are as defined in Eq. (3.2), 19 = monthly mean wind velocity in km/
h at about 9 m above ground and K, = coefficient accounting 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

E; =0.771(1.465 — 0.000732 p,)(0.44 + 0.0733 u,) (e, — e,) 3.4
in which £, e,, and e, are as defined earlier in Eq. (3.2),

P, = mean barometric reading in mm of mercury
u, = mean wind velocity in km/h at ground level, which can be taken
to be the velocity at 0.6 m height above ground.

These empirical formulae are simple to use and permit the use of standard mete-
orological data. However, in view of the various limitations of the formulae, they can
at best be expected to give an approximate magnitude of the evaporation. References
2 and 3 list several other popular empirical formulae.

In using the empirical equations, the saturated vapour pressure at a given tempera-
ture (e,,) 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
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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

u, = Ch'7 (3.5)
where u;, = wind velocity at a height 4 above the ground and C = constant. This equa-
tion can be used to determine the velocity at any desired level if ;, is known.

ExampPLE 3.1

(a) A reservoir with a surface area of 250 hectares had the following average values of
climate parameters during a week: Water temperature = 20°C,
Relative humidity = 40%, Wind velocity at 1.0 m above ground surface = 16 km/h.
Estimate the average daily evaporation from the lake by using Meyer s formula.

(b) An ISI Standard evaporation pan at the site indicated a pan coefficient of 0.80 on
the basis of calibration against controlled water budgeting method. If this pan
indicated an evaporation of 72 mm in the week under question, (i) estimate the
accuracy if Meyer s method relative to the pan evaporation measurements. (ii) Also,
estimate the volume of water evaporated from the lake in that week.

SOLUTION:
(a) From Table 3.3
e, = 17.54 mm of Hg e,=0.4x17.54 =7.02 mm of Hg
uy = wind velocity at a height of 9.0 m above ground = u; x (9)"/7 = 21.9 km/h
By Meyer’s Formula [Eq. (3.3)],
21.9

E, =0.36 (17.54 — 7.02) (1 + 7) =8.97 mm/day
72.00

(b) (i) Daily evaporation as per Pan evaporimeter = ( ) % 0.8 =8.23 mm

Error by Meyer’s formula = (8.23 — 8.97) =—0.74 mm. Hence, Meyer’s method

overestimates the evaporation relative to the Pan.

Percentage over estimation by Meyer’s formula = (0.74/8.23) x 100 = 9%
(i) Considering the Pan measurements as the basis, volume of water evaporated

from the lake in 7 days = 7 x (8.23/1000) x 250 x 10* = 144,025 m*

[The lake area is assumed to be constant at 250 ha throughout the week.]

3.5 ANALYTICAL METHODS OF EVAPORATION
ESTIMATION

The analytical methods for the determination of lake evaporation can be broadly clas-
sified into three categories as:

1. Water-budget method, 2. Energy-balance method, and

3. Mass-transfer method.

WATER-BUDGET METHOD

The water-budget method is the simplest of the three analytical methods and is also
the least reliable. It involves writing the hydrological continuity equation for the lake
and determining the evaporation from a knowledge or estimation of other variables.
Thus considering the daily average values for a lake, the continuity equation is written
as

P+Vis+Vig:Vos+Vog+EL+AS+TL (36)
where P = daily precipitation
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V', = daily surface inflow into the lake
Vi, = daily groundwater inflow
V. = daily surface outflow from the lake
V,e = daily seepage outflow
E; = daily lake evaporation
AS = increase in lake storage in a day
= daily transpiration loss
All quantities are in units of volume (m®) or depth (mm) over a reference area.
Equation (3.6) can be written as

E =P+ (Vig= Vo) T (Vig=Vog) =T, = AS 3.7
In this the terms P, V,, V,, and AS can be measured. However, it is not possible to
measure Vy,. V,,, and 7} and therefore these quantities can only be estimated. Transpi-
ration losses can be considered to be insignificant in some reservoirs. If the unit of
time is kept large, say weeks or months, better accuracy in the estimate of £; is possi-
ble. 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.

Considering the water body as in Fig. 3.4, the energy balance to the evaporating
surface in a period of one day is give by

H,=H,+H,+H,+H+H, (3.8)
where H, = net heat energy received by the water surface
=H(-r—-H,

Back radiation  Heat loss to air
Hb H,
Solar
radlatlon |Reflected

| rHc Evaporation
| pLE,
| T A«fé

(1 —r)H,
. Water

-||||<

Heat flux Heatl_sl“’fed i\ﬁveCtlon
into the s i
ground Hg

Fig. 3.4 Energy Balance in a Water Body

inwhich H (1 —r) = incoming solar radiation into a surface of reflection
coefficient (albedo) r
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H, =back radiation (long wave) from water body

H, = sensible heat transfer from water surface to air

H, = heat energy used up in evaporation

= p LE;, where p = density of water, L = latent heat of

evaporation and E; = evaporation in mm

H, = heat flux into the ground

H_ = heat stored in water body

H; = 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 periods are
short, the terms H and H, can be neglected as negligibly small. All the terms except
H,, can either be measured or evaluated indirectly. The sensible heat term /, which
cannot be readily measured is estimated using Bowen s ratio 3 given by the expres-
sion

B= Ma _61%10x Pa il

PLE L €y~ €

where p,, = atmospheric pressure in mm of mercury, e,, = saturated vapour pressure in

mm of mercury, e, = actual vapour pressure of air in mm of mercury, 7, = temperature

of water surface in °C and 7, = temperature of air in °C. From Eqs (3.8) and (3.9) E;
can be evaluated as

s H,-H,—H;-H, 310

t PL(1+ ) 10

Estimation of evaporation in a lake by the energy balance method has been found
to give satisfactory results, with errors of the order of 5% when applied to periods less than
a week. Further details of the energy-budget method are available in Refs 2, 3 and 5.

(3.9)

MASS-TRANSFER METHOD

This method is based on theories of turbulent mass transfer in boundary layer to calcu-
late the mass water vapour transfer from the surface to the surrounding atmosphere.
However, the details of the method are beyond the scope of this book and can be
found in published literature® . With the use of quantities measured by sophisticated
(and expensive) instrumentation, this method can give satisfactory results.

3.6 RESERVOIR EVAPORATION AND METHODS FOR ITS
REDUCTION

Any of the methods mentioned above may be used for the estimation of reservoir
evaporation. Although analytical methods provide better results, they involve param-
eters that are difficult to assess or expensive to obtain. Empirical equations can at best
give approximate values of the correct order of magnitude. Therefore, the pan meas-
urements find general acceptance for practical application. Mean monthly and annual
evaporation data collected by IMD are very valuable in field estimations. The water
volume lost due to evaporation from a reservoir in a month is calculated as

Vy=AE, C (3.11)

pm ~p
where ¥ = volume of water lost in evaporation in a month (m?)
A = average reservoir area during the month (m?)
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Evaporation from a water surface is a continuous process. Typically under Indian
conditions, evaporation loss from a water body is about 160 ¢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. While a small sized tank (lake) may have a surface area of
about 20 ha large reservoirs such as Narmada Sagar have surface area of about 90,000
ha. Table 3.2 (a) indicates surface areas and capacities of some large Indian reservoirs.

Table 3.2(a) Surface Areas and Capacities of Some Indian Reservoirs

Sl Reservoir River State Surface Gross
No area at capacity of the
MRL in reservoir in
km? Mm?
1. Narmada Sagar ~ Narmada Madhya Pradesh 914 12,230
2. Nagarjuna Sagar Krishna Andhra Pradesh 285 11,315
3. Sardar Sarovar Narmada Gujarat 370 9510
4. Bhakra Sutlej Punjab 169 9868
5. Hirakud Mahanadi Orissa 725 8141
6. Gandhi Sagar Chambal Madhya Pradesh 660 7746
7. Tungabhadra Tungabhadra Karnataka 378 4040
8.  Shivaji Sagar Koyna Maharashtra 115 2780
9. Kadana Mabhi Gujarat 172 1714
10. Panchet Damodar Jharkhand 153 1497

Using evaporation data from 29 major and medium reservoirs in the country, the
National Commission for integrated water resources development (1999)® has esti-
mated the national water loss due to evaporation at various time horizons as below:

Table 3.2(b) Water Loss due to Evaporation (Volume in km?)

SI. No.  Particular 1997 2010 2025 2050

1. Live Capacity—Major storage 173.7 211.4 249.2 381.5

. Live Capacity—Minor storage 34.7 423 49.8 76.3

3. Evaporation for Major storage 26.1 31.7 37.4 57.2
Reservoirs @ 15% of live capacity

4. Evaporation for Minor storage 8.7 10.6 12.5 19.1
Reservoirs @ 25% of live capacity

5. Total Evaporation loss 35 42 50 76

Roughly, a quantity equivalent to entire live capacity of minor storages is lost an-
nually by evaporation. As the construction of various reservoirs as a part of water
resources developmental effort involve considerable inputs of money, which is a scarce
resource, evaporation from such water bodies signifies an economic loss. In semi-arid
zones where water is scarce, the importance of conservation of water through reduc-
tion of evaporation is obvious.
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METHODS TO REDUCE EVAPORATION LOSSES

Various methods available for reduction of evaporation losses can be considered in
three categories:

() REDUCTION OF SURFACE AREA  Since the volume of water lost by evapora-
tion is directly proportional to the surface area of the water body, the reduction of
surface area wherever feasible reduces evaporation losses. Measures like having deep
reservoirs in place of wider ones and elimination of shallow areas can be considered
under this category.

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

(1) CHEMICAL FILMS This method consists of applying a thin chemical film on
the water surface to reduce evaporation. Currently this is the only feasible method
available for reduction of evaporation of reservoirs up to moderate size.

Certain chemicals such as cetyl alcohol (hexadecanol) and stearyl alcohol
(octadecanol) form monomolecular layers on a water surface. These layers act as evapo-
ration inhibitors by preventing the water molecules to escape past them. The thin film
formed has the following desirable features:

1. 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 therefore not

affected by its presence.

4. It is colourless, odourless and nontoxic.

Cetyl alcohol is found to be the most suitable chemical for use as an evaporation
inhibitor. It is a white, waxy, crystalline 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 3.5 N/hectare/day of cetyl alcohol is
needed for effective action. The chemical is periodically replenished to make up the
losses due to oxidation, wind sweep of the layer to the shore and its removal by birds
and insects. Evaporation reduction can be achieved to a maximum if a film pressure of
4 x 1072 N/m is maintained.

Controlled experiments with evaporation pans have indicated an evaporation
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 size lakes (<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.

B: 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
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and escapes through the leaves. The important factors affecting transpiration are:
atmospheric vapour pressure, temperature, 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 confined 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 transpiration processes can be considered
advantageously under one head as evapotranspiration. The term consumptive use is
also used to denote this loss by evapotranspiration. For a given set of atmospheric
conditions, evapotranspiration obviously depends on the availability of water. If suffi-
cient moisture is always available to completely meet the needs of vegetation fully
covering the area, the resulting evapotranspiration is called potential evapotranspiration
(PET). Potential evapotranspiration no longer critically depends on the soil and plant
factors but depends essentially on the 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: field capacity and permanent
wilting point. Field capacity is the maximum quantity 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 point is the moisture content of a soil at which the
moisture is no longer available in sufficient quantity to sustain the plants. At this
stage, even though the soil contains some moisture, it will be so held by the soil grains
that the roots of the plants are not able to extract it in sufficient quantities to sustain the
plants and consequently the plants wilt. The field capacity and permanent wilting
point depend upon the soil characteristics. The difference 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 field capac-
ity and AET will be equal to PET. If the water supply is less than PET, the soil dries
out and the ratio AET/PET would then be less than unity. The decrease of the ratio
AET/PET with available moisture depends upon the type of soil and rate of drying.
Generally, for clayey soils, AET/PET = 1.0 for nearly 50% drop in the available mois-
ture. As can be expected, when the soil moisture reaches the permanent wilting point,
the AET reduces to zero (Fig. 3.5). For a catchment in a given period of time, the
hydrologic budget can be written as

P-R—-G,—E,,=AS (3.12)
where P = precipitation, R, = surface runoff, G, = subsurface outflow, £, = actual
evapotranspiration (AET) and AS = change in the moisture storage. This water budg-
eting can be used to calculate £, by knowing or estimating other elements of Eq.
(3.12). Generally, the sum of R, and G, can be taken as the stream flow at the basin
outlet without much error. Method of estimating AET is given in Sec. 3.11.
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Fig. 3.5 Variation of AET

Except in a few specialized studies, all applied studies in hydrology use PET (not
AET) as a basic parameter in various estimations related to water utilizations con-
nected with evapotranspiration process. It is generally agreed that PET is a good ap-
proximation for lake evaporation. As such, where pan evaporation data is not avail-
able, PET can be used to estimate lake evaporation.

3.9 MEASUREMENT OF EVAPOTRANSPIRATION

The measurement of evapotranspiration for a given vegetation type can be 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 surrounding
field. Evapotranspiration is estimated in terms of the amount of water required to
maintain constant moisture conditions within the tank measured either volumetric ally
or gravimetrically through 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 buried 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 interval 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 percolation is difficult to measure
and can be minimised by keeping the moisture condition of the plot at the field capac-
ity. This method provides fairly reliable results.

3.10 EVAPOTRANSPIRATION EQUATIONS

The lack of reliable field data and the difficulties of obtaining reliable evapotranspiration
data have given rise to a number of methods to predict PET by using climatological
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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 com-
bination of the energy-balance and mass-transfer approach. Penman’s equation, incor-
porating some of the modifications suggested by other investigators is

AH,+E,y
PET= —— (3.13)
A+y

where PET = daily potential evapotranspiration in mm per day
A = slope of the saturation vapour pressure vs temperature curve at the
mean air temperature, in mm of mercury per °C (Table 3.3)
H, = 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 is the same as used in the energy budget [Eq. (3.8)] and is esti-
mated by the following equation:

H,=H,(1-r) (a+b%j ~ 0 TH0.56-0.092/e, )(0.10+0.90%) (3.14)

where H, = incident solar radiation outside the atmosphere on a horizontal surface,
expressed in mm of evaporable water per day (it is a function of the
latitude and period of the year as indicated in Table 3.4)
a = a constant depending upon the latitude ¢ and is given by a = 0.29 cos ¢
b = a constant with an average value of 0.52
n = actual duration of bright sunshine in hours
N = maximum possible hours of bright sunshine (it is a function of latitude as
indicated in Table 3.5)
r = reflection coefficient (albedo). Usual ranges of values of r are given below.

Surface Range of r values
Close ground corps 0.15-0.25
Bare lands 0.05-0.45
Water surface 0.05
Snow 0.45-0.95

o= Stefan-Boltzman constant = 2.01 x 10~ mm/day

T,= mean air temperature in degrees kelvin =273 + °C

e, = actual mean vapour pressure in the air in mm of mercury
The parameter £, is estimated as

U
E =035{1+— - 3.15
oas{1522 ) o1

in which
u, = mean wind speed at 2 m above ground in km/day
e,, = saturation vapour pressure at mean air temperature in mm of
mercury (Table 3.3)
e, = actual vapour pressure, defined earlier
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For the computation of PET, data on n, e,, u,, 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 data 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 sur-
face by using » = 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>>”.

ExampLe 3.2 Calculate the potential evapotranspiration from an area near New Delhi
in the month of November by Penman s fomula. The following data are available:

Latitude o 28°4°N
Elevation ;230 m (above sea level)

Table 3.3 Saturation Vapour Pressure of Water

Temperature Saturation vapour pressure A
(°0) e,, (mm of Hg) (mm/°C)
0 4.58 0.30
5.0 6.54 0.45
7.5 7.78 0.54
10.0 9.21 0.60
12.5 10.87 0.71
15.0 12.79 0.80
17.5 15.00 0.95
20.0 17.54 1.05
22.5 20.44 1.24
25.0 23.76 1.40
27.5 27.54 1.61
30.0 31.82 1.85
32.5 36.68 2.07
35.0 42.81 2.35
37.5 48.36 2.62
40.0 55.32 2.95
45.0 71.20 3.66

17.27¢

e, = 4.584 exp
2373+t

] mm of Hg, where ¢ = temperature in °C.

Table 3.4 Mean Monthly Solar Radiation at Top of Atmosphere,
H_ in mm of Evaporable Water/Day

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

0° 145 15.0 152 147 139 13.4 135 142 149 15.0 14.6 143
10° 12.8 139 148 152 150 14.8 148 15.0 149 141 13.1 124
20° 10.8 123 139 152 157 158 157 153 144 129 112103
30° 85 105 12.7 148 16.0 165 162 153 135 113 9.1 79
40° 6.0 83 11.0 139 159 16.7 163 148 122 93 6.7 54
50° 36 59 9.1 127 154 16.7 16.1 139 105 7.1 43 3.0
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Table 3.5 Mean Monthly Values of Possible Sunshine Hours, N

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

0° 12.1 121 12.1 12.1 121 121 121 121 121 12.1 12.1 12.1
10° 11.6 11.8 12.1 124 126 127 12.6 124 129 119 11.7 115
20° 111 115 12.0 12.6 13.1 133 132 128 123 11.7 11.2 10.9
30° 104 11.1 12.0 129 13.7 141 139 132 124 11.5 10.6 10.2
40° 9.6 107 119 132 144 150 147 138 125 112 100 94
50° 8.6 10.1 11.8 13.8 154 164 16.0 145 127 10.8 9.1 8.1

Mean monthly temperature : 19°C

Mean relative humidity : 75%

Mean observed sunshine hours : 9 h

Wind velocity at 2 m height ;o 85 km/day

Nature of surface cover : Close-ground green crop

Sorurion. From Table 3.3,
A =1.00 mm/°C e,, = 16.50 mm of Hg
From Table 3.4
H,=9.506 mm of water/day
From Table 3.5
N=10.716 h n/N =9/10.716 = 0.84
From given data
e, =16.50 x 0.75 = 12.38 mm of Hg
a=0.29 cos 28° 4" =0.2559
b=10.52
0=2.01 x 10~ mm/day
T,=273+19=292K
oT} =14.613
r = albedo fer close-ground green crop is taken as 0.25
From Eq. (3.14),
H,=9.506x (1-0.25) x (0.2559 + (0.52 x 0.84))

—14.613 x (0.56 — 0.092 v 12.38 ) x (0.10 + (0.9 x 0.84))
=4.936 —2.946 = 1.990 mm of water/day
From Egq. (3.19),
E,=035x |1+ 85 ) (16.50 — 12.38) = 2.208 mm/day
From Eq. (3.13), noting the value of y= 0.49.
~ (1x1.990) +(2.208 x 0.49)
- (1.00 + 0.49)

=2.06 mm/day

ExampLe 3.3 Using the data of Example 3.2, estimate the daily evaporation from a
lake situated in that place.

Sorution.  For estimating the daily evaporation from a lake, Penman’s equation is used
with the albedo r = 0.05.
Hence

(1.0-0.05)
H, =4.936x 10025 2.946 = 6.252 —2.946 = 3.306 mm of water/day
E, =2.208 mm/day
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From Eq. (3.13),
PET = Lake evaporation

~ (1.0%3.306) +(2.208 X 0.49)
(1.0 - 0.49)

REFERENCE CROP EVAPOTRANSPIRATION (ET,) In irrigation practice, the
PET is extensively used in calculation of crop-water requirements. For purposes of
standardization, FAO recommends® a reference crop evapotranspiration or reference
evapotranspiration denoted as ET,. The reference surface is a hypothetical grass ref-
erence crop with an assumed crop height of 0.12 m, a defined fixed surface resistance
of 70 s m ™' and an albedo of 0.23. The reference surface closely resembles an exten-
sive surface of green, well-watered grass of uniform height, actively growing and
completely shading the ground. The defined fixed surface resistance 70 s m™! implies
a moderately dry soil surface resulting from about a weekly irrigation frequency. The
FAO recommends a method called F40O Penman-Monteith method to estimate ET, by
using radiation, air temperature, air humidity and wind speed data. Details of FAO
Penman-Monteith method are available in Ref. 3.

The potential evapotranspiration of any other crop (ET) is calculated by multiply-
ing the reference crop evapotranspiration by a coefficient K, the value of which changes
with stage of the crop. Thus

ET =K(ET,) (3.16)
The value of K varies from 0.5 to 1.3. Table 3.7 gives average values of K for some
selected crops.

=2.95 mm/day

EMPIRICAL FORMULAE

A large number of empirical formulae are available for 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.

BILANEY-CRIDDLE FORMULA

This purely empirical formula based on data from arid western United 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
E; =254 KF
and F=%P,T, /100 (3.17)
where E;= PET in a crop season in cm
K = an empirical coefficient, depends on the type of the crop and stage of
growth
F = sum of monthly consumptive use factors for the period
P, = monthly percent of annual day-time hours, depends on the latitude of
~ the place (Table 3.6)
and T, = mean monthly temperature in °F
Values of K depend on the month and locality. Average value for the season for
selected crops is given in Table 3.7. The Blaney-Criddle formula is largely 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 an-
other empirical formula similar to Eq. (3.17) but with an additional correction for
humidity.
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Table 3.6 Monthly Daytime Hours Percentages, P, for use in Blaney-Criddle
Formula (Eq. 3.17)

North
latitude
(deg) Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

0 850 7.66 849 821 850 822 850 849 821 850 822 850
10 8.13 7.47 845 837 881 860 886 871 825 834 791 8.10
15 794 736 8.43 844 898 8.80 9.05 883 828 826 7.75 7.88
20 7.74 725 8.41 852 9.15 9.00 9.25 896 830 818 7.58 7.66
25 7.53 7.14 839 8.61 933 9.23 945 9.09 832 809 7.40 742
30 7.30 7.03 838 8.72 9.53 949 9.67 922 833 799 7.19 7.15
35 7.05 6.88 835 883 9.76 9.77 9.93 937 836 7.87 6.97 6.86
40 6.76 6.72 8.33 8.95 10.02 10.08 10.22 9.54 839 7.75 6.72 6.52

Table 3.7 Values of K for Selected Crops

Crop Average value of K Range of monthly values

Rice 1.10 0.85-1.30
Wheat 0.65 0.50-0.75
Maize 0.65 0.50-0.80
Sugarcane 0.90 0.75-1.00
Cotton 0.65 0.50-0.90
Potatoes 0.70 0.65-0.75
Natural Vegetation:

(a) Very dense 1.30

(b) Dense 1.20

(¢) Medium 1.00

(d) Light 0.80

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:

Month Now. Dec. Jan. Feb.
Temp. (°C) 16.5 13.0 11.0 14.5

Use the Blaney-Criddle formula.

Sorurion.  From Table 3.7, for wheat K = 0.65. Values of P, for 30° N is read from
Table 3.6, the temperatures are converted to Fahrenheit and the calculations are performed
in the following table.

Month T, P, P,T;/100
Nov. 61.7 7.19 444
Dec. 55.4 7.15 3.96
Jan. 51.8 7.30 3.78
Feb. 58.1 7.03 4.08

2P, T, /100 = 16.26
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By Eq. (3.17),
E;=2.54%16.26 x0.65=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:1.6L0(1(I)T] (3.18)
t

where E;= 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
I, = the total of 12 monthly values of heat index = Y i,

where i= (T/5)""" 1
a = an empirical constant
=6.75x 107 1> —=7.71 x 10517 +1.792 x 10721, + 0.49239

Table 3.8 Adjustment Factor L for Use in Thornthwaite Formula (Eq. 3.18)

North
latitude
(deg) Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

0 1.04 094 1.04 101 1.04 1.01 1.04 1.04 1.01 1.04 1.01 1.04
10 1.00 091 1.03 1.03 1.08 1.06 1.08 1.07 1.02 1.02 0.98 0.99
15 097 091 1.03 1.04 1.11 1.08 1.12 1.08 1.02 1.01 0.95 0.97
20 095 090 1.03 1.05 1.13 1.11 1.14 1.11 1.02 1.00 0.93 0.94
25 093 0.89 1.03 1.06 1.15 1.14 1.17 1.12 1.02 099 0091 091
30 090 0.87 1.03 1.08 1.18 1.17 120 1.14 1.03 0.98 0.89 0.88
40 0.84 0.83 1.03 1.11 124 125 127 1.18 1.04 096 0.83 0.81

3.11 POTENTIAL EVAPOTRANSPIRATION OVER INDIA

Using Penman’s equation and the available climatological data, PET estimate’ for the
country has been made. The mean annual PET (in cm) over various parts of the coun-
try is shown in the form of isopleths—the lines on a map through places having equal
depths of evapotranspiration [Fig. 3.6(a)]. It is seen that the annual PET ranges from
140 to 180 cm over most parts of the country. The annual PET is highest at Rajkot,
Gujarat with a value of 214.5 cm. Extreme south-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
some stations located in different 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 Refs 4 and 7.

3.12 ACTUAL EVAPOTRANSPIRATION (AET)

AET for hydrological and irrigation applications can be obtained through a process
water budgeting and accounting for soil-plant-atmosphere interactions. A simple
procedure due to Doorenbos and Pruit is as follows:
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Fig. 3.6(a) Annual PET (cm) over India
(Source: Scientific: Report 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 200 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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Fig. 3.6(b) Monthly Variation of PET (mm)
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1. Using available meteorological data the reference crop evapotranspiration (£7,)
is calculated.

2. The crop coefficient K for the given crop (and stage of growth) is obtained from
published tables such as Table 3.7. The potential crop evapotrans-piration £7,
is calculated using Eq. 3.16 as ET, = K(ET,).

3. The actual evapotranspiration (E7,) at any time ¢ at the farm having the given
crop is calculated as below:

o If AASW > (1 — p) MASW

ET,=ET, (known as potential condition) (3.19-a)
o If AASW < (1 — p) MASW
ET,= | —A4W ___\pr (3.19-b)
(1= p)MASW

where ~ MASW = total available soil water over the root depth
AASW = actual available soil-water at time ¢ over the root depth
p = soil-water depletion factor for a given crop and soil com-
plex. (Values of p ranges from about 0.1 for sandy soils to
about 0.5 for clayey soils)
[Note the equivalence of terms used earlier as PET = ET, and AET = ET,]

ExampLE 3.5 A recently irrigated field plot has on Day 1 the total available soil mois-
ture at its maximum value of 10 cm. If the reference crop evapotranspiration is 5.0 mm/
day, calculate the actual evapotranspiration on Day 1, Day 6 and Day 7. Assume soil-
water depletion factor p = 0.20 and crop factor K = 0.8.

Sorution.  Here ET,=5.0 mm and MASW = 100 mm

(1-p) MASW = (1 - 0.2) x 100 = 80.0 and £7, = 0.9 x 5.0 = 4.5 mm/day
Day 1: AASW =100 mm > (1 — p) MASW

Hence potential condition exists and E7, = ET, = 4.5 mm/day

This rate will continue till a depletion of (100 — 80) = 20 mm takes place in the soil. This
will take 20/4.5 = 4.44 days. Thus Day S also will have ET, = ET, = 4.5 mm/day
Day 6: At the beginning of Day 6, AASW = (100 — 4.5 X 5) =77.5 mm

Since AASW < (1 — p) MASW,

ET,= [ﬂ} x4.5=4.36 mm
80.0

Day 7: At the beginning of Day 7, AASW = (77.5 — 4.36) = 73.14 mm
Since AASW < (1 — p) MASW

ET, = [73.14
80.0

AASW at the end of Day 7 = 73.14 — 4.11 = 69.03 mm.

i| x4.5=4.11 mm.

C: INmiaL Loss

In the precipitation reaching the surface of a catchment the major abstraction 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 abstractions.
These are (i) the interception process, and (ii) the depression storage and together
they are called the initial 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.
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3.13 INTERCEPTION

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 subse-
quently evaporated. The volume of water so caught is called interception. The inter-
cepted precipitation may follow one of the three possible routes:

1. It may be retained by the vegetation as surface storage and returned to the at-

mosphere by evaporation; a process termed interception loss,

2. Itcan drip off the plant leaves to join the ground surface or 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 evaporation and does not include transpiration,
throughfall or stemflow.

The amount of water intercepted 100
in a given area is extremely diffi- 80
cult 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 dur-
ing a plant-growing season the in-
terception loss 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 variation 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

1,=S;+ KEt (3.18)
where /; = interception loss in mm, S, = interception storage whose value varies from
0.25 to 1.25 mm depending on the nature of vegetation, K, = ratio of vegetal surface
area to its projected area, E = evaporation rate in mm/h during the precipitation and ¢
= duration of rainfall in hours.

It is found that coniferous trees have more interception loss than deciduous ones.
Also, dense grasses have nearly same interception losses as full-grown trees and can
account for nearly 20% of the total rainfall in the 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 area related to silvicultural
aspects, in in situ water harvesting and in the water balance of a region. However, in
hydrological studies dealing with floods interception loss is rarely significant and is
not separately 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.

- Beech tress

40
20
10

Interception loss as
percentage rainfall
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Fig. 3.7 Typical Interception Loss Curve

3.14 DEPRESSION STORAGE

When the precipitation of a storm reaches the ground, it must first fill up all depressions
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before it can flow over the surface. The volume of water 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 chief of which are: (i) the type of soil,
(i1) 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 quantitative 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 cm in clay can be
taken as representatives for depression-storage loss during intensive storms.

D: INFILTRATION
3.15 INFILTRATION

Infiltration is the flow of water into the 0 —— Moisture content
ground through the soil surface. The distri- T Saturation Zone -

bution of soil moisture within the soil pro-  F--——-—-——-—-————-— -
file during the infiltration process is illus-
trated in Fig. 3.8. When water is applied at
the surface of a soil, four moisture zones in
the soil, as indicated in Fig. 3.8 can be iden-
tified.

Zone 1: Atthe top, a thin layer of saturated
zone is created.

Zone 2: Beneath zone 1, there is a transi-
tion zone.

Zone 3: Next lower zone is the frans-mis-
sion zone where the downward
motion of the moisture takes place.
The moisture content in this zone
is above field capacity but below
saturation. Further, it is character-
ized by unsaturated flow and fairly uniform moisture content.

Zone 4: The last zone is the wetting zone. The soil moisture in this zone will be at or
near field capacity and the moisture content Input
decreases with the depth. The boundary of Pib ey
the wetting zone is the wetting front where a

4 Wetting Zone

<«——Depth

Wetting Front

Fig. 3.8 Distribution of Soil
Moisture in the Infiltra-
tion Process

sharp discontinuity exists between the newly _——" = —~_Spill
wet soil and original moisture content of the 2 {Q

soil. Depending upon the amount of infiltra- Vo T wire
tion and physical properties of the soil, the to storage gauze
wetting front can extend from a few centime- v

tres to metres. =

The infiltration process can be easily understood
through a simple analogy. Consider a small container ~ Fig. 3.9 An Analogy for
covered with wire gauze as in Fig. 3.9. If water is Infiltration
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poured into the container a part of it will go into the container and a part overflows.
Further, the container can hold only a fixed quantity and when it is full no more flow
into the container can take place. While this analogy is highly simplified, it underscores
two important aspects; viz. (i) the maximum rate at which the ground can absorb
water, the infiltration capacity and (ii) the volume of water that the ground can hold,
the field capacity. Since the infiltered water may contribute to the ground water discharge
in addition to increasing the soil moisture, the process can be schematically modelled
as in Fig. 3.10(a) and (b) wherein two situations, viz. low intensity rainfall and high
intensity rainfall are considered.

Low intensity High intensity
rainfall rainfall

22222222222
by oy _— =

- \»
|
| Soil |

'l
moisture —
storage -

% capacity

Percolation
to groundwater —»

\ _—

No contribution to To groundwater flow
groundwater flow

(a) (b)
Fig. 3.10 An Infiltration Model
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3.16 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 f'can be expressed as

f=Ff,whenizf,
and S=iwheni<f, (3.20)
where i = intensity of rainfall. The infiltration capacity of a soil is high at the begin-
ning of a storm and has an exponential decay as the time elapses.
The typical variation of the infiltration capacity f, of a soil with time is shown in
Fig. 3.11. The infiltration capacity of an area is dependent on a large number of fac-
tors, chief of them are:



The McGraw-Hill Companies

82 Engineering Hydrology

e Characteristics of the soil (Texture, porosity and hydraulic conductivity)
e Condition of the soil surface e Current moisture content
e Vegetative cover and e Soil temperature

A few important factors affecting f, are described below:

CHARACTERISTICS OF SOIL The type of soil, viz. sand, silt or clay, its texture,
structure, permeability and underdrainage are the important characteristics under this
category. A loose, perme-
able, sandy soil will have a
larger infiltration capacity
than a tight, clayey soil. A
soil with good underdrain-
age, i.e. the facility to trans-
mit the infiltered water
downward to a groundwater
storage would obviously
have a higher infiltration ca-
pacity. When the soils oc-
cur in layers, the transmis-
sion capacity of the layers | T ——g g ===

. . 0
determines the overall infil- 0 0.5 1.0 1.5 2.0 2.5

tration rate. Also, a dry soil Time from start of infiltration (h)

can absorb more water than Fig. 3.11 Variation of Infiltration Capacity
one whose pores are already

full (Fig. 3.11). The land use has a significant influence on f,. For example, a forest
soil rich in organic matter will have a much higher value of /, under identical condi-
tions than the same soil in an urban area where it is subjected to compaction.

80—

- Dry sandy loam

60 [~

40 Dry clay loam
RN / Wet sandy loam
AN /_ y

20 & e —

Infiltration at capacity rate (mm/h)

SURFACE OF ENTRY At the soil surface, the impact of raindrops causes the fines
in the soil to be displaced and these in turn can clog the pore spaces in the upper layers
ofthe soil. This is an important factor affecting the infiltration capacity. Thus a surface
covered with grass and other vegetation which can reduce this process has a pronounced
influence on the value of f,,

FLUID CHARACTERISTICS Water infiltrating into the soil will have many impu-
rities, both in solution and in suspension. The turbidity of the water, especially the
clay and colloid content is an important factor and 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 by which in turn affects
the infiltration rate. Contamination of the water by dissolved salts can affect the soil
structure and in turn affect the infiltration rate.

3.17 MEASUREMENT OF INFILTRATION

Infiltration characteristics of a soil at a given location can be estimated by
Using flooding type infiltrometers

e Measurement of subsidence of free water in a large basin or pond

e Rainfall simulator

e Hydrograph analysis
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FLOODING-TYPE INFILTROMETER

Flooding-type infiltrometers are experimental devices used to obtain data relating to
variation of infiltration capacity with time. Two types of flooding type infiltrometers
are in common use. They are (a) Tube-type (or Simple) infiltrometer and (b) Double-
ring infiltrometer.

SIMPLE (TUBE TYPE) INFILTROMETER This is a simple instrument consisting
essentially of a metal cylinder, 30 cm diameter and 60 cm long, open at both ends. The
cylinder is driven into the ground to a depth of 50 cm (Fig. 3.12(a)). Water is poured
into the top part to a depth of 5 cm and a pointer is set to mark the water level. As
infiltration proceeds, the volume is made up by adding water from a burette to keep
the water level at the tip of the pointer. Knowing the volume of water added during
different time intervals, the plot of the infiltration capacity vs time is obtained. The
experiments are continued till a uniform rate of infiltration is obtained and this may
take 23 hours. The surface of the soil is usually protected by a perforated disc to
prevent formation of turbidity and its settling on the soil surface.

_>| 30 cm dia. |<_
v

Sep < 10cm
«—— 60 cm dia. —>
< 30 cm dia.|
|
50 cm 5cm ¢
N\ = - | 10cm
WW‘
15¢cm
Y T \ Y I [

/] [N

I

| |

| [
|

~
e
~
-

|

// / AN I
S \ N /o [
S Py oy oy ot
(a) Simple (tube-type) infiltrometer (b) Double-ring infiltrometer

Fig.3.12 Flooding Type Infiltrometers

A major objection to the simple infiltrometer as above is that the infiltered water
spreads at the outlet from the tube (as shown by dotted lines in Fig. 3.12(a)) and as
such the tube area is not representative of the area in which infiltration is taking place.

DOUBLE-RING INFILTROMETER This most commonly used infiltrometer is de-
signed to overcome the basic objection of the tube infiltrometer, viz. the tube area is
not representative of the infiltrating area. In this, two sets of concentrating rings with
diameters of 30 cm and 60 cm and of a minimum length of 25 c¢m, as shown in
Fig. 3.12(b), are used. The two rings are inserted into the ground and water is applied
into both the rings to maintain a constant depth of about 5.0 cm. The outer ring pro-
vides water jacket to the infiltering water from the inner ring and hence prevents the
spreading out of the infiltering water of the inner ring. The water depths in the inner
and outer rings are kept the same during the observation period. The measurement of
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the water volume is done on the inner ring only. The experiment is carried out till a
constant infiltration rate is obtained. A perforated disc to prevent formation of turbid-
ity and settling of fines on the soil surface is provided on the surface of the soil in the
inner ring as well as in the annular space.

As the flooding-type infiltrometer measures the infiltration characteristics at a spot
only, a large number of pre-planned experiments are necessary to obtain representa-
tive infiltration characteristics for an entire watershed. Some of the chief disadvan-
tages of flooding-type infiltrometers are:

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 infiltrometers 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 series of nozzles
on the longer side with arrangements to collect and measure the surface runoff rate.
The specially designed nozzles produce raindrops falling from a height of 2 m and are
capable of producing various intensities of rainfall. Experiments are conducted under
controlled conditions with various combinations of intensities and durations and the
surface runoff rates and volumes are measured in each case. Using the water budget
equation involving the volume of rainfall, infiltration and runoff, the infiltration rate
and its variation with time are estimated. If the rainfall intensity is higher than the
infiltration rate, infiltration capacity values are obtained.

Rainfall simulator type infiltrometers give lower values than flooding type
infiltrometers. This is due to effect of the rainfall impact and turbidity of the surface
water present in the former.

HYDROGRAPH ANALYSIS

Reasonable estimation of the infiltration capacity of a small watershed can be ob-
tained by analyzing measured runoff hydrographs and corresponding rainfall records.
If sufficiently good rainfall records and runoff hydrographs corresponding to isolated
storms in a small watershed with fairly homogeneous soils are available, water budget
equation can be applied to

estimate the abstraction
by infiltration. In this the T rFpltd
evapotranspiration losses | CT
are estimated by knowing > % -
the land cover/use of the & =3
Q W
watershed. g = >
3.18 MODELING ¥ 5§
INFILTRATION £ f, £
CAPACITY -

Figure 3.13 shows a typical
variation of infiltration Fig. 3.13 Curves of Infiltration Capacity and
capacity f, with time. Cumulative Infiltration Capacity
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Cumulative infiltration capacity F(?) is defined as the accumulation of infiltration
volume over a time period since the start of the process and is given by

F,= j JROY. (3.21-a)
0

Thus the curve F,(7) vs time in Fig. (3.13) is the mass curve of infiltration. It may be
noted that from Eq. (3.21-a) it follow that
dr, (1)
t =
wo-=%
Many equations have been proposed to express the curves f,(7) or F,(¢) for use in
hydrological analysis. In this section four such equations will be described.
[Note: Practically all the infiltration equations relate infiltration capacity f,(r) or cumulative
infiltration capacity F,(¢) with time and other parameters. As such many authors find it conven-
ient to drop the suffix p while denoting capacity. Thus £, is denoted as f'and F), as F']

(3.21-b)

HORTON’S EQUATION (1933) Horton expressed the decay of infiltration ca-
pacity with time as an exponential decay given by
L=fit (o—f)e ™ forozr<y, (3.22)
where  f, = infiltration capacity at any time 7 from the start of the rainfall
Jo = initial infiltration capacity at t =0
/. = final steady state infiltration capacity occurring at ¢ = ¢,. Also, f. is
sometimes known as constant rate or ultimate infiltration capacity.
K, =Horton’s decay coefficient which depends upon soil characteristics and
vegetation cover.
The difficulty of determining the variation of the three parameters f;, £, and k;, with soil
characteristics and antecedent moisture conditions preclude the general use of Eq. (3.22).

PHILIP'S EQUATION (1957)  Philip’s two term model relates £,(f) as
F,=st"?+ Kt (3.23)
where s = a function of soil suction potential and called as sorptivity
K =Darcy’s hydraulic conductivity
By Eq. (3.21-b) infiltration capacity could be expressed as

1

fy= Lt vk (3.24)

KOSTIAKOV EQUATION (1932) Kostiakov model expresses cumulative infiltra-
tion capacity as

F,=af’ (3.25)
where a and b are local parameters witha>0and 0 <b < 1.
The infiltration capacity would now b e expressed by Eq. (3.21-b) as

f,=(ab) " (3.26)

GREEN—AMPT EQUATION (1977) Green and Ampt proposed a model for infil-
tration capacity based on Darcy’s law as

Jr= K[HEJ (3.27)
FP
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where 1 = porosity of the soil
S, = capillary suction at the wetting front and
K = Darcy’s hydraulic conductivity.

Eq. (3.27) could be considered as

fy=m+ FL (3.28)

j2
where m and n are Green—Ampt parameters of infiltration model.

ESTIMATION OF PARAMETERS OF INFILTRATION MODELS

Data from infiltrometer experiments can be processed to generate data sets f, and F),
values for various time # values. The following procedures are convenient to evaluate
the parameters of the infiltration models.

HORTON'S MODEL Value of f, in a test is obtained from inspection of the data.
Equation (3.22) is rearranged to read as

(S =o—Sae ™ (3.22-2)
Taking logarithms In(f, — f.) = In(f, — /) — K¢
Plot In(f, — /,) against ¢ and fit the best straight line through the plotted points. The
intercept gives In(f, — f.) and the slope of the straight line is K,.

PHILIP'S MODEL  Use the expression for f, as

ﬂ=%WW+K (3.24)

Plot the observed values of f, against 795 on an arithmetic graph paper. The best

fitting straight line through the plotted points gives K as the intercept and (s/2) as the
slope of the line. While fitting Philip’s model it is necessary to note that K is positive
and to achieve this it may be necessary to neglect a few data points at the initial stages
(viz. at small values of #) of the infiltration experiment. K will be of the order of
magnitude of the asymptotic value of f,.

KOSTIAKOV MODEL  Kostiakov model relates F), to ¢ as
F,=af’ (3.25)
Taking logarithms of both sides of Eq. (3.25),
In(F,) =Ina+bIn()
The data is plotted as In(¥,) vs In(7) on an arithmetic graph paper and the best fit

straight through the plotted points gives In a as intercept and the slope is . Note that
b is a positive quantity such that 0 <b < 1.

GREEN—AMPT MODEL  Green—Ampt equation is considered in the form f, =m +

FL . Values of f, are plotted against (1/F),) on a simple arithmetic graph paper and the
P

best fit straight line is drawn through the plotted points. The intercept and the slope of

the line are the coefficients m and n respectively. Sometimes values of f, and corre-

sponding F), at very low values of # may have to be omitted to get best fitting straight

line with reasonably good correlation coefficient.
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[Note: 1. Procedure for calculation of the best fit straight line relating the dependent variable
Y and independent variable X by the least-square error method is described in Sec-
tion 4.9, Chapter 4.
2. Use of spread sheets (for eg., MS Excel) greatly simplifies these procedures and the
best values of parameters can be obtained by fitting regression equations. Further,
various plots and the coefficient of correlation, etc. can be calculated with ease.]

ExampLE 3.6 [Infiltration capacity data obtained in a flooding type infiltration test is
given below:

Time since start 5 10 15 25 45 60 75 90 110 130
(minutes)

Cumulative 1.75 3.00 395 550 725 830 930 10.20 11.28 12.36
infiltration depth

(cm)

(a) For this data plot the curves of (i) infiltration capacity vs time, (ii) infiltration
capacity vs cumulative infiltration, and (iii) cumulative infiltration vs time.

(b) Obtain the best values of the parameters in Horton's infiltration capacity equation
to represent this data set.

Sorurion.” Incremental infiltration values and corresponding infiltration intensities f,
at various data observation times are calculated as shown in the following Table. Also

other data required for various plots are calculated as shown in Table 3.9.

Table 3.9 Calculations for Example 3.6

Incremental
Cum. Depth in Infiltration
Time in Depth the interval rate, Time in
Minutes (cm) (cm) Jp(cm/h) Ln(f, - f) hours
0
5 1.75 1.75 21.00 2.877 0.083
10 3.00 1.25 15.00 2.465 0.167
15 3.95 0.95 11.40 2.099 0.250
25 5.50 1.55 9.30 1.802 0.417
45. 7.25 1.75 5.25 0.698 0.750
60 8.30 1.05 4.20 —0.041 1.000
75 9.30 1.00 4.00 —0.274 1.250
90 10.20 0.90 3.60 —-1.022 1.500
110 11.28 1.08 3.24 1.833
130 12.36 1.08 3.24 2.167

(a) Plots of f, vs time and F), vs time are shown in Fig. 3.14. Best fitting curve for
plotted points are also shown in the Fig. 3.14-a.
Plot of f, vs F), is shown in Fig. 3.14-b.

(b) By observation from Table 3.9, f. = 3.24 cm/h
Ln(f, — /) is plotted against time 7 as shown in Fig. 3.14-c. The best fit line through
the plotted points is drawn and its equation is obtained as
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In(f, — f.) = 2.8868 — 2.6751 ¢
—K;, = slope of the best fit line = —2.6751, thus K, = 2.6751 h™!
In(fy — f.) = intercept = 2.8868, thus f, — f. = 17.94 and f, = 21.18 cm/h

ExampLe 3.7 Values of infiltration capacities at various times obtained from an
infiltration test are given below. Determine the parameters of (i) Green—Ampt equation,
(ii) Philip’s equation, and (iii) Kostiakov's equation that best fits this data.

Time since start

(minutes) 5 10 15 20 25 30 60 90 120 150
Cumulative

infiltration depth (cm) 1.0 1.8 25 3.1 3.6 40 6.1 81 99 11.6

SorutioN.”  Incremental infiltration depth values and corresponding infiltration intensities

j;, at various data observation times are calculated as shown in Table 3.10. Also, various
parameters needed for plotting different infiltration models are calculated as shown in
Table 3.10. The units used are j; in cm/h, F, P in cm and ¢ in hours.

Table 3.10 Calculations Relating to Example 3.7

1 2 3 4 5 6 7 8 9
Incre-
mental
depth of
infiltra-
Time F, tion S tin
(min)  (cm) (cm) (cm/h)  hours 05 1/F, Ln F, Ln ¢
5 1.0 1.0 12.0 0.083 3.464 1.000 0.000 —2.485
10 1.8 0.8 9.6 0.167 2.449 0.556 0.588 —-1.792
15 2.5 0.7 8.4 0.250 2.000 0.400 0.916 —1.386
20 3.1 0.6 7.2 0.333 1.732 0.323 1.131 -1.099
25 3.6 0.5 6.0 0.417 1.549 0.278 1.281 —0.875
30 4.0 0.4 4.8 0.500 1.414 0.250 1.386 —0.693
60 6.1 2.1 4.2 1.000 1.000 0.164 1.808 0.000
90 8.1 2.0 4.0 1.500 0.816 0.123 2.092 0.405
120 9.9 1.8 3.6 2.000 0.707 0.101 2.293 0.693
150 11.6 1.7 34 2.500 0.632 0.086 2.451 0.916
Green—Ampt Equation: Sy=m+ FL (3.28)
P
Values of f, (col. 4) are 14.00 Green—Ampt equation
plotted against 1/F, (col. 12.00
7) on an arithmetic graph 10.00 .
paper (Fig. 3.15-a). The 8.00 .
best fit straight line 6.00 S
through the plotted 400 | ge=* y=10.042x + 3.0256
points is obtained as 200 R%=0.9194
1 0.00 B
J; =10.042 () 0.00 0.20 0.40 0.60 0.80 1.00 1.20
F, 1/Fp

+ 3.0256. Fig. 3.15 (a) Fitting of Green-Ampt Equation
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The coefficients of the Green— Philip’s equation
Ampt equations are m = 14.00 ¢
3.0256 and n = 10.042 12.00 E 4
Philip’s Equation: The ex- F /
. _ 1 _n 10.00 [

pression f,(7) 5 st +K ; /
(Eq. 3.24) is used. Values of 8.00 F hd
/fp (Col. 4) are plotted against = - /
%3 (col. 6) on an arithmetic 6.00 ¢
graph paper (Fig. 15-b). The 400k /
best fit straight line through U e y=3.2287x+1.23
the plotted points is obtained 2.00 [ R®=0.9713
as r

_ 5 000E s 1ot
f,=32287£°% 4123 0.00 100  2.00 3.00  4.00
The coefficients of Philip’s 0.5

equation are s =2 X 3.2287 =
6.4574 and K = 1.23

Kostiakov’s Equation: 3.00
F ) =at’ :

Fig. 3.15 (b) Fitting of Philip’s Equation

Kostiakov equation

y=0.6966x + 1.8346

Eq. (3.25) 250 | R2=0.9957 /
Taking logarithms of ~ _ 2.00 |
both sides of the equa- ' 450 f /
c 1. N
tion (3.25) 5o V7
In(F)) =1na+ b In(). T
’ 0.50 | /

The data set is plotted as g

In(#},) vs In(?) on an arith- 000 e v v v i
metic graph paper -3.00 -2.00 -1.00 0.00 1.00 2.00
(Fig. 3.15-c) and the best _ ottty .

fit straight line through Fig. 3.15 (c) Fitting of Kostiakov Equation

the plotted points is obtained as
In(F,) = 1.8346 + 0.6966 in(?).
The coefficients of Kostiakov equation are » = 0.6966 and In a = 1.8346

and hence a = 6.2626. Best fitting Kostiakov equation for the data is
F, = 62626~

ExampLe 3.8 The infiltration capacity in a basin is represented by Horton s equation as
=30+
where f,, is in cm/h and t is in hours. Assuming the infiltration to take place at capacity

rates in a storm of 60 minutes duration, estimate the depth of infiltration in (i) the first 30
minutes and (ii) the second 30 minutes of the storm.

SoLUTION.

t
Fp=jfpdt and j;=3.0+e’2’
0
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(1) In the first 0.5 hour

0.5

0.5
F, = J(3.0 +e 2y dt =[3.0t _ L }
0 2 0
=[(3.0 X 0.5) — (1/2)(e @*"9] — [«(1/2)] = (1.5 - 0.184) + 0.5
=1.816 cm
(i) In the second 0.5 hour

1.0

F,

1.0

j (3.0+e ) dt = {3.0z L }
0.50 2
[(3.0 x 1.0) — (1/2)(e?)] — [(3.0 X 0.5) — (1/2)(e ®* )]

= (3.0 - 0.0677) — (1.5 — 0.184) = 1.616 cm

0.5

ExampLe 3.9 The infiltration capacity of soil in a small watershed was found to be
6 cm/h before a rainfall event. It was found to be 1.2 cm/h at the end of 8 hours of storm.
If the total infiltration during the 8 hours period of storm was 15 cm, estimate the value of
the decay coefficient K;, in Horton's infiltration capacity equation.

Sorution. Horton’s equation is £, = fo.+ (f, —f) € "'

t t
and Fy= [f,@di= oo (fy = £ [k ar
0 0
As t — oo, Je‘Kh’ dt — L . Hence for large ¢ values
h
0
(fo—1o)
Fp :fct+ K—

h
Here F,,=15.0 cm, f, = 6.0 cm, f, = 1.2 cm and 7 = 8 hours.

15.0 = (1.2 x 8) + (6.0 — 1.2)/K,
K,=4.8/54=0.888h!

3.19 CLASSIFICATION OF INFILTRATION CAPACITIES

For purposes of runoff volume classification in small watersheds, one of the widely
used methods is the SCS—CN method described in detail in Chapter 5. In this method,
the soils are considered divided into four groups known as hydrologic soil groups.
The steady state infiltration capacity, being one of the main parameters in this soil
classification, is divided into four infiltration classes as mentioned below.

Table 3.11 Classification of Infiltration Capacities

Infiltration Infiltration Capacity Remarks
Class (mm/h)
Very Low <25 Highly clayey soils
Low 2.5t025.0 Shallow soils, Clay soils, Soils low in
organic matter
Medium 12.5 to 25.0 Sandy loam, Silt

High >25.0 Deep sands, well drained aggregated soils
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3.20 INFILTRATION INDICES

In hydrological calculations involving floods it is found convenient to use a constant
value of infiltration rate for the duration of the storm. The defined average infiltration
rate is called infiltration index and two types of indices are in common use.

¢—INDEX

The ¢-index is the average rainfall =

above which the rainfall volume is g 251

equal to the runoff volume. The ¢ 3 2.0

index is derived from the rainfall '@ 1_5: <—— Runoff
hyetograph with the knowledge ofthe € - —

resulting runoff volume. The initial = 1.0 —

loss is also considered as infiltration. £ 0.5 Ll\ N ¢ Index
The @value is found by treating it as & 0 N (})\SSEf N

a constant infiltration capacity. If the 0 2 4 6 8 10 12 14
rainfall intensity is less than ¢, then Time (h)

the infiltration rate is equal to the rain- Fig. 316 ¢@Index

fall intensity; however, if the rainfall

intensity is larger than @the difference between the rainfall and infiltration in an inter-
val of time represents the runoff volume as shown in Fig. 3.16. The amount of rainfall
in excess of the index is called rainfall excess. In connection with runoff and flood
studies it is also known as effective rainfall, (details in Sec. 6.5, Chapter 6). The ¢-
index thus accounts for the total abstraction and enables magnitudes to be estimated
for a given rainfall hyetograph. A detailed procedure for calculating ¢-index for a
given storm hyetograph and resulting runoff volume is as follows.

PROCEDURE FOR CALCULATION OF ¢-INDEX Consider a rainfall hyetograph
of event duration D hours and having N pulses of time interval At such that

N -At=D. (In Fig. 3.16, N=17)
Let /; be the intensity of rainfall in ith pulse and R, = total direct runoff.

N
Total Rainfall P = Y I, - At
1

If pis ¢-index, thenP—¢@-t,=R,
where ¢, = duration of rainfall excess.
If the rainfall hyetograph and total runoff depth R, are given, the g-index of the
storm can be determined by trial and error procedure as given below.
1. Assume that out of given N pulses, M number of pulses have rainfall excess.
(Note that M < N). Select M number of pulses in decreasing order of rainfall

intensity ;.
2. Find the value of g that satisfies the relation
M
Ry= 21 —p)At

1
3. Using the value of ¢ of Step 2, find the number of pulses (,) which give rain-

fall excess. (Thus M, = number of pulses with rainfall intensity /; > ¢).

4. If M, = M, then ¢ of Step 2 is the correct value of g-index. If not, repeat the
procedure Step 1 onwards with new value of M. Result of Step 3 can be used as
guidance to the next trial.
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Example 3.10 illustrates this procedure in detail.

ExampLE 3.10 A4 storm with 10 cm of precipitation produced a direct runoff of 5.8 cm.
The duration of the rainfall was 16 hours and its time distribution is given below.
Estimate the @-index of the storm.

Time from start (h) 0 2 4 6 8 10 12 14 16
Cumulative rainfall (cm) 0 04 13 28 51 69 85 95 100

Sorution.  Pulses of uniform time duration A = 2 4 are considered. The pulses are
numbered sequentially and intensity of rainfall in each pulse is calculated as shown below.

Table 3.12 Calculations for Example 3.10

Pulse number 1 2 3 4 5 6 7 8

Time from start of rain (h) 2 4 6 8 10 12 14 16
Cumulative rainfall (cm) 0.4 1.3 2.8 5.1 6.9 8.5 9.5 10.0
Incremental rain (cm) 040 090 150 230 1.80 1.60 1.00 0.50
Intensity of rain (/) in

cm/h. 020 045 075 1.15 090 0.80 0.50 0.25

Here duration of rainfall D =16 h, At=2h and N = 8.

Trial 1:
Assume M =8, At =2 h and hence ¢, = M - At =16 hours.
Since M = N, all the pulses are included.

8 8
Runoff R;=58 cm= Y(I,— PAt= DI, x At— ¢ (8 X 2)
1 1

5.8 = {(0.20 x 2) + (0.45 x 2) + (0.75 x 2) + (1.15 x 2) + (0.90 x 2) + (0.80 X 2)
+(0.50x 2) + (025 x2)} — 16 ¢=10.0— 14 ¢
@=42/14=0.263 cmh

Time since
start of rain (h) 2 4 6 8 10 12 14 16

oL 1]

1.25 ¢+

Rainfall excess
1.00 ¢

0.75 ¢

Loses
0.50 ¢

0.25 f

Intensity of rainfall (cm/h)

N Y

0.200 0.275 | 0.275 | 0.275 | 0.275 | 0.275 | 0.275 | 0.250 | ¢ =0.275 cm/h

0.00

1 2 3 4 5 6 7 8 T
Pulse number (pulse of 2-hour duration)

Fig. 3.17 Hyetograph and Rainfall Excess of the Storm - Example 3.10
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By inspection of row 5 of Table 3.12, M, = number of pulses having /; > ¢, that is
1,2 0.263 cm/h is 6.
Thus M, = 6 # M. Hence assumed M is not correct. Try a new value of M <8 in the next
trial.
Trial 2:
Assume M =7, At =2 h and hence ¢, = M - At = 14 hours.
Select these 7 pulses in7decreasing orde;r of .. Pulse 1 is omitted.

Runoff R;=58 cm= Y.([;— @) At= D (I;- At — ¢ (7T X 2)
1 1

5.8 ={(0.45x2)+(0.75x2) + (1.15x2) + (0.90 x 2)
+(0.80x2)+(0.50x2)+(0.25%x2)} — 14 ¢p=9.6-14 ¢
@=3.8/14=0.271 cm/h
By inspection of row 5 of Table 3.12, M, = number of pulses having /; > ¢, that is
1;20.271 cm/h is 6.
Thus M, = 6 # M. Hence assumed M is not O.K. Try a new value of M <7 in the next trial.
Trial 3:
Assume M =6 - At=2h and hence 7, = M - At =12 hours.
Select these 6 pulses in decreasing order of /;. Pulse 1 and 8 are omitted.
Runoff R; =58 cm=a
5.8={(0.45x2)+(0.75 x2)+ (1.15x2) + (0.90 x 2) + (0.80 x 2)
+(050x2)} —12 p=9.1-12 ¢
¢=3.3/12=0.275 cm/h
By inspection of row 5 of Table 3. 12, M, = number of pulses having I, = ¢, that is
1;=0.275 cm/h is 6.
Thus M, = 6 = M. Hence assumed M is OK.
The ¢-index of the storm is 0.275 cm/h and the duration of rainfall excess = ¢, = 12
hours. The hyetograph of the storm, losses, the rainfall excess and the duration of rainfall
excess are shown in Fig. 3.17.

W-INDEX

In an attempt to refine the ¢-index the initial losses are separated from the total ab-
stractions and an average value of infiltration rate, called W-index, is defined as
P-R-1,

W= —" (3.29)

e
where P = total storm precipitation (cm)
R = total storm runoff (cm)
1, = Initial losses (cm)
t, = duration of the rainfall excess, i.e. the total time in which the rainfall
intensity is greater than # (in hours) and
W = defined average rate of infiltration (cm).
Since I, rates are difficult to obtain, the accurate estimation of W-index is rather
difficult.
The minimum value of the W-index obtained under very wet soil conditions, repre-
senting the constant minimum rate of infiltration of the catchment, is known as W, . It
is to be noted that both the ¢-index and W-index vary from storm to storm.

COMPUTATION OF WHNDEX To compute W-index from a given storm hyetograph
with known values of 7, and runoff R, the following procedure is followed:
(1) Deduct the initial loss I, from the storm hyetograph pulses starting from the first
pulse
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(i1) Use the resulting hyetograph pulse diagram and follow the procedure indicated
in Sec. 3.19.1.
Thus the procedure is exactly same as in the determination of ¢-index except for
the fact that the storm hyetograph is appropriately modified by deducting /,.

@INDEX FOR PRACTICAL USE The ¢-index for a catchment, during a storm,
depends in general upon the soil type, vegetal cover, initial moisture condition, storm
duration and intensity. To obtain complete information on the interrelationship be-
tween these factors, a detailed expensive study of the catchment is necessary. As such,
for practical use in the estimation of flood magnitudes due to critical storms a simpli-
fied relationship for ¢-index is adopted. As the maximum flood peaks are invariably
produced due to long storms and usually in the wet season, the initial losses are as-
sumed to be negligibly small. Further, only the soil type and rainfall are found to be
critical in the estimate of the ¢-index for maximum flood producing storms.

On the basis of rainfall and runoff correlations, CWC' has found the following
relationships for the estimation of ¢-index for flood producing storms and soil condi-
tions prevalent in India

R=al? (3.30)
I-R

where R = runoff in cm from a 24-h rainfall of intensity / cm/h and o= a coefficient
which depends upon the soil type as indicated in Table 3.13. In estimating the maxi-
mum floods for design purposes, in the absence of any other data, a ¢-index value of
0.10 cm/h can be assumed.

Table 3.13 Variation of Coefficient rin Eq. 3.30

SI. No. Type of Soil Coefficient o
1. Sandy soils and sandy loam 0.17 to 0.25
2. Coastal alluvium and silty loam 0.25 to 0.34
3. Red soils, clayey loam, grey and brown alluvium 0.42
4. Black—cotton and clayey soils 0.42 to 0.46
5. Hilly soils 0.46 to 0.50
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: RevisioN QUESTIONS |

Discuss briefly the various abstractions from precipitation.

Explain briefly the evaporation process.

Discuss the factors that affect the evaporation from a water body.

Describe a commonly used evaporimeter.

Explain the energy budget method of estimating evaporation from a lake.

Discuss the importance of evaporation control of reservoirs and possible methods of
achieving the same.

Describe the factors affecting evapotranspiration process.

List the various data needed to use Penman’s equation for estimating the potential
evapotranspiration from a given area.

Describe briefly (a) Reference crop evapotranspiration and (b) Actual evapotrans-piration.
Explain briefly the infiltration process and the resulting soil moisture zones in the soil.
Discuss the factors affecting the infiltration capacity of an area.

Describe the commonly used procedures for determining the infiltration characteristics
of a plot of land. Explain clearly the relative advantages and disadvantages of the enu-
merated methods.

Describe various models adopted to represent the variation of infiltration capacity with time.
Explain a procedure for fitting Horton’s infiltration equation for experimental data from
a given plot.

Distinguish between

(a) Infiltration capacity and infiltration rate (b) Actual and potential evapotranspiration
(c) Field capacity and permanent wilting point (d) Depression storage and interception

31

3.2

33

34

: PROBLEMS |

Calculate the evaporation rate from an open water source, if the net radiation is 300 W/m?
and the air temperature is 30° C. Assume value of zero for sensible heat, ground heat flux,
heat stored in water body and advected energy. The density of water at 30° C = 996 kg/m?>.
[Hint: Calculate latent heat of vapourisation L by the formula:

L =2501-2.37 T (kl/kg), where T = temperature in °C.]

A class A pan was set up adjacent to a lake. The depth of water in the pan at the begin-
ning 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 of the week was 190 mm
calculate the pan evaporation. Using a suitable pan coefficient estimate the lake evapo-
ration in that week.

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. Assuming the land flooded
by the reservoir has a runoff coefficient of 0.4, estimate the net annual increase or de-
crease in the streamflow as a result of the reservoir.

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 humidity Wind velocity at 2 m
(°C) (%) above GL (km/h)
Jan 12.5 85 4.0
Feb 15.8 82 5.0
Mar 20.7 71 5.0

(Contd.)
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(Contd.)
Apr 27.0 48 5.0
May 31.0 41 7.8
Jun 335 52 10.0
Jul 30.6 78 8.0
Aug 29.0 86 5.5
Sep 28.2 82 5.0
Oct 28.8 75 4.0
Nov 18.9 77 3.6
Dec 13.7 73 40

For the lake in Prob. 3.4, estimate the evaporation in the month of June by (a) Penman
formula and (b) Thornthwaite equation by assuming that the lake evaporation is the
same as PET, given latitude = 28° N and elevation = 230 m above MSL. Mean observed
sunshine = 9 h/day.

A reservoir had an average surface area of 20 km? during June 1982. In that month the
mean rate of inflow = 10 m?/s, 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.

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

Month June July Aug Sep Oct
Temp (°C) 31.5 31.0 30.0 29.0 28.0

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.

A catchment area near Mysore is at latitude 12° 18’ N and at an elevation of 770 m. The
mean monthly temperatures are given below.

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

Mean

monthly

temp.

(°C) 22.5 245 27.0 28.0 27.0 25.0 23.5 24.0 24.0 245 23.0 225

Calculate the monthly and annual PET for this catchment using the Thornthwaite formula.
A wheat field has maximum available moisture of 12 cm. If the reference
evapotranspiration is 6.0 mm/day, estimate the actual evapotranspiration on Day 2, Day
7 and Day 9 after irrigation. Assume soil-water depletion factor p = 0.20 and crop factor
K=10.65.

Results of an infiltrometer test on a soil are given below. Determine the Horton’s infil-
tration capacity equation for this soil.

Time since start in (h) 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.0
Infiltration capacity in cm/h 56 320 210 150 120 1.10 1.0 1.0

Results of an infiltrometer test on a soil are given below. Determine the best values of
the parameters of Horton’s infiltration capacity equation for this soil.
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Time since start 5 10 15 20 30 40 60 80 100
in minutes
Cumulative 21.5 377 522 658 784 89.5 101.8 112.6 123.3

infiltration in mm

Results of an infiltrometer test on a soil are as follows:

Time since start

in minutes 5 10 15 20 30 40 60 120 150
Cumulative

infiltration in mm 1.00 1.80 2.50 3.10 4.20 5.10 6.60 11.00 12.90

Determine the parameters of (i) Kostiakov’s equation, (i) Green—Ampt equation, and
(iii) Philips equation

Determine the best values of the parameters of Horton’s infiltration capacity equation
for the following data pertaining to infiltration tests on a soil using double ring
infiltrometer.

Time since start 5 10 15 25 40 60 75 90 110 130
in minutes
Cumulative
infiltration in mm  21.0 36.0 47.6 56.9 63.8 69.8 74.8 79.3 87.092.0

For the infiltration data set given below, establish (a) Kostiakov’s equation, (b) Philips
equation, and (c¢) Green—Ampt equation.

Time since

start in

minutes 10 20 30 50 80 120 160 200 280 360
Cumulative

Infiltration

in mm 98 18.0 25.0 38.0 55.0 76.0 94.0 110.0 137.0 163.0

Following table gives the values of a field study of infiltration using flooding type
infiltrometer. (a) For this data plot the curves of (i) infiltration capacity f, (mm/h) vs time
(h) on a log—log paper and obtain the equation of the best fit line, and (ii) Cumulative
infiltration (mm) £, vs time (h) on a semi-log paper and obtain the equation of the best
fit line. (b) Establish Horton’s infiltration capacity equation for this soil.

Time since start in minutes 2 10 30 60 90 120 240 360
Cumulative Infiltration
in cm 7.0 20.0 33.5 37.8 39.5 41.0 43.0 45.0

The infiltration capacity of a catchment is represented by Horton’s equation as
£, =0.5+12e

where f, is in cm/h and 7 is in hours. Assuming the infiltration to take place at capacity
rates in a storm of 4 hours duration, estimate the average rate of infiltration for the
duration of the storm.

The infiltration process at capacity rates in a soil is described by Kostiakov’s equation as
F,=3.0 %7 where F is cumulative infiltration in cm and ¢ is time in hours. Estimate the

P
infiltration capacity at (i) 2.0 h and (ii) 3.0 h from the start of infiltration.
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The mass curve of an isolated storm in a 500 ha watershed is as follows:

Time from start (h) 0 2 4 6 8 10 12 14 16 18
Cumulative rainfall
(cm) 0 08 26 28 41 73 108 11.8 12.4 12.6

If the direct runoff produced by the storm is measured at the outlet of the watershed as
0.340 Mm?, estimate the ¢-index of the storm and duration of rainfall excess.
The mass curve of an isolated storm over a watershed is given below.

Time from 0 05 10 15 20 25 30 35 40 45 50
start (h)

Cummulative

rainfall (cm) 0 025 050 1.10 1.60 2.60 3.50 5.70 6.50 7.30 7.70

If the storm produced a direct runoff of 3.5 cm at the outlet of the watershed, estimate the
¢-index of the storm and duration of rainfall excess.

In a 140-min storm the following rates of rainfall were observed in successive 20-min
intervals: 6.0, 6.0, 18.0, 13.0, 2.0, 2.0 and 12.0 mm/h. Assuming the ¢-index value as
3.0 mm/h and an initial loss of 0.8 mm, determine the total rainfall, net runoff and
W-index for the storm.

The mass curve of rainfall of duration 100 min is given below. If the catchment had an
initial loss of 0.6 cm and a ¢-index of 0.6 cm/h, calculate the total surface runoff from
the catchment.

Time from start of rainfall (min) 0 20 40 60 80 100
Cummulative rainfall (cm) 0 0.5 1.2 2.6 33 3.5

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

% of catchment ¢-index (cm/h) Rainfall (cm)
area 1st hour 2nd hour 3rd hour
20 1.00 0.8 2.3 1.5
30 0.75 0.7 2.1 1.0
50 0.50 1.0 2.5 0.8

Estimate the runoff from the catchment due to the storm.

3.1

3.2

3.3

34

: OBJECTIVE QUESTIONS I

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

(@) (e,—e¢,) (b) Ke,e, () K(e,—e)  (d) K(e,te,)
The average pan coefficient for the standard US Weather Bureau class A pan is
(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 15 m. If the evaporation
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 (d) 126000

The ISI standard pan evaporimeter is the

(a) same as the US class A pan

(b) has an average pan coefficient value of 0.60
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(c) has less evaporation than a US class A pan
(d) has more evaporation than a US class A pan.
The chemical that is found to be most suitable as water evaporation inhibitor is

(a) ethyl alcohol (b) methyl alcohol
(c) cetyl alcohol (d) butyl alcohol.
Wind speed is measured with

(a) awind vane (b) a heliometer
(c) Stevenson box (d) anemometer

If the wind velocity at a height of 2 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

(@ 9.0 (b) 6.2 (c) 2.3 (d) 10.6
Evapotranspiration is confined

(a) to daylight hours (b) night-time only

(c) land surfaces only (d) none of these.

Lysimeter is used to measure

(a) infiltration (b) evaporation (c) evapotranspiration (d) vapour pressure.
The highest value of annual evapotranspiration in India is at Rajkot, Gujarat. Here the
annual PET is about

(a) 150 cm (b) 150 mm (c) 210 cm (d) 310 cm.
Interception losses

(a) include evaporation, through flow and stemflow

(b) consists of only evaporation loss

(c) includes evaporation and transpiration losses

(d) consists of only stemflow.

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 f,. One can expect
@ fr=1. b) fr>1 © i</ (d) no fixed pattern.

A watershed 600 ha in area experienced a rainfall of uniform intensity 2.0 cm/h for
duration of 8 hours. If the resulting surface runoff is measured as 0.6 Mm?, the average
infiltration capacity during the storm is

(a) 1.5 cm/h (b) 0.75 cm/h (¢) 1.0 cm/h (d) 2.0 cm/h

In a small catchment the infiltration rate was observed to be 10 cm/h at the beginning of
the rain and it decreased exponentially to an equilibrium value of 1.0 cm/h at the end of
9 hours of rain. If a total of 18 cm of water infiltered during 9 hours interval, the value of
the decay constant K, in Horton’s infiltration equation in (4') units is

(a) 0.1 (b) 0.5 (c) 1.0 (@ 2.0

In Horton’s infiltration equation fitted to data from a soil, the initial infiltration capacity
is 10 mm/h, final infiltration capacity is 5 mm/h and the exponential decay constant is
0.5 h™!. Assuming the infiltration takes place at capacity rates, the total infiltration depth
for a uniform storm of duration 8 hours is

(a) 40 mm (b) 60 mm (c) 80 mm (d) 90 mm

The rainfall on five successive days on a catchment was 2, 6, 9, 5 and 3 cm. If the ¢-index
for the storm can be assumed to be 3 cm/day, the total direct runoff from the catchment is
(a) 20cm (b) 11 cm (¢) 10cm (d) 22cm

A 6-h storm had 6 cm of rainfall and the resulting runoff was 3.0 cm. If the ¢-index
remains at the same value the runoff due to 12 cm of rainfall in 9 h in the catchment is
(a) 9.0 cm (b) 4.5cm (¢) 6.0cm (d) 7.5 cm

For a basin, in a given period A¢, there is no change in the groundwater and soil water
status. If P = precipitation, R = total runoff, £ = Evapotranspiration and AS = increase in
the surface water storage in the basin, the hydrological water budget equation states
(a) P=R-E+AS (b) R=P+E—-AS (c) P=R+E+AS (d) None of these
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STREAMFLOW
MEASUREMENT

4.1 INTRODUCTION

Streamflow representing the runoff phase of the hydrologic cycle is the most impor-
tant basic data for hydrologic studies. It was seen in the previous chapters that precipi-
tation, 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’ %% 3 and a bibliography?® are available on the theory and practice
of streamflow measurement and these are recommended for further details.

Streamflow measurement techniques can be broadly classified into two cate-gories
as (i) direct determination and (ii) 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 techniques,
(c) Electromagnetic method, and (d) Ultrasonic method.

2. Indirect determination of streamflow:

(a) Hydraulic structures, such as weirs, flumes and gated structures, and
(b) Slope-area method.

Barring a few exceptional cases, continuous measurement of stream discharge is
very difficult. As a rule, direct measurement of discharge is a very time-consuming
and costly procedure. Hence, a two step procedure is followed. First, the discharge in
a given stream is related to the elevation of the water surface (Stage) through a series
of careful measurements. In the next step the stage of the stream is observed routinely
in a relatively inexpensive manner and the discharge is estimated by using the previously
determined stage—discharge relationship. The observation of the stage is easy,
inexpensive, and if desired, continuous readings can also be obtained. This method of
discharge determination of streams is adopted universally.



The McGraw-Hill Companies

102 Engineering Hydrology
4.2 MEASUREMENT OF STAGE

The stage of a river is defined as its water-surface elevation measured above a datum.
This datum can be the mean-sea level (MSL) or any arbitrary datum connected inde-
pendently to the MSL.

MANUAL GAUGES

STAFF GAUGE  The simplest of stage measurements are made by noting the eleva-
tion of the water surface in contact with a fixed graduated staff. The staff is made of a
durable material with a low coefficient of expansion with respect to both temperature
and moisture. It is fixed rigidly to a structure, such as an abutment, pier, wall, etc. The
staff may be vertical or inclined with clearly and accurately graduated permanent
markings. The markings are distinctive, easy to read from a distance and are similar to
those on a surveying staff. Sometimes, it may not be possible to read the entire range
of water-surface elevations of a stream by a single gauge and in such cases the gauge
is built in sections at different locations. Such gauges are called sectional gauges
(Fig. 4.1). When installing sectional gauges, care must be taken to provide an overlap
between various gauges and to refer all the sections to the same common datum.

[ )

Staff
<= Abutment
gauge v
ey
(a) Vertical staff gauge (b) Sectional staff gauge

Fig. 41 Staff Gauge

WIrRE GAUGE  ltis a gauge used to measure the water-surface elevation from above
the surface such as from a bridge or similar structure. In this a weight is lowered by a
reel to touch the water surface. A mechanical counter measures the rotation of the
wheel which is proportional to the length of the wire paid out. The operating range of
this kind of gauge is about 25 m.

AUTOMATIC STAGE RECORDERS

The staff gauge and wire gauge described earlier are manual gauges. While they are
simple and inexpensive, they have to be read at frequent intervals to define the varia-
tion of stage with time accurately. Automatic stage recorders overcome this basic
objection of manual staff gauges and find considerable use in stream-flow measure-
ment practice. Two typical automatic stage recorders are described below.

FLOAT-GAUGE RECORDER The Float-operated stage recorder is the most com-
mon type of automatic stage recorder in use. In this, a float operating in a stilling well
is balanced by means of a counterweight over the pulley of a recorder. Displacement
of the float due to the rising or lowering of the water-surface elevation causes an
angular displacement of the pulley and hence of the input shaft of the recorder.
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Mechanical linkages

convert this angular dis- e Flush tank
placement to the linear Recorder » Walkway
displacement of a pen to Ma”hO'e_f | | | | | | |
record over a drum 15 B

driven by clockwork. Counter -

The pen traverse is con- weight 4

tinuous with automatic Float —-

reversing when it z Ey

reaches the full width of -

the chart. A clockwork

mechanism runs the re- Intakes —» —ecTir Staff gauge
corder for a day, week or / /KZ\ [

fortnight and provides a ' i

continuous plot of stage
vs time. A good instru-
ment will have a large-
size float and least fric-
tion. Improvements over this basic analogue
model consists of models that give digital sig-
nals recorded on a storage device or transmit
directly onto a central data-processing centre.
To protect the float from debris and to re-
duce the water surface wave effects on the re-
cording, stilling wells are provided in all float-
type stage recorder installations. Figure 4.2
shows a typical stilling well installation. Note
the intake pipes that communicate with the river
and flushing arrangement to flush these intake
pipes off the sediment and debris occasionally.
The water-stage recorder has to be located
above the highest water level expected in the
stream to prevent it from getting inundated dur-
ing floods. Further, the instrument must be prop-

Fig. 4.3 Water-depthrecorder—

erly housed in a suitable enclosure to protect it
from weather elements and vandalism. On ac-
count of these, the water-stage-recorder instal-
lations prove to be costly in most instances. A
water-depth recorder is shown in Fig. 4.3.

Stevens Type F recorder
(Courtesy: Leupold and
Stevens, Inc. Beaverton,
Oregon, USA)

BUBBLE GAUGE In this gauge compressed air or gas is made to bleed out at a very
small rate through an outlet placed at the bottom of the river [Figs. 4.4,4.5 and 4.6]. A
pressure gauge measures the gas pressure which in turn is equal to the water column
above the outlet. A small change in the water-surface elevation is felt 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 gauge reads the new water depth which is transmitted to a recorder.

The bubble gauge has certain specific advantages over a float operated water stage

recorder and these can be listed as under:
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Instrument room
Ve

p=H

Gas circuit

1 High pressure bottle
2 Gas adjustment unit
3 To pressure point
Reference level 4 Mercury monometer
5 Recorder

Pressure point

Fig. 44 Bubble Gauge

SR O g T e
Fig. 4.5 Bubble Gauge Installation—  Fig. 4.6 Bubble Gauge —Stevens
Telemnip Manometer Servo

(Courtesy: Neyrtec, Grenoble, France) ~ (Courtesy: Leupold and Stevens, Inc.
Beaverton, Oregon, USA)

there is no need for costly stilling wells;

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

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

due to constant bleeding action there is less likelihood of the inlet getting blocked
or choked.

el S

STAGE DATA

The stage data is often presented in the form
of a plot of stage against chrono-logical time
(Fig. 4.7) known as stage hydrograph. In
addition to its use in the determination of
stream discharge, stage data itself is of
importance in design of hydraulic structures,
flood warning and flood-protection works.
Reliable long-term stage data corresponding

Stage

Time

Fig. 4.7 Stage Hydrograph
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to peak floods can be analysed statistically to estimate the design peak river stages
foruse 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.

4.3 MEASUREMENT OF VELOCITY

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

CURRENT METERS

The most commonly used instrument in hydrometry to measure the velocity at a point
in the flow cross-section is the current meter. It consists essentially of a rotating ele-
ment 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 pro-
peller-type current meter to measure the

distance traversed by a ship. The present- , Electrical | ( Hoist Stabilizing
d tvpe inst t and the electri Counting  connection fin
ay cup-type instrument and the electri-  yechanism
cal make-and-break mechanism were in- = =
vented by Henry in 1868. There are two (m) g
main types of current meters. 7‘ =
1. Vertical-axis meters, and Cgp assembly
. . cups ona
2. Horizontal-axis meters. vertical axis
VERTICAL-AXIS METERS These in- o
struments consist of a series of conical Sounding
weight

cups mounted around a vertical axis
[Flgs 4.8 and 49] The cups rotate ina Fig. 4.8 Vertical-axis Current Meter
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 in-
struments under this category. The normal
range of velocities 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 instruments have the dis-
advantage that they cannot be used in situ- ~ Fig. 4.9 Cup-type Current Mete
ations where there are appreciable verti- with Sounding Weight—
cal components of velocities. For exam- ‘Lynx’ Type

ple, the instrument shows a positive ve-  (Courtesy: Lawrence and Mayo (In-
locity when it is lifted vertically in still ~dia) New Delhi)

water.
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HORIZONTAL-AXIS METERS These
meters consist of a propeller mounted at
the end of horizontal shaft as shown in
Fig. 4.10 and Fig. 4.11. These come in a
wide variety of size with propeller diam-
eters in the range 6 to 12 cm, and can reg-
ister velocities in the range of 0.15 to
4.0 m/s. Ott, Neyrtec [Fig. 4.12] and Watt-
type meters are typical instruments under
this kind. These meters are fairly rugged
and are not affected by oblique flows of
as much as 15°. The accuracy of the in-
strument is about 1% at the threshold value
and is about 0.25% 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 in-
strument. A typical relationship is

v=aN,+b 4.1 Fig. 410 Propeller-type Current '
where v = stream velocity at the instru- Meter.—Neyrt'ec Type with
ment location in m/s, N, =revolutions per Sounding Weight

second of the meter and a, b = constants
of the meter. Typical values of a and b Hoisting & .
for a standard size 12.5 cm diameter Price electrical connection

meter (cup-type) is a =0.65 and »=0.03. : —— Z
Smaller meters of 5 cm diameter cup as- A
sembly called pigmy meters run faster ~ Propeller Fin for stabilization

and are useful in measuring small veloci- Sounding weight

ties. The values of the meter constants Fig. 411 Horizontal-axis Current
for them are of the order of a = 0.30 and Meter

b=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 me-
chanically or electro-magnetically at each revolution of the shaft. In older model in-
struments 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 counting
the number of such signals in a known interval 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 meter as in
Eq. (4.1) is called the calibration equation. The calibration equation is unique to each
instrument and is determined by towing the instrument in a special tank. A fowing
tank is a long channel containing still water with arrangements for moving a carriage
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Fig. 412(a) Neyrtec Type Current
Meter for use in Wading
(Courtesy: Neyrtec, Grenoble, France) a Cableway

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 the
water body in the tank. The carriage is then towed at a predetermined constant speed
(v) and the corresponding average value of revolutions per second (&V,) of the instruments
determined. This experiment is repeated over the complete range of velocities and a
best-fit linear relation in the form of Eq. (4.1) obtained. The instruments are designed
for rugged use and hence the calibration once done lasts for quite some time. However,
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 that the instrument is damaged due
to bad 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 Institute of Technology, Madras.

FIELD USE

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

30
v=>575 v logm[k—y] (4.2)

S
where v = velocity at a point y above the bed, v« = shear velocity and &, = equivalent
sand-grain roughness. To accurately determine the average velocity in a vertical sec-
tion, one has to measure the velocity at a large number of points on the vertical. As it
is time-consuming, certain simplified procedures have been evolved.
e In shallow streams of depth up to about 3.0 m, the velocity measured at 0.6
times the depth of flow below the water surface is taken as the average velocity
v in the vertical,
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V =V (4.3)
This procedure is known as the single-point observation method.
e In moderately deep streams the velocity is observed at two points;
(1) at 0.2 times the depth of flow below the free surface (v, ,) and (ii) at 0.8 times
the depth of flow below the free surface (v, ). The average velocity in the ver-
tical v is taken as
Vo2 T Vo3

y = T 4.4

e In rivers having flood flows, only the surface velocity (v,) is measured within a
depth of about 0.5 m below the surface. The average velocity v is obtained by
using a reduction factor K as

v =Kv, (4.5)
The value of K is obtained from observations at lower stages and lie 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 in the water. The arrange-
ment, 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 fre-
quently 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 theodolites on the bank through an intersection
method. Use of total station simplifies the work considerably.

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 con-
nected to the current meter by a hangar bar and pin assembly. Sounding weights come
in different sizes and the minimum weight is estimated as

W=50vd (4.6)
where /= minimum weight in N, y = average stream velocity in the vertical in m/s
and d = depth of flow at the vertical in metres.

VELOCITY MEASUREMENT BY FLOATS

A floating object on the surface of a stream when timed can yield the surface velocity
by the relation

(4.7)
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B\

where S = distance travelled in time
t. This method of measuring veloci-
ties while primitive still finds appli-
cations in special circumstances, such
as: (i) a small stream in flood, (ii) small
stream with a rapidly changing wa- 5
ter surface, and (iii) preliminary or
exploratory surveys. While any float-
ing object can be used, normally spe-
cially made leakproof and easily
identifiable floats are used (Fig.
4.13). A simple float moving on stream surface is called surface float. 1t is easy 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 get the average velocity in the vertical directly, special floats in which part
of the body is under water are used. Rod float (Fig. 4.13), in which a cylindrical rod is
weighed so that it can float vertically, belongs to this category.

In using floats to observe the stream velocity a large number of easily identifiable
floats are released at fairly uniform spacings on the width of the stream at an upstream
section. Two sections on a fairly straight reach are selected and the time to cross this
reach by each float is noted and the surface velocity calculated.

Surface floai
Rod
float

Canister float

KR XRXXXXXXXXXXXXXXXXXXXXX

Fig. 413 Floats

4.4 AREA-VELOCITY METHOD

This method of discharge measurement consists essentially of measuring the area of
cross-section of the river at a selected section called the gauging site and measuring
the velocity of flow through the cross-sectional area. The gauging site must be se-
lected with care to assure that the stage-discharge curve is reasonably constant over a
long period of about a few years. Towards this the following criteria are adopted.

e The stream should have a well-defined cross-section which does not change in

various seasons.

o [t should be easily accessible all through the year.

e The site should be in a straight, stable reach.

e 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 markings
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 measurements are needed, an electroacoustic instrument
called echo-depth recorder is used. In this a high frequency sound wave is sent down
by a transducer 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 interval between the
transmission of the signal and the receipt of its echo, the distance to the bed is obtained
and is indicated or recorded in the 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



The McGraw-Hill Companies ‘

110 Engineering Hydrology

Wi 2 Wi_1 Wi Wiy Wn_1 Wy
o€ e > <> <> | [« >< >

DNANAN

I
|
|
|
:Yi—1
|
|

-—Boundary of

. . H I
it sub-section

Fig. 414 Stream Section for Area-velocity Method

accuracy of discharge estimation increases with the number of subsections used. How-
ever, the larger the 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.
e The segment width should not be greater than 1/15 to 1/20 of the width of the
river.
e The discharge in each segment should be less than 10% of the total discharge.
e The difference of velocities in adjacent segments should not be more than 20%.
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 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 each section is known. Considering the total
area to be divided into N — 1 segments, the total discharge is calculated by the method

of mid-sections as follows.
N-1
0= 2 AQ (4.8)
i=1
where AQ; = discharge in the ith segment

= (depth at the ith segment) X (% width to the left

+ % width to right) X (average velocity at the ith vertical)

Wi

W,
AQl:yix(T’+ jxvi fori=2to (N-2) (4.9)

For the first and last sections, the segments are taken to have triangular areas and area

calculated as
Ad =W,y

(3]
W+
2

where Wl e —— and Ady=Wy_, -
27, N N-1" VN1
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Wy_ j
Wy +
( Voo

where Wy-1 =

to get
AQ,=v, -AdjandAQy_=Vy_1 AAy_, (4.10)

ExampLe 4.1 The data pertaining to a stream-gauging operation at a gauging site are

given below.
The rating equation of the current meter is v = 0.51 N, + 0.03 m/s where N, = revolu-

tions per second. Calculate the discharge in the stream.

Distance from left

water edge (m) 0 1.0 3.0 5.0 7.0 9.0 11.0 12.0
Depth (m) 0 1.1 2.0 2.5 2.0 1.7 1.0 0
Revolutions of a

current meter kept

at 0.6 depth 0 39 58 112 90 45 30 0
Duration of
observation (s) 0 100 100 150 150 100 100 0

Sorution.  The calculations are performed in a tabular form.
For the first and last sections,
22
1+3)
Average width, W=————=20m
2x1
For the rest of the segments,

W:(3+3) —20m
22

Since the velocity is measured at 0.6 depth, the measured velocity is the average velocity

at that vertical (v).
The calculation of discharge by the mid-section method is shown in tabular form below:

Distance Average Depth y N Velocity Segmental
from left width (m) = Rev./second v (m/s) discharge
water edge W (m) AQ;
(m) (m’/s)
0 0 0 0.0000
1 2 1.10 0.390 0.2289 0.5036
3 2 2.00 0.580 0.3258 1.3032
5 2 2.50 0.747 0.4110 2..0549
7 2 2.00 0.600 0.3360 1.3440
9 2 1.70 0.450 0.2595 0.8823
11 2 1.00 0.300 0.1830 0.3660
12 0 0.00 0.0000
Sum = 6.45393

Discharge in the stream = 6.454 m/s
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MOVING-BOAT METHOD

. . “~ Markers for alignment
Discharge measurement of large alluvial "

rivers, such as the Ganga, by the standard
current meter method is very time-

consuming even when the flow is low or ~ Verticals <4
moderate. When the river is in spate, itis  Flow -
almost impossible to use the standard
current meter technique due to the
difficulty of keeping the boat stationary
on the fast-moving surface of the stream
for observation purposes. It is in such
circumstance that the moving-boat
techniques prove very helpful.

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 veloc-
ity v, at right angles to the stream flow. If the flow velocity is v, the meter will align
itself in the direction of the resultant velocity vz making an angle @with the direction of
the boat (Fig. 4.15). Further, the meter will register the velocity vg. If v, is normal to v,

VR

Ny

Section line

Fig. 415 Moving-boat Method

vy, =vgcos & and v =vgsin 6
If the time of transit between two verticals is A ¢, then the width between the two
verticals (Fig. 4.15) is

W=v, At
The flow in the sub-area between two verticals i and i + 1 where the depths are y; and
V;+ 1 respectively, by assuming the current meter to measure the average velocity in the

vertical, is
Yi Vit
8Q;= | = | Wiervy
. Vit Viq ) .
ie. AQ; = T Vi sin 6 cos 0 At 4.11)

Thus by measuring the depths y,, velocity v and @in a reach and the time taken to
cross the reach A ¢, the discharge in the sub-area can be determined. The summation of
the partial discharges A Q, over the whole width of the stream gives the stream discharge

O=XA0, (4.12)

In field application a good stretch of the river with no shoals, islands, bars, etc. is
selected. The cross-sectional line is defined by permanent landmarks 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 propeller-type,
in which the velocity and inclination of the meter to the boat direction & in the hori-
zontal 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 edge 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
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the signal processor when pressed marks a distinctive mark line on the depth vs time
chart of the echo-depth recorder. Further, it gives simultaneously a sharp audio signal
to enable the measuring party to take simultaneous readings of the velocity v 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
2 km stretch takes about 15 min for one crossing. A number of crossings are made to
get the average value of the discharge.

The surface velocities are converted to average velocities across the vertical 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 calculated by Eqgs. (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 de-
pends upon the continuity principle applied to a tracer which is allowed to mix com-
pletely with the flow.

Consider a tracer which does not react

with the fluid or boundary. Let C, be the Cq

small initial concentration of the tracer in 7 Sudden injection of
the streamflow. At Section 1 a small quantity — § ¥~ volume- at Sec 1
(volume V|)” of high concentra-tion C; of % Conc. at Sec 2

this tracer is added as shown in Fig. 4.16. § \

Let Section 2 be sufficiently far away on ~ § c c

the downstream of Section 1 so that the 0 | |2

tracer mixes thoroughly with the fluid due
to the turbulent mixing process while
passing through the reach. The concentration
profile taken at Section 2 is schematically
shown in Fig. 4.16. The concentration will
have a base value of C,, increases from time ¢, to a peak value and gradually reaches
the base value of C, at time ¢,. The stream flow is assumed to be steady. By continuity
of the tracer material

M, = mass of tracer added at Section 1 = V,C,

t t to
Time

Fig. 416 Sudden-injection
Method

15}

v, &
:_[Q(szCO)dtth lt J(C,—Cy) at
4

4 274
Neglecting the second term on the right-hand side as insignificantly small,

0= _ NG (4.13)

[ =Cy)ar

4
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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.

Another way of using the dilution principle is to inject the tracer of concentration
C, at a constant rate Q, at Section 1. At Section 2, the concentration gradually rises
from the background value of C; at time #, to a constant value C, as shown in Fig.
4.17. At the steady state, the continuity equation for the tracer is

OC+0C =(@+0)C,

0,(C, —C,) Section 1
ie., ==L 22 414 G
(G -Gy _
This technique in which Q is estimated 2 )
b . . g Section 2
y knowing C}, C,, Cyand Q,isknownas £ Background _\
constant rate injection method or plateau § Conc.
gauging. 3 / C»
It is necessary to emphasise here that T — g ——— =
the dilution method of gauging is based 0 1 Co 1
on the assumption of steady flow. If the Time

flow is unsteady and the flow rate changes
appreciably during gauging, there will be
achange in the storage volume in the reach
and the steady-state continuity equation used to develop Egs. (4.13) and (4.14) is not
valid. Systematic errors can be expected in such cases.

Fig. 417 Constant Rate Injection
Method

TRACERS

The tracer used should have ideally the following properties
1. It should not be absorbed by the sediment, channel boundary and vegetation. It
should not chemically react with any of the above surfaces and also should not
be lost by evaporation.
2. It should be non-toxic.
3. It should be capable of being detected in a distinctive manner in small concen-
trations.
4. It should not be very expensive.
The tracers used are of three main types
1. Chemicals (common salt and sodium dichromate are typical)
2. Fluorescent dyes (Rhodamine-WT and Sulpho-Rhodamine B Extra are typical)
3. Radioactive materials (such as Bromine-82, Sodium-24 and Iodine-132).
Common salt can be detected with an error of +1% up to a concentration of 10
ppm. Sodium dichromate can be detected up to 0.2 ppm concentrations. 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 detectable 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 availabil-
ity of detection instrumentation, environmental effects of the tracer and overall cost of
the operation are chief factors that decide the tracer to be used.
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LENGTH OF REACH The length of the reach between the dosing section and sam-
pling 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, dis-
charge 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

L0 B> C(0.7C+2/g)

gd

where L = mixing length (m), B = average width of the stream (m), d = average depth
of the stream (m), C = Chezy coefficient of roughness and g = acceleration due to
gravity. The value of L varies from about 1 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 constraints 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.

(4.15)

UsE  The dilution method has the major advantage that the discharge is estimated
directly in an absolute way. It is 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 calibration, stage-discharge curves, etc. obtained
by other methods.

ExampLE 4.2 A 25 g/l solution of a flourescent tracer was discharged into a stream at
a constant rate of 10 cm®/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 concentration of 5 parts per billion. Estimate the stream discharge.

Sorutrion. By Eq. (4.14) for the constant-rate injection method,
_0(G-G)
- G -G
Q,=10cm¥s =10 x 10° m¥/s
C,=0.025C,=5%107°,C,=0
10x107

= ——(0.025-5x 10°) =50 m’/s
© 5%107° ( )

4.6 ELECTROMAGNETIC METHOD

The electromagnetic method is based on the Faraday’s principle that an emf is in-
duced 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 a current / to produce a
controlled vertical magnetic field (Fig. 4.18). Electrodes provided at the sides of the
channel section measure the small voltage produced due to flow of water in the chan-
nel. It has been found that the signal output £ will be of the order of millivolts and is
related to the discharge O as
0=k, (E_[d +K, j

where d = depth of flow, / = current in the coil, and #, K| and K, are system constants.

(4.16)
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Cables to
instrumentation

C = Conductivity sensor L6

V = Voltage probe
N = Noise cancellation probe
B = Bed conductivity probe

Fig. 4.18 Electromagnetic Method

The method involves sophisticated and expensive instrumentation and has been
successfully tried in a number of installations. The fact that this kind 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 com-
mercially available electromagnetic flowmeters can measure the discharge to an accu-
racy of +3%, 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 4 and B fixed at the same
level & above the bed and on either side 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 ¢, Similarly, let B send a signal to be received at 4
after an elapse time ¢,. If C = velocity of sound in water,

ty=LI(C+v,) 4.17)
where L = length of path from 4 to B and v, = component of the flow velocity in the
sound path = v cos 6. Similarly, from Fig. 4.19 it is easy to see that

L

R 4.18
2 (C_Vp) ( )
Thus i_i=2vp :2\"3—059

hob L I
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Fig. 419 Ultrasonic Method
or y=_L (i—i) (4.19)
2cos O\t

Thus for a given L and 6, by knowing ¢, and #,, the average velocity along the path 4B,
i.e., v can be determined. It may be noted that v is the average velocity 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 related to V" and by calibration a relation
between v/} and / can be obtained. For a given set-up, as the area of cross-section is
fixed, the discharge is obtained as a product of area and mean velocity V. Estimation
of discharge by using one signal path as above is called single-path gauging. Alterna-
tively, for a given depth of flow, multiple single paths can be used to obtain v for
different 4 values. Mean velocity of flow through the cross-section is obtained by
averaging these v values. This techniques is known as multi-path gauging.

Ultrasonic flowmeters using the above principal have frequencies of the order of
500 kHz. Sophisticated electronics are involved to transmit, detect and evaluate the
mean velocity of flow along the path. In a given installation a calibration (usually
performed by the current-meter method) is needed to determine the system constants.
Currently available commercial systems have accuracies of about 2% for the single-
path method and 1% for the multipath method. The systems are currently available for
rivers up to 500 m width.

The specific advantages of the ultrasonic system of river gauging are

1. Itis rapid and gives high accuracy.

2. Itis suitable for automatic recording of data.

3. It can handle rapid changes in the magnitude and direction of flow, as in tidal

rivers.

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 velo-city
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.

4.8 INDIRECT 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 measure-
ment is restricted to the measurements of these depths only.
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Two broad classifications of these indirect methods are
1. Flow measuring structures, and 2. Slope area method.

FLOW-MEASURING STRUCTURES

Use of structures like notches, weirs, flumes and sluice gates for flow measurement in
hydraulic laboratories is well known. These conventional structures are used in field
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 limitations a wide variety of flow measuring structures with specific
advantages are in use.

The basic principle 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 Q is a function of the water-surface elevation measured at a
specified upstream location,

0 =flH) (4.20)
where H = water surface elevation measured from a specified datum. Thus, for exam-
ple, for weirs, Eq. (4.20) takes the form

0 =KH" 4.21)
where H=head over the weir and K, n = system constants. Equation (4.20) is applicable
so long as the downstream water level is below a certain 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 tail water conditions do affect 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
submerged flow over a weir [Fig. 4.20(b)] is estimated by the Villemonte formula,

) 1 H2 n 10385 .
0,=01|1-| 7 (422)

1
where O, = submerged discharge, O, = free flow discharge under head H,, H; = up-
stream water surface elevation measured above the weir crest, H, = 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.

Air supply |¢|:<:

H

>l<«—a—>

A
}

Cross-section

l«——b

Weir
Air—] plate

Fig. 4.20(a) Flow over a Weir: (a) Free Flow
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The various flow measur-
ing structures can be broadly
considered under three cat-
egories:

——L
e

|t
I

THIN-PLATE STRUC- — >
TURES are usually made
from a vertically set metal
plate. The V-.notch, rectan- Fig. 4.20(b) Submerged Flow
gular full width and con-

tracted notches are typical examples under this category.

LONG-BASE WEIRS also known as broad-crested weirs are made of concrete or
masonry and are used for large discharge values.

FLUMES are made of concrete, masonry or metal sheets depending on their use
and location. They depend primarily on the width constriction to produce a control
section.

Details of the discharge characteristics of flow-measuring structures are available
in Refs. 1,2 and 7.

SLOPE-AREA METHOD

The resistance equa- @ Energy line @

tion for uniform flow
in an open channel,
e.g. Manning’s for-
mula can be used to
relate the depths at
either ends of areach
to the discharge. Fig-
ure 4.21 shows the
longitudinal section
of the flow in a river
between two sec-
tions, 1 and 2. Know-
ing the water-surface
elevations at the two sections, it is required to estimate the discharge. Applying the
energy equation to Sections 1 and 2,
2 2
Z+y + W =Z,ty,t — +h,
2g 2g

o)
o
c
3
<
———

L >
Fig. 4.21 Slope-area Method

where /; = head loss in the reach. The head loss /; can be considered to be made up
of two parts (i) frictional loss /,and (ii) eddy loss 4,. Denoting Z + y = h = water-
surface elevation above the datum,

2 2
b+ = =h,+ 2 +h +h
1 2g 2 2g e 'f

v
or hf: (hy—hy)+ [z - EJ —-h, (4.23)
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If L = length of the reach, by Manning’s formula for uniform flow,

f 1 ’
— =J,=energy slope = ——
L f gy P By

1
where K = conveyance of the channel = — AR?/3
n
In nonuniform flow an average conveyance is used to estimate the average

energy slope and

h - 2
'_f =9 ;= Qf (4'24)
L 7K?
where K=K/ K, ;K= LAIRIZ/3 and K, = LAZR;/3
m ny
n = Manning’s roughness coefficient
The eddy loss 4, is estimated as
2 g2
h,=K,| -2 (4.25)
2g 2g
where K, = eddy-loss coefficient having values as below.
Cross-section characteristic Value of K
of the reach Expansion Contraction
Uniform 0 0
Gradual transition 0.3 0.1
Abrupt transition 0.8 0.6

Equation (4.23), (4.24) and (4.25) together with the continuity equation Q =
A, V, =4, V, enable the discharge Q to be estimated for known values of 4, channel
cross-sectional properties and .

The discharge is calculated by a trial and error procedure using the following se-
quence of calculations

1. Assume ¥, = V,. This leads to ¥;>/2g =V;/2g and by Eq. (4.23)

hy= hy — h, = F = fall in the water Surface between Sections 1 and 2

2. Using Eq. (4.24) calculate discharge Q

3. Compute V| = Q/A, and V, = Q/4,. Calculate velocity heads and eddy-loss #,

4. Now calculate a refined value of /,by Eq. (4.23) and go to step (2). Repeat the

calculations till two successive calculations give values of discharge (or /) dif-
fering by a negligible margin.

This method of estimating the discharge is known as the slope-area method. 1t is a
very versatile indirect method of discharge estimation and requires (i) the selection of
a reach in which cross-sectional properties including bed elevations are known at its
ends, (ii) the value of Manning’s n and (iii) 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 m 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 Mannings coefficient to be
0.025, estimate the flood discharge through the channel.
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Sorurion:  Using suffixes 1 and 2 to denote the upstream and downstream sections
respectively, the cross-sectional properties are calculated as follows:

Section 1 Section 2
y;=3.0m ¥, =290m
A4, =30m? A, =29 m?
P, =16m P,=158m
R, =1.875m R,=1.835m
K = x 30 x (1.875)3 K= L x29%(1.8352°
0.025 0.025
=1824.7 = 17389

Average K for the reach= /K, K, =1781.3
To start with /= fall = 0.12 m is assumed.
Eddy loss h, =0

The calculations are shown in Table 4.1.

S, = hy/L=h,/200 0=K,S, =17813S,
V2 2 V2 2
L - (g) /19.62,i=(g) /19.62
2¢ (30 2g \29
V2 V2
1 2
= — + —_—
==k + | 3= 5
V2 V22 V2 V22
1 1
=fall+ | ———— | =012+ | — - — E-1
hy=ta 2g 2g 0 2g 2g &1

Table 4.1 Calculations for Example 4.3

Trial h, S, 0 Viizg Viig hy
(trial) (units of  (m%/s) (m) (m) by Eq. (E-1)
107 (m)
1 0.1200 6.000 43.63 0.1078  0.1154 0.1124
0.1124 5.622 42.24 0.1010  0.1081 0.1129
3 0.1129 5.646 42.32 0.1014  0.1081 0.1129

(The last column is 4, 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 flood discharges 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 vegetative 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
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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.

The selection of the reach is probably the most important aspect of the slope-area
method. The following criteria can be listed towards this:

e The quality of high-water marks must be good.

e The reach should be straight and uniform as far as possible. Gradually contract-

ing sections are preferred to an expanding reach.

e The recorded fall in the water-surface elevation should be larger than the veloc-
ity head. It is preferable if the fall is greater than 0.15 m.

e The longer the reach, the greater is the accuracy in the estimated discharge. A
length greater than 75 times the mean depth provides an estimate of the reach
length required.

The Manning’s roughness coefficient # for use in the computation of discharge is
obtained from standard tables’. Sometimes a relation between 7 and the stage is pre-
pared from measured discharges at a neighbouring gauging station and an appropriate
value of n selected from it, with extrapolation if necessary.

4.9 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 — Q) relationship is
established, the subsequent procedure consists of measuring the stage (G) and reading
the discharge (Q) from the (G — Q) relationship. This second part is a routine opera-
tion. 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
gives relationship that represents the integrated effect of a wide range of channel and
flow parameters. The combined effect of these parameters is termed control. If the (G
— Q) 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.

PERMANENT CONTROL

A majority of streams and rivers, especially nonalluvial rivers exhibit permanent con-
trol. For such a case, the relationship between the stage and the discharge is a single-
valued relation which is expressed as

0=C.(G-a) (4.26)
in which Q = stream discharge, G = gauge height (stage), a = a constant which represent
the gauge reading corresponding to zero discharge, C, and Sare rating curve constants.
This relationship can be expressed graphically by plotting the observed relative stage
(G —a) against the corresponding discharge values in an arithmetic or logarithmic plot
[Fig. 4.22(a) and (b)]. Logarithmic plotting is advantageous as Eq. (4.26) plots as a
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Fig. 4.22(b) Stage-Discharge Curve: Logarithmic Plot

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). Coefficients C, and S need not be the
same for the full range of stages.

The best values of C, and fin Eq. (4.26) for a given range of stage are obtained by
the least-square-error method. Thus by taking logarithms,
log QO = Blog (G —a) +log C, (4.27)

Y=pX+b (4.27a)

in which the dependent variable Y = log O, independent variable X = log (G — @) and
b=log C,. For the best-fit straight line of N observations of X and Y, by regressing X =
log (G—a)on Y=1og O
_ N(EXY) - (ZX)(ZY)

or

B (4.28a)
N(ZX?) - (2X)?
XY - (X
and b= # (4.28b)
Pearson product moment correlation coefficient
N (ZXY) - (ZX)(ZY)
r= (4.29)

JIN (ZX?) = (SX ][N (2Y?) - (SY )]
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Here r reflects the extent of linear relationship between the two data sets.

For a perfect correlation » = 1.0. If r is between 0.6 and 1.0 it is generally taken as
a good correlation. It should be noted that in the present case, as the discharge O
increases with (G — a) the variables Y and X are positively correlated and hence 7 is
positive. Equation (4.26), viz.

0=C(G-af
is called the rating equation of the stream and can be used for estimating the discharge
0 of the stream for a given gauge reading G within range of data used in its derivation.

STAGE FOR ZERO DISCHARGE, a In Eq. (4.26) the constant a representing the
stage (gauge height) for zero discharge in the stream is a hypothetical parameter and
cannot be measured in the field. As such, its determination poses some difficulties.
The following alternative methods are available for its determination:
1. Plot O vs G on an arithmetic graph paper and draw a best-fit curve. By extrapo-
lating the curve by eye judgment find a as the value of G corresponding to O =
0. Using the value of a, plot log O vs log (G — a) and verify whether the data
plots as a straight line. If not, select another value in the neighbourhood of
previously assumed value
and by trial and error find
an acceptable value of a
which gives a straight line 20.5
plot of log O vs log (G — a). 20.0
2. A graphical method due to 19.5
Running?® is as follows. The
0O vs G data are plotted to
an arithmetic scale and a
smooth curve through the
plotted points are drawn.
Three points 4, B and C on
the curve are selected such
that their discharges are in
geometric progression (Fig. Fig. 4.23 Rurming’s Method for Estimation
4.23), i.e. of the Constant a
Oy _ Y

21.5 T T T T T T 1
21.0

Stage G (m)

- a=16.5m -

02 4 6 8 10 12 14 16 18
~ Discharge ( x 103 m3/s)

F

c
At A4 and B vertical lines gre drawn and then horizontal lines are drawn at B and
C'to get D and E as intersection points with the verticals. Two straight lines ED
and BA are drawn to intersect at F. The ordinate at F is the required value of a,
the gauge height corresponding to zero discharge. This method assumes the
lower part of the stage-discharge curve to be a parabola.

3. Plot O vs G to an arithmetic scale and draw a smooth good-fitting curve by eye-
judgement. Select three discharges Q,, O, and Q; such that 0,/Q, = 0,/0Q; and
note from the curve the corresponding values of gauge readings G,, G, and G;.
From Eq. (4.26)

(G —a)(Gy —a) = (G, — a)(G5 — a)
G, Gy —G;

i.e. a=———"
(G +G3)-2G,

(4.30)
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4. A number of optimization procedures 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.

ExampLE 4.4 Following are the data of gauge and discharge collected at a particular
section of the river by stream gauging operation. (a) Develop a gauge-discharge rela-
tionship for this stream at this section for use in estimating the discharge for a known
gauge reading. What is the coefficient of correlation of the derived relationship? Use a
value of a = 7.50 m for the gauge reading corresponding to zero discharge. (b) Estimate
the discharge corresponding to a gauge reading of 10.5 m at this gauging section.

Gauge Discharge Gauge Discharge
reading (m) (m>/s) reading (m) (m>/s)
7.65 15 8.48 170
7.70 30 8.98 400
7.77 57 9.30 600
7.80 39 9.50 800
7.90 60 10.50 1500
7.91 100 11.10 2000
8.08 150 11.70 2400

Sorution.  (a) The gauge—discharge equation is Q = C(G — a)?

Taking the logarithms log O = Blog (G —a) +log C,

or Y=p8X+b

where Y =log Q and X =1log (G — a).

Values of X, Y and XY are calculated for all the data as shown in Table 4.2.

Table 4.2 Calculations for Example 4.4
a=75m N=14

Stage (G) (G-a) Discharge log(G-a) logQ XY x? Y?
(metres) (m)  (Q)m%/s) =X =y
7.65 0.15 15 —0.824 1.176  —0.969 0.679 1.383
7.70 0.20 30 —0.699 1477 -1.032 0489 2.182
7.77 0.27 57 —0.569 1.756  —0.998 0.323  3.083
7.80 0.30 39 -0.523 1591 —0.832 0273 2531
7.90 0.40 60 -0.398 1.778 —0.708 0.158 3.162
791 0.41 100 -0.387 2.000 —0.774 0.150 4.000
8.08 0.58 150 -0.237 2176  —0.515 0.056 4.735
8.48 0.98 170 —0.009 2230 —-0.020 0.000 4.975
8.98 1.48 400 0.170  2.602 0.443 0.029 6.771
9.30 1.80 600 0.255 2.778 0.709 0.065 7.718
9.50 2.00 800 0.301 2.903 0.874 0.091 8.428
10.50 3.00 1500 0.477 3.176 1.515 0228 10.088
11.10 3.60 2000 0.556  3.301 1.836 0309 10.897
11.70 4.20 2400 0.623 3380  2.107 0.388 11.426

Sum -1.262  32.325 1.636 3.239 81.379
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From the above table:

SX=-1262 SY=32.325 SXY = 1.636
X2 =3.239 >Y? =81.379
(EX)* = 1.5926 (ZY) = 1044.906 N=14

By using Eq. (4.28a)
~ NEXY)-(EX)(ZY)  (14x1.636) — (—1.262)(32.325)

4558
N(ZX?) - (ZX)? (14 x 3.239) — (-1.262)?
By Eq. (4.28b)
XY - B(EX 32.325) —1.4558 x (-1.262
,_ ZY-B(EX)  (32325) (-1262) o
N 14
Hence C,.=27552
The required gauge—discharge relationship is therefore
0 =275.52 (G — a)'%¢
By Eq. 4.29 coefficient of correlation
. N (2XY) - (ZX)(XY)
\/[N(ZXZ)—(ZX)2][N(>3Y2) - (2Y)*]
14 x1.636) — (—1.262)(32.325
( )= ( X ) —0.9913

\/[(14 % 3.239) — (1.5926)][(14 x 81.379) — (1044.906)]
As the value of r is nearer to unity the correlation is very good.
The variation of discharge (Q) with relative stage (G — a) is shown in Fig. 4.24(a)—
arithmetic plot and in Fig. 4.24(b)—logarithmic plot.
(b) when G=10.05:asa=7.5m

G =275.52 (10.05 — 7.50)'4*¢ = 1076 m%/s

3000 [

| Q=275.52 (G-a) 14558
2500 —12-0. 9826 D
2000 | o

1500 | -/
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Fig. 4.24(a) Stage-discharge Relation (Arithmetic Plot) — Example 4.4

SHIFTING CONTROL

The control that exists at a gauging section giving rise to a unique stage-discharge
relationship can change due to: (i) changing characteristics caused by weed growth,
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Fig. 4.24(b) Stage-discharge Relationship (Logarithmic Plot) — Example 4.4

dredging or channel encroachment, (ii) aggradation or degradation phenomenon in an
alluvial channel, (iii) variable backwater effects affecting the gauging section and (iv)
unsteady flow effects of a rapidly changing stage. There are no permanent corrective
measure 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 (iii) 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 fall (F) of the water surface in the reach. Now, for a given main-stage read-
ing, the discharge under variable backwater condition is a function of the fall F, i.e.
0 =G, F)

Schematically, this functional re-
lationship is shown in Fig. 4.25.
Instead of having a three-param- 24
eter plot, the observed data is nor-
malized with respect to a constant
fall value. Let F, be a normaliz-
ing value of the fall taken to be

25 T T T T T T T T 1
Constant fall curve
ForFo=1.5m 0.75 o

°

- [ ]
\ 1.2
08¢

23

constant at all stages and F the
actual fall at a given stage when
the actual discharge is Q. These
two fall values are related as

o FY"

o ") e
in which Q, = normalized dis-
charge at the given stage when the
fall is equal to Fy and m = an

22

Gauge height (m)

21

20

Third parameter
= Fall (m)

8 12 16
Discharge  (x103 m3/s)

18

Fig. 425 Backwater Effect on a Rating

Curve —Normalised Curve




The McGraw-Hill Companies

128 Engineering Hydrology

exponent with a value close

to 0.5. From the observed 4 I

data, a convenient value of 1.2 -

F, is selected. An approxi-

mate O, vs G curve for a con- tor

stant F, called constant fall < og |-

curve is drawn. For each ob- g

served data, Q/Q, and F/F, 06

values are calculated and o4 - ‘

plotted as Q/Q, vs FIF, : Adjustment curve
(Fig. 4.26). This is called the 02 Fo=1.5m —
adjustment curve. Both the L L | L |
constant fall curve and the 0 0.4 0.8 1.2 1.6
adjustment curve are refined, FIF,

by trial and error to get the
best-fit curves. When final-
ized, these two curves pro-
vide the stage-discharge information for gauging purposes. For example, if the ob-
served stage is G, and fall F}, first by using the adjustment curve the value of Q,/Q, is
read for a known value of F'/F),. Using the constant fall-rating curve, Q, is read for the
given stage G, and the actual discharge calculated as (Q,/Q,) X Q,.

Fig. 4.26 Backwater Effect on a Rating Curve—
Adjustment Curve

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 stage. 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-discharge relationship
for an unsteady flow will not
be a single-valued relation-
ship as in steady flow but it
will be a looped curve as in
Fig.4.27. It may be noted that
at the same stage, more dis-
charge passes through the
river during rising stages than
in falling ones. Since the con-
ditions for each flood may be
different, different floods may
give different loops.

Stage

Falling
stage

N\

Steady flow curve

Rising stage
A : Maximum stage point
B : Maximum discharge point

Discharge

Fig. 4.27 Loop Rating Curve

If O, is the normal discharge at a given stage under steady uniform flow and Q,,1s
the measured (actual) unsteady flow the two are related as’

Ou _
O,

L _dh

(4.32)

where S, = channel slope = water surface slope at uniform flow, dh/dt = rate of change
of stage and V|, = velocity of the flood wave. For natural channels, V,, is usually
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assumed equal to 1.4 V, where V' = average velocity for a given stage estimated by
applying Manning’s formula and the energy slope S, Also, the
energy slope is used in place of S, in the denominator of Eq. (4.32). If enough field
data about the flood magnitude and dh/dt are available, the term (1/V,, S;) can be
calculated and plotted against the stage for use in Eq. (4.32). For estimating the actual
discharge at an observed stage, 0,,/Q, is calculated by using the observed data of dh/
dt. Here Q, is the discharge corresponding to the observed stage relationship for steady
flow in the channel reach.

ExampLE 4.5 An auxiliary gauge was used downstream of a main gauge in a river to
provide corrections to the gauge-discharge relationship due to backwater effects. The
following data were noted at a certain main gauge reading.

Main gauge Auxiliary gauge Discharge
(m above datum) (m above datum) (m%/s)
86.00 85.50 275
86.00 84 80 600

If the main gauge reading is still 86.00 m and the auxiliary gauge reads 85.30 m, estimate
the discharge in the river.

Sorurion:  Fall (F) = main gauge reading — auxiliary gauge reading.

When F, =(86.00 — 85.50) = 0.50 m 0,=275 m’/s

F, =(86.00 — 84.80) = 1.20 m 0, =600 m’/s
By Eq. (4.31)  (Q,/Q,) = (F}/Fy)" or (275/600) = (0.50/1.20)"
Hence m = 0.891

When the auxiliary gauge reads 85.30 m, at a main gauge reading of 86.00 m,
Fall F = (86.00 — 85.30) = 0.70 m and
0 = Q, (FIF,)" = 600 (0.70/1.20)*%" = 371 m%/s

4.10 EXTRAPOLATION OF RATING CURVE

Most hydrological designs consider extreme flood flows. As an example, in the de-
sign of hydraulic structures, such as barrages, dams and bridges one needs maximum
flood discharges as well as maximum flood levels. While the design flood discharge
magnitude can be estimated from other considerations, the stage-discharge relation-
ship at the project site will have to be used to predict the stage corresponding to
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 control at all stages leads to reliable results.
Extrapolation of the rating curve in an alluvial river subjected to aggradation and
degradation is unreliable 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.
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CONVEYANCE METHOD

The conveyance of a channel in nonuniform flow is defined by the relation

0 =K\/§ (4.33)

where O = discharge in the channel, S,= slope of the energy line and K = conveyance.
If Manning’s formula is used,

K=Lar? (4.34)
n

where n = Manning’s roughness, 4 = area of cross-section and, R = hydraulic radius.
Since A4 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 as shown in Fig. 4.28(a). Using the avail-
able discharge and stage data, values of S, are calculated by using Eq. (4.33) as S, =
0*/K?* and are plotted against the stage. A smooth curve is fitted through the plotted
points as shown in Fig. 4.28(b). This curve is then extrapolated keeping in mind that S,
approaches a constant value at high stages.
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Fig. 4.28(b) Conveyance Me-
thod of Rating
Curve Extension:
S, vs Stage

Conveyance K = %AF?% (104m¥Ys)

Fig. 4.28(a) Conveyance Method of
Rating Curve Extension: K
vs Stage

Using the conveyance and slope curves, the discharge at any stage is calculated as
Q=K,/S,; and a stage-discharge curve covering the desired range of extrapolation

is constructed. With this extrapolated-rating curve, the stage corresponding to a design-
flood discharge can be obtained.

LOGARITHMIC-PLOT METHOD

In this technique 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 relation-
ship is obtained for data points lying in the high-stage range and the line is extended to
cover the range of extrapolation. Alternatively, coefficients of Eq. (4.26) are obtained
by the least-square-error method by regressing X on Y in Eq. (4.27a). For this Eq.
(4.27a) is written as
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X=oY+C (4.35)
where the dependent variable X = log (G —a) and Y=1log Q. The coefficients czand C
are obtained as,

Lo NE) - @n)Ex)

(4.35a)
N(ZY?)—(ZY)?
XX)-a(XY
and C= % (4.35b)
The relationship governing the stage and discharge is now
(G-a)=C,0% (4.36)

where C; = antilog C.
By the use of Eq. (4.36) the value of the stage corresponding to a design flood
discharge is estimated.

ExampLE 4.6 For the stage-discharge data of Example 4.4, fit a regression equation
for use in estimation of stage for a known value of discharge. Use a value of 7.50 m as the
gauge reading corresponding to zero discharge. Determine the stage for a discharge of
3500 m’/s.

Sorution.  The regression equation is X=aY + C  (Eq. 4.35)
where X =1og(G — a) and Y = log Q. The value of «is given by Eq. (4.35a) as

N (ZXY) - (ZY)(ZX)
a =
N(ZY?)—(ZY)?
Values of X, Y and XY are the same as calculated for the data in Table 4.3. Thus

X =-1262 SY=32.325 SXY = 1.636
X2 =3239 TY? =81.379
(EX)* = 1.5926 (ZY)> = 1044.906 N=14

Substituting these values in Eq. (4.35)
_ (14x1.636) —(32.325)(-1.262)

=0.675
(14 % 81.379) — (1044.906)
The coefficient C is given by Eq. (4.35b) as
X)-o(XY -1.262) - 0.675(32.325
(@) -aEy) _ (-1262) (2325 o
N 14
C, = antilog C = 0.02246 leading to the gage-discharge equation as
(G —a) =0.02246 Q"7
The variation of relative stage (G — a) with discharge (Q) is shown in Fig. 4.29(a)—
arithmetic plot and in Fig. 4.29(b)—logarithmic plot.
(b) When O = 3500 m?/s and given that ¢ = 7.50 m
(G —7.50) = 0.02246 (3500)*7 = 5.540 m
G=13.04m

c

4.11 HYDROMETRY STATIONS

As the measurement of discharge is of paramount importance in applied hydrologic
studies, considerable expenditure and effort are being expended in every country to
collect and store this valuable historic data. The WMO recommendations for the minimum
number of hydrometry stations in various geographical regions are given in Table 4.3.
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Table 4.3 WMO Criteria for Hydrometry Station Density

S. No. Region Minimum density  Tolerable density
(km?/station) under difficult
conditions
(km?/station)
1. Flat region of temperate, 1,000 — 2,500 3,000 — 10,000
mediterranean and tropical zones
2. Mountainous regions of temperate 300 — 1,000 1,000 — 5,000
mediterranean and tropical zones
3. Arid and polar zones 5,000 — 20,000

Hydrometry stations must be sited in adequate number in the catchment area of all
major streams so that the water potential of an area can be assessed as accurately as

possible.
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As a part of hydrological observation activities CWC operates a vast network of
877 hydrological observation stations on various state and interstate rivers for collection
of gauge, discharge, silt and water quality data which are stored after analysis in central
data bank. In addition to observation of river flow, CWC is also monitoring water
quality, covering all the major river basins of India. The distribution of various kinds
of CWC hydrological observation stations is as follows:

Type of Station Number
Gauge observation only 236
Gauge—Discharge 281
Gauge—Discharge and Silt 41
Gauge—Discharge and water quality 80
Gauge—Discharge, water quality and Silt 239

In a few gauging stations on major rivers, moving boat method facilities exist. Reports
containing the gauge, discharge, sediment and water quality data are brought out by
CWC every year as Year books. In addition to the above, the state governments main-
tain nearly 800 gauging stations. Further, in most of the states institutional arrange-
ments exist for collection, processing and analysis of hydrometric and
hydrometeorological data and publication of the same.
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: REevisioN QUESTIONS :

4.1 Explain the various commonly used methods of measurement of stage of a river. Indicate
for each method its specific advantage and the conditions under which one would use it.

4.2 What factors should be considered in selecting a site for a stream gauging station?

4.3 Explain the salient features of a current meter. Describe briefly the procedure of using a
current meter for measuring velocity in a stream.

4.4 List the qualities of a good tracer for use in dilution technique of flow measurement.

4.5 Explain briefly the dilution method of flow measurement.

4.6 Explain the streamflow measurement by area-velocity method.

4.7 Describe briefly the moving boat method of stream flow measurement.

4.8 Describe the slope-area method of measurement of flood discharge in a stream.

4.9 Explain the procedure for obtaining the stage-discharge relationship of a stream by us-
ing the stage-discharge data from a site with permanent control.
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4.10

4.11
4.12

4.13

Describe briefly:

(a) Backwater effect on a rating curve.

(b) Unsteady flow effect on a rating curve

Describe a procedure for extrapolating a rating curve of a stream.

Discuss the advantages and disadvantages of the following relative to the flow measure-
ment by using current meters:

(a) Electromagnetic method (b) Ultrasound method
Explain briefly the important aspects relating to the following instruments
(a) Float-gauge recorder (b) Bubble gauge

(c) Echo-depth recorder (d) Current meter

: PROBLEMS :

4.1

4.2

4.3

4.4

The following data were collected during a stream-gauging operation in a river. Com-
pute the discharge.

Distance from Depth Velocity (m/s)

left water edge (m)
(m) at 0.2 d at 0.8 d
0.0 0.0 0.0 0.0
1.5 1.3 0.6 0.4
3.0 2.5 0.9 0.6
4.5 1.7 0.7 0.5
6.0 1.0 0.6 0.4
7.5 0.4 0.4 0.3
9.0 0.0 0.0 0.0

The velocity distribution in a stream is usually approximated as v/v, = (v/a)", where v
and v, are velocities at heights y and a above the bed respectively and m is a coefficient
with a value between 1/5 to 1/8. (i) Obtain an expression for v/V, where V is the mean
velocity in terms of the depth of flow. (ii) If m = 1/6 show that (a) the measured velocity
is equal to the mean velocity if the velocity is measured at 0.6 depth from the water

surface and (b) v = 1 (Vo2 T Vo 52), Where v , and v, g, are the velocities measured at 0.2

and 0.82 depths below the water surface respectively.

The following are the data obtained in a stream-gauging operation. A current meter with
a calibration equation V' = (0.32N + 0.032) m/s, where N = revolutions per second was
used to measure the velocity at 0.6 depth. Using the mid-section method, calculate the
discharge in the stream.

Distance from

right bank (m) 0 2 4 6 9 12 15 18 20 22 23 24
Depth (m) 0 0.50 1.10 1.95 2.25 1.85 1.75 1.65 1.50 1.25 0.75 0
Number of

revolutions 0 80 83 131 139 121 114 109 92 85 70 O
Observation

Time (s) 0 180 120 120 120 120 120 120 120 120 150 O

In the moving-boat method of discharge measurement the magnitude (¥;) and direction
(0) of the velocity of the stream relative to the moving boat are measured. The depth of
the stream is also simultaneously recorded. Estimate the discharge in a river that gave
the following moving-boat data. Assume the mean velocity in a vertical to be 0.95 times
the surface velocity measured by the instrument.
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4.5

4.6

4.7

4.8

4.9

4.10

Section Ve (2 Depth Remark
(m/s) (degrees) (m)
0 — — — Right bank.
1 1.75 55 1.8
2 1.84 57 2.5
3 2.00 60 3.5 @is the angle made by Vy
4 2.28 64 3.8 with the boat direction
5 2.30 65 4.0
6 2.20 63 3.8 The various sections are
7 2.00 60 3.0 spaced at a constant
8 1.84 57 2.5 distance of 75 m apart
9 1.70 54 2.0
10 — — — Left bank

The dilution method with the sudden-injection procedure was used to measure the dis-
charge of a stream. The data of concentration measurements are given below. A fluores-
cent dye weighing 300 N used as a tracer was suddenly injected at station 4 at 07 h.

Time (h) 07 08 09 10 11 12 13 14 15 16 17 18
Concentration

at station B in 0 0 3.0 10.5 18.0 18.0 120 90 6.0 45 15 O
parts per 10°

by weight

Estimate the stream discharge.

A 500 g/ solution of sodium dichromate was used as chemical tracer. It was dosed at a
constant rate of 4 //s and at a downstream section. The equilibrium concentration was,
measured as 4 parts per million (ppm). Estimate the discharge in the stream.

A 200 g/! solution of common salt was discharged into a stream at a constant rate of 25
I/s. The background concentration of the salt in the stream water was found to be 10
ppm. At a downstream section where the solution was believed to have been completely
mixed, the salt concentration was found to reach an equilibrium value of 45 ppm. Esti-
mate the discharge in the stream.

It is proposed to adopt the dilution method of stream gauging for a river whose hydraulic
properties at average flow are as follows: width = 45 m, depth = 2.0 m, discharge = 85
m’/s, Chezy coefficient = 20 to 30. Determine the safe mixing length that has to be
adopted for this stream.

During a high flow water-surface elevations of a small stream were noted at two sections
A and B, 10 km apart. These elevations and other salient hydraulic properties are given
below.

Section  Water-surface Area of Hydraulic Remarks
elevation cross-section radius
(m) (m?) (m)
A 104.771 73.293 2.733 A is upsteam of B
B 104.500 93.375 3.089 n=0.020

The eddy loss coefficients of 0.3 for gradual expansion and 0.1 for gradual contraction
are appropriate. Estimate the discharge in the stream.

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 record at
the ends of the reach are as follows.
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4.11

4.12

4.13

4.14

Section Elevation of bed Water surface Remarks
(m) elevation
(m)
Upstream 100.20 102.70 Manning’s # = 0.030
Downstream 98.60 101.30

Estimate the discharge in the stream.

The stage-discharge data of a river are given below. Establish the stage-discharge rela-
tionship to predict the discharge for a given stage. Assume the value of stage for zero
discharge as 35.00 m. (2) What is the correlation coefficient of the relationship estab-
lished above? (3) Estimate the discharge corresponding to stage values of 42.50 m and
48.50 m respectively.

Stage (m) Discharge (m%/s) Stage (m) Discharge (m%/s)
3591 89 39.07 469
36.90 230 41.00 798
37.92 360 43.53 2800
44.40 3800 48.02 5900
45.40 4560 49.05 6800
46.43 5305 49.55 6900

49.68 6950

Downstream of a main gauging station, an auxiliary gauge was installed and the follow-
ing readings were obtained.

Main gauge Auxiliary gauge Discharge
(m) (m) (m*/s)
121.00 120.50 300
121.00 119.50 580

What discharge is indicated when the main gauge reading is 121.00 m and the auxiliary
gauge reads 120.10 m.

The following are the coordinates of a smooth curve drawn to best represent the stage-
discharge data of a river.

Stage (m) 20.80 2142 2195 2337 23.00 2352 23.90
Discharge (m%/s) 100 200 300 400 600 800 1000

Determine the stage corresponding to zero discharge.

The stage discharge data of a river are given below. Establish a stage-discharge relationship
to predict the stage for a known discharge. Assume the stage value for zero discharge as
20.50 m. Determine the stage of the river corresponding to a discharge of 2600 m®/s.

Stage Discharge Stage Discharge
(m) (m¥s) (m) (m’/s)
21.95 100 24.05 780
2245 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 1760

(Hint: Use Eq. 4.35)
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4.15

During a flood the water surface at a section in a river was found to increase at a rate of
11.2 cm/h. The slope of the river is 1/3600 and the normal discharge for the river stage
read from a steady-flow rating curve was 160 m?/s . If the velocity of the flood wave can
be assumed as 2.0 m/s, determine the actual discharge.

: OBJECTIVE QUESTIONS :

4.1

4.2

4.3

4.4

4.5

4.6

4.7

4.8

4.9

4.10

The science and practice of water flow measurement is known as

(a) Hypsometry (b) Hydro-meteorology

(c) Fluvimetry (d) Hydrometry

The following is not a direct stream flow determination technique

(a) Dilution method (b) Ultrasonic method

(c) Area-velocity method (d) Slope-area method

A stilling well is required when the stage measurement is made by employing a
(a) bubble gauge (b) float gauge recorder

(c) vertical staff gauge (d) inclined staff gauge

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

In a triangular channel the top width and depth of flow were 2.0 m and 0.9 m respec-

tively. Velocity measurements on the centre line at 18 cm 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 (d) none of these.

In the moving-boat method of stream-flow measurement, the essential measurements

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 interval
between depth readings

(c) the depth, time interval between readings, speed of the boat and velocity of the
stream

(d) the velocity and direction of the current meter and the speed of the boat.

Which of the following instruments in not connected with stream flow measurement

(a) hygrometer (b) Echo-depth recorder

(c) Electro-magnetic flow meter (d) Sounding weight

The surface velocity at any vertical section of a stream is

(a) not of any use in stream flow measurement

(b) smaller than the mean velocity in that vertical

(c) larger than the mean velocity in that vertical section

(d) equal to the velocity in that vertical at 0.6 times the depth.

If a gauging section is having shifting control due to backwater effects, then

(a) aloop rating curve results

(b) the section is useless for stream-gauging purposes

(c) the discharge is determined by area-velocity methods

(d) asecondary gauge downstream of the section is needed.

The stage discharge relation in a river during the passage of a flood wave is measured. If

Oy = discharge at a stage when the water surface was rising and Q. = discharge at the

same stage when the water surface was falling, then

(@) Op=0k () Or>0Or

(©) Or<Op (d) Ox/Op = constant at all stages
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4.11

4.12

4.13

4.14

4.15

4.16

4.17

4.18

4.19

A large irrigation canal can be approximated as a wide rectangular channel and Man-
ning’s formula is applicable to describe the flow in it. If the gauge (G) is related to
discharge (Q) as

0=C(G-af
where a = gauge height at zero discharge, the value of Sis
(a) 1.67 (b) 1.50 (c) 2.50 (d) 0.67

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 stream

(d) a stretch of a river having heavy industrial pollution loads.

A 400 g/! solution of common salt was discharged into a stream at a constant rate of 45
I/s. At a downstream section where the salt solution is known to have completely mixed
with the stream flow the equilibrium concentration was read as 120 ppm. If a back-
ground concentration of 20 ppm is applicable, the discharge in the stream can be esti-
mated to be, in m%/s, as

(a) 150 (b) 180 (c) 117 (d) 889

In the gulp method of stream gauging by dilution technique, 60 litres of chemical X with
concentration of 250 g/litre is introduced suddenly in to the stream at a section. At a
downstream monitoring section the concentration profile of chemical X that crossed the
section was found to be a triangle with a base of 10 hours and a peak of 0.10 ppm. The
discharge in the stream can be estimated to be about

(a) 83 m/s (b) 180 m/s (c) 15000 m*s  (d) 833 m’/s

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 exists.

(d) cases where backwater effect is present.

For a given stream the rating curve applicable to a section is available. To determine the
discharge in this stream, the following-data are needed

(a) current meter readings at various verticals at the section

(b) slope of the water surface at the section

(c) stage at the section

(d) surface velocity at various sections.

During a flood in a wide rectangular channel it is found that at a section the depth of
flow increases by 50% and at this depth the water-surface slope is half its original value
in a given interval of time. This marks an approximate change in the discharge of

(@ -33% (b) +39% (c) +20% (d) no change.

In a river the discharge was 173 m3/s, the water surface slope was 1 in 6000 and the stage
at the station X was 10.00 m. If during a flood, the stage at station X was 10.00 and the
water surface slope was 1/2000, the flood discharge was approximately

(a) 100 m’/s (b) 519 m%/s (c) 300 m’/s (d) 371 m’/s

During a flood, the water surface at a section was found to decrease at a rate of 10 cm/h.
The slope of the river is 1/3600. Assuming the velocity of the flood wave as 2 m/s, the
actual discharge in the stream can be estimated as

(a) 2.5% larger than the normal discharge

(b) 5% smaller than the normal discharge

(c) 2.5% smaller than the normal discharge

(d) Same as the normal discharge

where normal discharge is the discharge at a given stage under steady, uniform flow.
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Chapter

RUNOFF

5.1 INTRODUCTION

Runoff means the draining or flowing off of precipitation from a catchment area through
a surface channel. It thus represents the output from the catchment in a given unit of
time.

Consider a catchment area receiving precipitation. For a given precipitation, the
evapotranspiration, initial loss, infiltration and detention storage requirements will
have to be first satisfied before the commencement of runoff. When these are satis-
fied, the excess precipitation moves over the land 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 over-
land 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 overland flow and through the channels
as open-channel flow and reaches the catchment outlet is called surface runoff.

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 variously as interflow, through flow, storm
seepage, subsurface storm flow or quick return flow (Fig. 5.1). The amount of interflow
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Fig.5.1 Different routes of runoff
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depends on the geological conditions of the catchment. A fairly pervious soil overly-
ing a hard impermeable surface is conducive to large interflows. Depending upon the
time delay between the infiltration and the outflow, the interflow is sometimes classi-
fied into prompt interflow, i.e. the interflow with the least time lag and delayed interflow.

Another route for the infiltered water is to undergo deep percolation and 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. Groundwater flow provides the dry-weather flow in perennial streams.

Based on the time delay between the precipitation and the runoff, the runoff is
classified into two categories; as

1. Direct runoff, and 2. Base flow.

These are discussed below.

DIRECT RUNOFF

It is that part of the runoff which enters the stream immediately after the rainfall. It
includes surface runoff, prompt interflow and rainfall on the surface of the stream. In
the case of snow-melt, the resulting flow entering the stream is also a direct runoff.
Sometimes terms such as direct storm runoff and storm runoff are used to designate
direct runoff. Direct runoff hydrographs are studied in detail in Chapter 6.

BASE FLOW

The delayed flow that reaches a stream essentially as groundwater flow is called base
flow. Many times delayed interflow is also included under this category. In the annual
hydrograph of a perennial stream (Fig. 5.2) the base flow is easily recognized as the
slowly decreasing flow of the stream in rainless periods. Aspects relating to the iden-
tification of base flow in a hydrograph are discussed in Chapter 6.

NATURAL FLOW

Runoff representing the response of a catchment to precipitation reflects the inte-
grated effects of a wide range of catchment, climate and rainfall characteristics. True
runoff is therefore stream flow in its natural condition, i.e. without human interven-
tion. Such a stream flow unaffected by works of man, such as reservoirs and diversion
structures on a stream, is called natural flow or virgin flow. When there exists storage
or diversion works on a stream, the flow on the downstream channel is affected by the
operational and hydraulic characteristics of these structures and hence does not repre-
sent the true runoff, unless corrected for the diversion of flow and return flow.
The natural flow (virgin flow) volume in time At at the terminal point of a catch-
ment is expressed by water balance equation as
Ry=R,-V)+V,+E+Ey+AS (5.1)
where R, = Natural flow volume in time A ¢
R, = Observed flow volume in time A¢ at the terminal site
V. = Volume of return flow from irrigation, domestic water supply and in-
dustrial use
V; = Volume diverted out of the stream for irrigation, domestic water supply
and industrial use
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E = net evaporation losses from reservoirs on the stream
E = Net export of water from the basin
AS = Change in the storage volumes of water storage bodies on the stream
In hydrological studies, one develops relations for natural flows. However, natural

flows have to be derived based on observed flows and data on abstractions from the
stream. In practice, however, the observed stream flow at a site includes return flow
and is influenced by upstream abstractions. As such, natural flows have to be derived
based on observed flows and data on abstractions from the stream. Always, it is the
natural flow that is used in all hydrological correlations. Example 5.1 explains these
aspects clearly.

ExampLe 5.1 The following table gives values of measured discharges at a stream—
gauging site in a year. Upstream of the gauging site a weir built across the stream diverts
3.0 Mm® and 0.50 Mm® of water per month for irrigation and for use in an industry
respectively. The return flows from the irrigation is estimated as 0.8 Mm® and from the
industry at 0.30 Mm® reaching the stream upstream of the gauging site. Estimate the
natural flow. If the catchment area is 180 km’® and the average annual rainfall is 185 cm,
determine the runoff-rainfall ratio.

Month 1 2 3 4 5 6 7 8 9 10 11 12
Gauged flow (Mm®) 2.0 1.5 0.8 0.6 2.1 8.0 18.022.0 140 9.0 7.0 3.0

Sorurion:  In a month the natural flow volume R, is obtained from Eq. (5.1) as
Ry=@R,-V)+V,+E+Ey+AS
Here E, Ey and AS are assumed to be insignificant and of zero value.
V.= Volume of return flow from irrigation, domestic water supply and industrial
use = 0.80 + 0.30 = 1.10 Mm?
V; = Volume diverted out of the stream for irrigation, domestic water supply and
industrial use = 3.0 + 0.5 = 3.5 Mm?
The calculations are shown in the following Table:

Month 1 2 3 4 5 6 7 8 9 10 11 12

RMm’ 20 1.5 08 06 21 80 180 22.0 140 9.0 7.0 3.0
VMm® 35 35 35 35 35 35 35 35 35 35 35 35
yMm® 1.1 1.1 11 1.1 1.1 11 11 L1 11 L1 11 11
RyMm®) 44 39 32 30 45 104 204 244 164 114 94 54

Total Ry, = 116.8 Mm®

Annual natural flow volume = Annual runoff volume = 116.8 Mm®
Area of the catchment = 180 km? = 1.80 x 108

1.168 x10°
Annual runoff depth = ———— =0.649 m = 64.9 cm
1.80 x10°

Annual rainfall = 185 cm (Runoff/Rainfall) = 64.9/185 = 0.35

5.2 HYDROGRAPH

A plot of the discharge in a stream plotted against time chronologically is called a
hydrograph. Depending upon the unit of time involved, we have
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e Annual hydrographs showing the variation of daily or weekly or 10 daily mean

flows over a year.

e Monthly hydrographs showing the variation of daily mean flows over a month.

e Seasonal hydrographs depicting the variation of the discharge in a particular

season such as the monsoon season or dry season.

e Flood hydrographs or hydrographs due to a storm representing stream flow due

to a storm over a catchment.

Each of these types have particular applications. Annual and seasonal hydrographs
are of use in (i) calculating the surface water potential of stream, (ii) reservoir studies,
and (iii) drought studies. Flood hydrographs are essential in analysing stream charac-
teristics associated with floods. This chapter is concerned with the estimation and use
of long-term runoffs. The study of storm hydrograph forms the subject matter of the
next chapter.

WATER YEAR

In 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 1st is the beginning of a water year which ends on May 31st of the following
calendar year. In a water year a complete cycle of climatic changes is expected and
hence the water budget will have the least amount of carryover.

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, (ii) inter-
mittent and (iii) ephem-
eral.

A perennial stream is
one which always carries
some flow (Fig. 5.2). L
There is considerable i 2 3 4 5 6 7 8 9 10 11 12
amount of groundwater Jan Time (months) Dec
flow throughout the year.

Even during the dry sea-
sons 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 stream remains dry for
the most part of the dry months (Fig. 5.3).

An ephemeral stream is one which does not have any base-flow contribution. The
annual hydrograph of such a river shows series of short-duration spikes marking flash
flows in response to storms (Fig. 5.4). The stream becomes dry soon after the end of

Discharge

Fig. 5.2 Perennial stream
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Discharge

/\l 1 1 1 1 1 1 1 1 1

i 2 3 4 5 6 7 8 9 10 11 12

Time (months)

Fig. 5.3 Intermittent stream

the storm flow. Typically an
ephemeral stream does not have
any well-defined, channel. Most
of the rivers in arid zones are of
the ephemeral kind.

The flow characteristics of a

stream depend upon: AA [\ A\
e The rainfall characteris- A . | ! .A\

1 1 1
tics, such as magnitude 1.2 3 4
intensity, distribution ac-
cording to time and space, Fig. 54 Ephemeral stream
and its variability.

e Catchment characteristics such as soil, land use/cover, slope, geology, shape
and drainage density.

e Climatic factors which influence evapotranspiration.

The interrelationship of these factors is extremely complex. However, at the risk of

oversimplification, the following points can be noted.

e The seasonal variation of rainfall is clearly reflected in the runoff. High stream
discharges occur during the monsoon months and low flow which is essentially
due to the base flow is maintained during the rest of the year.

o The shape of the stream hydrograph and hence the peak flow is essentially con-
trolled by the storm and the physical characteristics of the basin.
Evapotranspiration plays a minor role in this.

e The annual runoff volume of a stream is mainly controlled by the amount of
rainfall and evapotranspiration. The geology of the basin is significant to the
extent of deep percolation losses. The land use/cover play an important role in
creating infiltration and evapotranspiration opportunities and retarding of runoff.

Discharge

5.4 RUNOFF VOLUME
YIELD

The total quantity of surface water that can be expected in a given period from a
stream at the outlet of its catchment is known as yield of the catchment in that period.
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Depending upon the period chosen we have annual yield and seasonal yield signifying
yield of the catchment in an year and in a specified season respectively. Unless other-
wise qualified the term yield is usually used to represent annual yield. The term yield
is used mostly by the irrigation engineering professionals in India.

The annual yield from a catchment is the end product of various processes such as
precipitation, infiltration and evapotranspiration operating on the catchment. Due to
the inherent nature of the various parameters involved in the processes, the yield is a
random variable. A list of values of annual yield in a number of years constitutes an
annual time series which can be analyzed by methods indicated in Chapter 2 (Sec.
2.11) to assign probabilities of occurrences of various events. A common practice is
to assign a dependability value (say 75% dependable yield) to the yield. Thus, 75%
dependable annual yield is the value that can be expected to be equalled to or ex-
ceeded 75% times (i.e. on an average 15 times in a span of 20 years). Similarly, 50%
dependable yield is the annual yield value that is likely to be equalled or exceeded
50% of times (i.e. on an average 10 times in 20 years).

It should be remembered that the yield of a stream is always related to the natural
flow in the river. However, when water is diverted from a stream for use in activities
such as irrigation, domestic water supply and industries, the non-consumptive part of
the diverted water returns back to the hydrologic system of the basin. Such additional
flow, known as return flow, is available for the suitable use and as such is added to the
natural flow to estimate the yield. (Details pertaining to the return flow are available in
Sec. 5.9). The annual yield of a basin at a site is thus taken as the annual natural water
flow in the river at the site plus the return flow to the stream from different uses
upstream of the site.

The yield of a catchment Y in a period Af could be expressed by water balance
equation (Eq. 5.1) as

Y=Ry+V,=R,+4,+AS (5.1a)
where Ry = Natural flow in time A¢

V. = Volume of return flow from irrigation, domestic water supply and in-
dustrial use

R, = Observed runoff volume at the terminal gauging station of the basin in
time At.

A, = Abstraction in time, At for irrigation, water supply and industrial use
and inclusive of evaporation losses in surface water bodies on the
stream.

AS = Change in the storage volumes of water storage bodies on the stream.

The calculation of natural runoff volume (and hence yield), is of fundamental im-
portance in all surface water resources development studies. The most desirable basis
for assessing the yield characteristics of a catchment is to analyze the actual flow
records of the stream draining the catchment. However, in general, observed discharge
data of sufficient length is unlikely to be available for many catchments. As such,
other alternate methods such as the empirical equations and watershed simulations
(described in Secs 5.4.3 to 5.4.5) are often adopted.

It should be noted that the observed stream flow at a site includes return flow. For
small catchments and for catchments where water resources developments are at a
small scale, the return flow is likely to be a negligibly small part of the runoff. In the
further parts of this chapter the term annual (or seasonal) runoff volume R and the
term annual (or seasonal) yield are used synonymously with the implied assumption
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that the return flow is negligibly small. It is emphasized that when return flow is not
negligible, it is the natural flow volume that is to be used in hydrological correlations
with rainfall.

RAINFALL—RUNOFF CORRELATION

The relationship between rainfall in a period and the corresponding runoff is quite
complex and is influenced by a host of factors relating to the catchment and climate.
Further, there is the problem of paucity of data which forces one to adopt simple
correlations for adequate estimation of runoff. One of the most common methods is to
correlate seasonal or annual measured runoff values (R) with corresponding rainfall
(P) values. A commonly adopted method is to fit a linear regression line between R
and P and to accept the result if the correlation coefficient is nearer unity. The equa-
tion of the straight-line regression between runoff R and rainfall P is

R=aP+b (5.2)
and the values of the coefficient a and b are given by
_ N(EPR) - (2P)(ER)

(5.3a)
N(ZP?*)-(zP)’
2R —a(XP)
and b= —— (5.3b)
N

in which N = number of observation sets R and P. The coefficient of correlation » can
be calculated as
N (ZPR)—(XP)(XR
- (EPR) - (EP)(ER) 5
\/[N(ZPZ) —(ZP)* ][N (ZR*) - (ZR)’]

The value of r lies between 0 and 1 as R can have only positive correlation with P
The value of 0.6 <r < 1.0 indicates good correlation. Further, it should be noted that
R=0.

For large catchments, sometimes it is found advantageous to have exponential rela-
tionship as

R=pP" (5.5)
where fand m are constants, instead of the linear relationship given by Eq. (5.2). In
that case Eq. (5.5) is reduced to linear form by logarithmic transformation as

ImnR=mmnP+Inp (5.6)

and the coefficients m and In fare determined by using methods indicated earlier.
Since rainfall records of longer periods than that of runoff data are normally avail-
able for a catchment, the regression equation [Eq. (5.2) or (5.5)] can be used to gener-
ate synthetic runoff data by using rainfall data. While this may be adequate for pre-
liminary studies, for accurate results sophisticated methods are adopted for synthetic
generation of runoff data. Many improvements of the above basic rainfall-runoff cor-
relation by considering additional parameters such as soil moisture and antecedent
rainfall have been attempted. Antecedent rainfall influences the initial soil moisture
and hence the infiltration rate at the start of the storm. For calculation of the annual
runoff from the annual rainfall a commonly used antecedent precipitation index P, is
given by
P,=aP,+bP,_ | +cP,, (5.7)



The McGraw-Hill Companies

146 Engineering Hydrology

where P, p, , and P,, are the annual precipitation in the i, (i — 1) and
(i—2)" year and i = current year, a, b and ¢ are the coefficients with their sum equal to
unity. The coefficients are found by trial and error to produce best results. There are
many other types of antecedent precipitation indices in use to account for antecedent
soil moisture condition. For example, in SCS — CN method (Sec. 5.4.5) the sum of past
five-day rainfall is taken as the index of antecedent moisture condition.

ExampLe 5.2 Annual rainfall and runoff values (in cm) of a catchment spanning a
period of 21 years are given below. Analyze the data to (a) estimate the 75% and 50%
dependable annual yield of the catchment and (b) to develop a linear correlation equa-
tion to estimate annual runoff volume for a given annual rainfall value.

Year Annual Annual Year Annual Annual
rainfall (cm) runoff (cm) rainfall (cm) runoff (cm)

1975 118 54 1986 75 17
1976 98 45 1987 107 32
1977 112 51 1988 75 15
1978 97 41 1989 93 28
1979 84 21 1990 129 48
1980 91 32 1991 153 76
1981 138 66 1992 92 27
1982 89 25 1993 84 18
1983 104 42 1994 121 52
1984 80 11 1995 95 26
1985 97 32

SoLutioN.  (a) The annual runoff values are arranged in descending order of magni-
tude and a rank (m) is assigned for each value starting from the highest value (Table 5.1).

The exceedence probability p is calculated for each runoff value as p = # In this

m = rank number and N = number of data sets. (Note that in Table 5.1 three items have the
same value of R = 32 cm and for this set p is calculated for the item having the highest
value of m, i.e m = 12). For estimating 75% dependable yield, the value of
p=0.75 is read from Table 5.1 by linear interpolation between items having p = 0.773 and
p = 0.727. By this method, the 75% dependable yield for the given annual yield time
series is found to be R;5 = 23.0 cm.

Similarly, the 50% dependable yield is obtained by linear interpolation between items
having p = 0.545 and p = 0.409 as Ry, = 34.0 cm.
(b) The correlation equation is written as R = aP + b

The coefficients of the best fit straight line for the data are obtained by the least square
error method as mentioned in Table 5.1.
From the Table 5.1,

T P=2132 ZR=759 T PR = 83838
T P? = 224992 T R?=33413
(Z P)* = 4545424 (Z R)* = 576081 N=21

By using Eq. (5.3-a)
_ N(ZPR)-(ZP)(XZR)  (21x83838)—(2132)(759)

N (ZP?) - (ZR)? (21x224992) — (2132)?

0.7938
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Table 5.1 Calculations for Example 5.2
1 2 3 4 5 6 7 8 9
R (Sorted
P R annual Exceedence
rainfall runoff rank, runoff) probability,
Year (cm)  (cm) P? R? PR m (cm) p
1975 118 54 13924 2916 6372 1 76 0.045
1976 98 45 9604 2025 4410 2 66 0.091
1977 112 51 12544 2601 5712 3 54 0.136
1978 97 41 9409 1681 3977 4 52 0.182
1979 84 21 7056 441 1764 5 51 0.227
1980 91 32 8281 1024 2912 6 48 0.273
1981 138 66 19044 4356 9108 7 45 0.318
1982 89 25 7921 625 2225 8 42 0.364
1983 104 42 10816 1764 4368 9 41 0.409
1984 80 11 6400 121 880 10 32
1985 97 32 9409 1024 3104 11 32
1986 75 17 5625 289 1275 12 32 0.545
1987 107 32 11449 1024 3424 13 28 0.591
1988 75 15 5625 225 1125 14 27 0.636
1989 93 28 8649 784 2604 15 26 0.682
1990 129 48 16641 2304 6192 16 25 0.727
1991 153 76 23409 5776 11628 17 21 0.773
1992 92 27 8464 729 2484 18 18 0.818
1993 84 18 7056 324 1512 19 17 0.864
1994 121 52 14641 2704 6292 20 15 0.909
1995 95 26 9025 676 2470 21 11 0.955
SUM 2132 759 224992 33413 83838
By Eq. (5.3-b)
YR—a(ZP) (759)-0.7938 x (2138)
b= = =-44.44

N 21
Hence the required annual rainfall-runoff relationship of the catchment is given by
R =0.7938 P —44.44 with both P and R being in cm and R > 0.
By Eq. (5.4) coefficient of correlation
N (XPR) - (XP)(XR)

\/[N(ZPz)—(ZP)Z][N(ZRZ)—(ZR)Z]
(21x 83838 — (2132) (759)

\/[(21 % 224992) — (4545424)][(21 x 33413) — (576081)
As the value of 7 is nearer to unity the correlation is very good. Figure 5.5 represents
the data points and the best fit straight line.

r

=0.949

EMPIRICAL EQUATIONS

The importance of estimating the water availability from the available hydrologic data
for purposes of planning water-resource projects was recognised by engineers even in
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Fig. 5.5 Annual Rainfall-Runoff Correlation — Example 5.2

the last century. With a keen sense of observation in the region of their activity many
engineers of the past have developed empirical runoff estimation formulae. However,
these formulae are applicable only to the region in which they were derived. These
formulae are essentially rainfall-runoff relations with additional third or fourth pa-
rameters to account for climatic or catchment characteristics. Some of the important
formulae used in various parts of India are given below.

BINNIE'S PERCENTAGES  Sir Alexander Binnie measured the runoff from a small
catchment near Nagpur (Area of 16 km?) during 1869 and 1872 and developed curves
of cumulative runoff against cumulative rainfall. The two curves were found to be
similar. From these he established the percentages of runoff from rainfall. These per-
centages have been used in Madhya Pradesh and Vidarbha region of Maharashtra for
the estimation of yield.

BARLOW'S TABLES Barlow, the first Chief Engineer of the Hydro-Electric Sur-
vey of India (1915) on the basis of his study in small catchments (area ~130 km?) in
Uttar Pradesh expressed runoff R as

R=K,P (5.8)
where K, = runoff coefficient which depends upon the type of catchment and nature of
monsoon rainfall. Values of K, are given in Table 5.2.

Table5.2 Barlow’s Runoff Coefficient K, in Percentage (Developed for use in UP)

Class Description of catchment Values of K, (percentage)
Season 1 Season 2 Season 3

A Flat, cultivated and 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 2: Average or varying rainfall, no continuous downpour
Season 3: Continuous downpour
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STRANGE'S TABLES Strange (1892) studied the available rainfall and runoff in
the border areas of present-day Maharashtra and Karnataka and has obtained yield
ratios as functions of indicators representing catchment characteristics. Catchments
are classified as good, average and bad according to the relative magnitudes of yield
they give. For example, catchments with good forest/vegetal cover and having soils of
high permeability would be classified as bad, while catchments having soils of low
permeability and having little or no vegetal cover is termed good. Two methods using
tables for estimating the runoff volume in a season are given.

1. Runoff Volume from Total Monsoon Season Rainfall A table giving the
runoff volumes for the monsoon period (i.e. yield during monsoon season) for differ-
ent total monsoon rainfall values and for the three classes of catchments (viz. good,
average and bad) are given in Table 5.3-a. The correlation equations of best fitting
lines relating percentage yield ratio () to precipitation (P) could be expressed as

Table 5.3(a) Strange’s Table of Total Mansoon Rainfall and estimated Runoff

Total Total Percentage of Total Total Percentage of
Mon- Mon- Runoff to rainfall | Mon- Mon- Runoff to rainfall
soon soon Good Average Bad | soon soon Good Average Bad
rain- rain- catch- catch- catch-| rain- rain- catch- catch- catch-
fall fall ment ment ment| fall fall. ment ment ment
(inches) (mm) (inches) (mm)

1.0 25.4 0.1 0.1 0.1 31.0 787.4 274 205 13.7
2.0 50.8 0.2 0.2 0.1 32.0 812.8 285 213 14.2
3.0 76.2 0.4 0.3 02| 33.0 8382 29.6 222 14.8
4.0 101.6 0.7 0.5 03 | 34.0 863.6 30.8 23.1 15.4
5.0 1270 1.0 0.7 0.5 | 35.0 889.0 319 239 15.9
6.0 1524 1.5 1.1 0.7 | 36.0 914.4 33.0 247 16.5
70 1778 2.1 1.5 1.0 | 37.0 939.8 34.1 255 17.0
80 2032 2.8 2.1 14| 380 9652 353 264 17.6
9.0 2286 3.5 2.6 1.7 | 39.0 990.6 364 273 18.2
10.0  254.0 43 32 2.1 | 40.0 1016.0 37.5 28.1 18.7
11.0 2794 5.2 3.9 26| 410 10414 38.6 289 19.3
12.0  304.8 6.2 4.6 3.1 | 42.0 1066.8 39.8 29.8 19.9
13.0 330.2 7.2 54 36 | 43.0 10922 409 306 204
14.0 355.6 8.3 6.2 4.1 | 440 1117.6 420 315 21.0
15.0 381.0 94 7.0 4.7 | 450 1143.0 43.1 323 215
16.0 406.4 10.5 7.8 52| 46.0 11684 443 332 221
17.0 431.8 11.6 8.7 5.8 | 47.0 11938 454 340 227
18.0 4572 128 9.6 64 | 48.0 12192 465 348 232
19.0 482.6 139 10.4 69 | 49.0 12446 47.6 357 238
20.0 508.0 15.0 11.3 7.5 | 50.0 1270.0 48.8 36.6 244
21.0 5334 16.1 12.0 80 | 51.0 12954 499 374 249
22.0 5588 173 12.9 86 | 52.0 13208 51.0 382 255
23.0 5842 184 13.8 92| 53.0 13462 52.1 39.0  26.0
240 609.6 195 14.6 97| 540 1371.6 533 399 266

(Contd.)
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(Contd.)

25.0 635.0 20.6 154 103 | 55.0 1397.0 544 408 272
26.0 6604 21.8 16.3 109 | 56.0 14224 555 41.6 277
27.0 6858 229 17.1 114 | 57.0 14478 56.6 424 283
28.0 7112 240 18.0 12.0 | 58.0 14732 57.8 433 289
29.0 736.6 25.1 18.8 125 | 59.0 1498.6 589 444 2941
30.0 762.0 263 19.7 13.1 60.0 1524.0 60.0 45.0 30.0

For Good catchment:

For P <250 mm, Y, =7x10° P>~ 0.0003 P having »* = 0.9994 (5.9a)
For 250 < P < 760 Y, =0.0438 P —7.1671 having > = 0.9997 (5.9b)
For 760 <P <1500  Y.=0.0443 P—7.479 having /* = 1.0 (5.9¢)
For Average catchment:
For P <250 mm, Y, =6x10° P>—0.0022 P+0.1183

having 7% = 0.9989 (5.10a)
For 250 < P < 760 Y, =0.0328 P — 5.3933 having > = 0.9997 (5.10b)
For 760 <P <1500 Y, =0.0333 P—5.7101 having > = 0.9999 (5.10¢)
For Bad catchment:
For P < 250 mm, Y, =4x10° P>~0.0011 P+ 0.0567

having 7% = 0.9985 (5.11a)
For 250 < P < 760 Y, =0.0219 P —3.5918 having »* = 0.9997 (5.11b)
For 760 <P <1500 Y. =0.0221 P—3.771 having > = 1.0 (5.11¢)

where Y, = Percentage yield ratio = ratio of seasonal runoff to seasonal rainfall in
percentage and P = monsoon season rainfall in mm.

Since there is no appreciable runoff due to the rains in the dry (non-monsoon)
period, the monsoon season runoff volume is recommended to be taken as annual
yield of the catchment. This table could be used to estimate the monthly yields also in
the monsoon season. However, it is to be used with the understanding that the table
indicates relationship between cumulative monthly rainfall starting at the beginning of
the season and cumulative runoff, i.e. a double mass curve relationship.

Example 5.3 illustrates this procedure.

2. Estimating the Runoff Volume from Daily Rainfall In this method Strange
in a most intuitive way recognizes the role of antecedent moisture in modifying the
runoff volume due to a rainfall event in a given catchment. Daily rainfall events are
considered and three states of antecedent moisture conditions prior to the rainfall
event as dry, damp and wet are recognized. The classification of these three states is as
follows:

Wetting Process
(a) Transition from Dry to Damp
(i) 6 mm rainfall in the last 1 day (iii) 25 mm in the last 7 days
(i) 12 mm in the last 3 days (iv) 38 mm in the last 10 days
(b) Transition from Damp to Wet
(i) 8 mm rainfall in the last 1 day (iii) 25 mm in the last 3 days
(i1) 12 mm in the last 2 days (iv) 38 mm in the last 5 days
(c) Direct Transition from Dry to Wet
Whenever 64 mm rain falls on the previous day or on the same day.
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Drying Process
(d) Transition from Wet to Damp
(1) 4 mm rainfall in the last 1 day (iii) 12 mm in the last 4 days
(ii)) 6 mm in the last 2 days (iv) 20 mm in the last 5 days
(e) Transition from Damp to Dry
(1) 3 mm rainfall in the last 1 day (iii) 12 mm in the last 7 days
(i) 6 mm in the last 3 days (iv) 15 mm in the last 10 days
The percentage daily rainfall that will result in runoff for average (yield produc-
ing) catchment is given in Table 5.3(b). For good (yield producing) and bad (yield
producing) catchments add or deduct 25% of the yield corresponding to the average

catchment.
Table 5.3(b) Strange’s Table of Runoff Volume from Daily Rainfall for an
Average Catchment
Daily rainfall Percentage of runoff volume to daily rainfall when
(mm) original state of the ground was
Dry Damp Wet
6 — — 8
13 — 6 12
19 — 8 16
25 3 11 18
32 5 14 22
38 6 16 25
45 8 19 30
51 10 22 34
64 15 29 43
76 20 37 55
102 30 50 70

Best fitting linear equations for the above table would read as below with K, =
runoff volume percentage and P = daily rainfall (mm):

For Dry AMC: K, =0.5065 P—-2.3716 for P > 20 mm (5.12a)
with coefficient of determination 72 = 0.9947
For Damp AMC: K, =0.3259 P—5.1079 for P> 7 mm (5.12b)
with coefficient of determination 72 = 0. 9261
For Wet AMC: K, =0.6601 P + 2.0643 (5.12¢)

with coefficient of determination > = 0.9926

Use of Strange’sTables  Strange’s monsoon rainfall-runoff table (Table 5.3-a) and
Table (5.3-b) for estimating daily runoff corresponding to a daily rainfall event are in
use in parts of Karnataka, Andhra Pradesh and Tamil Nadu. A calculation procedure
using Table (5.3-a) to calculate monthly runoff volumes in a monsoon season using
cumulative monthly rainfalls is shown in Example 5.3.

ExampLe 5.3 Monthly rainfall values of the 50% dependable year at a site selected
for construction of an irrigation tank is given below. Estimate the monthly and annual
runoff volume of this catchment of area 1500 ha.

[Assume the catchment classification as Good catchment].
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Month June July Aug Sept Oct
Monthly
rainfall (mm) 90 160 145 22 240

Sorution.  Calculations are shown in the Table 5.4 given below.

Table5.4 Calculation of Monthly Yields by Strange’s Method — Example 5.3

No. Month June July August September October
1. Monthly Rainfall (mm) 90 160 145 22 240
2. Cumulative monthly 90 250 395 417 657

rainfall (mm)
3. Runoff/rainfall as % (From  0.56 4.17 10.01 11.08 21.69
Strange’s Table 5.3-a)
4. Cumulative Runoff (mm) 0.50 10.43  39.54 46.20 142.50
5. Monthly Runoff (mm) 0.50 9.92  29.11 6.66 96.30

Row 4 is obtained by using Strange’s Tables 5.3. Note that cumulative monthly rainfall
is used to get the cumulative runoff-ratio percentage at any month.
Total monsoon runoff = 142.50 mm = (142.5/1000) x (1500 x 10*/10® Mm?
=2.1375 Mm*

Annual Runoff is taken as equal to monsoon runoff.

INGLIS AND DESOUZA FORMULA As a result of careful stream gauging in 53
sites in Western India, Inglis and DeSouza (1929) evolved two regional formulae
between annual runoff R in cm and annual rainfall P in cm as follows:

1. For Ghat regions of western India

R=0.85P-30.5 (5.13)
2. For Deccan plateau
1
R=— P/P-178 5.14
553 P(P-178) (5.14)

KHOSLA'S FORMULA Khosla (1960) analysed the rainfall, runoff and tempera-
ture data for various catchments in India and USA to arrive at an empirical relation-
ship between runoff and rainfall. The time period is taken as a month. His relationship

for monthly runoff is
R, =P, L, (5.15)
and L,=048T, forT,>4.5°C

where R, = monthly runoffin cm and R, = 0
P,, = monthly rainfall in cm

L,, = monthly losses in cm

T,, = mean monthly temperature of the catchment in © C

For T, <4.5°C, the loss L,, may provisionally be assumed as

7°C 45 -1 6.5
L, (cm) 2.17 1.78 1.52

Annual runoff = XR,,
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Khosla’s formula is indirectly based on the water-balance concept and the mean
monthly catchment temperature is used to reflect the losses due to evapotranspiration.
The formula has been tested on a number of catchments in India and is found to give
fairly good results for the annual yield for use in preliminary studies.

ExampLe 5.4 For a catchment in UP, India, the mean monthly temperatures are given.
Estimate the annual runoff and annual runoff coefficient by Khosla’s method.

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

Temp°C 12 16 21 27 31 34 31 29 28 29 19 14
Rainfall
P,)(cm) 4 4 2 0 2 12 32 29 16 2 1 2

Sorurion.  In Khosla’s formula applicable to the present case, R, = P, — L,, with L, =
(0.48 x T °C) having a maximum value equal to corresponding P,,. The calculations are
shown below:

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

Rainfall
(P,)(cm) 4 4 2 0 2 12 32 29 16 2 1 2
Temp°C 12 16 21 27 31 34 31 29 28 29 19 14
L,, (cm) 4 4 2 0 2 12 149 139 134 2 1 2
Runoff
R,)(cm) O 0 0 0 0 0 17.1 151 2.6 0 0 0

Total annual runoff = 34.8 cm
Annual runoff coefficient = (Annual runoff/Annual rainfall) = (34.8/116.0) = 0.30

WATERSHED SIMULATION The hydrologic water-budget equation for the deter-
mination of runoff for a given period is written as

R=R +Gy=P-E,—AS (5.16)
in which R = surface runoff, P = precipitation, E,, = actual evapotranspiration, G, =
net groundwater outflow and AS = change in the soil moisture storage. The sum of R,
and G, is considered to be given by the total runoff R, i.e. streamflow.

Starting from an initial set of values, one can use Eq. (5.16) to calculate R by
knowing values of P and functional dependence of £,,, AS and infiltration rates with
catchment and climatic conditions. For accurate results the functional dependence of
various parameters governing the runoff in the catchment and values of P at short time
intervals are needed. Calculations can then be done sequentially to obtain the runoff at
any time. However, the calculation effort involved is enormous if attempted manually.
With the availability of digital computers the use of water budgeting as above to deter-
mine the runoff has become feasible. This technique of predicting the runoff, which is
the catchment response to a given rainfall input is called deterministic watershed simu-
lation. In this the mathematical relationships describing the interdependence of vari-
ous parameters in the system are first prepared and this is called the model. The model
is then calibrated, i.e. the numerical values of various coefficients determined by simu-
lating the known rainfall-runoff records. The accuracy of the model is further checked
by reproducing the results of another string of rainfall data for which runoff values are
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known. This phase is known as validation or verification of the model. After this, the
model is ready for use.

Crawford and Linsley (1959) pioneered this technique by proposing a watershed
simulation model known as the Stanford Watershed Model (SWM). This underwent
successive refinements and the Stanford Watershed Model-IV (SWM-1V) suitable for
use on a wide variety of conditions was proposed in 1966. The flow chart of SWM-IV
is shown in Fig. 5.6. The main inputs are hourly precipitation and daily
evapotranspiration in addition to physical description of the catchment. The model
considers the soil in three zones with distinct properties to simulate evapotranspiration,
infiltration, overland flow, channel flow, interflow and baseflow phases of the runoff
phenomenon. For calibration about 5 years of data are needed. In the calibration phase,
the initial guess value of parameters are adjusted on a trial-and-error basis until the
simulated response matches the recorded values. Using an additional length of rain-
fall-runoff of about 5 years duration, the model is verified for its ability to give proper
response. A detailed description of the application of SWM to an Indian catchment is
given in Ref. 11.
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Fig. 5.6 Flow chart of SWM-IV

Based on the logic of SWM-IV many models and improved versions such as HSP
(1966), SSARR (1968) and KWM (1970) were developed during late sixties and
seventies. These models which simulate stream flow for long periods of time are called
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Continuous Simulated Models. They permit generation of simulated long records for
yield, drought and flood flow studies. In the early 1980s there were at least 75 hydro-
logic simulation models that were available and deemed suitable for small water-
sheds. In the past two decades considerable effort has been directed towards the de-
velopment of process-based, spatially explicit, and physically-based models such as
MIKE SHE (Refsgaard and Storm, 1955), and GSSHA—Gridded Surface/Subsur-
face Hydrologic Analysis (Downer et al., 2006). These are new generation of models
that utilize GIS technology.

SCS-CN METHOD OF ESTIMATING RUNOFF VOLUME

SCS-CN method, developed by Soil Conservation Services (SCS) of USA in 1969, is a
simple, predictable, and stable conceptual method for estimation of direct runoff depth
based on storm rainfall depth. It relies on only one parameter, CN. Currently, it is a well-
established method, having been widely accepted for use in USA and many other
countries. The details of the method are described in this section.

BAsIic THEORY The SCS-CN method is based on the water balance equation of
the rainfall in a known interval of time Az, which can be expressed as
P=[+F+Q (5.17)
where P = total precipitation, /, = initial abstraction, ' = Cumulative infiltration ex-
cluding /, and Q = direct surface runoff (all in units of volume occurring in time A¢).
Two other concepts as below are also used with Eq. (5.17).
(1) The first concept is that the ratio of actual
amount of direct runoff (Q) to maximum
potential runoff (= P— I)) is equal to the Q

ratio of actual infiltration (F') to the potential F

maximum retention (or infiltration), S. This

proportionality concept can be schemati- S

cally shown as in Fig. 5.7 le— (P 10) ——>]
0 _F Fig. 5.7 Proportionality

Thus (5.18)

P-1, S concept
(i) The second concept is that the amount of initial abstraction (Z,) is some fraction
of the potential maximum retention ().
Thus 1,=A18 (5.19)
Combining Egs. (5.18) and (5.19), and using (5.17)

_(P-1,)?  (P-AS)
CP-1,+S  P+(1-4)S
Further O=0forP<AS (5.20b)

For operation purposes a time interval At = 1 day is adopted. Thus
P = daily rainfall and Q = daily runoff from the catchment.

for P> AS (5.20a)

CURVE NUMBER (CN) The parameter S representing the potential maximum re-
tention depends upon the soil-vegetation—land use complex of the catchment and also
upon the antecedent soil moisture condition in the catchment just prior to the com-
mencement of the rainfall event. For convenience in practical application the Soil
Conservation Services (SCS) of USA has expressed S (in mm) in terms of a
dimensionless parameter CN (the Curve number) as
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_ 25400

s —254=254(m —1) (521)
CN

The constant 254 is used to express S in mm.
The curve number CN is now related to S as
_ 25400
S +254
and has a range of 100 > CN > 0. A CN value of 100 represents a condition of zero
potential retention (i.e. impervious catchment) and CN = 0 represents an infinitely
abstracting catchment with S = oo. This curve number CN depends upon
e Soil type e Land use/cover e Antecedent moisture condition

(5.22)

SoILS In the determination of CN, the hydrological soil classification is adopted.
Here, soils are classified into four classes A, B, C and D based upon the infiltration
and other characteristics. The important soil characteristics that influence hydrologi-
cal classification of soils are effective depth of soil, average clay content, infiltration
characteristics and permeability. Following is a brief description of four hydrologic
soil groups:

e Group-A: (Low Runoff Potential): Soils having high infiltration rates even
when thoroughly wetted and consisting chiefly of deep, well to excessively
drained sands or gravels. These soils have high rate of water transmission. [Ex-
ample: Deep sand, Deep loess and Aggregated silt]

o Group-B: (Moderately Low runoff Potential): Soils having moderate infil-
tration rates when thoroughly wetted and consisting chiefly of moderately deep
to deep, moderately well to well-drained soils with moderately fine to moder-
ately coarse textures. These soils have moderate rate of water transmission. [Ex-
ample: Shallow loess, Sandy loam, Red loamy soil, Red sandy loam and Red
sandy soil]

o Group-C: (Moderately High Runoff Potential): Soils having low infiltration
rates when thoroughly wetted and consisting chiefly of moderately deep to deep,
moderately well to well drained soils with moderately fine to moderately coarse
textures. These soils have moderate rate of water transmission. [Example: Clayey
loam, Shallow sandy loam, Soils usually high in clay, Mixed red and black soils]

e Group-D: (High Runoff Potential): Soils having very low infiltration rates
when thoroughly wetted and consisting chiefly of clay soils with a high swelling
potential, soils with a permanent high-water table, soils with a clay pan, or clay
layer at or near the surface, and shallow soils over nearly impervious material.
[Example: Heavy plastic clays, certain saline soils and deep black soils].

ANTECEDENT MOISTURE CONDITION (AMC)  Antecedent Moisture Condition
(AMC) refers to the moisture content present in the soil at the beginning of the rain-
fall-runoff event under consideration. It is well known that initial abstraction and infil-
tration are governed by AMC. For purposes of practical application three levels of
AMC are recognized by SCS as follows:
AMC-I:  Soils are dry but not to wilting point. Satisfactory cultivation has taken
place.
AMC-II:  Average conditions
AMC-III:  Sufficient rainfall has occurred within the immediate past 5 days. Satu-
rated soil conditions prevail.
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The limits of these three AMC classes, based on total rainfall magnitude in the
previous 5 days, are given in Table 5.5. It is to be noted that the limits also depend
upon the seasons: two seasons, viz. growing season and dormant season are considered.

Table 5.5 Antecedent Moisture Conditions (AMC) for Determining the Value

of CN
AMC Type Total Rain in Previous 5 days
Dormant Season Growing Season
I Less than 13 mm Less than 36 mm
1T 13 to 28 mm 36 to 53 mm
I More than 28 mm More than 53 mm

LAND USE The variation of CN under AMC-II, called CNy;, for various land use
conditions commonly found in practice are shown in Table 5.6(a, b and ¢).

Table 5.6(a) Runoff Curve Numbers [CN, ] for Hydrologic Soil Cover Com-
plexes [Under AMC-II Conditions]

Land Use Cover Hydrologic soil group
Treatment or Hydrologic A B C D
practice condition

Cultivated Straight row 76 86 90 93

Cultivated Contoured Poor 70 79 84 88

Good 65 75 82 86

Cultivated Contoured & Poor 66 74 80 82
Terraced Good 62 71 77 81

Cultivated Bunded Poor 67 75 81 83

Good 59 69 76 79

Cultivated ~ Paddy 95 95 95 95

Orchards With understory cover 39 53 67 71
Without understory cover 41 55 69 73

Forest Dense 26 40 58 61
Open 28 44 60 64
Scrub 33 47 64 67

Pasture Poor 68 79 86 89
Fair 49 69 79 84
Good 39 61 74 80

Wasteland 71 80 85 88

Roads (dirt) 73 83 88 90

Hard surface

areas 77 86 91 93

[Source: Ref.7]
Note: Sugarcane has a separate supplementary Table of CN; values (Table 5.6(b)).
The conversion of CNy; to other two AMC conditions can be made through the use
of following correlation equations. '°
CNy

For AMC-I: CN, =
2.281-0.01281CNy;

(5.23)
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Table 5.6(b) CN, Values for Sugarcane
[Source: Ref.7]

Cover and treatment Hydrologic soil group

A B C D
Limited cover, Straight Row 67 78 85 89
Partial cover, Straight row 49 69 79 84
Complete cover, Straight row 39 61 74 80
Limited cover, Contoured 65 75 82 86
Partial cover, Contoured 25 59 45 83
Complete cover, Contoured 6 35 70 79

Table 5.6(c) CN, Values for Suburban and Urban Land Uses (Ref. 3)

Cover and treatment Hydrologic soil group

A B C D
Open spaces, lawns, parks etc
(i) In good condition, grass cover in more than 39 61 74 80

75% area

(i1) In fair condition, grass cover on 50 to 75% area 49 69 79 84
Commercial and business areas (85% impervious) 89 92 94 95
Industrial Districts (72% impervious) 81 88 91 93
Residential, average 65% impervious 77 85 90 92
Paved parking lots, paved roads with curbs, roofs, 98 98 98 98

driveways, etc
Streets and roads

Gravel 76 85 89 91
Dirt 72 82 87 89
CNy,
For AMC-III: CNy = (5.24)
0.427 +0.00573 CNy

The equations (5.23) and (5.24) are applicable in the CNy;, range of 55 to 95 which
covers most of the practical range. Values of CN,, and CNy;; covering the full range of
CNy; are available in Refs 3 and 7. Procedures for evaluation of CN from data on small
watersheds are available in Ref. 7.

VALUE OF A On the basis of extensive measurements in small size catchments SCS
(1985) adopted 4= 0.2 as a standard value. With this Eq. (5.20-a) becomes
_(P-0258)
P+0.8S

where Q = daily runoff, P = daily rainfall and S = retention parameter, all in units of
mm. Equation 5.25, which is well established, is called as the Standard SCS-CN equation.

for P>0.28 (5.25)

SCS-CN EQUATION FOR INDIAN CONDITIONS Values of A varying in the
range 0.1 < 1< 0.4 have been documented in a number of studies from various geo-
graphical locations, which include USA and many other countries. For use in Indian
conditions A= 0.1 and 0.3 subject to certain constraints of soil type and AMC type has
been recommended (Ref. 7) as below:
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(P-0.15)*
Q= ————forP>01S8,
P+09S
valid for Black soils under AMC of Type Il and 111 (5.26)
(P-035) . .
= ————— for P > 0.3S valid for Black soils under
P+0.78
AMC of Type 1 and for all other soils having AMC
of types I, Il and I11 (5.27)

These Eqgs. (5.26 & 5.27) along with Table 5.6 (a & b) are recommended (Ref. 7)
for use in Indian conditions in place of the Standard SCN-CN equation.

PROCEDURE FOR ESTIMATING RUNOFF VOLUME FROM A CATCHMENT

(i)

(i)

(iif)

(iv)
V)

(vi)

(vii)

Land use/cover information of the catchment under study is derived based on
interpretation of multi-season satellite images. It is highly advantageous if the
GIS database of the catchment is prepared and land use/cover data is linked to it.
The soil information of the catchment is obtained by using soil maps prepared
by National Bureau of Soil Survey and Land use planning (NBSS & LUP) (1966).
Soil data relevant to the catchment is identified and appropriate hydrological
soil classification is made and the spatial form of this data is stored in GIS
database.

Available rainfall data of various rain gauge stations in and around the catch-
ment is collected, screened for consistency and accuracy and linked to the GIS
database. For reasonable estimate of catchment yield it is desirable to have a
rainfall record of at least 25 years duration.

Thiessen polygons are established for each identified rain gauge station.

For each Thiessen cell, appropriate area weighted CN; value is established by
adequate consideration of spatial variation of land use and/cover and soil types.
Further, for each cell, corresponding CN; and CNy; values are determined by
using Egs. (5.23) and (5.24).

Using the relevant SCS-CN equations sequentially with the rainfall data, the
corresponding daily runoff series is derived for each cell. From this the needed
weekly/monthly/annual runoff time series is derived. Further, by combining the
results of various cells constituting the catchment, the corres-ponding catch-
ment runoff time series is obtained.

Appropriate summing of the above time series, yields seasonal/annual runoff
volume series and from this the desired dependable catchment yield can be
estimated.

CURRENT STATUS OF SCS-CN METHOD The SCS-CN method has received
considerable applications and research study since its introduction in 1969. Recently,
Ponce and Hawkins'® (1996) have critically examined the method, clarified its capa-
bilities, limitations and uses. There is a growing body of literature on this method and
a good bibliography on this subject is available in Ref. 10. The chief advantages of
SCS-CN method can be summed up as:

It is a simple, predictable, and stable conceptual method for estimation of direct
runoff depth based on storm rainfall depth, supported by empirical data.

It relies on only one parameter, CN. Even though CN can have a theoretical
range of 0-100, in practice it is more likely to be in the range 40-98.
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e [t features readily grasped and reasonably well-documented environmental inputs.

e It is a well-established method, having been widely accepted for use in USA
and many other countries. The modifications suggested by the Ministry of Agri-
culture, Govt. of India ’, (1972), make its use effective for Indian conditions.

ExampLE 5.5 In a 350 ha watershed the CN value was assessed as 70 for AMC-III. (a)
Estimate the value of direct runoff volume for the following 4 days of rainfall. The AMC
on July I*' was of category III. Use standard SCS-CN equations.

Date July 1 July 2 July 3 July 4
Rainfall (mm) 50 20 30 18

(b) What would be the runoff volume if the CNyy value were 807

SOLUTION!
(a) Given CNy; =70 S =(25400/70) — 254 = 108.6
(P-0.285)?
=—— forP>02S8
P+0.8S

_ [P-(02x108.86)° [P—21.78]
P+(0.8x108.86) P +87.09

for P>21.78 mm

Date P 0
(mm) (mm)
July 1 50 5.81
July 2 20 0
July 3 30 0.58
July 4 18 0
Total 118 6.39

Total runoff volume over the catchment ¥, = 350 x 10* x 6.39/(1000)

=22,365 m®
(b) Given CNy; = 80 S = (25400/80) — 254 = 63.5
(P-028)?
=— " forP>02S
P+0.8S
P—(02x63.5)7 [P-12.77
= [ ( )] =[ ] for P> 12.7 mm
P +(0.8x63.5) P+50.8
Date P 0
(mm) (mm)
July 1 50 13.80
July 2 20 0.75
July 3 30 3.70
July 4 18 0.41
Total 118 18.66

Total runoff volume over the catchment ¥, = 350 x 10* x 18.66/(1000)
= 65,310 m’
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ExampLE 5.6 A small watershed is 250 ha in size has group C soil. The land cover can
be classified as 30% open forest and 70% poor quality pasture. Assuming AMC at aver-
age condition and the soil to be black soil, estimate the direct runoff volume due to a
rainfall of 75 mm in one day.

Sorurion. AMC = II. Hence CN = CN(II). Soil = Black soil. Referring to Table
(5.6-a) for C-group soil

Land use % CN Product
Open forest 30 60 1800
Pasture (poor) 70 86 6020
Total 100 7820
Average CN = 7820/100 = 78.2 S'=(25400/78.2) — 254 = 70.81

The relevant runoff equation for Black soil and AMC-1II is

(P-0.15)> [75-(0.1x70.81)]
= = =33.25 mm
P+09S 75+ (0.9 x 70.81)

Total runoff volume over the catchment ¥, = 250 x 10* x 33.25/(1000) = 83,125 m?

ExampLe 5.7 The land use and soil characteristics of a 5000 ha watershed are as
follows:
Soil: Not a black soil. Hydrologic soil classification: 60% is Group B and 40% is
Group C
Land Use:
Hard surface areas = 10%
Waste Land = 5%
Orchard (without understory cover) = 30%
Cultivated (Terraced), poor condition = 55%
Antecedent rain: The total rainfall in past five days was 30 mm. The season is dormant
season.
(a) Compute the runoff volume from a 125 mm rainfall in a day on the watershed
(b) What would have been the runoff if the rainfall in the previous 5 days was 10 mm?
(¢) If the entire area is urbanized with 60% residential area (65% average impervious
area), 10% of paved streets and 30% commercial and business area (85% impervi-
ous), estimate the runoff volume under AMC-II condition for one day rainfall of

125 mm.
SoLUTION:
(a) Calculation of weighted CN
From Table 5.5 AMC = Type III. Using Table (5.6-a) weighted CVy; is calculated as

below:
Land use Total Soil Group B (60%) Soil Group C (40%)
(%) % CN Product % CN Product
Hard surface 10 6 86 516 4 91 364
Waste land 5 3 80 240 2 85 170
Orchard 30 18 55 990 12 69 828
Cultivated land 55 33 71 2343 22 77 1694

Total 4089 3056
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. (4089+3056)
Weighted CN = oo =7145

71.45 _
0.427 +(0.00573 x 71.45)
Since the soil is not a black soil, Eq. (5.27) is used to compute the surface runoff.

By Eq. (5.24) CNy, = 85.42

(P—-0.35)?
=700 o P>0.3Sand
P+07S8
S = % 254 = (25400/85.42) — 254 = 43 35

_ [125-(03x 43.35)]?

125+ (0.7 x 43.35)
Total runoff volume over the catchment ¥, = 5000 x 10* x 80.74/(1000)
= 4,037,000 m® = 4.037 Mm’

= 80.74 mm

(b) Here AMC =Type |

_ 71.45 — 5713
2.281—(0.01281x 71.45)

S =(25400/52.32) — 254 = 231.47

~ [125-(0.3x23147)P

1254 (0.7 x 231.47)
Total runoff volume over the catchment ¥, = 5000 x 10* x 10.75/(1000)
= 537500 m* = 0.5375 Mm®
(c) From Table 5.5 AMC = Type III. Using Table 5.6-c weighted CNy; is calculated as

Hence CN;

=10.75 mm

below:
Land use Total Soil Group B (60%) Soil Group C (40%)
(%) % % CN Product % CN Product

Residential area 60 36 85 3060 24 90 2160
(65% imp)

Commercial area 30 18 92 1656 12 94 1128
(85% imp)
Paved roads 10 6 98 588 4 98 392
Total 5304 3680

) (5304 +3680)

Weightd CNjj = ———  =89.8
100
89.8
By Eq.(5.24) CNy = =95.37
yEq-(3:29) 10,427 + (0.00573 x 89.8)
25400

§= =——— —254=(25400/95.37) — 254 = 12.33
CN

Since the soil is not a black soil, Eq. (5.27) is used to compute the surface runoff
volume.

_(P-03 S)?

for P> 0.3S and
P+07S8
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_ [125-(0.3% 12.33)]

125 +(0.7 x12.33)
Total runoff volume over the catchment ¥, = 5000 x 10* x 110.11/(1000)
= 5,505,500 m* = 5.5055 Mm®

=110.11 mm

CNAND C OF RATIONAL FORMULA SCS-CN method estimates runoff volume
while the rational formula (Chapter 7, Sec. 7.2) estimates runoff rate based on the
runoff coefficient C. CN and C of are not easily related even though they depend on
the same set of parameters. For an infinite sponge C is 0 and CN is 0. Similarly for an
impervious surface Cis 1.0 and CN is 100. While the end points in the mapping are
easily identifiable the relationship between CN and C are nonlinear. In a general sense,
high Cs are likely to be found where CN values are also high.

5.5 FLOW—DURATION CURVE

It is well known that the streamflow varies over a water year. One of the popular
methods of studying this streamflow variability is through flow-duration curves. A
flow-duration curve of a stream is a plot of discharge against the per cent of time the
flow was equalled or exceeded. This curve is also known as discharge-frequency curve.

The streamflow data is arranged in a descending order of discharges, using class
intervals if the number of individual values is very large. The data used can be daily,
weekly, ten daily or monthly values. If N number of data points are used in this listing,
the plotting position of any discharge (or class value) Q is

m

P, = x 100% 5.28
PN+ (5-28)
where m is the order number 350
of the discharge (or class
» 300
value), P, = percentage prob- &
ability of the flow magnitude % 250 Perennial river
being equalled or exceeded. g 200 - Intermittent and
The plot of the discharge 0 § ¢, ephemeral rivers
. . n —
against P, is the flow dura- 35
tion curve (Fig. 5.8). Arith- = 100 -
metic scale paper, or semi-log O 50 |
or log—log paper is used de- 0 T
pending upon the range of 0 10 20 30 40 50 60 70 80 90 100
data and use of the plot. The P, = Percentage probability

flow duration curve repre-
sents the cumulative fre-
quency distribution and can be considered to represent the streamflow variation of an
average year. The ordinate O, at any percentage probability P, represents the flow
magnitude in an average year that can be expected to be equalled or exceeded P, per
cent of time and is termed as P, % dependable flow. In a perennial river O, = 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 the year and as such Q,,, is equal to
Zero.

Fig. 5.8 Flow Duration Curve
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The following characteristics of the flow duration curve are of interest.

e The slope of a flow duration curve depends upon the interval of data selected.
For example, a daily stream flow data gives a steeper curve than a curve based
on monthly data for the same stream. This is due to the smoothening of small
peaks in the monthly data.

e The presence of a reservoir in a stream considerably modifies the virgin-flow
duration curve depending on the nature of flow regulation. Figure 5.9 shows the
typical reservoir regulation effect.

e The virgin-flow duration curve when plotted on a log probability paper plots as

a straight line at least over the central region. From this property, various coef-
ficients expressing the variability of the flow in a stream can be developed for
the description and comparison of different streams.

e The chronological se-
quence of occurrence of
the flow is masked in the
flow-duration curve.
A discharge of say 1000
m?/s in a stream will have

150

125

100 Natural flow

Flow with

Daily discharge (m3/s)

the same percentage P, 75— regulation
whether it has occurred in 50 |
January or June. Thisas- s | T~ ________|
pect, a serious handicap, 25~
must be kept in mind ob—1 1 L 1 1 1 1 1 |
0O 10 20 30 40 50 60 70 80 90 100

while interpreting a flow-
duration curve.

e The flow-duration curve
plotted on a log-log paper

Percentage probability

Fig.5.9 Reservoir Regulation Effect

(Fig. 5.10) 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 response of the catchment to the
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Pp = Percentage time indicated discharge is equalled or exceeded

Fig. 5.10 Flow Duration Curve —Example 5.8
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rainfall and also indicates small variability. At the lower end of the curve, a flat
portion indicates considerable base flow. A flat curve on the upper portion is
typical of river basins having large flood plains and also of rivers having large
snowfall during a wet season.
Flow-duration curves find considerable use in water resources planning and devel-
opment activities. Some of the important uses are:
1. In evaluating various dependable flows in the planning of water resources engi-
neering projects
Evaluating the characteristics of the hydropower potential of a river
Designing of drainage systems
In flood-control studies
Computing the sediment load and dissolved solids load of a stream
Comparing the adjacent catchments with a view to extend the streamflow data.

SnRAEwbd

ExampLe 5.8 The daily flows of a river for three consecutive years are shown in Table
5.7. For convenience the discharges are shown in class intervals and the number of days
the flow belonged to the class is shown. Calculate the 50 and 75% dependable flows for
the river.

Sorution. The data are arranged in descending order of class value. In Table 5.7,
column 5 shows the total number of days in each class. Column 6 shows the cumulative
total of column 5, i.e. the number of days the flow is equal to or greater than the class
interval. This gives the value of m. The percentage probability P, the probability of flow
in the class interval being equalled or exceeded is given by Eq. (5.28),

P,= —"—x100%
(N+D
Table 5.7 Calculation of Flow Duration Curve from Daily Flow Data—
Example 5.8
Daily Total of P,=
mean No. of days flow in each columns m
discharge class interval 2,3,4  Cumulative \ N +1
(m%/s) 1961-62 1962-63 1963-64 1961-64 Total m X% 100%
1 2 3 4 5 6 7
140-120.1 0 1 5 6 6 0.55
120-100.1 2 7 10 19 25 2.28
100-80.1 12 18 15 45 70 6.38
80-60.1 15 32 15 62 132 12.03
60-50.1 30 29 45 104 236 21.51
50-40.1 70 60 64 194 430 39.19
40-30.1 84 75 76 235 665 60.62
30-25.1 61 50 61 172 837 76.30
25-20.1 43 45 38 126 963 87.78
20-15.1 28 30 25 83 1046 95.35
15-10.1 15 18 12 45 1091 99.45
10-5.1 5 — — 5 1096 99.91

Total 365 365 366 N =1096
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In the present case N = 1096. The smallest value of the discharge in each class interval
is plotted against P, on a log-log paper (Fig. 5.10). From this figure QOs, = 50% depend-
able flow = 35 m*/s and Q5 = 75% dependable flow = 26 m’/s.

5.6 FLOW-MASS CURVE

The flow-mass curve is a plot of the cumulative discharge volume against time plotted in
chronological order. The ordinate of the mass curve, V at any time ¢ is thus

t
V= [Qadt (5.29)
l
where ¢, is the time at the beginning of the curve and Q is the discharge rate. Since the
hydrograph is a plot of O vs ¢, it is easy to see that the flow—mass curve is an integral
curve (summation curve) of the hydrograph. The flow—mass curve is also known as
Rippl’s mass curve after Rippl (1882) who suggested its use first. Figure 5.9 shows a
typical flow—mass curve. Note that the abscissa is chronological time in months in this
figure. It can also be in days, weeks or months depending on the data being analysed.
The ordinate is in units of volume in million m®. Other units employed for ordinate
include m*/s day (cumec day), ha.m and cm over a catchment area.

The slope of the mass curve at any point represents a _ O = rate of flow at that

instant. If two points M and N are connected by a straight line, the slope of the line
represents the average rate of flow that can be maintained between the times ¢,, and ¢,
if a reservoir of adequate storage is available. Thus the slope of the line 4B joining the
starting point and the last points of a mass curve represents the average discharge over
the whole period of plotted record.

CALCULATION OF STORAGE VOLUME

Consider a reservoir on
the stream whose mass
curve is plotted in Fig.
5.11. If it is assumed that
the reservoir is full at the

beginning of a dry period, ~ %
i.e. when the inflow rate ¢32
is less than the withdrawal o E

(demand) rate, the maxi-
mum amount of water
drawn from the storage is
the cumulative difference
between supply and de-
mand volumes from the
beginning of the dry sea- C
son. Thus the storage re- 94

Accumulated flow volume Vin Mm3

Unit time
quired S is Allllllllllll||llllllllllll

S'= maximum of te tm tn
(E VD -3 V) Time (months)
’ Fig. 511 Fow-Mass Curve
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where V', =demand volume, V4= supply volume. The storage, S which is the maximum
cumulative deficiency in any dry season is obtained as the maximum difference in the
ordinate between mass curves of supply and demand. The minimum storage volume
required by a reservoir is the largest of such S values over different dry periods.
Consider the line CD of slope O, drawn tangential to the mass curve at a high point
on a ridge. This represents a constant rate of withdrawal Q, from a reservoir and is
called demand line. If the reservoir is full at C (at time ¢,) 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 to it and tangential to the mass curve at £ (S, in Fig. 5.11) repre-
sents 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 demand
lines are drawn tangentially at various other ridges (e.g. C’ D" in Fig. 5.11) and the
largest of the storages obtained is selected as the minimum storage required by a
reservoir. Example 5.9 explains this use of the mass curve. Example 5.10 indicates,
storage calculations by arithmetic calculations by adopting the mass-curve principle.

ExampLe 5.9 The following table gives the mean monthly flows in a river during
1981. Calculate the minimum storage required to maintain a demand rate of 40 m%/s.

Month Jan Fcb Mar Apr May June July Aug Sept Oct Nov Dec

Mean Flow
(m>/s) 60 45 35 25 15 22 50 80 105 90 80 70

Sorution.  From the given data the monthly flow volume and accumulated volumes
and calculated as in Table 5.8. The actual number of days in the month are used in calculating
of the monthly flow volume. Volumes are calculated in units of cumec. day (= 8.64 x 10%).

Table 5.8 Calculation of Mass Curve —Example 5.9

Month Mean flow (m%/s)  Monthly flow Accumulated

volume volume
(cumec-day) (cumec-day)
Jan 60 1860 1860
Feb 45 1260 3120
Mar 35 1085 4205
April 25 750 4955
May 15 465 5420
June 22 660 6080
July 50 1550 7630
Aug 80 2480 10,110
Sep 105 3150 13,260
Oct 90 2790 16,050
Nov 80 2400 18,450
Dec 70 2170 20,620

A mass curve of accumulated flow volume against time is plotted (Fig. 5.12). In this
figure all the months are assumed to be of average duration of 30.4 days. A demand line
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with slope of 40 m?/s is
drawn tangential to the
hump at the beginning
of the curve; line 4B in
Fig. 5.12. A line paral-
lel to this line is drawn
tangential to the mass
curve at the valley por-
tion; line A’B’. The ver-
tical distance S, be-
tween these parallel
lines is the minimum
storage required to
maintain the demand.
The value of S| is found
to be 2100 cumec. Days
= 181.4 million m?.
ExampLE 5.10 Work
out the Example 5.9
through arithmetic cal-
culation without the use
of mass curve. What is
the maximum constant
demand that can be sus-
tained by this river?

Accumulated volume (108 cumec.day)
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Fig. 512 Flow-Mass Curve—Example 5.9

Table 5.9 Calculation of Storage —Example 5.9

Month  Mean Inflow Demand Demand Departure Cum. Cum.
inflow  volume rate volume [col.3-  excess excess
rate (cumec. (m’s)  (cumec. col. 5) demand inflow
(m%/s) day) day) volume volume
(cumec. (cumec.

day) day)

Jan 60 1860 40 1240 620 620

Feb 45 1260 40 1120 140 760
Mar 35 1085 40 1240 -155 —-155
Apr 25 750 40 1200 -450 —605
May 15 465 40 1240 -775 —1380
Jun 22 660 40 1200 -540 -1920

July 50 1550 40 1240 310 310

Aug 80 2480 40 1240 1240 1550

Sept 105 3150 40 1200 1950 3500

Oct 90 2790 40 1240 1550 5050

Nov 80 2400 40 1200 1200 6250

Dec 70 2170 40 1240 930 7180

Monthly
mean = 1718.3




The McGraw-Hill companies

Runoff 169

Sorution.”  The inflow and demand volumes of each month are calculated as in Table
5.9. Column 6 indicating the departure of the inflow volume from the demand. The nega-
tive values indicate the excess of demand over the inflow and these have to be met by the
storage. Column 7 indicates the cumulative excess demand (i.e., the cumulative excess
negative departures). This column indicates the depletion of storage, the first entry of
negative value indicates the beginning of dry period and the last value the end of the dry
period. Col. 8 indicates the filling up of storage and spill over (if any). Each dry period
and each filling up stage is to be calculated separately as indicated in Table 5.9.

The maximum value in Col. 7 represents the minimum storage necessary to meet the
demand pattern. In the present case, there is only one dry period and the storage require-
ment is 1920 cumec.day. Note that the difference between this value and the value of
2100 cumec.day obtained by using the mass curve is due to the curvilinear variation of
inflow volumes obtained by drawing a smooth mass curve. The arithmetic calculation
assumes a linear variation of the mass curve ordinates between two adjacent time units.
[Vote: 1t is usual to take data pertaining to a number of N full years. When the analysis of
the given data series of length N causes the first entry in Col. 7 to be a negative value and
the last entry is also a negative value, then the calculation of the maximum deficit may
pose some confusion. In such cases, repeating the data sequence by one more data cycle
of N years in continuation with the last entry would overcome this confusion. (See Sec.
5.7, item 2.) There are many other combinations of factors that may cause confusion in
interpretation of the results and as such the use of Sequent Peak Algorithm described in
Sec. 5.7 is recommended as the foolproof method that can be used with confidence in all
situations. |

Column 8 indicates the cumulative excess inflow volume from each demand with-
drawal from the storage. This indicates the filling up of the reservoir and volume in excess
of the provided storage (in the present case 1920 cumec.day) represent spill over. The
calculation of this column is necessary to know whether the reservoir fills up after a
depletion by meeting a critical demand and if so, when? In the present case the cumulative
excess inflow volume will reach +1920 cumec.day in the beginning of September. The
reservoir will be full after that time and will be spilling till end of February.

Average of the inflow volume per month = Annual inflow volume/12 = average monthly
demand that can be sustained by this river = 1718.33 cumec.day.

CALCULATION OF MAINTAINABLE DEMAND The converse problem of deter-
mining the maximum demand rate that can be maintained by a given storage volume
can also be solved by using a mass curve. In this case tangents are drawn from the
“ridges” of the mass curves across the next “valley” at various slopes. The demand
line that requires just the given storage (u, v, in Fig. 5.13) is the proper demand that
can be sustained by the reservoir in that dry period. Similar demand lines are drawn at
other “valleys” in the mass curve (e.g. u, v, and the demand rates determined. The
smallest of the various demand rates thus found denotes the maximum firm demand
that can be sustained by the given storage. It may be noted that this problem involves
a trial-and-error procedure for its solution. Example 5.10 indicates this use of the
mass curve.
The following salient points in the use of the mass curve are worth noting:
e The vertical distance between two successive tangents to a mass curve at the ridges
(points v; and u, in Fig. 5.13) represent the water “wasted” over the spillway.
e A demand line must intersect the mass curve if the reservoir is to refill.
Nonintersection of the demand line and mass curve indicates insufficient inflow.
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Qz< O1
Maintainable demand = Q» V2

Accumulated flow volume Vin Mm3

Time (months)
Fig. 513 Determination of Maintainable Demand

ExampLe 5.11 Using the mass curve of Example 5.9 obtain the maximum uniform
rate that can be maintained by a storage of 3600 m’/s days.

Sorution.  An ordinate XY of magnitude 3600 Cumec-days is drawn in Fig. 5.12 at an
approximate lowest position in the dip of the mass curve and a line passing through Y and
tangential to the “hump” of the mass curve at C is drawn (line CYD in Fig. 5.12). A line
parallel to CD at the lowest position of the mass curve is now drawn and the vertical
interval between the two measured. If the original guess location of Y is correct, this
vertical distance will be 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 required
demand rate. In this example this rate is found to be 50 m*/s.

VARIABLE DEMAND In the examples given above a constant demand rate was
assumed to simplify the problem. In practice, it is more likely that the demand rate
varies with time to meet various end uses, such as irrigation, power and water-supply
needs. In such cases a mass curve

of demand, also known as vari-
able use line is prepared and su- I~ Mass curve of
perposed on the flow-mass curve |- demand \ = — 7%
with proper matching of time. & | \/
For example, the demand for the ¢ /8

()]
month of February must be 3 P
against the inflow for the same & L P b
month. If the reservoir is fullat § |  / «— Mass curve
first point of intersection of the ~ & / of flow
two curves, the maximum inter- ~
cept between the two curves rep- y Reservoir full at A & B
resents the needed storage of the Ul L L
reservoir (Fig. 5.14). Such a plot J J AS ONUDUIJUTEMAM
is sometimes known as regula- Time (months)

tion diagram of a reservoir. Fig.5.14 Variable Use Line
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In the analysis of problems related to the reservoirs it is necessary to account for
evaporation, leakage and other losses from the reservoir. These losses in the volume
of water in a known interval of time can either be included in demand rates or de-
ducted from inflow rates. In the latter method, which is generally preferred, the mass
curve may have negative slopes at some points. Example 5.12 gives an arithmetic
calculation procedure for calculating storage under variable demand.

ExampLE 5.12 For a proposed reservoir the following data were calculated. The
prior water rights required the release of natural flow or 5 m’/s, whichever is less. Assum-
ing an average reservoir area of 20 km?, estimate the storage required to meet these
demands. (Assume the runoff coefficient of the area submerged by the reservoir = (.5.)

Month  Mean flow Demand Monthly evaporation Monthly rainfall
(m%/s) (million m®) (cm) (cm)
Jan 25 22.0 12 2
Feb 20 23.0 13 2
Mar .15 24.0 17 1
April 10 26.0 18 1
May 4 26.0 20 1
June 9 26.0 16 13
July 100 16.0 12 24
Aug 108 16.0 12 19
Sept 80 16.0 12 19
Oct 40 16.0 12 1
Nov 30 16.0 11 6
Dec 30 22.0 17 2

Sorurion:  Use actual number of days in a month for calculating the monthly flow and
an average month of 30.4 days for prior right release.
Prior right release = 5 x 30.4 x 8.64 x 10* = 13.1 Mm® when O > 5.0 m%s.

Evaporation volume = % %20 % 10°=0.2 E Mm’®

Rainfall volume = % x (1-0.5)x20=0.1 P Mm?®

Inflow volume: / x (No. of days in the month) x 8.64 x 10* m?
The calculations are shown in Table 5.6 and the required storage capacity is 64.5 Mm>.
The mass-curve method assumes a definite sequence of events and this is its major
drawback. In practice, the runoff is subject to considerable time variations and definite
sequential occurrences represent only an idealized situation. The mass-curve analysis is
thus adequate for small projects or preliminary studies of large storage projects. The latter
ones require sophisticated methods such as time-series analysis of data for the final design.

5.7 SEQUENT PEAK ALGORITHM

The mass curve method of estimating the minimum storage capacity to meet a speci-
fied demand pattern, described in the previous section has a number of different forms
of use in its practical application. However, the following basic assumptions are made
in all the adaptations of the mass-curve method of storage analysis.
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Table 5.10 Calculation of Reservoir Storage-Example 5.12

Mo- In- Withdrawal Total Depar- Cum. Cum.

nth flow Demand Prior Evapo- Rain- with- ture Excess Excess

volume (Mm3) rights ration fall drawal demand flow

(Mm®) Mm®) (Mm®) (Mm®) G+4+ volume
5+6)

Mm®) (Mm®) (Mm?) (Mm®)

1 2 3 4 5 6 7 8 9 10

Jan 67.0 22.0 13.1 2.4 0.2 37.3  +29.7 — 29.7

Feb 484  23.0 13.1 2.6 —0.2 38.5 +9.9 — 39.6

Mar 402 240 13.1 34 —0.1 40.4 -0.2 -02 —
Apr 259 260 13.1 3.6 0.1 426 -167 -169 —
May 10.7  26.0 10.7 4.0 0.1 40.6 299 468

June 23.3 26.0 13.1 32 -1.3 41.0 -17.7 -64.5

July 267.8 16.0 13.1 24 2.4 29.1 +238.7 — 238.7
Aug 289.3 16.0 13.1 24 -1.9 29.6  259.7 498.4
Sept 207.4 16.0 13.1 24 -1.9 29.6 1778 676.2
Oct 107.1 16.0 13.1 2.4 0.1 314 75.7 751.9
Nov 77.8 16.0 12.1 2.2 —0.6 30.7 47.1 799.0
Dec 804 220 13.1 3.4 —0.2 383 42.1 841.1

e [f Nyears of data are available, the inflows and demands are assumed to repeat
in cyclic progression of NV year cycles. It is to be noted that in historical data this
leads to an implicit assumption that future flows will not contain a more severe
drought than what has already been included in the data.

e The reservoir is assumed to be full at the beginning of a dry period. Thus, while
using the mass curve method the beginning of the dry period should be noted
and the minimum storage required to pass each drought period calculated. Some-
times, for example in Problem 5.7, it may be necessary 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-demand
problems. However, there are many variations of the basic method to facilitate graphical
plotting, handling of large data, etc. A variation of the arithmetical calculation described
in Examples 5.10 and 5.12 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 this section.

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 — Outflow volume
=x;— D,

In the sequent peak algorithm a mass curve of cumulative net-flow volume against
chronological time is used. This curve, known as residual mass curve (shown typi-
cally in Fig. 5.15), will have peaks (local maximums) and troughs (local minimums).
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Cumulative net-flow volume, X (x; — D)

Volume units

(Negative) «— o —» (Positive)

Base length =2 Nyears

t k, P
where N = No. of years of record Sequent peak, Pg

Sequent peak, P,

First peak, P4

Lowest trough, T,

\'/ Time (months)

Lowest trough, T4

Fig.5.15 Residual Mass Curve — Definition Sketch for Sequent Peak Algorithm

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:

1. Calculate the cumulative net-flow volumes, viz.

|98

t
S@,—-D) fort=1,2,3..,2N

Locate the first peak P, and the sequent peak P, which is the next peak of
greater magnitude than P, (Fig. 5.15).

Find the lowest trough T, between P, and P, and calculate (P, — T).

Starting with P, find the next sequent peak P; and the lowest through T, and
calculate (P, — T).

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 (P, — 7))
for all j values.

. The required reservoir storage capacity is

§ = maximum of (P, — T)) values

ExampLE 5.13 The average monthly flows into a reservoir in a period of two consecu-
tive dry years 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 Oct 80
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
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If a uniform discharge at 90 m*/s is desired from this reservoir calculate the minimum
storage capacity required.

Sorution.” The data is for 2 years. As such, the sequent peak calculations are per-
formed for 2 X 2 = 4 years. The calculations are shown in Table 5.11.

Scanning the cumulative net-flow volume values (Col. 7) from the start, the first peak
P, 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 P; and of magnitude higher

Table 511 Sequent Peak Algorithm Calculations —Example 5.13

S.. Month Mean Inflow Demand Demand Net-flow Cumula- Remark

No. inflow volume rate volume  volume tive net-
rate X; (m?/s) D; (x;—D) flow
(m%s) (cumec. (cumec. (cumec. volume
day) day) day) 2(x;-D)
(cumec. day)

1 June 20 600 90 2700 -2100 2,100 I Cycle

2 July 60 1860 90 2790 -930 -3,030

3 Aug. 200 6200 90 2790 +3410 +380

4  Sept. 300 9000 90 2700 6300 6,680

5  Oct. 200 6200 90 2790 3410 10,090

6 Now. 150 4500 90 2700 1800 11,890

7  Dec. 100 3100 90 2790 310 12,200* First peak

8§ Jan. 80 2480 90 2790 -310 11,890 P,

9  Feb. 60 1680 90 2520 -840 11,050
10 March 40 1240 90 2790 —1550 9,500
11 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 2790 -1240 2,195
15 Aug 150 4650 90 2790 1860 4,055
16  Sept. 200 6000 90 2700 3300 7,355
17 Oct. 80 2480 90 2790 =310 7,045
18  Nowv. 50 1500 90 2700 —1200 5,845
19  Dec. 110 3410 90 2790 620 6,465
20  Jan. 100 3100 90 2790 310 6,775
21 Feb. 60 1680 90 2520 -840 5,935
22 March 45 1395 90 2790 —1395 4,540
23 April 35 1050 90 2700 -1650 2,890
24 May 30 930 90 2790 —1860 1,030
25  June 20 600 90 2700 -2100 1,070 I Cycle
26  July 60 1860 90 2790 -930 -2,000%* Lowest
27  Aug. 200 6200 90 270 3410 1,410 trough T
28  Sept. 300 9000 90 2700 6300 7,710 between P,
29  Oct. 200 6200 90 2790 3410 11,120 and P,
30 Now. 150 4500 90 2700 1800 12,920
31 Dec. 100 3100 90 2790 310 13,230*  Sequent
32 Jan. 80 2480 90 2790 -310 12,920  Peak P,
33  Feb. 60 1680 90 2520 -840 12,080

(Contd.)
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Table 5.11 (Contd.)
S.. Month Mean Inflow Demand Demand Net-flow Cumula- Remark

No. inflow volume rate volume  volume tive net-
rate X; (m%/s) D; (x;—D;) flow
(m%/s) (cumec. (cumec. (cumec. volume
day) day) day) 2(x;-D)
(cumec. day)
34  March 40 1240 90 2790 —1550 10,530
35  April 30 900 90 2700 —1800 8,730
36 May 25 775 90 2790 —2015 6,715
37  June 15 450 90 2700 -2250 4,465
38  July 50 1550 90 2790 —1240 3,225
39 Aug. 150 4650 90 2790 1860 5,085
40  Sept. 200 6000 90 2700 3300 8,385
41  Oct. 80 2480 90 2790 =310 8,075
42 Nowv. 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 -840 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

(Note: Since N = 2 years the data is run for 2 cycles of 2 years each.)

than 12,200. This P, 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 lowest trough 7, 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.

P, — T, =12,000 — (-2000) = 14,200 cumec. day
Since there is no second trough,

The required minimum storage = maximum of (P; — 7)) values

= (P, - T}) = 14,200 cumec. day
5.8 DROUGHTS

In the previous sections of this chapter the variability of the stream flow was consid-
ered in the flow duration curve and flow mass curve. However, the extremes of the
stream flow as reflected in floods and droughts need special study. They are natural
disasters causing large scale human suffering and huge economic loss and consider-
able effort is devoted by the world over to control or mitigate the ill effects of these
two hydrological extremes. The various aspects of floods are discussed in Chapters 7
and 8. The topic of drought, which is not only complex but also region specific is
discussed, rather briefly, in this section. The classification of droughts and the general
nature of drought studies are indicated with special reference to the Indian conditions.
For further details the reader is referred to References 1, 2, 4 and 6.

DEFINITION AND CLASSIFICATION

Drought is a climatic anomaly characterized by deficit supply of moisture. This may
result from subnormal rainfall over large regions causing below normal natural avail-
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ability of water over long periods of time. Drought phenomenon is a hydrological
extreme like flood and is a natural disaster. However, unlike floods the droughts are of
the creeping kind; they develop in a region over a length of time and sometimes may
extend to continental scale. The consequences of droughts on the agricultural produc-
tion, hydropower generation and the regional economy in general is well known. Fur-
ther, during droughts the quality of available water will be highly degraded resulting
in serious environmental and health problems.

Many classifications of droughts are available in literature. The following classifi-
cation into three categories proposed by the National Commission on Agriculture
(1976) is widely adopted in the country:

e Meteorological drought:

It is a situation where there is more than 25% decrease in precipitation from
normal over an area.

e Hydrological drought:

Meteorological drought, if prolonged, results in hydrological drought with marked
depletion of surface water and groundwater. The consequences are the drying
up of tanks, reservoirs, streams and rivers, cessation of springs and fall in the
groundwater level.

o Agricultural drought:

This occurs when the soil moisture and rainfall are inadequate during the grow-
ing season to support healthy crop growth to maturity. There will be extreme
crop stress and wilt conditions.

METEOROLOGICAL DROUGHT The India Meteorological Department (IMD) has
adopted the following criteria for sub-classification of meteorological droughts. A
meteorological sub-division is considered to be affected by drought if it receives a
total seasonal rainfall less than that of 75% of the normal value. Also, the drought is
classified as moderate if the seasonal deficiency is between 26% and 50%. The drought
is said to be severe if the deficiency is above 50% of the normal value. Further, a year
is considered to be a drought year in case the area affected by moderate or severe
drought either individually or collectively is more than 20% of the total area of the
country.

If the drought occurs in an area with a probability 0.2 < P < 0.4 the area is classified
as drought prone area, if the probability of occurrence of drought at a place is greater
than 0.4, such an area is called as chronically drought prone area. Further, in India the
meteorological drought is in general related to the onset, breaks and withdrawal times
of monsoon in the region. As such, the prediction of the occurrence of drought in a
region in the country is closely related to the forecast of deficient monsoon season and
its distribution. Accurate forecast of drought, unfortunately, is still not possible.

HYDROLOGICAL DROUGHT From a hydrologist’s point of view drought means
below average values of stream flow, contents in tanks and reservoirs, groundwater
and soil moisture. Such a hydrological drought has four components:

(a) Magnitude (= amount of deficiency)

(b) Duration

(c) Severety (= cumulative amount of deficiency)

(d) Frequency of occurrence
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The beginning of a drought is rather difficult to determine as drought is a creeping
phenomenon. However, the end of the drought when adequate rainfall saturates the
soil mass and restores the stream flow and reservoir contents to normal values is rela-
tively easy to determine.

In the studies on hydrological drought different techniques have to be adopted for
study of (i) surface water deficit, and (ii) groundwater deficit. The surface water as-
pect of drought studies is essentially related to the stream and the following tech-
niques are commonly adopted:

(a) Low-flow duration curve
(b) Low-flow frequency analysis and
(c) Stream flow modelling.

Such studies are particularly important in connection with the design and operation
of reservoirs, diversion of stream flow for irrigation, power and drinking water needs;
and in all activities related to water quality.

AGRICULTURAL DROUGHT Deficiency of rainfall has been the principal criteria
for defining agricultural drought. However, depending on whether the study is at re-
gional level, crop level or plant level there have been a variety of definitions. Consid-
ering the various phases of growth of a crop and its corresponding water require-
ments, the time scale for water deficiency in agricultural drought will have to be much
smaller than in hydrological drought studies. Further, these will be not only regional
specific but also crop and soil specific.
An aridity index (Al) is defined as
PET — AET
Al = ——— X
PET
where PET = Potential evapotranspiration and AET = Actual evapotranspiration. In
this A7 calculation, AET is calculated according to Thornthwite s water balance tech-
nique, taking in to account PET, actual rainfall and field capacity of the soil. It is
common to calculate A/ on weekly or bi-weekly basis. A/ is used as an indicator of
possible moisture stress experienced by crops. The departure of A/ from its corre-
sponding normal value, known as A7 anomaly, represents moisture shortage. Based on
AI anomaly, the intensity of agricultural drought is classified as follows:

100 (5.30)

Al anomaly Severity class
Zero or negative Non-arid
1-25 Mild arid

26 —50 Moderate arid
> 50 Severe arid

In addition to Al index, there are other indices such as Palmer index (PI) and
Moisture availability index (MAI) which are used to characterize agricultural drought.
IMD produces aridity index (Al) anomaly maps of India on a bi-weekly basis based
on data from 210 stations representing different agro-climatic zones in the country.
These are useful in planning and management of agricultural operations especially in
the drought prone areas. Remote sensing techniques using imageries offer excellent
possibilities for monitoring agricultural drought over large areas.
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DROUGHT MANAGEMENT

The causes of drought are essentially due to temporal and spatial aberrations in the
rainfall, improper management of available water and lack of soil and water
conservation. Drought management involves development of both short-term and long-
term strategies. Short-term strategies include early warning, monitoring and assessment
of droughts The long-term strategies aim at providing drought mitigating measures
through proper soil and water conservation, irrigation scheduling and cropping patterns.
Figure 5.16 shows some impacts and possible modifications of various drought
components. The following is a list of possible measures for making drought prone
areas less vulnerable to drought associated problems:

Drought
Meteorological Hydrological Agricultural
| Water cycle Reduction of Reduction of crop
mpact ) i
imbalance water supply yield
Possible 1. Cloud seeding Water 1.Water harvesting
modifications 2. Evaporation harvesting 2. Change of land use
control

Fig.5.16 Impact and Possible Modification of Drought Components

Creation of water storages through appropriate water resources development
Inter-basin transfer of surface waters from surplus water areas to drought prone
areas

Development and management of ground water potential

Development of appropriate water harvesting practices

In situ soil moisture conservation measures

Economic use of water in irrigation through practices such as drip irrigation,
sprinkler irrigation, etc.

Reduction of evaporation from soil and water surfaces

Development of afforestation, agro-forestry and agro-horticulture practices
Development of fuelwood and fodder

Sand dune stabilization

Drought-proofing of a region calls for integrated approach, taking into account the
multi-dimensional interlinkages between various natural resources, environment and
local socio-economic factors.

Salient features of water harvesting, which forms an important component in modi-
fication of drought components is described in the next sub-section.
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WATER HARVESTING

Water harvesting is a general term to include all systems that concentrate, collect and
store runoff from small catchments for later use in smaller user areas. FAO defines
water harvesting as, “Water harvesting is defined as the process of collecting and
concentrating runoff water from a runoff area into a run-on area, where the collected
water is either directly applied to the cropping area and stored in the soil profile for
immediate use by the crop, i.e. runoff farming, or stored in an on-farm water reservoir
for future productive uses, i.e. domestic use, livestock watering, aquaculture and
irrigation.” The collected water can also be used for groundwater recharge and storage
in the aquifer, i.e. recharge enhancement. As a general rule the catchment area from
which the water is drawn is larger than the command area, where it is collected and
used. The ratio of catchment, to command is inversely related to the amount and intensity
of rainfall, the impermeability of soil, and the slope of the land on which it falls.

Water harvesting is essentially a traditional system used since many centuries, now
being made over to meet present-day needs. Depending upon the nature of collecting
surface and type of storages water harvesting is classified into several categories as
mentioned in Fig. 5.17.

Water harvesting

Flood water harvesting
Rain water harvesting (runoff of small streams)
| With Without
Roof top water Harvesting storage storage
harvesting of small
(RTWH) ground area
surface

Fig.5.17 Classification of Water Harvesting Techniques

RooF TorP WATER HARVESTING The productive utilization of rain water fall-
ing on roof-tops of structures is known as Roof Top Water Harvesting (RTWH). In
urban areas the roof tops are usually impervious and occupy considerable land area.
Also, generally the municipal water supply is likely to be inadequate, inefficient or
unreliable. In such situations, collection of runoff from roof tops of individual struc-
tures and storing them for later use has been found to be very attractive and economi-
cal proposition in many cases. Inadequacy of water availability and cost of supply has
made many industries and large institutions in urban areas situated in arid and semi-
arid regions to adopt RTWH systems in a big way. Factors like water quality, methods
for efficient and economical collection and storage are some factors that have to be
worked out in designing an efficient system to meet specific needs. The cost of ad-
equate size storage is, generally, a constraint in economical RTWH design. In many
cases, water collected from roof top is used for recharging the ground water. Charac-



The McGraw-Hill companies

180 Engineering Hydrology

teristics of the rainfall at the place, such as intensity, duration, nature of the rainfall
season, average number of rainy days, determine the design of the RTWH design.

MICrRO CATCHMENT SYSTEM (WITHIN THE FIELD) OF RAINWATER
HARVESTING In this system the catchment is a small area which is not put for any
productive purpose. The catchment length is usually between 1 and 30 metres and the
overland flow from this during a storm is harvested by collecting and delivering it to a
small cultivated plot. The ratio of catchment to the cultivated area is usually 1:1 to
3:1 and the runoff is stored in soil profile. Normally there will be no provision for
overflow. Rainwater harvesting in Micro catchments is sometimes referred to as Within-
Field Catchment System.

Typical examples of such Rainwater harvesting in micro catchments are:

e Negarim Micro Catchments (for trees)

e Contour Bunds (for trees)

e Contour Ridges (for crops)

e Semi-Circular Bunds (for range and fodder)

Negarim micro catchment technique was
originally developed in Israel; the word
Negarim is derived from Hebrew word Neger
meaning runoff. This technique consists of di-
viding the catchments into a large number of
micro catchments in a diamond pattern along
the slope. Each micro catchment is of square
shape with a small earthen bunds at its bound-
ary and an infiltration pit is provided at the
lowest corner as shown in Fig. 5.18. The pit is
the cultivated area and usually a tree is grown
in the pit. This arrangement of micro catch-
ments of sizes 10 m” to 100 m? has been found ~ Fig. 5.18 Micro Catchment Sys-
to be very beneficial in arid and semiarid ar- tem: Negarim Micro
eas where rainfall can be as low as 150 mm. Catchment for Trees

MACRO CATCHMENT SYSTEM (WITHIN THE FIELD) OF RAINWATER
HARVESTING This system is designed for slightly larger catchment areas wherein
overland flow and rill flow is collected behind a bund and allowed to be stored in the
soil profile through infiltration. The catchment is usually 30 to 200 m long and the
ratio of catchment to cultivated area is in the range 2: 1 to 10: 1. Typical arrangement
consists of one row or two staggered rows of trapezoidal bunds with wing walls. Con-
tour bunds made of piled up stones is also used in this system. It is usual to provide
overflow arrangements for disposing of the excess runoff water. Infiltration area be-
hind the bunds is used to grow crops.

FLOODWATER FARMING (FLOODWATER HARVESTING) This system is used
for larger catchments and the flow in the drainage is harvested. The catchment areas
are several kilometres long and the ratio of catchment to command is larger than 10: 1.
Two sub-systems mentioned below are in common use:

1. Water Harvesting using Storage Structures

2. Water Harvesting through Spreading of Water over Command
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STORAGE STRUCTURES SYSTEMS Small storage structures are built across
the drainage to store a part of the runoff. While the stored surface water would serve
as a source of utilisable water to the community for some time the infiltration from this
water body would provide valuable recharge to the ground water. The commonly used
structures are Check dams and Nalabunds. These structures have the additional ad-
vantage of arresting erosion products from the catchment. Further, these structures
prevent the deepening and widening of gullies.

The check dams usually have a masonry overflow spillway and the flanks can be of
either masonry construction or of earthen embankment. They are constructed on lower
order streams (up to 3) with median slopes. Generally check dams are proposed where
water table fluctuations are high and the stream is influent.

Nalabunds are structures constructed across nalas (streams) for impounding runoff
flow to cause a small storage. Increased water percolation and improving of soil mois-
ture regime are its main objective. Nalabunds are of small dimension and are con-
structed by locally available material, usually an earthen embankment. In a Nalabund
the spillway is normally a stone lined or rock cut steep channel taking off from one of
the ends of the bund at appropriate level. Structures similar to a nalabund but of larger
dimension are known as percolation tanks. Nalabunds and percolation tanks are con-
structed in flat reach of a stream with slopes less than 2%.

The irrigation tanks of south India are also sometimes termed as water harvesting
structures. Tanks on local streams form a significant source of irrigation in states of
Andhra Pradesh, Karnataka, Maharashtra and Tamil Nadu. These are small storage
structures formed by earthen bunds to store runoff, of a small stream. The embank-
ment, surplus weir and a sluice outlet form the essential component of a tank. The tank
system in a region, which can be a group of independent tanks or a set of tanks in
cascade, form an important source of surface water for domestic use, drinking water
for life stock, agriculture for growing food and fodder and recharge of subsurface
aquifers.

SPREADING OF WATER In this method a diversion across the drainage would
cause the runoffto flow on to the adjacent land. Appropriate bunds either of rock or of
earth would cause spreading the water over the command. The spread water infiltrates
into the soil and is retained as soil moisture and this is used for growing crops. Provi-
sion for overflow spillway at the diversion structure, to pass excess water onto the
downstream side of the diversion structure, is an important component of the diver-
sion structure.

General: The specific aspects related to the design of water harvesting structures
depends upon the rainfall in the region, soil characteristics and terrain slope. It is usual
to take up water harvesting activity at a place as a part of intergraded watershed man-
agement programme. Norms for estimating recharge from water harvesting structures
are given in Sec. 9.13 of Chapter 9.

The water harvesting methods described above are particularly useful in dry land
agriculture and form important draught management tool. Community participation in
construction and management of water harvesting structure system is essential for
economical and sustainable use of the system. Rehabilitation of old irrigation tanks
through de-silting to bring it back to its original capacity is now recognized as a feasible
and desirable activity in drought proofing of a region.
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DROUGHTS IN INDIA

Even though India receives a normal annual precipitation of 117 cm, the spatial and
temporal variations lead to anomalies that lead to floods and droughts. Consequently
droughts have been an everpresent feature of the country. While drought has remained
localized in some part of the country in most of the years they have become wide
spread and severe in some years. In the past four decades, wide spread and severe
droughts have occurred in the years 1965-66, 1971-73, 1979-80, 198283, 1984—
87, 1994-96, 19992000, 2001-02. These droughts affected the agricultural produc-
tion and the economy significantly and caused immense hardship and misery to a very
large population.

Since 1875 till 2004, India faced 29 drought years; the 1918 being the worst year in
which about 70% of the country was affected by drought. Analysis of records since
1801 reveals that nearly equal number droughts occurred in 19" century and in 20
century and that there is a lower number of occurrences in the second quarter of both
centuries.

It has been estimated that nearly one third of the area of the country (about
1 M ha) is drought prone. Most of the drought prone areas lie in the states of Rajasthan,
Karnataka, Andhra Pradesh, Maharashtra, Gujarat and Orissa. Roughly 50% of the
drought prone area of the country lies in Deccan plateau. Further, while Rajasthan has
a return period of about 2 years for severe droughts it is about 3 years in the Deccan
plateau region. It is difficult to estimate the economic losses of drought, as it is a
creeping phenomenon with wide spatial coverage. However, a wide spread drought in
the country would cover agricultural areas of the order of 100 lakh ha and the conse-
quential loss due to damaged crops could be of the order of Rs 5000 crores.

5.9 SURFACE WATER RESOURCES OF INDIA
SURFACE WATER RESOURCES

Natural (Virgin) Flow in a river basin is reckoned as surface resource of a basin. In
view of prior water resources development activities, such as construction of storage
reservoirs in a basin, assessment of natural flow is a very complex activity. In most of
the basins of the country, water resources have already been developed and utilized to
various extents through construction of diversion structures and storage reservoirs for
purposes of irrigation, drinking water supply and industrial uses. These utilizations in
turn produce return flows of varying extent; return flow being defined as the non-
consumptive part of any diversion returned back. Return flows to the stream from
irrigation use in the basin are usually assumed to be 10% of the water diverted from
the reservoir or diversion structure on the stream for irrigation. The return flows from
diversions for domestic and industrial use is usually assumed as 80% of the use. The
return flow to the stream from ground water use is commonly ignored.

The natural flow in a given period at a site is obtained through water budgeting of
observed flow, upstream utilization and increase in storage, evaporation and other
consumptive uses and return flows. The surface and groundwater components are
generally treated separately.

Estimation of surface water resources of the country has been attempted at various
times. Significant recent attempts are:

o A.N.Khosla’s estimate (1949), based on empirical relationships, of total annual

flow of all the river systems of the country as 1673 km?.
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e CWC (1988), on the basis of statistical analysis of available data, and on rain-
fall-runoff relationships where flow data was meagre or not available, estimated
the total annual runoff of the river systems of India as 1881 km®.

e The National Commission for Integrated Water Resources Development (1999)
used the then available estimates and data and assessed the total surface water
resources of the country as 1952.87 km? (say 1953 km?).

It should be noted that the average annual natural (Virgin) flow at the terminal
point of a river is generally taken as the surface water resources of the basin. But this
resource is available with a probability of about 50% whereas it is customary to de-
sign irrigation projects with 75% dependability and domestic water supply projects
for nearly 100% dependability. Obviously, the magnitude of water at higher values of
dependability (say 75% and above) will be smaller than the average value.

The total catchment 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 20,000 km?;

2. Medium catchments with area between 20,000 to 2000 km?; and

3. Small catchments with area less than 2000 km?.

Rao’ has estimated that large catchments occupy nearly 85% of the country’s total
drainage area and produce nearly 85% of the runoff. The medium and minor catch-
ments account for 7% and 8% of annual runoff volumes respectively. In the major
river basin of the country two mighty rivers the Brahmaputra and the Ganga together
constitute 71.5% of the total yield in their class and contribute 61% of the country’s
river flow. Further, these two rivers rank eighth and tenth respectively in the list of the
world’s ten largest rivers (Table 5.12). It is interesting to note that the ten rivers listed
in Table 5.12 account for nearly 50% of the world’s annual runoff.

Table 5.12 World’s Ten Largest Rivers

SI. No River Annual runoff
(Billion m%)
1. Amazon 6307
2. Platt 1358
3. Congo 1245
4. Orinoco 1000
5. Yangtze 927
6. Mississippi 593
7. Yenisei 550
8. Brahmputra 510
9. Mekong 500
10. Ganga 493

According to an analysis of CWC, about 80% of average annual flow in the rivers
of India is carried during monsoon months. This highlights the need for creating storages
for proper utilization of surface water resources of the country. Another interesting
aspect of Indian rivers is that almost all the rivers flow through more than one state,
highlighting the need for inter-state co-operation in the optimum development of wa-
ter resources.



The McGraw-Hill Companies

184 Engineering Hydrology

UTILIZABLE WATER RESOURCES

Utilizable water resources mean the quantum of water withdrawable from its place of
natural occurrence. Withdrawal of water from a river depends on topographic condi-
tions and availability of land for the stated project. As a result of various limitations
such as to topography, environmental consideration, non-availability of suitable loca-
tions and technological shortcomings, it will not be possible to utilize the entire sur-
face water resources of the country. Further, surface water storage structures, such as
reservoirs, cause considerable loss by evaporation and percolation. Also, environ-
mental considerations preclude total utilization or diversion of surface water resources
of a basin. From these considerations, it is necessary to estimate the optimum utiliz-
able surface runoff of the country for planning purposes. Normally, the optimum uti-
lizable surface runoff of a basin will be around 70% of the total surface runoff poten-
tial of the basin.

CWC in 1988 estimated the utilizable surface water resource of the country as
690.32 km?. The National Commission for Integrated Water Resources Development®
(1999) has adopted this value in preparing estimates of future water demand—supply
scenarios up to the year 2050. Table 5.13 gives the basinwise distribution of utilizable
surface water resource of the country.

Table 513 Average Flow and Utilizable Surface Water Resource of Various

Basins
[Unit: km?/Year] (Source: Ref. 8]
S. River Basin Surface Utilizable
No. water surface
resources water
resources
1. Indus 73.31 46
2. Ganga—Brahmaputra—Meghna Basin
2a Ganga sub-basin 525.02 250.0
2b Brahmaputra sub-basin and 629.05 24.0
2¢ Meghna (Barak) sub-basin 48.36
3. Subarnarekha 12.37 6.81
4. Brahmani—Baitarani 28.48 18.30
5. Mahanadi 66.88 49.99
6. Godavari 110.54 76.30
7. Krishna 69.81 58.00
8. Pennar 6.86 6.32
9. Cauvery 21.36 19.00
10. Tapi 14.88 14.50
11. Narmada 45.64 34.50
12. Mahi 11.02 3.10
13. Sabarmati 3.81 1.93
14. West flowing rivers of Kutchch and Saurashtra 15.10 14.96
15. West flowing rivers south of Tapi 200.94 36.21
16. East flowing rivers between Mahanadi and Godavari 17.08
17. East flowing rivers between Godavari and Krishna 1.81 13.11

(Contd.)
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18. East flowing rivers between Krishna and Pennar 3.63
19. East flowing rivers between Pennar and Cauvery 9.98 16.73
20. East flowing rivers south of Cauvery 6.48
21. Area North of Ladakh not draining into India 0 0
22. Rivers draining into Bangladesh 8.57 0
23. Rivers draining into Myanmar 22.43 0
24. Drainage areas of Andaman, Nicobar and
Lakshadweep islands 0 0
Total 1952.87 690.32

In the computation of utilizable water resources as 690 km® it is assumed that
adequate storage facility is available for balancing the monsoon flows into an average
year round availability. The minimum storage required to achieve this is estimated as
460 km® against the present estimated total available storage capacity of 253 km®. If
more storage capacity could be developed carry-over from years of above normal
rainfall to dry years would be possible. For comparison purposes, for about the same
annual runoff the USA has storage of 700 km®.

UTILIZABLE DYNAMIC GROUNDWATER RESOURCES The total replenish-able
groundwater resources of the country (dynamic) has been estimated by CGWB as
431.89 km®/year and the utilizable dynamic groundwater potential as 396 km?*/year
(details in Chapter 9, Section 9.12).

WATER AVAILABLE FROM RETURN FLOWS Water used for a specific activity
such as irrigation and domestic water supply includes consumptive and non-consump-
tive components. The non-consumptive component part of water use is returned back
to hydrologic system either as surface flow or as addition to groundwater system or as
soil moisture. However, due to economic and technological constraints and due to
possibilities of diminished water quality, only a part of the return flow is recoverable
for re-use. The utilizable return flow is an important component to be considered in
the demand—supply analysis of utilizable water resources.

TOTAL WATER REQUIREMENT AND AVAILABLE RESOURCES
SCENARIO

TOTAL WATER REQUIREMENT FOR DIFFERENT USES The estimated total
water requirements, estimated by NCIWRD?, for the two scenarios and for various
sectors at three future horizons are shown in Table 5.14. Irrigation would continue to
have the highest water requirement (about 68% of total water requirement), followed
by domestic water including drinking and bovine needs.

EVAPORATION In water resources evaluation studies it is common to adopt a per-
centage of the live capacity of a reservoir as evaporation losses. The NCIWRD has
adopted a national average value of 15% of the live storage capacity of major projects
and 25% of the live storage capacity of minor projects as evaporation losses in the
country. The estimated evaporation losses from reservoirs are 42 km?®, 50 km® and 76
km? by the years 2010, 2025 and 2050 respectively.

DEMAND AND AVAILABLE WATER RESOURCES The summary of NCIWRD®
(1999) study relating to national level assessment of demand and available water
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Table 5.14 Water Requirement for Different Uses
(Unit: Cubic Kilometer) [Source: Ref. 8]

SI Uses Year 2010 Year 2025 Year 2050
No. Low High % Low High % Low High %
Surface Water

1. Irrigation 330 339 48 325 366 43 375 463 39

2. Domestic 23 24 3 30 36 5 48 65 6

3. Industries 26 26 4 47 47 6 57 57 5

4. Power 14 15 2 25 26 3 50 56 5
Inland

5. Navigation 7 7 1 10 10 1 15 15 1
Environment

6. (Ecology) 5 5 1 10 10 1 20 20 2
Evaporation

7. Losses 42 42 6 50 50 6 76 76 6
Total 447 458 65 497 545 65 641 752 64

Ground Water

1. Irrigation 213 218 31 236 245 29 253 344 29

2. Domestic 19 19 2 25 26 3 42 46 4

3. Indusrtries 11 11 1 20 20 2 24 24 2

4. Power 4 4 1 6 7 1 13 14 1
Total 247 252 35 287 298 35 332 428 36
Grand Total 694 710 100 784 843 100 973 1180 100

resources is given in Table 5.15. The utilizable return flow is an important component
to be considered in the demand—supply analysis of utilizable water resources. Estimated
utilizable return flows of the country in surface and groundwater mode for different
time horizons are shown in Table 5.15. It may be noted that the return flow contributes
to an extent of nearly 20-25% in reducing the demand.

Table 5.15 Utilizable Water, Requirements and Return Flow

(Quantity in Cubic Kilometre) [Source: Ref. 8]

Sl. Particulars
No.

Year 2010

Year 2025

Year 2050

Low

High

Low
Demand Demand Demand Demand Demand Demand

High

Low

High

1 Utilizable Water

Surface Water 690 690 690 690 690 690
Ground water 396 396 396 396 396 396
Augmentation

from canal

Irrigation 90 90 90 90 90 90
Total 996 996 996 996 996 996

Total Water

(Contd.)
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2  Requirement
Surface Water 447 458 497 545 641 752
Ground Water 247 252 287 298 332 428
Total 694 710 784 843 973 1180
3  Return Flow
Surface Water 52 52 70 74 91 104
Ground Water 144 148 127 141 122 155
Total 196 200 197 215 213 259
Residual
4  Utilizable water
Surface Water 295 284 263 219 140 42
Ground Water 203 202 146 149 96 33
Total 498 486 409 463 236 75

While the table is self-explanatory, the following significant aspects may be noted:

(2)

(b)

The available water resources of the country are adequate to meet the low de-
mand scenario up to year 2050. However, at high demand scenario it barely
meets the demand.

Need for utmost efficiency in management of every aspect of water use, conser-
vation of water resources and reducing the water demand to low demand sce-
nario are highlighted.

11.
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5.1

: REvisioN QUESTIONS }

List the factors affecting the seasonal and annual runoff (Yield) of a catchment. Describe
briefly the interactions of factors listed by you.
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With the help of typical hydrographs describe the salient features of (i) Perennial,
(ii) intermittent, and (iii) ephemeral steams.

Explain briefly:

(a) Water year (b) Natural (Virgin) flow

What is meant by 75% dependable yield of a catchment? Indicate a procedure to esti-
mate the same by using annual runoff volume time series.

Describe briefly the SCS-CN method of estimation yield of a catchment through use of
daily rainfall record.

Indicate a procedure to estimate the annual yield of a catchment by using Strange’s tables.
Explain clearly the procedure for calculating 75% dependable yield of a basin at a flow
gauging station. List the essential data series required for this analysis.

Distinguish between yield and surface water resources potential of a basin having sub-
stantial water resources development for meeting irrigation, domestic and industrial needs
within the basin.

What is watershed simulation? Explain briefly the various stages in the simulation study.
What is a flow-duration curve? What information can be gathered from a study of the
flow duration curve of a stream at a site?

Sketch a typical flow mass curve and explain how it could be used for the determination of
(a) the minimum storage needed to meet a constant demand

(b) the maximum constant maintainable demand from a given storage.

Describe the use of flow mass curve to estimate the storage requirement of a reservoir to
meet a specific demand pattern. What are the limitations of flow mass curve?

What is a residual mass curve? Explain the sequent peak algorithm for the calculation of
minimum storage required to meet a demand.

What is a hydrological drought? What are its components and their possible effects?
List the measures that can be adopted to lessen the effects of drought in a region.
Describe briefly the surface water resources of India.

: PRrRoOBLEMS :

5.1

5.2

Long-term observations at a streamflow-measuring station at the outlet of a catchment
in a mountainous area gives a mean annual discharge of 65 m?/s. An isohyetal map for
the annual rainfall over the catchment gives the following areas closed by isohyets and
the divide of the catchment:

Isohyet (cm) Area (km?) Isohyet (cm) Area (km?)
140-135 50 120-115 600
135-130 300 115-110 400
130-125 450 110-105 200
125-120 700

Calculate (a) the mean annual depth of rainfall over the catchment,

(b) the runoff coefficient.
A small stream with a catchment area of 70 km? was gauged at a location some distance
downstream of a reservoir. The data of the mean monthly gauged flow, rainfall and
upstream diversion are given. The regenerated flow reaching the stream upstream of the
gauging station can be assumed to be constant at a value of 0.20 Mm*/month. Obtain the
rainfall runoff relation for this stream. What virgin flow can be expected for a monthly
rainfall value or 15.5 cm?
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Month Monthly rainfall Gauged monthly flow Upstream utilization
(cm) (Mm®) (Mm®)

1. 5.2 1.09 0.60
2. 8.6 2.27 0.70
3. 7.1 1.95 0.70
4. 9.2 2.80 0.70
5. 11.0 3.25 0.70
6. 1.2 0.28 0.30
7. 10.5 2.90 0.70
8. 11.5 2.98 0.70
9. 14.0 3.80 0.70
10. 3.7 0.84 0.30
11. 1.6 0.28 0.30
12. 3.0 0.40 0.30

5.3 The following table shows the observed annual rainfall and the corresponding annual
runoff for a small catchment. Develop the rainfall-runoff correlation equation for this
catchment and find the correlation coefficient. What annual runoff can be expected from
this catchment for an annual rainfall of 100 cm?

Year 1964 1965 1966 1967 1968 1969
Annual Rainfall (cm) 90.5 111.0 38.7 129.5 1455 99.8
Annual Runoff (cm) 30.1 50.2 53 61.5 74.8 39.9
Year 1970 1971 1972 1973 1974 1975
Annual Rainfall (cm) 147.6 509 1202 90.3 65.2 75.9
Annual Runoff (cm) 64.7 6.5 46.1 36.2 246  20.0

5.4 Flow measurement of river Netravati at Bantwal (catchment area = 3184 km?) yielded
the following annual flow volumes:

Observed Observed

Year annual flow Year annual flow

(Mm®) (Mm®)
1970-71 15925 1980-81 16585
1971-72 14813 1981-82 14649
1972-73 11726 1982-83 10662
1973-74 11818 1983-84 11555
1974-75 12617 1984-85 10821
1975-76 15704 1985-86 9466
1976-77 8334 1986-87 9732
1977-78 12864
1978-79 16195
1979-80 10392

The withdrawal upstream of the gauging station [for meeting irrigation, drinking water
and industrial needs are 91 Mm?® in 197071 and is found to increase linearly at a rate of
2 Mm?/year. The annual evaporation loses from water bodies on the river can be as-
sumed to be 4 Mm®. Estimate the 75% dependable yield at Bantwal. If the catchment
area at the mouth of the river is 3222 km?, estimate the average yield for the whole basin.

5.5 The mean monthly rainfall and temperature of a catchment near Bangalore are given
below. Estimate the annual runoff volume and the corresponding runoff coefficient by
using Khosla’s runoff formula.
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Month Jan Feb Mar Apr May Jun July Aug Sep Oct Nov Dec

Temp (°C) 24 27 32 33 31 26 24 24 23 21 20 21
Rainfall
(mm) 7 9 11 45 107 71 111 137 164 153 61 13

An irrigation tank has a catchment of 900 ha. Estimate, by using Strange’s method, the
monthly and total runoff volumes into the tank due to following monthly rainfall values.

Month July Aug Sept Oct
Monthly Rainfall (mm) 210 180 69 215

For a 500 ha watershed in South India with predominantly non-black cotton soil, the
CNj; has been estimated as 68. (a) If the total rainfall in the past five days is 25 cm and
the season is dormant season, estimate the runoff volume due to 80 mm of rainfall in a
day? (b) What would be the runoff volume if the rainfall in the past five days were 35
mm?

Estimate the values of CN;, CNj; and CNy; for a catchment with the following land use:

Land use Soil group Soil group  Total % area
C (%) D (%)

Cultivated land (Paddy) 30 45 75

Scrub forest 6 4 10

Waste land 9 6 15

A 400 ha watershed has predominantly black cotton soil and its CN}; value is estimated
as 73. Estimate the runoff volume due to two consecutive days of rainfall as follows:

Day Day 1 Day 2
Rainfall (mm) 65 80

The AMC can be assumed to be Type I11.

Compute the runoff volume due to a rainfall of 15 cm in a day on a 550 ha watershed.
The hydrological soil groups are 50% of group C and 50% of group D, randomly distrib-
uted in the watershed. The land use is 55% cultivated with good quality bunding and
45% waste land. Assume antecedent moisture condition of Type-III and use standard
SCS-CN equations.

A watershed having an area 680 ha has a CNy;; value of 77. Estimate the runoff volume
due to 3 days of rainfall as below:

Day Day 1 Day 2 Day 3
Rainfall (mm) 30 50 13

Assume the AMC at Day 1 to be of Type III. Use standard SCS-CN equations.

A watershed has the following land use:

(a) 400 ha of row crop with poor hydrologic condition and

(b) 100 ha of good pasture land

The soil is of hydrologic soil group B. Estimate the runoff volume for the watershed

under antecedent moisture category III when 2 days of consecutive rainfall of 100 mm

and 90 mm occur. Use standard SCS-CN equations.

(a) Compute the runoff from a 2000 ha watershed due to 15 cm rainfall in a day. The
watershed has 35% group B soil, 40% group C soil and 25% group D soil. The land



The McGraw-Hill Companies

Runoff 191

5.14

5.15

5.16

5.17

use is 80% residential that is 65% impervious and 20% paved roads. Assume AMC
II conditions.

(b) If the land were pasture land in poor condition prior to the development, what
would have been the runoff volume under the same rainfall? What is the percentage
increase in runoff volume due to urbanization?

[Note: Use standard SCS-CN equations. ]

Discharges in a river are considered in 10 class intervals. Three consecutive years of
data of the discharge in the river are given below. Draw the flow-duration curve for the
river and determine the 75% dependable flow.

Discharge <6 6.0- 10 15— 25—~ 40- 100~ -150 250- >350
range (m>/s) 99 149 249 39 99 149 249 349
No. of

occurrences 20 137 183 232 169 137 121 60 30 6

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

Mean

monthly

flow

(m?/s) 20 60 200 300 200 150 100 80 60 40 30 25

If a uniform discharge at 90 m?/s is desired from this reservoir what minimum storage
capacity is required?

(Hints: Assume the next year to have similar flows as the present year.)

For the data given in Prob. 5.15, plot the flow mass curve and find:

(a) The minimum storage required to sustain a uniform demand of 70 m*/s;
(b) Ifthe reservoir capacity is 7500 cumec-day, estimate the maximum uniform rate of
withdrawal possible from this reservoir.

The following table gives the monthly inflow and contemplated demand from a pro-
posed 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 20 30 200 225 150 90 70 60
Monthly
demand
(Mm?) 70 75 80 85 130 120 25 25 40 45 50 60

5.18 For the reservoir in Prob. 5.17 the mean monthly evaporation and rainfall are given

below.

Month  Jan Feb Mar Apr May Jun July Aug Sept Oct Nov Dee

Evapo-
ration
(cm) 6 8 13 17 22 22 14 11 13 12 7 5
Rainfall
(cm) 1 0 0 0 0 19 43 39 22 6 2 1
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If the average reservoir area can be assumed to be 30 km?, estimate the change in the
storage requirement necessitated by this additional data. Assume the runoff coefficient
of the area flooded by the reservoir as equal to 0.4.

Following is the stream flow record of a stream and covers a critical 2 year period. What
is the minimum size of the reservoir required on this stream to provide a constant down-
stream flow of 0.07 cumecs? Use Sequent Peak Algorithm.

Month Monthly Discharge Month Monthly Discharge
(1" Year) (ha.m) (2" Year) (ha.m)
Jan 57.4 Jan 10.2
Feb 65.5 Feb 30.8
March 28.6 March 43.1
April 32.8 April 53.1
May 36.9 May 389
June 24.6 June 28.9
July 10.2 July 16.4
Aug 2.1 Aug 12.3
Sept 2.1 Sept 12.3
Oct 2.1 Oct 4.1
Nov 4.1 Nov 8.2
Dec 8.2 Dec 2.1

Solve Problem 5.18 using Sequent Peak Algorithm method.

An unregulated stream provides the following volumes through each successive
4-day period over a 40-day duration at a possible reservoir site. What would be the
reservoir capacity needed to ensure maintaining the average flow over these
40 days, if the reservoir is full to start with? What is the average flow? What would be
the approximate quantity of water wasted in spillage in this case?

Day 0 4 8 12 16 20 24 28 32 36 40
Runoff volume
(Mm?) 0 96 54 23 35 23 22 14 64 124 109

A reservoir is located in a region where the normal annual precipitation is 160 cm and
the normal annual US class A pan evaporation is 200 cm. The average area of reservoir
water surface is 75 km?. If under conditions of 35% of the rainfall on the land occupied
by the reservoir runoff into the stream, estimate the net annual increase or decrease in
the stream flow as result of the reservoir. Assume evaporation pan coefticient = 0.70.

: OBJECTIVE QUESTIONS :

5.1

5.2

A mean annual runoff of 1 m*/s from a catchment of area 31.54 km? represents an
effective rainfall of

(a) 100 cm (b) 1.0 cm (¢) 100 mm (d) 3.17 cm

Direct runoff is made up of

(a) Surface runoff, prompt interflow and channel precipitation

(b) Surface runoff, infiltration and evapotranspiration

(c) Overland flow and infiltration

(d) Rainfall and evaporation
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A hydrograph is a plot of

(a) rainfall intensity against time (b) stream discharge against time

(c) cumulative rainfall against time (d) cumulative runoff against time
The term base flow denotes

(a) delayed groundwater flow reaching a stream

(b) delayed groundwater and snowmelt reaching a stream

(c) delayed groundwater and interflow

(d) the annual minimum flow in a stream

Virgin flow is

(a) the flow in the river downstream of a gauging station

(b) the flow in the river upstream of a gauging station

(c) the flow unaffected by works of man

(d) the flow that would exist in the stream if there were no abstractions to the precipi-

tation

The water year in India starts from the first day of

(a) January (b) April (c) June (d) September

An ephemeral stream

(a) is one which always carries some flow

(b) does not have any base flow contribution

(c) is one which has limited contribution of groundwater in wet season

(d) is one which carries only snow-melt water.

An intermittent stream

(a) has water table above the stream bed throughout the year

(b) has only flash flows in response to storms

(c) has flows in the stream during wet season due to contribution of groundwater.

(d) does not have any contribution of ground water at any time

Khosla’s formula for monthly runoff R, due to a monthly rainfall P, is R,, = P, — L,
where L, is

(a) a constant

(b) monthly loss and depends on the mean monthly catchment temperature

(c) a monthly loss coefficient depending on the antecedent precipitation index

(d) a monthly loss depending on the infiltration characteristics of the catchment

The flow-duration curve is a plot of

(a) accumulated flow against time

(b) discharge against time in chronological order

(c) the base flow against the percentage of times the flow is exceeded

(d) the stream discharge against the percentage of times the flow is equalled or ex-

ceeded.

In a flow—mass curve study the demand line drawn from a ridge in the curve did not
interest the mass curve again. This represents that

(a) the reservoir was not full at the beginning

(b) the storage was not adequate

(c) the demand cannot be met by the inflow as the reservoir will not refill

(d) the reservoir is wasting water by spill.

If in a flow—mass curve, a demand line drawn tangent to the lowest point in a valley of
the curve does not intersect the mass curve at an earlier time period, it represents that
(a) the storage is inadequate

(b) the reservoir will not be full at the start of the dry period

(c) the reservoir is full at the beginning of the dry period

(d) the reservoir is wasting later by spill.
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The flow-mass curve is an integral curve of

(a) the hydrograph (b) the hyetograph

(c) the flow duration curve (d) the S-curve.

The total rainfall in a catchment of area 1200 km? during a 6-h storm is 16 cm while the
surface runoff due to the storm is 1.2 x 103 m>. The ¢ index is

(a) 0.1 cm/h (b) 1.0 cm/h

(¢) 0.2 cm/h (d) cannot be estimated with the given data.
In India, a meteorological subdivision is considered to be affected by moderate drought
if it receives a total seasonal rainfall which is

(a) less than 25% of normal value

(b) between 25% and 49% of normal value

(c) between 50% and 74% of normal value

(d) between 75% and 99% of normal value

An area is classified as a drought prone area if the probability P of occurrence of a
drought is

(a) 04<P<1.0 (b) 0.2<P<0.40

(¢) 0.1<P<0.20 (d) 0.0<P<020

In the standard SCS-CN method of modelling runoft due to daily rainfall, the maximum
daily rainfall that would not produce runoff in a watershed with CN = 50 is about

(a) 65 mm (b) 35 mm (¢) 50 mm (d) 25 mm

In the standard SCS-CN method, if CN = 73 the runoff volume for a one day rainfall of
100 mm is about

(a) 38 mm (b) 2mm (¢) 56 mm (d) 81 mm
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Chapter

HYDROGRAPHS

6.1 INTRODUCTION

While long-term runoff concerned with the estimation of yield was discussed in the
previous chapter, the present chapter examines in detail the short-term runoff phe-
nomenon. The storm hydrograph is the focal point of the present chapter.

Consider a concentrated storm producing a fairly uniform rainfall of duration, D
over a catchment. After the initial losses and infiltration losses are met, the rainfall
excess reaches the stream through overland and channel flows. In the process of trans-
lation a certain amount of storage is built up in the overland and channel-flow phases.
This storage gradually depletes after the cessation of the rainfall. Thus there is a time
lag between the occurrence of rainfall in the basin and the time when that water passes
the gauging station at the basin outlet. The runoff measured at the stream-gauging
station will give a typical hydrograph as shown in Fig. 6.1. The duration of the rainfall
is also marked in this figure to indicate the time lag in the rainfall and runoff. The
hydrograph of this kind which results due to an isolated storm is typically single-
peaked skew distribution of discharge and is known variously as storm hydrograph,
flood hydrograph or simply hydrograph. 1t has three characteristic regions: (i) the
rising limb AB, joining point 4, the starting point of the rising curve and point B, the
point of inflection, (ii) the crest segment BC between the two points of inflection with
a peak P in between, (iii) the falling limb or depletion curve CD starting from the
second point of inflection C.

—>‘ D "* Hydrograph components
MA = base flow recession
' Rainfall AB =rising limb
BC = crest segment
CD = falling limb

P

DN = base flow recession

Points B and C = inflection points

Direct runoff

Discharge in m3/s

Base flow

Time in hours

Fig. 6.1 Elements of a Flood Hydrograph
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The hydrograph is the response of a given catchment to a rainfall input. It consists
of flow in all the three phases of runoff, viz. surface runoff, interflow and base flow,
and embodies in itself the integrated effects of a wide variety of catchment and rainfall
parameters having complex interactions. Thus two different storms in a given catch-
ment produce hydrographs differing from each other. Similarly, identical storms in
two catchments produce hydrographs that are different. The interactions of various
storms and catchments are in general extremely complex. If one examines the record
of a large number of flood hydrographs of a stream, it will be found that many of them
will have kinks, multiple peaks, etc. resulting in shapes much different from the sim-
ple single-peaked hydrograph of Fig. 6.1. These complex hydrographs are the result
of storm and catchment peculiarities and their complex interactions. While it is theo-
retically possible to resolve a complex hydrograph into a set of simple hydrographs
for purposes of hydrograph analysis, the requisite data of acceptable quality are sel-
dom available. Hence, simple hydrographs resulting from isolated storms are pre-
ferred for hydrograph studies.

6.2 FACTORS AFFECTING FLOOD HYDROGRAPH

The factors that affect the shape of the hydrograph can be broadly grouped into cli-
matic 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 recession limb is independent of storm characteristics,
being determined by catchment characteristics only. Many of the factors listed in Ta-
ble 6.1 are interdependent. Further, their effects are very varied and complicated. As
such only important effects are listed below in qualitative terms only.

Table 6.1 Factors Affecting Flood Hydrograph

Physiographic factors Climatic factors

1. Basin characterstics: 1. Storm characterstics: precipitation, in-
(a) Shape tensity, duration, magnitude and move-
(b) size ment of storm.
(c) slope 2. Initial loss
(d) nature of the valley 3. Evapotranspiration

(e) elevation
(f) drainage density

2. Infiltration characteristics:
(a) land use and cover
(b) soil type and geological
conditions
(c) lakes, swamps and other storage
3. Channel characteristics: cross-section,
roughness and storage capacity

SHAPE OF THE BASIN

The shape of the basin influences the time taken for water from the remote parts of the
catchment to arrive at the outlet. Thus the occurrence of the peak and hence the shape
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of the hydrograph are affected by the basin shape. Fan-shaped, i.e. nearly semi-circu-
lar shaped catchments give high peak and narrow hydrographs while elongated catch-
ments give broad and low-peaked hydrographs. Figure 6.2 shows schematically the
hydrographs from three catchments having identical infiltration characteristics due to
identical rainfall over the catchment. In catchment 4 the hydrograph is skewed to the
left, i.e. the peak occurs relatively quickly. In catchment B, the hydrograph is skewed
to the right, the peak occurring with a relatively longer lag. Catchment C indicates the
complex hydrograph produced by a composite shape.

A B C
S [ e [

Time Time Time

Fig. 6.2 Effect of Catchment Shape on the Hydrograph

Discharge
Discharge
Discharge

SIZE

Small basins behave different from the large ones in terms of the relative importance
of various phases of the runoff phenomenon. In small catchments the overland flow
phase is predominant over the channel flow. Hence the land use and intensity of rain-
fall have important role on the peak flood. On large basins these effects are suppressed
as the channel flow phase is more predominant. The peak discharge is found to vary as
A" where A is the catchment area and # is an exponent whose value is less than unity,
being about 0.5. The time base of the hydro-graphs 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 A™, where m
is an exponent less than unity and is of the order of magnitude of 0.2.

SLOPE

The slope of the main stream controls the velocity of flow in the channel. As the
recession limb of the hydrograph represents the depletion of storage, the stream chan-
nel 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 obviously result in a smaller time base.

The basin slope is important in small catchments where the overland flow is rela-
tively 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 conducive for quick disposal
of runoff down the channels. This fast response is reflected 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).
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LAND UstE A
Vegetation and forests increase the infiltra- @ @

tion and storage capacities of the soils. Fur-
ther, they cause considerable retardance to
the overland flow. Thus the vegetal cover
reduces the peak flow. This effect is usually
very pronounced in small catchments of area C'A-High
less than 150 km?. Further, the effect of the density
vegetal cover is prominent in small storms. Time
In general, for two catchments of equal area,
other factors being identical, the peak dis-
charge is higher for a catchment that has a
lower density of forest cover. Of the various factors that control the peak discharge,
probably the only factor that can be manipulated is land use and thus it represents the
only practical means of exercising long-term natural control over the flood hydrograph
of a catchment.

Discharge

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 hydrograph. For a given duration,
the peak and volume of the surface runoff are essentially proportional to the intensity
of rainfall. This aspect is made use of in the unit hydrograph theory of estimating
peak-flow hydrographs, as discussed in subsequent sections of this chapter. In very
small catchments, the shape of the hydrograph can also be affected by the intensity.

The duration of storm of given intensity also has a direct proportional effect on the
volume of runoff. The effect of duration is reflected in the rising limb and peak flow.
Ideally, if a rainfall of given intensity i lasts sufficiently long enough, a state of equi-
librium discharge proportional to i4 is reached.

If the storm moves from upstream of the catchment to the downstream end, there
will be a quicker concentration of flow at the basin outlet. This results in a peaked
hydrograph. Conversely, if the storm movement is up the catchment, the resulting
hydrograph will have a lower peak and longer time base. This effect is further accen-
tuated by the shape of the catchment, with long and narrow catchments having
hydrographs most sensitive to the storm-movement direction.

6.3 COMPONENTS OF A HYDROGRAPH

As indicated earlier, the essential components of a hydrograph are: (i) the rising limb,
(i1) the crest segment, and (iii) the recession limb (Fig. 6.1). A few salient features of
these components are described below.

RISING LIMB

The rising limb of a hydrograph, also known as concentration curve represents the
increase in discharge due to the gradual building up of storage in channels and over
the catchment surface. The initial losses and high infiltration losses during the early
period of a storm cause the discharge to rise rather slowly in the initial periods. As the
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storm continues, more and more flow from distant parts reach the basin outlet. Simul-
taneously the infiltration losses also decrease with time. Thus under a uniform storm
over the catchment, the runoff 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 important parts of a hydrograph as it contains the
peak flow. The peak flow occurs when the runoff from various parts of the catchment
simultaneously contribute amounts to achieve 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
essentially controlled by basin and storm characteristics. Multiple-peaked complex
hydrographs in a basin can occur when two or more storms occur in succession.
Estimation of the peak flow and its occurrence, being important in flood-flow studies
are dealt with 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 (point C in Fig. 6.1) to the commencement of the natural groundwater flow
(point D in Fig. 6.1) 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, i.e. 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
surface detention and channel storage, (ii) interflow storage, and (iii) groundwater
storage, i.e. base-flow storage. Barnes (1940) showed that the recession of a storage
can be expressed as

0,= 0K 6.1)
in which Q, is the discharge at a time ¢ and Q) is the discharge at # = 0; K, 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

0,= 0™ (6.1a)
where a =—In K.

The recession constant K, can be considered to be made up of three components to
account for the three types of storages as

Kr = Krs ’ Kri ’ Krb
where K, =recession constant for surface storage, K,,=recession constant for interflow
and K, = recession constant for base flow. Typically the values of these recession
constants, when time ¢ is in days, are

K, =0.05100.20 K,;=0.50to 0.85 K., =0.851t00.99

When the interflow is not significant, K,; can be assumed to be unity.
If suffixes 1 and 2 denote the conditions at two time instances ¢, and ,,
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from Eq. (6.1) G gtiw (6.2)
0, '
or from Eq. (6.1a) o = @(hh) (6.2a)
0,

Equation 6.1 (and also 6.1a) plots as a straight line when plotted on a semi-log paper
with discharge on the log—scale. The slope of this line represents the recession con-
stant. Using this property and using Eq. 6.2 (or 6.2a) the value of K, for a basin can be
estimated by using observed recession data of a flood hydrograph. Example 6.1 ex-
plains the procedure in detail.

The storage S, remaining at any time ¢ is obtained as

S, = TQtdtz TQOe—“fdt 9 (6.3)
t t a

ExampLe 6.1 The recession limb of a flood hydrograph is given below. The time is
indicated from the arrival of peak. Assuming the interflow component to be negligible,
estimate the base flow and surface flow recession coefficients. Also, estimate the storage
at the end of day-3.

Time from Discharge Time from Discharge
peak (day) (m’/s) Peak (day) (m’/s)
0.0 90 3.5 5.0
0.5 66 4.0 3.8
1.0 34 4.5 3.0
1.5 20 5.0 2.6
2.0 13 5.5 2.2
2.5 9.0 6.0 1.8
3.0 6.7 6.5 1.6
7.0 1.5

Sorution.  The data are plotted on a semi-log paper with discharge on the log-scale.
The data points from ¢ = 4.5 days to 7.0 days are seen to lie on straight line (line AB in
Fig. 6.4). This indicates that the surface flow terminates at ¢ = 4.5 days. The best fitting
exponential curve for this straight-line portion (obtained by use of MS Excel) is

0, = 11.033¢ %27 with R* = 0.9805.

The base flow recession coefficient K,,, is obtained as

In K,;, =—0.2927 and as such K,, = 0.746.

[Alternatively, by using the graph, the value of K, could be obtained by selecting two
points 1 and 2 on the straight line AB and using Eq. (6.2)].

The base flow recession curve is extended till # = 1 day as shown by line ABM Fig. 6.4.
The Surface runoff depletion is obtained by subtracting the base flow from the given
recession limb of the flood hydrograph. The computations are shown in the Table given
on the next page.

The surface flow values (Col. 4 of Table above) are plotted against time as shown in
Fig. 6.4. It is seen that these points lie on a straight line, XY. The best fitting exponential
curve for this straight-line portion XY (obtained by use of MS Excel) is

0, = 106.84¢ 1% with R? = 0.9951



The McGraw-Hill Companies I

Hydrographs 201
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_g A/_ v B —+—
2 Q=106.84¢1-3603 ¢ \ 4
9 1.0 R? = 0.9951 'S
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N
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Fig. 6.4 Storage Recession Curve—Example 6.1
Time from Recession Limb Base flow Surface
peak (days) of given flood (Obtained by runoff (m%/s)
hydrograph (m%/s) using K,, = 0.746)
0.0 90.0
0.5 66.0 10.455 55.545
1.0 34.0 7.945 26.055
1.5 20.0 6.581 13.419
2.0 13.0 5.613 7.387
2.5 9.0 4.862 4.138
3.0 6.7 4.249 2451
3.5 5.0 3.730 1.270
4.0 3.8 3.281 0.519
4.5 3.0 2.884
5.0 2.6 2.530
5.5 2.2 2.209
6.0 1.8 1.917
6.5 1.6 1.647
7.0 1.5 1.398

The Surface flow recession coefficient K, is obtained as
In K, =—1.3603 and as such K, = 0.257.
[Alternatively, by using the graph, the value of K, could be obtained by selecting two
points 1 and 2 on the straight line XY and using Eq. (6.2)].

The storage available at the end of day-3 is the sum of the storages in surface flow and
groundwater recession modes and is given by

O3 O3
S = +
-InK,, -InK,
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For the surface flow recession using the best fit equation:
Q.3 = 106.84¢ 71360333 — 1 8048; — In K, = 1.3603

O3 1.8048
~InkK, 13603

Similarly for the base flow recession:
Qs = 11.033¢92927%3 = 4585; —In K, = 0.2927

O3 4585
~Ink, 02927

Hence, total storage at the end of 3 days = S; = 1.3267 + 15.665
=16.9917 cumec. days = 1.468 Mm®

= 1.3267 cumec-days

= 15.665 cumec-days

6.4 BASE FLOW SEPARATION

In many hydrograph analyses a relationship between the surface-flow hydrograph and

the effective rainfall (i.e. rainfall minus losses) is sought to be established. The sur-

face-flow hydrograph is obtained from the total storm hydrograph by separating the

quick-response flow from the slow response runoff. It is usual to consider the interflow

as a part of the surface flow in view of its quick response. Thus only the base flow is

to be deducted from the total storm hydrograph to obtain the surface flow hydrograph.
There are three methods of base-flow separation that are in common use.

METHODS OF BASE-FLOW SEPARATION

METHOD [-STRAIGHT-LINE METHOD In this method the separation of the base
flow is achieved by joining with a straight
line the beginning of the surface runoff to
a point on the recession limb representing
the end of the direct runoff. In Fig. 6.5 point
A represents the beginning of the direct run-
off and it is usually easy to identify in view
of the sharp change in the runoff rate at
that point.

Point B, marking the end of the direct
runoff is rather difficult to locate exactly.
An empirical equation for the time inter- Fig. 6.5 Base Flow Seperation
val N (days) from the peak to the point B is Methods

N=10.834%2 (6.4)
where 4 = drainage area 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 runoff. It should be realised that
the value of N obtained as above is only approximate and the position of B should be
decided by considering a number of hydrographs for the catchment. This method of
base-flow separation is the simplest of all the three methods.

Peak: <«——N days—>

Discharge

METHOD 2 1In this method the base flow curve existing prior to the commence-
ment of the surface runoff is extended till it intersects the ordinate drawn at the peak
(point C in Fig. 6.5). This point is joined to point B by a straight line. Segment AC and
CB demarcate the base flow and surface runoff. This is probably the most widely used
base-flow separation procedure.
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METHOD 3 In this method the base flow recession curve after the depletion of the
flood water is extended backwards till it intersects the ordinate at the point of inflec-
tion (line £F 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 contri-
butions are significant and reach the stream quickly.

It is seen that all the three methods of base-flow separation are rather arbitrary. The
selection of anyone of them depends upon the local practice and successful predic-
tions achieved in the past. The surface runoff hydrograph obtained after the base-flow
separation is also known as direct runoff hydrograph (DRH).

6.5 EFFECTIVE RAINFALL (ER)

Effective rainfall (also known as Excess rainfall) (ER) is that part of the rainfall that
becomes direct runoff at the outlet of the watershed. It is thus the total rainfall in a
given duration from which abstractions such as infiltration and initial losses are sub-
tracted. As such, ER could be defined as that rainfall that is neither retained on the
land surface nor infiltrated into the soil.
For purposes of correlating DRH with the rain- Rainfall excess

fall which produced the flow, the hyetograph of
the rainfall is also pruned by deducting the losses.
Figure 6.6 shows the hyetograph of a storm. The
initial loss and infiltration losses are subtracted
from it. The resulting hyetograph is known as 7!
effective rainfall hyetograph (ERH). It is also % AI} °j§/es

Intensity (cm/h)

known as excess rainfall hyetograph. Time —> (hours)
Both DRH and ERH represent the same total Fig. 6.6 Effective Rainfall
quantity but in different units. Since ERH is usu- Hyetograph (ERH)

ally in c/h plotted against time, the area of ERH

multiplied by the catchment area gives the total volume of direct runoff which is the
same as the area of DRH. The initial loss and infiltration losses are estimated based on
the available data of the catchment.

ExampLE 6.2 Rainfall of magnitude 3.8 cm and 2.8 cm occurring on two consecutive
4-h durations on a catchment of area 27 km’ produced the following hydrograph of flow
at the outlet of the catchment. Estimate the rainfall excess and ¢ index.

Time from start
of rainfall (h) -6 0 6 12 18 24 30 36 42 48 54 60 66
Observed flow
(m/s) 6 5 13 26 21 16 12 9 7 5 5 45 45

Sorution.  The hydrograph is plotted to scale (Fig. 6.7). It is seen that the storm
hydrograph has a base-flow component. For using the simple straight-line method of base-
flow separation, by eg. (6.4)

N=0.83x27)"*=1.6days=38.5h
However, by inspection, DRH starts at # = 0, has the peak at =12 hand ends at t =48 h
(which gives a value of N=48 — 12 =36 h). As N =36 h appears to be more satisfactory
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~— ¢ Index = 0.135 cm/h

: |«<— Rainfall excess =5.52 cm

w
o
I

Discharge (m3/s)
n
o
I

Direct runoff
5.52cm

| +|BasF f|O\IN

-
o
I

| 1 |
-6 0 6 12 18 24 30 36 42 48 54 60 66

Time in hours

Fig. 6.7 Base Flow Separation — Example 6.2

than N =38.5 h, in the present case DRH is assumed to exist from ¢ = 0 to 48 h. A straight
line base flow separation gives a constant value of 5 m*/s for the base flow.

Area of DRH = (6 x 60 x 60)[%(8)+%(8+21)+%(21+16)+%(16+11)

1 1 1 1
+ 5(11+7)+5(7+4)+5(4+2)+E(2)]

=3600x6x(8+21 +16+11+7+4+2)=1.4904 x 10° m>
= Total direct runoff due to storm
runoff volume : 1.4904 x 10°

= =0.0552 m
catchment area 27 x10°

Runoff depth =

= 5.52 cm = rainfall excess
Total rainfall = 3.8 + 2.8 = 6.6 cm
Duration =8 h

) 6.6 -5.52
¢index = B =0.135 cm/h

ExampLE 6.3 A storm over a catchment of area 5.0 km? had a duration of 14 hours.
The mass curve of rainfall of the storm is as follows:

Time from start

of storm (h) 0 2 4 6 8 10 12 14
Accumulated
rainfall (cm) 0 0.6 2.8 5.2 6.6 7.5 9.2 9.6

If the @ index for the catchment is 0.4 cm/h, determine the effective rainfall hyetograph
and the volume of direct runoff from the catchment due to the storm.

Sorution.  First the depth of rainfall in a time interval A¢ =2 hours, in total duration of
the storm is calculated, (col. 4 of Table 6.2).
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Table 6.2 Calculation for Example 6.3

Time from  Time Accumulated Depth of oAt ER (cm) Intensity

start of interval rainfall in rainfall in  (cm) of ER
storm, z (h) Az (h) time 7 (cm) At (cm) (cm/h)
1 2 3 4 5 6 7
0 — 0 — — — —
2 2 0.6 0.6 0.8 0 0
4 2 2.8 2.2 0.8 1.4 0.7
6 2 5.2 2.4 0.8 1.6 0.8
8 2 6.7 1.5 0.8 0.7 0.35
10 2 7.5 0.8 0.8 0 0
12 2 9.2 1.7 0.8 0.9 0.45
14 2 9.6 0.4 0.8 0 0

In a given time interval At, effective rainfall (ER) is given by
ER = (actual depth of rainfall — ¢ A 7)

or ER = 0, whichever is larger.
The calculations are shown in 0.8
Table 6.2. For plotting the hyeto- 08
graph, the intensity of effective 07} 0.7
rainfall is calculated in col. 7. 3
The effective rainfall hyeto- E 0.6
graph is obtained by plotting ER > 45|
intensity (col. 7) against time & 0.45
from start of storm (col. 1), and _‘E 0.4} 0.35
is shown in Fig. 6.8. 3 o3l
Total effective rainfall = Direct % '
runoff due to storm = area of ER o 0.2
hyetograph = (0.7 + 0.8 + 0.35 + 01k
0.45)x2=4.6 cm
Volume of Direct runoff = —5_ % 2 4 6 8 10 12 14 16
1000 Time from start of storm (h)

2_ 3
X 5.0 (1000)" =23000 m Fig. 6.8 ERH of Storm —Example 6.3

6.6 UNIT HYDROGRAPH

The problem of predicting the flood hydrograph resulting from a known storm in a
catchment has received considerable attention. A large number of methods are pro-
posed to solve this problem and of them probably the most popular and widely used
method is the unit-hydrograph method. This method was first suggested by Sherman
in 1932 and has undergone many refinements since then.

A unit hydrograph is defined as the hydrograph of direct runoff resulting from one
unit depth (1 cm) of rainfall excess occurring uniformly over the basin and at a uni-
form rate for a specified duration (D hours). The term unit here refers to a unit depth
of rainfall excess which is usually taken as 1 cm. The duration, being a very important
characteristic, is used as a prefix to a specific unit hydrograph. Thus one has a 6-h unit
hydrograph, 12-h unit hydrograph, etc. and in general a D-/4 unit hydrograph applica-
ble to a given catchment. The definition of a unit hydrograph implies the following:



The McGraw-Hill Companies ‘

206 Engineering Hydrology

e The unit hydrograph represents the lumped response of the catchment to a unit
rainfall excess of D-h duration to produce a direct-runoff hydrograph. It relates
only the direct runoff to the rainfall excess. Hence the volume of water con-
tained in the unit hydrograph must be equal to the rainfall excess. As 1 cm depth
of rainfall excess is considered the area of the unit hydrograph is equal to a
volume given by 1 cm over the catchment.

e The rainfall is considered to have an average intensity of excess rainfall (ER) of
1/D cm/h for the duration D-h of the storm.

e The distribution of the storm is considered to be uniform all over the catchment.

Figure 6.9 shows a typical 6-h unit hydrograph. Here the duration of the rainfall

excess is 6 h.

Area under the unit hydrograph = 12.92 x 10° m?

0 6h
1cMl « Raj
160 Rainfall excess
- Catchment area -
> =1292 km?2
o 120 i
£
) i 6-h unit ]
é 80 & hydrograph -
2
A L i
40 -
- Direct runoff =1 cm b
| | | | | | | | | |

0
0 6 12 18 24 30 36 42 48 54 60 66
Time in hours

Fig. 6.9 Typical 6-h Unit Hydrograph

Hence
Catchment area of the basin = 1292 km?
Two basic assumptions constitute the foundations for the unit-hydrograph theory.
These are: (i) the time invariance and (ii) the linear response.

TIME INVARIANCE

This first basic assumption is that the direct-runoff response to a given effective rain-
fall in a catchment is time-invariant. This implies that the DRH for a given ER in a
catchment is always the same irrespective of when it occurs.

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. Linear response means that
if an input x; (f) causes an output y, (f) and an input x, (f) causes an output y, (¢), then
an input x,; (¥) + x, () gives an output y; (¥) + y, (f). Consequently, if x, () =r x; (¥),
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then y, (£)=ry, (¢). Thus, if the rainfall excess in a duration D is » times the unit depth,
the resulting DRH will have ordinates bearing ratio » to those of the corresponding
D-h unit hydrograph. Since the area of the resulting DRH should increase by the ratio
r, the base of the DRH will be the same as that of the unit hydrograph.

The assumption of linear response in a unit hydrograph enables the method of
superposition to be used to derive DRHs. Accordingly, if two rainfall excess of D-h
duration each occur consecutively, their combined effect is obtained by superposing
the respective DRHs with due care being taken to account for the proper sequence of
events. These aspects resulting from the assumption of linear response are made clearer
in the following two illustrative examples.

ExampLE 6.4 Given below are the ordinates of a 6-h unit hydrograph for a catch-
ment. Calculate the ordinates of the DRH due to a rainfall excess of 3.5 cm occurring in
6 h.

Time (h) 0 3 6 9 12 15 18 24 30 36 42 48 54 60 69
UH ordinate
(m>/s) 0 25 50 85 125 160 185 160 110 60 36 25 16 8 0

Sorution.  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 6.3. The resulting DRH as also the
unit hydrograph are shown in Fig. 6.10 (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.

Table 6.3 Calculation of DRH Due to 3.5 ER —Example 6.4

Time (h) Ordinate of 6-h Ordinate of 3.5 cm
unit hydrograph (m%/s) DRH (m?%/s)
1 2 3
0 0 0
3 25 87.5
6 50 175.0
9 85 297.5
12 125 437.5
15 160 560.0
18 185 647.5
24 160 560.0
30 110 385.0
36 60 210.0
42 36 126.0
48 25 87.5
54 16 56.0
60 8 28.0
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Fig. 6.10(a) 3.5 cm DRH derived from 6-h Unit Hydrograph—Example 6.4

3.5cm

Discharge (m?3/s)

ExampLe 6.5 Two storms each of 6-h duration and having rainfall excess values of
3.0 and 2.0 cm respectively occur successively. The 2-cm ER rain follows the 3-cm rain.
The 6-h unit hydrograph for the catchment is the same as given in Example 6.4. Calcu-
late the resulting DRH.

Sorution.  First, the DRHs due to 3.0 and 2.0 cm ER are calculated, as in Example 6.3
by multiplying the ordinates of the unit hydrograph by 3 and 2 respectively. Noting that
the 2-cm DRH occurs after the 3-cm DRH, the ordinates of the 2-cm DRH are lagged by
6 hrs as shown in column 4 of Table 6.4. Columns 3 and 4 give the proper sequence of the
two DRHs. Using the method of superposition, the ordinates of the resulting DRH are
obtained by combining the ordinates of the 3- and 2-cm DRHs at any instant. By this
process the ordinates of the 5 cm DRH are obtained in column 5. Figure 6.10(b) shows the
component 3- and 2-cm DRHs as well as the composite 5-cm DRH obtained by the method
of superposition.

Table 6.4 Calculation of DRH by method of Superposition—Example 6.5

Time Ordinate Ordinate Ordinate of  Ordinate of = Remarks
(h) of 6-hUH  of 3-cm DRH 2-cm DRH 5-cm DRH
(m%/s) (col. 2) X 3 (col. 2 (col. 3 +
lagged by col. 4)
6h)x2 (m’/s)
1 2 3 4 5 6
0 0 0 0 0
3 25 75 0 75
6 50 150 0 150
9 85 255 50 305
12 125 375 100 475
15 160 480 170 650
18 185 555 250 805

(Contd.)
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(Contd.)

210 (172.5) (517.5) (320) (837.5) Interpolated
value

24 160 480 370 850

30 110 330 320 650

36 60 180 220 400

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 0 0 (10.6) (10.6) Interpolated
value

75 0 0 0 0

Note: 1. The entries in col. 4 are shifted by 6 h in time relative to col. 2.
2. Due to unequal time interval of ordinates a few entries have to be interpolated to
complete the table. These interpolated values are shown in parentheses.

T T T T T T T T T T T 1
0 6 12h A = DR due to first period
ERH of 3cm ER
Gl B = DR due to second
900 period of 2 cm ER _
@ 800 _|
(]
€ 700 _
® —~— Composite DRH
© 600 — _
©
S - \¢—C=A+B=5cmDRH
§ 500 - VN
[m) / \
400 — \ _|
/'1\ A, -\
soo -/ N |
200 |- /"\ N i
/=B AN
100 - J/ S |
[P R T T TR T SR T ks ot A

0 6 12 18 24 30 36 42 48 54 60 66 72 78
Time in hours

Fig. 6.10(b) Principle of Superposition—Example 6.5

APPLICATION OF UNIT HYDROGRAPH

Using the basic principles of the unit hydrograph, one can easily calculate the DRH in
a catchment due to a given storm if an appropriate unit hydrograph was available. Let
it be assumed that a D-4 unit-hydrograph and the storm hyetograph are available. The
initial losses and infiltration losses are estimated and deducted from the storm
hyetograph to obtain the ERH (Sec. 6.5). The ERH is then divided into M blocks of
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D-h duration each. The rainfall excess in each D-h duration is then operated upon the
unit hydrograph successively
to get the various DRH curves. |
The ordinates 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 net DRH due to
the storm.

Consider Fig. 6.11 in
which a sequence of M rain- 4« D-hunit
fall excess values R, R,, ...,

R, ... R, each of duration D-

hydrograph
U(t)i\?\L
h is shown. The line u [f] is S !

D t
the ordinate of a D-h unit Time —>

hydrograph at # h from the be- Fig. 611 DRH due to an ERH
ginning.
The direct runoff due to R, at time ¢ is
01 =Ry - ult]
The direct runoff due to R, at time (¢ — D) is
O, =Ry - ult-D]
Similarly, O,=R;-ult—(i—-1)D]

R Miiata e

excess

Discharge —> <— Rainfall

and O0,=R, - ult—(M-1)D]
Thus at any time ¢, the total direct runoff is
M M
0= 2 0= X R ult—(i-1)D] (6.5)

i=1 i=1

The arithmetic calculations of Eq. (6.5) are best performed in a tabular manner as
indicated in Examples 6.5 and 6.6. After deriving the net DRH, the estimated base
flow is then added to obtain the total flood hydrograph.

Digital computers are extremely useful in the calculations of flood hydrographs
through the use of unit hydrograph. The electronic spread sheet (such as MS Excel) is
ideally suited to perform the DRH calculations and to view the final DRH and flood
hydrographs.

ExampLE 6.6 The ordinates of a 6-hour unit hydrograph of a catchment is given below.

Time (h) 0 3 6 9 12 15 18 24 30 36 42 48
Ordinate
of6-hUH 0 25 50 85 125 160 185 160 110 60 36 25

Time (h) 54 60 69
Ordinate
of 6-hUH 16 8 0

Derive the flood hydrograph in the catchment due to the storm given below:

Time from start of storm (h) 0 6 12 18
Accumulated rainfall (cm) 0 3.5 11.0 16.5
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The storm loss rate (¢— index) for the catchment is estimated as 0.25 cm/h. The base flow
can be assumed to be 15 m’/s at the beginning and increasing by 2.0 m’/s for every 12
hours till the end of the direct-runoff hydrograph.

Sorution.  The effective rainfall hyetograph is calculated as in the following table.
The direct runoff hydrograph is next calculated by the method of superposition as indi-
cated in Table 6.5. The ordinates of the unit hydrograph are multiplied by the ER values
successively. The second and third set of ordinates are advanced by 6 and 12 h respec-
tively and the ordinates at a given time interval added. The base flow is then added to
obtain the flood hydrograph shown in Col 8, Table 6.6.

Interval 1st 6 hours 2nd 6 hours 3rd 6 hours
Rainfall depth (cm) 35 (11.0-3.5)=75 (16.5-11.0)=5.5
Loss @ 0.25 cm/h for 6 h 1.5 1.5 1.5
Effective rainfall (cm) 2.0 6.0 4.0

Table6.5 Calculation of Flood Hydrograph due to a known ERH — Example 6.6

Time Ordinates DRH due DRH due DRH due Ordinates Base Ordinates
of UH to 2 cm to 2 cm to 4 cm of final flow of flood

ER ER ER DRH (m’s) hydro-
Col. 2 Col. 2 Col.2 (Col.3+ graph
x 2.0 X 6.0 x 4.0 4+5) (m%/s)
(Advanced (Advanced (Col. 6
by6h)  by12h) +7)
1 2 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 0 0 100 15 115
9 85 170 150 0 320 15 335
12 125 250 300 0 550 17 567
15 160 320 510 100 930 17 947
18 185 370 750 200 1320 17 1337
1) (172.5) (345) 960 340 1645 17) 1662
24 160 320 1110 500 1930 19 1949
27) (135) (270) (1035) 640 1945 19 1964
30 110 220 960 740 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 96 100 212 25 237
66 2.7 (5.4) 48 64 117 25 142
69 0 0 — — — — —
72 0 16 32 48 27 75
75 0 0 — — — —
78 0 0 (10.8) (11) 27 49
81 0 0 27 27
84 27 27

Note: Due to the unequal time intervals of unit hydrograph ordinates, a few entries,
indicated in parentheses have to be interpolated to complete the table.
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6.7 DERIVATION OF UNIT HYDROGRAPHS

A number of isolated storm hydrographs caused by short spells of rainfall excess,
each of approximately same duration [0.90 to 1.1 D h] are selected from a study of the
continuously gauged runoff of the stream. For each of these storm hydrographs, the
base flow is separated by adopting one of the methods indicated in Sec. 6.4.

The area under each DRH is evaluated and the volume of the direct runoff obtained
is divided by the catchment area to obtain the depth of ER. The ordinates of the vari-
ous DRHs are divided by the respective ER values to obtain the ordinates of the unit
hydrograph.

Flood hydrographs used in the analysis should be selected to meet the following
desirable features with respect to the storms responsible for them.

e The storms should be isolated storms occurring individually.

o The rainfall should be fairly uniform during the duration and should cover the

entire catchment area.

e The duration of the rainfall should be 1/5 to 1/3 of the basin lag.

e The rainfall excess of the selected storm should be high. A range of ER values

of 1.0 to 4.0 cm is sometimes preferred.

A number of unit hydrographs of a given duration are derived by the above method
and then plotted on a common pair of axes as shown in Fig. 6.12. Due to the rainfall
variations both in space and time and due to storm departures from the assumptions of
the unit hydrograph theory, the various unit hydrographs thus developed will not be
identical. It is a common practice to adopt a mean of such curves as the unit hydrograph
of a given duration for the catchment. While deriving the mean curve, 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 is corrected by adjusting
the value of the peak. The averaged ERH of unit depth is customarily drawn in the plot
of the unit hydrograph to indicate the type and duration of rainfall causing the unit

hydrograph.
4 hr
~ @ } Two 4-h UH for the basin
1 due to two storms
- @
. 2
» 50 «— Average peak
2] e
E 7NN
o 40 [~ / N
o | / N Average 4-h UH
5 30 / N\ /_ 9
2 / N
o / N
20 — N
/ ~—® NS
10 —//
/
0 | | | | | | | | |
0 4 8 12 16 20 24 28 32 36 40

Time
Fig. 6.12 Derivation of an Average Unit Hydrograph
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By definition the rainfall excess is assumed to occur uniformly over the catchment
during duration D of a unit hydrograph. An. ideal duration for a unit hydrograph is one
wherein small fluctuations in the intensity of rainfall within this duration do not have
any significant effect on the runoff. The catchment has a damping effect on the fluc-
tuations 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 larger than 250 km? the
duration of 6 h is generally satisfactory.

ExampLE 6.7 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) -6 0 6 12 18 24 30 36 42 48

Discharge (m3/s) 10 10 30 87.5 115.5 102.5 850 71.0 59.0 47.5
Time from start of

storm (h) 54 60 66 72 78 84 90 96 102
Discharge (m3/s) 39.0 31.5 26.0 215 17.5 150 125 12.0 12.0

SorutioN. The flood hydrograph is plotted to scale (Fig. 6.13). Denoting the time
from beginning of storm as ¢, by inspection of Fig. 6.12,

/— 6-h

v
é 3cmER

n’

Pi

100 —
B . Flood hydrograph
80 —
Q
(] —
E
£ 60 —
()
>
S -
<
(o]
2 40 6-h unit
e hydrograph
End of DRH
20 —

\ B

/ S
S 5 T T T s o ST
60 12 24 36 48 60 72 84 96 108h

|<— Duration of DRH —>|
Time —

Fig. 6.13 Derivation of Unit Hydrograph from a flood Hydrograph
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A = beginning of DRH t=0
B = end of DRH t=90h
P, =peak t=20h
Hence
N=(90-20)="70h=2.91 days
By Eq. (6.4),

N =0.83 (423)°% =2.78 days
However, N = 2.91 days is adopted for convenience. A straight line joining 4 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 6.6.
Volume of DRH = 60 x 60 x 6 x (sum of DRH ordinates)

=60 x 60 X 6 x 587 = 12.68 Mm®
Drainage area = 423 km? = 423 Mm?

12.68

Runoff depth = ER depth = =0.03m=3cm.

The ordinates of DRH (col. 4) are divided by 3 to obtain the ordinates of the 6-h unit
hydrograph (see Table 6.6).

Table 6.6 Calculation of the Ordinates of a 6-H Unit Hydrograph—

Example 6.7
Time from Ordinate of Base Flow Ordinate of  Ordinate of 6-h
beginning of flood hydro- DRH unit hydro-
storm (h) graph (m%/s) (m%/s) (m®/s) graph (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 25.7
18 111.5 10.5 101.0 33.7
24 102.5 10.5 101.0 33.7
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 11.5 27.5 9.2
60 31.5 11.5 20.0
66 26.0 12.0 14.0
72 21.5 12.0 9.5
78 17.5 12.0 5.5
84 15.0 12.5 2.5
90 12.5 12.5 0
96 12.0 12.0 0

102 12.0 12.0 0
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ExampLE 6.8 (a) The peak of flood hydrograph due to a 3-h duration isolated storm
in a catchment is 270 m/s. The total depth of rainfall is 5.9 cm. Assuming an average
infiltration loss of 0.3 cm/h and a constant base flow of 20 m’/s, estimate the peak of the
3-h unit hydrograph (UH) of this catchment.

(b) If the area of the catchment is 567 km’ determine the base width of the 3-h unit
hydrograph by assuming it to be triangular in shape.

SoLUTION:
(a) Duration of rainfall excess =3 h Loss @ 0.3 cm/h for 3 h=0.9 cm
Total depth of rainfall = 5.9 cm Rainfall excess = 5.9-0.9 = 5.0 cm
Peak flow:

Peak of flood hydrograph =270 m3/s  Peak of DRH = 250 m%/s
Base flow = 20 m%/s

(b) Let B = base width of the 3-h UH in hours.
Volume represented by the area of UH = volume of 1 cm depth over the catchment

Area of UH = (Area of catchment x 1 cm)

L Bx60x60x50=567x106% ——
2 100

567 x10*
B= — = 63 hours.
9x10

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 derivation. The problem is to
decompose a measured composite flood hydrograph into its component DRHs and
base flow. A common unit hydrograph 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 excess 0 1D 2D 3D

made up of three consecutive durations 3 (R3] < Rainfall oxcess
of D-h and ER values of R, R, and R;. R,
Figure 6.14 shows the ERR. By base
flow separation of the resulting com-
posite flood hydrograph a composite
DRH is obtained (Fig. 6.14). Let the
ordinates of the composite DRH be
drawn at a time interval of D-h. At vari-
ous time intervals 1D, 2D, 3D, ... from
the start of the ERH, let the ordinates
of the unit hydrograph be u,, u,, us, ...
and the ordinates of the composite DRH 4

be O, 0,, 0, ..., A
01, 0, 05 0 1D 2D 3D 4D 5D 6D 7D 8D
Then

Time —>

Rau4

N
3
)

c

Discharge

O, =R u
O, =Ryu, T Ryuy
O3 =Ryus + Ryuy + Ryuy

Fig. 614 Unit hydrograph from a
Complex Storm
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Oy = Ryug+ Ry uy + Ry uy

Os = Ryus + Ry uy + Ry uy

.............. (6.6)
SO on.

From Eq. (6.6) the values of u, u,, us, ... can be determined. However, this method
suffers from the disadvantage that the errors propagate and increase as the calcula-
tions proceed. In the presence of errors the recession limb of the derived D-/ unit
hydrograph can contain oscillations and even negative values. Matrix methods with
optimisation schemes are available for solving Eq. (6.6) in a digital computer.

6.8 UNIT HYDROGRAPHS OF DIFFERENT DURATIONS

Ideally, unit hydrographs are derived from simple isolated storms and if the duration
of the various storms do not differ very much, say within a band of + 20% D, they
would all be grouped under one average duration of D-h. If in practical applications
unit hydrographs of different durations are needed they are best derived from field
data. Lack of adequate data normally precludes development of unit hydrographs cov-
ering a wide range of durations for a given catchment. Under such conditions a D hour
unit hydrograph is used to develop unit hydrographs of differing durations nD. Two
methods are available for this purpose.

e Method of superposition

e The S-curve
These are discussed below.

METHOD OF SUPERPOSITION

If a D-h unit hydrograph is available, and it is desired to develop a unit hydrograph of
nD h, where n is an integer, it is easily accomplished by superposing # unit hydrographs
with each graph separated from the previous on by D-h. Figure 6.15 shows three 4-h
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 6.7).

ExampLE 6.9 Given the ordinates of a 4-h unit hydrograph as below derive the ordi-
nates of a 12-h unit hydrograph for the same catchment.

Time (h) 0 4 8 12 16 20 24 28 32 36 40 44
Ordinate of 4-h UH 0 20 80 130 150 130 90 52 27 15 5 0

Sorution.  The calculations are performed in a tabular form in Table 6.7. 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 5)/3
The 12-h unit hydrograph is shown in Fig. 6.15.

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 method is applicable for rational values of m.
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Table 6.7 Calculation of a 12-h Unit Hydrograph from a 4-H Unit
Hydrograph—Example 6.9

Time Ordinates of 4-h UH DRH Ordinate of
(h) (m/s) of3ecmin  12-h UH
A B Cc 12-h (m%/s)
Lagged by Lagged by (m%/s) (Col. 5)/3
4-h 8-h (Col. 2+3+4)
1 2 3 4 5 6
0 0 — — 0 0
4 20 0 — 20 6.7
8 80 20 0 100 333
12 130 80 20 230 76.7
16 150 130 80 360 120.0
20 130 150 130 410 136.7
24 90 130 150 370 123.3
28 52 90 130 272 90.7
32 27 52 90 169 56.3
36 15 27 52 94 31.3
40 5 15 27 47 15.7
44 0 5 15 20 6.7
48 0 5 5 1.7
52 0 0 0
0 4 8 12h
1111
400 |cm|cm|cm N
/ N\
— I / \
3 - / l N<«—F=A+B+C
£ 300 / N _DRHof3om
£ — / \
S - /A B ¢\
g 200 | / Y \
2 / N
° 00| / N
B // \\\
1 | ] ] ] ] ] —

0 4 8 12 16 20 24 28 32 36 40 44 48 52h

0
- Tcm u
> 12-h ®
: !
c 200 |- 12-h unit hydrograph
% N = (ordinates of F)/3
IS
S 100 |-
2 \
[m] —
| 1 1 1 1 1 1 1 | J

0 4 8 12 16 20 24 28 32 36 40 44 48 52h
Time hours

Fig. 6.15 Construction of a 12-h Unit Hydrograph from a 4-h Unit
Hydrograph—Example 6.9
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The S-curve, also known as S-hydrograph is a hydrograph produced by a continu-
ous 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 6.16
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 1 cmin D-h

1
cm
Average excess rainfall intensity = 1/D cm/h
D | A
<>

A
S-curve /

A
Q)
@ \
£
[0 5 n
()]
g of a3 .
2 3| (2u)
o s
+
(U1+ up) z
s /
S
U1 \4
u
us 4
us Us u
0 Uy 6| uz7 A4

Time in hours
Fig. 6.16 S-curve

This 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 time base of the first
unit hydrograph. The average intensity of ER producing the S-curve is 1/D cm/h and
the equilibrium discharge,

A
0, = (5 x10* ) m’/h,
where 4 = area of the catchment in km? and D = duration in hours of ER of the
unit hydrograph used in deriving the S-curve. Alternatively
0.-2.778 % ms 6.7)

where A4 is the km? and D is in h. The quantity Q, represents the maximum rate at
which an ER intensity of 1/D cm/h can drain out of a catchment of area 4. In actual
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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 Q, at the time base of the unit hydrograph.

[Vote: 1t is desirable to designate the S-curve due to D-hour unit hydrograph as Sj-
curve to give an indication that the average rainfall excess of the curve is
(1/D) em/h. 1t is particularly advantageous when more than one S-curve is used as in
such cases the curves would be designated as Sy, Sp,, ... etc. to avoid possible con-
fusion and mistakes. ]

CONSTRUCTION OF S—CURVE By definition an S-curve is obtained by adding
a string of D-h unit hydrographs each lagged by D-hours from one another. Further, if
T, = base period of the unit hydrograph, addition of only 7;/D unit hydrographs are
sufficient to obtain the S-curve. However, an easier procedure based on the basic
property of the S-curve is available for the construction of S-curves.
ie. U(t) = S(¢) — S(+=D)
or S(t) = U(t) + S(==D) (6.8)
The term S(#D) could be called S-curve addition at time # so that
Ordinate of S-curve at any time ¢+ = Ordinate of D-h unit hydrograph at time #

+ S-curve addition at time ¢
Noting that for all ¢+ £ D, S(¢-D) = 0, Eq. (6.8) provides a simple recursive
procedure for computation of S-curve ordinates. The procedure is explained in Exam-
ple 6.10.

ExampLE 6.10 Derive the S-curve for the 4-h unit hydrograph given below.

Time (h) 0 4 8 12 16 20 24 28
Ordinate of 4-h UH (m?/s) 0 10 30 25 18 10 5 0

Sorution.  Computations are shown in Table 6.8. In this table col. 2 shows the ordi-
nates of the 4-h unit hydrograph. col. 3 gives the S-curve additions and col. 4 gives the
ordinates of the S-curve. The sequence of entry in col. 3 is shown by arrows. Values of
entries in col. 4 is obtained by using Eq. (6.8), i.e. by summing up of entries in col. 2 and
col. 4 along each row.

Table 6.8 Construction of S-curve—Example 6.10

Time in Ordinate of S-curve S,-curve ordinate
hours 4-h UH addition (m¥s)  (m%s). (col. 2 + col. 3)
1 2 3 4

0 0 0
4 10 0<— 10
8 30 10 «— 40

12 25 40 65
16 18 65 83
20 10 83 93
24 5 93 98

28 0 98 98
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At i = 4 hours; Ordinate of 4-hUH = 10 m?/s.
S-curve addition = ordinate of 4-h UH @{¢ = (4-4) # 0 hours} =0
Hence S-curve ordinate Eq. (6.8) = 10 + 0 = 10 m?/s,
At ¢ = 8 hours; Ordinate of 4-hUH = 30 m%/s.
S-curve addition = ordinate of 4-hUH @ {r = (8—4) = 4 hours} = 10 m%/s
Hence S-curve ordinate by Eq. (6.8) =30 + 10 = 40 m%/s.
At ¢ =12 hours; Ordinate of 4-hUH = 25 m®/s.
S-curve addition = ordinate of 4-hUH @{t = (12—4) = 48 hours} = 40 m?/s
Hence S-curve ordinate by Eq. (6.8) = 25 + 40 = 65 m?/s.
This calculation is repeated for all time intervals till # = base width of UH = 28 hours.
Plots of the 4-h UH and the derived S-curve are shown in Fig. 6.17.

120 T

100 §
C S4-curve ,/./.—.

o]
o

Discharge (m?3/s)
o
o

40 4—-h UH
-
20 +
0 2 4 6 8 10
Time (h)

Fig. 6.17 Construction of S,-curve —(Example 6.10)

DERIVATION OF T-HOUR UNIT HYDROGRAPH

Consider two D-h S-curves 4 and B displaced by 7-h (Fig. 6.18). If the ordinates of B
are subtracted from that of A4, the resulting curve is a DRH produced by a rainfall

Intensity 1/D cm/h

Raipfall excess for S-curve A 7
K Rainfall excess for S-curve B \
1cm Intensity 1/D cm/h
/4

< T-h—> ¥
Q
"’E ‘«— B
Y
2
©
8 D
(2]
a _ 7 (Sa=Sp)

//// \\\\\\{ T-h unit hydrograph
T —> Time (h)

Fig. 6.18 Derivation of a T-h Unit Hydrograph by S-curve Lagging Method
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excess of duration 7-h and magnitude (% xT ) cm. Hence if the ordinate differences

of 4and B, i.e. (S,— Sp) are divided by 7/D, the resulting ordinates denote a hydrograph
due to an ER of 1 cm and of duration 7-h, i.e. a 7~/ unit hydrograph. The derivation of
a 7T-h unit hydrograph as above can be achieved either by graphical means or by arith-
metic computations in a tabular form as indicated in Example 6.11.

ExampLe 6.11 Solve Example 6.9 by the S-Curve method.

Sorution.  Computations are shown in Table 6.9. Column 2 shows the ordinates of the
4-h unit hydrograph. Column 3 gives the S-curve additions and Column 4 the S-curve
ordinates. The sequence of additions are shown by arrows. At ¢ =4 h, ordinate of the 4-h
UH = ordinate of the S-curve. This value becomes the S-curve addition at =2 x4 =8 h.
At this ¢ = 8 h, the ordinate of UH (80) + S-curve addition (20) = S-curve ordinate (100).
The S-curve addition at 3 x4 =12 h is 100, and so on. Column 5 shows the S-curve lagged
by 12 h. Column 6 gives the ordinate of DRH of (T/D) = 3 cm. Ordinates shown in
Column 6 are divided by (7/D = 3) to obtain the ordinates of the 12-h unit hydrograph
shown in Column 7.

Table 6.9 Determination of a 12-H Unit Hydrograph by S-Curve
Method — Example 6.11

Time Ordinate  S-curve  S-curve  S-curve (Col. 4- Col. 6 _
(h) of 4-h addition ordinate lagged by Col. 5) 12/4)
UH (m/s) (m%/s) 12h 12-h UH
(m%/s) (Col.2+  (m%s) ordinates
Col. 3) (m>/s)

1 2 3 4 5 6 7

0 0 —— 0 — 0 0

4 20 0~ 20 — 20 6.7

8 80 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 0 699 699 679 20 6.7
48 699 699 694 5 1.7
52 699 699 0 0

ExampLe 6.12 Ordinates of a 4-h unit hydrograph are given. Using this derive the
ordinates of a 2-h unit hydrograph for the same catchment.

Time (h)
Ordinate 0 4 8 12 16 20 24 28 32 36 40 44
or4-hUH (m%s) 0 20 80 130 150 130 90 52 27 15 5 0
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SoLrurion.  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 4-h intervals, the unit-hydrograph is
plotted and its ordinates at 2-h intervals determined. The ordinates are shown in column 2
of Table 6.10. The S-curve additions and S-curve ordinates are shown in columns 3 and 4
respectively. First, the S-curve ordinates corresponding to the time intervals equal to suc-
cessive durations of the given unit hydrograph (in this case at 0, 4, 8, 12 ... /) are deter-
mined by following the method of Example 6.11. Next, the ordinates at intermediate in-
tervals (viz. at t =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 6.9. 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
7/D =2/4= 0.5, to obtain the required 2-h unit hydrograph ordinates, shown in column 7.

Table 6.10 Determination of 2-h Unit Hydrograph from A 4-h Unit
Hydrograph — Example 6.12

Time Ordinate S-curve S-curve S-curve (Col. (4) 2-h UH
(h) of 4-h addition  ordinate lagged by - Col. (5)) ordinates
UH (m%s)  (Col. (2) + 2h DRH of Col. (6)
(m/s) (3)) (m%/s) 2/4)
(%) =0.5cm (m%s)
1 2 3 4 5 6 7
0 0 — — 0 0
2 8 / 8 0 8 16
4 20 20 8 12 24
6 43 8 _- 51 20 31 62
8 80 20 7 _~100 51 49 98
10 110 51 . 161 100 61 122
12 130 100 « ©_-230 161 69 138
14 146 161 307 230 77 154
16 150 230 380 307 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 15 679 694 689 5 (10)10
38 10 689 699 694 5 (10)6
40 5 694 699 699 ) (0)3
42 2 699 701 699 2 4)0
44 0 699 699 701 (-2) (-4)0

Final adjusted values are given in col. 7.
Unadjusted values are given in parentheses.
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The errors in interpolation of unit hydrograph ordinates often result in oscillation
of S-curve at the equilibrium value. This results in the derived 7-/ unit hydrograph
having an abnormal sequence of discharges (sometimes even negative values) at the
tail end. This is adjusted by fairing the S-curve and also the resulting 7-h unit-hydrograph
by smooth curves. For example, in the present example the 2-h unit hydrograph ordi-
nates at time > 36-h are rather abnormal. These values are shown in parentheses. The
adjusted values are 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, (ii) extension of flood-flow
records based on rainfall records, and (iii) development of flood forecasting and warning
systems based on rainfall.

Unit hydrographs assume uniform distribution of rainfall over the catchment. Also,
the intensity is assumed constant for the duration of the rainfall excess. In practice,
these two conditions are never strictly satisfied. Non-uniform areal distribution and
variation in intensity within a storm are very common. Under such conditions unit
hydrographs can still be used if the areal distribution is consistent between different
storms. However, 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 to obtain the com-
posite 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 area, a number of 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:

e Precipitation must be from rainfall only. Snow-melt runoff cannot be satisfac-

tory represented by unit hydrograph.

e The catchment should not have unusually large storages in terms of tanks, ponds,
large flood-bank storages, etc. which affect the linear relationship between stor-
age and discharge.

e 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 +10% are normally considered acceptable.

6.10 DURATION OF THE UNIT HYDROGRAPH

The choice of the duration of the unit hydrograph depends on the rainfall records. If
recording raingauge data are available any convenient time depending on the size of
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the basin can be used. The choice is not much if only daily rainfall records are avail-
able. 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 best choice. Generally, for basins
with areas more than 1200 km? a duration D = 12 hours is preferred.

6.11 DISTRIBUTION GRAPH

The distribution graph in- j <—ER

troduced by Bernard (1935) all

is a variation of the unit g ‘i

hydrograph. Itisbasicallya £ S0 —4h

D-h unit hydrograph with é 25 - ] 1 unit period =4 h
ordinates showing the per- g%\ 20

centage of the surface run- 2 € 5l 15 16

off occurring in successive % e 10 12

periods of equal time inter- =< 10T 8

vals of D-h. The duration of 52 > 2
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Fig. 6.19 Four-hour Distribution Graph

taken as the unit interval and
distribution-graph ordinates
are indicated at successive
such unit intervals. Figure
6.19 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 6.13). Distribution graphs are useful in comparing the runoff
characteristics of different catchments.

ExampLE 6.13 A catchment of 200 hectares area has rainfalls of 7.5 cm, 2.0 cm and
5.0 cm in three consecutive days. The average @ index can be assumed to be 2.5 cm/day.
Distribution-graph percentages of the surface runoff which extended over 6 days for every
rainfall of 1-day duration are 5, 15, 40, 25, 10 and 5. Determine the ordinates of the
discharge hydrograph by neglecting the base flow.

Sorurion:  The calculations are performed in a tabular form in Table 6.11.

Table 6.11 Calculation of DRH using Distribution Graph — Example 6.13

Time Rain- Infiltra- Effective Average Distributed Runoff
interval fall tion loss rainfall distri- runoff for rain-
(days) (cm) (cm) (cm) buition  fall excess of
ratio Scm 0 25cm cm  md/s
(per- x 1072
cent)
0-1 7.5 2.5 5.0 5 0.250 0 0.250 5.79
12 2.0 2.5 0 15 0.750 0 0 0.750 17.36
2-3 5.0 2.5 2.5 40 2.000 0 0.125 2.750 49.19

(Contd.)
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(Contd.)
34 25 1.250 0 0.375 2.125 37.62
4-5 10 0.500 0 1.000 1.625 34.72
5-6 5 0.250 0 0.625 1.500 20.25
6-7 0 0 0 0250 0.875 5.79
7-8 0 0.125 0.250 2.89
8-9 0 0.125 0

. 200 % 100100
[Runoff of 1 cm in 1 day = —————————m’/s for 1 day = 0.23148 m%/s for 1 day]
86400 % 100
(The runoff ordinates are plotted at the mid-points of the respective time intervals to
obtain the DRH)

6.12 SYNTHETIC UNIT HYDROGRAPH
INTRODUCTION

To develop unit hydrographs to a catchment, detailed information about the rainfall
and the resulting flood hydrograph are needed. However, such information would be
available only at a few locations and in a majority of catchments, especially those
which are at remote locations, the data would normally be 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 avail-
able. Unit hydrographs derived from such relationships are known as synthetic-unit
hydrographs. A number of methods for developing synthetic-unit hydrographs are
reported in literature. It should, however, be remembered that these methods being
based on empirical correlations are 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 syn-
thetic-unit hydrographs in those areas. These equations are in use in the USA, and
with some modifications in many other countries, and constitute what is known as
Snyder s synthetic-unit hydrograph.

The most important characteristic of a basin affecting a hydrograph due to a storm
is basin lag. While actually basin lag (also known as lag time) is the time difference
between the centroid of the input (rainfall excess) and the output (direct runoff
hydrograph), because of the difficulty in determining the centroid of the direct runoff
hydrograph (DRH) it is defined for practical purposes as the elapsed time between the
centroid of rainfall excess and peak of DRH. Physically, lag time represents the mean
time of travel of water from all parts of the watershed to the outlet during a given
storm. Its value is determined essentially on the topographical features, such as the
size, shape, stream density, length of main stream, slope, land use and land cover. The
modified definition of basin time is very commonly adopted in the derivation of syn-
thetic unit hydrographs for a given watershed.
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The first of the Snyder’s equation |« Tp >
relates the basin lag 7,, defined as the < Tp >
time interval from the mid-point of ?_;l
rainfall excess to the peak of the unit o > trle
hydrograph (Fig. 6.20), to the basin £ 0.75 Qp |- 3 T
characteri-stics as S 05 Q- Wso» Qp
a

t,=C(LL)™  (6.9)
where 7, = basin lag in hours
L = basin length measured 0

along the water course ~ T7i—rl:1 o >
from the basin divide
. v Fig. 6.20 Elements of a Synthetic Unit
to the gauging station
Hydrograph

inkm
L., = distance along the main water course from the gauging station to a point
opposite to the watershed centroid in km
C,= a regional constant representing watershed slope and storage
effects.

The value of C, in Snyder’s study ranged from 1.35 to 1.65. However, studies by
many other investigators have shown that C, 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 1, is better correlated with the catchment

LLCG
parameter ( ] where S = basin slope. Hence, a modified form of Eq. (6.9) was

Js

suggested by them as

i, \'
1, =Cy (FJ (6.10)

where C,; and n are basin constants. For the basins in the USA studied » by them n was
found to be equal to 0.38 and the values of C,; 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

r
t,= — 6.11
r= 33 (6.11)
The peak discharge O, (m*/s) of a unit hydrograph of standard duration t, h is
given by Snyder as
278C, 4
O = — (6.12)

j2
where 4 = catchment area in km? and C, = aregional constant. This equation is based
on the assumption that the peak discharge is proportional to the average discharge of

1 cm X catchment area
duration of rainfall excess

j . The values of the coefficient C, 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 watershed. Like C,, the values of C,, also vary quite considerably
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depending on the characteristics of the region and values of C, in the range 0.31 to
0.93 have been reported.

If a non-standard rainfall duration #; h is adopted, instead of the standard value ¢, to
derive a unit hydrograph the value of the basin lag is affected. The modified basin lag
is given by
g =4 _ 21 IR

2 2 1, + 1 (6.13)
where ¢ 1; = basin lag in hours for an effective duration of 7 h and 7, is as given by Eq.
(6.9) or (6.10). The value of ¢ 1: must be used instead of #, in Eq. (6.11). Thus the peak
discharge for a nonstandard ER of duration # is in m*/s

,_
tp—tp+

0,=278C,A4lt, (6.12a)
Note that when ¢, = ¢,
Qp = st

The time base of a unit hydrograph (Fig. 6.20) is given by Synder as

’

T,=3+ %days = (72 +31,) hours (6.14)

where T, = time base. While Eq. (6.14) gives reasonable estimates of T, for large
catchments, it may give excessively large values of the time base for small catch-
ments. Taylor and Schwartz' recommend

t
T,=5 (t,; + %] hours (6.15)

with #, (given in h) taken as the next larger integer value divisible by #, i.e. T}, is about
five times the time-to-peak.

To assist in the sketching of unit hydrographs, the widths of unit hydrographs at 50
and 75% of the peak (Fig. 6.20) 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
Wso= —os (6.16)
q"
and Wais = Ws/1.75 (6.17)

where
W, = width of unit hydrograph in h at 50% peak discharge
W,s = width of unit hydrograph in h at 75% peak discharge
g = 0,/4 = peak discharge per unit catchment area in m?®/s/km?

Since the coefficients C, and C, vary from region to region, in practical applica-
tions it is advisable that the value of these coefficients are determined from known
unit hydrographs of a meteorologically homogeneous 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 6.14 Two catchments A and B are considered meteorologically similar. Their
catchment characteristics are given below.
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Catchment A Catchment B
L =30km L =45km

L., =15km L., =25km
A =250 km? A =400 km?

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 method, develop a unit hydrograph for catchment B.

SoLution.  For Catchment A:
t=2.0h
Time to peak from beginning of ER

_ e ,_
Tp—7 t1, =90h
tp’ =80h

From Eq. (6.13),
, 21 R _ 21

1) ==t +— =21t +05=80
P27 4 227
7.5%22
t,= =7.857h
From Egq. (6.9),
t,=C(L L) 7.857 = C,(30 x 15)*? C,=1.257

From Eq. (6.12a),
0,=278C,4/t, 50 =278 x C, x 250/8.0 C,=0.576

For Catchment B: Using the values of C, = 1.257 and C, = 0.576 in catchment B, the
parameters of the synthetic-unit hydrograph for catchment B are determined. From

Eq. (6.9),
1,=1.257 (45x25)"*=1034 h
By Eq. (6.11),
i = 1034 _ g8y
5.5
Using #; = 2.0 h, i.e. for a 2-h unit hydrograph, by Eq. (6.12),

7 =1034x 2L+ 29 _1937n
’ 2 4

By Eq. (6.12a),

2.78 X 0.576 x 400 3 3
= =61.77 m’/s, say 62 m’/s
10.37
From Eq. (6.16),
5.87
50 s 44 h
(62/400)"
By Eq. (6.17),
W= 44 _ 25h
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Time base: From Eq. (6.14), T, =72+ (3 x 10.37) =103 h

From Eq. (6.14), T;, =5 (10.37 + 10) = 58 h
Considering the values of Wy, and W5 and noting that the area of catchment B is rather
small, 7}, = 58 h is more appropriate in this case.

FINALIZING OF SYNTHETIC-UNIT HYDROGRAPH  After obtaining the values of
O g tl;, Wos, Wso and T, from Snyder’s equations, a tentative unit hydrograph is
sketched and S-curve is then developed and plotted. As the ordinates of the unit
hydrograph are tentative, the S-curve thus obtained will have kinks. These are then
smoothened and a logical pattern of the S-curve is sketched. Using this S-curve ¢, hour
unit hydrograph is then derived back. Further, the area under the unit hydrograph is
checked to see that it represents 1 cm of runoff. The procedure of adjustments 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 7}, and this can be changed to meet other requirements.

SCS DIMENSIONLESS UNIT HYDROGRAPH

Dimensionless unit hydrographs based on a study of a large number of unit hydrographs
are recommended by various agencies to facilitate construction of synthetic unit
hydrographs. A typical dimensionless unit hydrograph developed by the US Soil Con-
servation Services (SCS) is shown in Fig. 6.21(a). In this the ordinate is (Q/Q,) which
is the discharge Q expressed as a ratio to the peak discharge Q,, and the abscissa is (¢/
T,), which is the time 7 expressed as a ratio of the time to peak 7),. By definition, 0/Q,
= 1.0 when #/T,, = 1.0. The coordinates of the SCS dimensionless unit hydrograph is
given in Table 6.12 for use in developing a synthetic unit hydrograph in place of
Snyder’s equations (6.14) through (6.17).

Table 6.12 Coordinates of SCS Dimensionless Unit Hydrograph*

iT, 0/0, iT, 0/0, 1T, 0/0,
0.0 0.000 1.10 0.980 2.80 0.098
0.1 0.015 1.20 0.92 3.00 0.074
0.2 0.075 1.30 0.840 3.50 0.036
0.3 0.160 1.40 0.750 4.00 0.018
0.4 0.280 1.50 0.660 4.50 0.009
0.5 0.430 1.60 0.560 5.00 0.004
0.6 0.600 1.80 0.420
0.7 0.770 2.00 0.320
0.8 0.890 2.20 0.240
0.9 0.970 2.40 0.180
1.0 1.000 2.60 0.130

SCS TRIANGULAR UNIT HYDRO-GRAPH  The value of 0, and 7, may be esti-
mated using a simplified model of a triangular unit hydrograph (Fig. 6.21(b)) sug-
gested by SCS. This triangular unit hydrograph has the same percentage of volume on
the rising side as the dimensionless unit hydrograph of Fig. 6.21(a).
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Fig. 6.21(a) Dimensionless SCS Unit Hydrograph

Discharge ratio, Q/Qp

In Fig. 6.21(b), > bl
0, = peak discharge in m¥/s 1
cm
t. = duration of effective rainfall wT ¢ J
T, = time of rise = time to peak = ‘E P
(t/2) + 1, %‘
= lag time g Q,
T, = base length 3
SCS suggests that the time of recession = O Ty T, |
(T,-T,)=1.67T, Time (hy—~ |
T’hus Ty =267 TP . Fig.6.21(b) SCS Triangular Unit
Since the area under the unit hydrograph is Hydrograph
equal to 1 cm,
If A = area of the watershed in km?,
—QF X (2.67T,) x (3600) = ﬁ X A% 10°
24%10* A
0,= ——————— =2.08— (6.18)
73600 x 2.67T, T,

Further on the basis of a large number of small rural watesheds, SCS found that
t, = 0.6 1., where ¢, = time of concentration (described in detail in Sec. 7.2,
Chapter 7).

t
Thus T, = (ém.mc] (6.19)

The SCS triangular unit hydrograph is a popular method used in watershed develop-
ment activities, especially in small watersheds.
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ExampLE 6.15 Develop a 30 minute SCS triangular unit hydrograph for a watershed
of area 550 ha and time of concentration of 50 minutes.

SoLution. A =1550 ha= 5.5 km?
t,=30min=0.50 h t.=50 min =0.833 h

lag time =0.67,=0.6%0833=0.50h

b

t
T,= (L-H J =0.25+0.50=0.75h
2 P

A 5.5 3
=208— =2.08x —— =1525m’/s
Z T, 0.75

P
T,=2671,=2.67%0.75=2.00h

The derived triangular unit hydrograph is shown in Fig. 6.22

0.5h

1cm

Discharge Q m3/s

| -15.25 m3/s

<= 0.75 h—>
<———2.00 h
Time (h) —>

Fig. 6.22 Triangular Unit Hydrograph — Example 6.15

THE INDIAN PRACTICE

Two approaches (short term plan and long term plan) were adopted by CWC to de-
velop methodologies for estimation of design flood discharges applicable to small and
medium catchments (25-1000 ha) of India.
Under the short-term plan, a quick method of estimating design flood peak has
been developed? as follows:
The peak discharge of a D-h unit hydrograph 0, in m’/s is
Q,q=1.794°" for S, > 0.0028 (6.20)

and 0,4 = 37447452 for S, < 0.0028 (6.21)

where A4 = catchment area in km? and S, = weighted mean slope given by

2
L

— ca
"L IS) P (Ly 1SV 4 (L, 18,)1?
in which L _, = distance along the river from the gauging station to a point opposite to
the centre of gravity of the area.

(6.22)
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Ly, L,, ... L, = length of main channel having slopes S, S,, ... S, respectively,
obtained from topographic maps.

The lag time in hours (i.e. time interval from the mid-point of the rainfall excess to
the peak) of a 1-h unit hydrograph, 7, is given by

tp = —20 (6.23)
[Qpa /AT
For design purposes the duration of rainfall excess in hours is taken as
D=11t, (6.24)

Equations (6.20) through (6.22) enable one to determine the duration and peak dis-
charge of a design unit hydrograph. The time to peak has to be determined separately
by using Eq. (6.9) or (6.10).

Under the long-term plan, a separate regional methodology has been developed by
CWC. In this, the country is divided into 26 hydrometeorologically homogeneous
subzones. For each subzone, a regional synthetic unit hydrograph has been devel-
oped. Detailed reports containing the synthetic unit hydrograph relations, details of
the computation procedure and limitations of the method have been prepared, [e.g.
CWC Reports No. CB/11/1985 and GP/10/1984 deal with flood estimation in Kaveri
Basin (Sub-zone — 3i) and Middle Ganga Plains (Sub-zone — 1f) respectively.]

6.13 INSTANTANEOUS UNIT HYDROGRAPH (IUH)

The unit-hydrograph concept discussed in the preceding sections considered 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 6.23 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 D — 0. The limiting case of a unit hydrograph of zero dura-
tion is known as instantaneous unit hydrograph (IUH). Thus IUH is a fictitious, con-
ceptual unit hydrograph which represents the surface runoff from the catchment due to

Discharge

Time

Fig. 6.23 Unit Hydrographs of Different Durations
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an instantaneous precipitation of the rainfall excess volume of 1 cm. IUH is desig-
nated as u (f) or sometimes as u (0, ). It is a single-peaked hydrograph with a finite
base width and its important properties can be listed as below:

1. 0 <u (¢) £apositive value, for ¢t > 0;
2. u(®)=0 fort<0;
3. u(r) > =0 as t — oo

4. _[ u (?) dt = unit depth over the catchment; and
0
5. time to the peak time to the centroid of the curve.

Consider an effective rainfall / (7) of duration #, applied to a catchment as in
Fig. 6.24. Each infinitesimal element of this ERH will operate on the [UH to produce
a DRH whose discharge at time ¢ is given by

p
oty= [u(t-1)1(7)dr (6.25)
0
where ¢ =twhent<t, and ¢ =t,whent2¢,

\‘\_/_7
1(7) 1(7) >
0 >
e,
! ! dar
! A
i u(t— 1 _u(t-9)
i >f—1
A e tmT
Q(7)
A
Q(7)
0 Y

~y

[2 t !

- >
Time ———>

Fig. 6.24 Convolution of I (7) and IUH

Equation (6.25) is called the convolution integral or Duhamel integral. The integral
of Eq. (6.25) 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 rainfall excess-runoff rela-
tionship of a catchment. For a given catchment IUH, being independent of rainfall
characteristics, is indicative of the catchment storage characteristics.
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DERIVATION OF IUH

Consider an S-curve, designated as S, derived from a D-h unit hydrograph. 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 dt and the ordinates are subtracted, a
DRH due to a rainfall excess of duration df and magnitude i df = dt/D h is obtained. A
unit hydrograph of dt hours is obtained from this by dividing the above DRH by i dt.

S, =8
Thus the d¢-h unit hydrograph will have ordinates equal to [ 2 = ! j . As dt is made

smaller and smaller, i.e. as df — 0, an IUH results. Thus for an IUH, the ordinate at
any time ¢ is

S, S
(i) = Lim| 2220|148 (6.26)
dt—0 idt i dt
Ifi = 1, then u(t) = dS'/ds, (6.27)

where S’ represents a S-curve of intensity 1 cm/h. Thus the ordinate of an [UH 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 (6.26) can be used in
deriving IUH approximately.

IUHs can be derived in many other ways, notably by (i) harmonic analysis
(i1) Laplace transform, and (iii) conceptual models. Details of these methods are beyond
the scope of this book and can be obtained from Ref. 3. However, two simple models
viz., Clark’s model and Nash’s model are described in Chapter 8 (Sections 8.8 and 8.9).

DERIVATION OF D-HOUR UNIT HYDROGRAPH FROM [UH For simple
geometric forms of IUH, Eq. (6.25) can be used to derive a D-hour unit hydrograph.
For complex shaped IUHs the numerical computation techniques used in deriving unit
hydrographs of different durations (Sec. 6.7) can be adopted.

From Eq. 6.27, dS’ = u(t) dt

Integrating between two points 1 and 2
5}

Sy =S/ = [u dt (6.28)
If u(?) is essentially linear with?n the range 1-2, then for small values of Az = (¢, — ¢,),
by taking
u())= T () = - [u(t) + u(e)
S5 = 8= 3 [uley) + 1)) (&= 1) (6:29)

But (S, — S,") /(t, — t,) = ordinate of a unit hydrograph of duration D, = (¢, — t,). Thus,
in general terms, for small values of D, the ordinates of a D,-hour unit hydrograph are
obtained by the equation
1
(Dy-hour UH), = 5 [IUH), + (IUH),_p ] (6.30)

Thus if two IUHs are lagged by D,—hour where D, is small and their corresponding
ordinates are summed up and divided by two, the resulting hydrograph will be a
D,-hour UH. After obtaining the ordinates of a D-hour unit hydrograph from
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Eq. (6.30), the ordinates of any D-hour UH can be obtained by the superposition
method or S-curve method described in Sec. 6.7. From accuracy considerations, un-
less the limbs of IUH can be approximated as linear, it is desirable to confine D, to a
value of 1-hour or less.

ExampLE 6.16 The coordinates of the IUH of a catchment are given below. Derive the
direct runoff hydrograph (DRH) for this catchment due to a storm of duration 4 hours
and having a rainfall excess of 5 cm.

Time (hours) 0 1 2 3 4 5 6 7 8 9 10 11 12
IUH ordinate
u(?) (m/s) 0 8 35 50 47 40 31 23 15 10 6 3 0

Sorution.  The calculations are performed in Table 6.13.
1. First, the ordinates of 1-h UH are derived by using Eq. (6.30)
In Table 6.13, Col. 2 = ordinates of given IUH = u(r)
Col. 3 = ordinates of IUH lagged by 1-h

Col. 4 = % (Col. 2 + Col. 3) = ordinates of 1-h UH by Eq. (6.30)

2. Using the 1-hour UH, the S-curve is obtained and lagging it by 4 hours the ordinates
of 4-h UH are obtained.
In Table 6.12, Col. 5 = S-curve additions
Col. 6 = (Col. 4 + Col. 5) = S-curve ordinates
Col. 7 = Col. 6 lagged by 4 hours = S-curve ordinates lagged by 4-h.
Col. 8 =(Col. 6 —Col. 7) = Ordinates of a DRH due to 4 cm of ER in 4 hours.
Col. 9 = (Col. 8)/4 = Ordinates of 4-hour UH
3. The required DRH ordinates due to 5.0 cm ER in 4 hours are obtained by multiply-
ing the ordinates of 4-h UH by 5.0
In Table 6.12, Col. 10 = (Col. 9) X 5.0 = ordinates of required DRH
[Note: Calculation of 4-hour UH directly by using D; = 4-h in Eq. (6.30) will lead
to errors as the assumptions of linearity of u(f) during D, may not be satisfied.]
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b

: REevisioN QUESTIONS :

6.1 List the factors affecting a flood hydrograph. Discuss the role of these factors.

6.2 Describe the analysis of the recession limb of a flood hydrograph.

6.3 Explain the term Rainfall Excess (ER). How is ERH of a storm obtained?

6.4 Why is base flow separated from the flood hydrograph in the process of developing a
unit hydrograph?

6.5 What is a unit hydrograph? List the assumptions involved in the unit hydrograph theory.




00°0 000 00 0°89¢ 0°'89¢ 0'89¢ 00 0 91
881 8¢°0 Sl §99¢ 0°89¢ 0'89¢ 00 0 Sl
0s'L 0S°'1 09 029t 0°89¢ 0'89¢ 00 0 14!
0S°LI 0s°¢ (a4 0¥sc 0°89¢ 0'89¢ 00 0 €l
eree €99 §'9C S IvC 0'89¢C §'99¢ Sl € 0 4!
00°SS 00°TT 0ty §'Tee §'99¢ 09T Sy 9 € IT
€1'es €991 $'99 §'sel 09T 0'¥ST 08 01 9 01
0S°LT1 0S°€T 0’6 0091 0'¥ST S 1vC STl Sl 01 6
ST9SI STI¢ 0°s¢l SOI1 S 1ve §'cee 06l €C SI 8
ereol €9°8¢ S¥SI 0°89 geee g'sel 0°LT Ie €C L
0s'CIcT 0S¢y 0°0LIT §'S¢C §'S61 0°091 (93 ()7 1€ 9
00°S61 00'6¢ 0961 (1% 0091 SOl Sty LY ()4 S
€9°Sr1 €rec SIIT 00 S9II1 089 S8y 0S Ly ¥
00°68 00°LT 089 089 ¢St (4% 99 0s €
88°1¢ 8¢9 (4 (4 (187 (4 8 93 C
& 00°S 00°1 0'v oY 0 (I% 0 8 I
.m = 000 00°0 00 0 0 0 0
s BB s x el v/18l ]9l [s] + [¥] u(lgl + [z
m. op (s/ur) sanoy (s/¢ux) (s/ur) sanoy (s/gur) (s/ur) (s/ur) anoy |
N & rwyduwd  HOU-pje  smoypur  pAqpasSe;  ojeupio  uopppe  HOU-[Jo  &q pasSer  (s/w) (W
— S So)omp HYQ jeUIPIQ U p Jo HAA JAIND-S AIN))-S JAIN)-S dJeuIpIQ @)n @)n uulL],
— c
T = o1 6 8 L 9 s ¥ € (4 1
©
W & 91°9 o[dwrexy —HN] Wwoy HJ jo uogeunumieg €19 qeL
)
S
Q
E




The McGraw-Hill Companies

237

6.6
6.7

6.8
6.9

6.10
6.11
6.12

Hydrographs

Describe briefly the procedure of preparing a D-hour unit hydrograph for a catchment.
Explain the procedure of using a unit hydrograph to develop the flood hydrograph due
to a storm in a catchment.

Describe the S-curve method of developing a 6-h UH by using 12-h UH of the catchment.
Explain a procedure of deriving a synthetic unit hydrograph for a catchment by using
Snyder’s method.

What is an [UH? What are its characteristics?

Explain a procedure of deriving a D-h unit hydrograph from the IUH of the catchment.
Distinguish between

(a) Hyetograph and hydrograph (b) D-h UH and IUH

6.1

6.2

6.3

6.4

6.5

: PRrRoOBLEMS }

The flood hydrograph of a small stream is given below. Analyse the recession limb of
the hydrograph and determine the recession coefficients. Neglect interflow.

Time Discharge Time Discharge Time Discharge

(days) (m/s) (days) (m/s) (days) (m%/s)
0 155 2.0 9.0 4.0 1.9
0.5 70.0 2.5 5.5 5.0 1.4
1.0 38.0 3.0 3.5 6.0 1.2
1.5 19.0 3.5 2.5 7.0 1.1

Estimate the groundwater storage at the end of 7" day from the occurrence of peak.
On June 1, 1980 the discharge in a stream was measured as 80 m/s. Another measure-
ment on June 21, 1980 yielded the stream discharge as 40 m*/s. There was no rainfall in
the catchment from April 15, 1980. Estimate the (a) recession coefficient, (b) expected
stream flow and groundwater storage available on July 10, 1980. Assume that there is no
further rainfall in the catchment up to that date.

If O(t) = Q, K' describes the base flow recession in a stream, prove that the storage S(#,)
left in the basin at any time for supplying base flow follows the linear reservoir

model, viz. S(¢,) = C O (¢,), where C is a constant.

[Hint: Use the boundary condition: at t = oo, S_ =0 and Q. = 0]

A 4 -hour storm occurs over an 80 km? watershed. The details of the catchment are as
follows.

Sub Area ¢-Index Hourly Rain (mm)
(km?) (mm/hour) 1st hour 2nd hour 3rd hour 4th hour
15 10 16 48 22 10
25 15 16 42 20 8
35 21 12 40 18 6
5 16 15 42 18 8

Calculate the runoff from the catchment and the hourly distribution of the effective
rainfall for the whole catchment.

Given below are observed flows from a storm of 6-h duration on a stream with a catch-
ment area of 500 km?

Time (h) 0 6
Observed
flow (m3/s) 0 100 250 200 150 100 70 50

12 18 24 30 36 42 48 54 60 66 72

35 25 15 5 0
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Assuming the base flow to be zero, derive the ordinates of the 6-h unit hydrograph.

A flood hydrograph of a river draining a catchment of 189 km? due to a 6 hour isolated
storm is in the form of a triangle with a base of 66 hour and a peak ordinate of 30 m*/s
occurring at 10 hours from the start. Assuming zero base flow, develop the 6-hour unit
hydrograph for this catchment.

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 the 6-h unit hydrograph. Make suitable
assumptions regarding the base flow.

Time from
beginning
ofstorm(h) 0 6 12 18 24 30 36 42 48 54 60 66 72
Discharge
(m>/s) 40 65 215 360 400 350 270 205 145 100 70 50 42

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 90 63 44 29 20 20
Estimated base

flow (m3/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 excess.

The ordinates of a hydrograph of surface runoff resulting from 4.5 cm of rainfall excess
of duration 8 h in a catchment are as follows:

Time (h) 0 S5 13 21 28 32 35 41 45 55
Discharge (m%/s) 0 40 210 400 600 820 1150 1440 1510 1420
Time (h) 61 91 98 115 138

Discharge (m%/s) 1190 650 520 290 0

Determine the ordinates of the 8-h unit hydrograph for this catchment.

The peak of a flood hydrograph due to a 6-h storm is 470 m3/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 m3/s and estimate the peak discharge of the 6-h unit hydrograph for this
catchment.

Given the following data about a catchment of area 100 km?, determine the volume of
surface runoff and peak surface runoff discharge corresponding to a storm of 60 mm in
1 hour.

Time (h) 0 1 2 3 4 5

Rainfall (mm) 0 40 0 0 0 0
Runoff (m?/s) 300 300 1200 450 300 300

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 ordi-
nate (m*s) 0 150 250 450 600 800 700 600 450 320 200 100 50 0
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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, determine and
plot the resulting hydrograph of flow.

The ordinates of a 6-h unit hydrograph are as given below:

Time (h) 0 6 12 18 24 30 36 42 48 54 60 66
ordinate 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, calcu-
late the resulting hydrograph of flow. Assume base flow to be uniform at
10 m%s.

Using the 6-h unit hydrograph of Prob. 6.13 derive a 12-h unit hydrograph for the catch-
ment.

The ordinates of the 2-h unit hydrograph of a basin are given:

Time (h) 0o 2 4 6 &8 10 12 14 16 18 20 22
2-h UH
ordinate (m*s) 0 25 100 160 190 170 110 70 30 20 6 0O

Determine the ordinates of the S,-curve hydrograph and using this S,-curve, determine
the ordinates of the 4-h unit hydrograph of the basin.
The 6-hour unit hydrograph of a catchment is triangular in shape with a base width of 64
hours and a peak ordinate of 30 m*/s. Calculate the equilibrium discharge of the
Ss-curve of the basin.
Ordinates of the one hour unit hydrograph of a basin at one-hour intervals are 5, 8, 5, 3
and 1 m%s. Calculate the

(1) watershed area represented by this unit hydrograph. (ii) S;-curve hydrograph.
(iii) 2-hour unit hydrograph for the catchment.
Using the ordinates of a 12-h unit hydrograph given below, compute the ordinates of the
6-h unit hydrograph of the basin.

Time Ordinate of Time Ordinate of Time Ordinate of
(h) 12-h UH (h) 12-h UH (h) 12-h UH
(m%/s) (m%/s) (m%/s)
0 0 54 130 108 17
6 10 60 114 114 12
12 37 66 99 120 8
18 76 72 84 126 6
24 111 78 71 132 3
30 136 84 58 138 2
36 150 90 46 144 0
42 153 96 35
48 146 106 25

[Note that the tail portion of the resulting 6-h UH needs fairing.]

The 3-h unit hydrograph for a basin has the following ordinates. Using the S-curve
method, determine the 9-h unit hydrograph ordinates of the basin.
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6.21

6.22

6.23

6.24

6.25

6.26

Time (h) 0 3 6 9 12 15 18 21 24 27 30
3-h UH

ordinates (m®/s) 0 12 75 132 180 210 183 156 135 144 96
Time (h) 33 36 39 42 45 48 51 54 57 60

3-h UH

ordinates (m>/s) 87 66 54 42 33 24 18 12 6 6

Using the given 6-h unit hydrograph derive the flood hydrograph due to the storm given
below.
UH:

Time (h) 0 6 12 18 24 30 36 42 48 54 60 66

6-h UH
ordinates (m*s) 0 20 60 150 120 90 66 50 32 20 10 O

Storm:

Time from beginning of the 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 the base flow to be

20 m*/s constant throughout.

The 6-hour unit hydrograph of a basin is triangular in shape with a peak of 100 m%/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 2.0 cm during
the first 6 hours and 4.0 cm during the second 6 hours interval. The base flow can
be assumed to be 25 m*/s constant throughout.

The 6-h unit hydrograph of a catchment of area 1000 km? can be approximated as a

triangle with base of 69 h. Calculate the peak ordinate of this unit hydrograph.

The 4-h, distribution graph of a catchment of 50 km? area has the following ordinates:

Unit periods (4-h units) 1 2 3 4 5 6
Distribution (percentage) 5 20 40 20 10 5

If the catchment has rainfalls of 3.5. 2.2 and 1.8 cm in three consecutive 4-h periods,
determine the resulting direct runoff hydrograph by assuming the ¢-index for the storm
as 0.25 cm/h.

The 6-h unit hydrograph of a catchment of area 259.2 km? is triangular in shape with a
base width of 48 hours. The peak occurs at 12 h from the start. Derive the coordinates of
the 6-h distribution graph for this catchment.

The one-hour unit hydrograph of a small rural catchment is triangular in shape with a
peak value of 3.6 m%/s occurring at 3 hours from the start and a base time of 9 hours.
Following urbanisation over a period of two decades, the infiltration index ¢has decreased
from 0.70 cm/h to 0.40 cm/h. Also the one-hour unit hydrograph has now a peak of
6.0 m*/s at 1.5 hours and a time base of 6 hours. If a design storm has intensities of
4.0 cm/h and 3.0 cm/h for two consecutive one hour intervals, estimate the percentage
increase in the peak storm runoff and in the volume of flood runoff, due to urbanisation.
The following table gives the ordinates of a direct-runoff hydrograph resulting from two
successive 3-h durations of rainfall excess values of 2 and 4 cm, respectively. Derive the
3-h unit hydrograph for the catchment.
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Time (h) 0 3 6 9 12 15 18 21 24 27 30

Direct
runoff(m3/s) 0 120 480 660 460 260 160 100 50 20 0

6.27 Characteristics of two catchments M and N measured from a map are given below:

Item Catchment M Catchment N
L, 76 km 52 km
L 148 km 106 km
A 2718 km? 1400 km?

For the 6-h unit hydrograph in catchment M, the peak discharge is at 200 m*/s and
occurs at 37 h from the start of the rainfall excess. Assuming the catchments M and N are
meteorologically similar, determine the elements of the 6-h synthetic unit hydrograph
for catchment N by using Snyder’s method.

6.28 A basin has an area of 400 km?, and the following characteristics:
L = basin length = 35 km
L, = Length up to the centroid of the basin = 10 km
Snyder’s coefficients: C; = 1.5 and C, = 0.70.
Develop synthetically the 3-h synthetic-unit hydrograph for this basin using Snyder’s
method.

6.29 Using the peak discharge and time to peak values of the unit hydrograph derived in
Prob. 6.27, develop the full unit hydrograph by using the SCS dimensionless-unit

hydrograph.
6.30 The rainfall excess of a storm is modelled as
1(f) = 6 cm/s for 0<t<4h
1(H=0 for t=24h

The corresponding direct runoff hydrograph is expressed in terms of depth over unit
catchment area per hour (cm/h) as

O(t) = 6.0 t cm/h for 0<¢t<4h
O(f) =48 — 6.0 t cm/h for 8>¢t>4h
o =0 for t>38

where ¢ is in hours. Determine the (i) 4-h unit hydrograph of the catchment and corre-
sponding S-curve of the catchment (ii) 3-h unit hydrogen of the catchment.
6.31 A 2-h unit hydrograph is given by
U(t) = 0.5 cm/h for 0<7r<2h
un=o0 for t=24h
(i) Determine the S-curve corresponding to the given 2-h UH
(i1) Using the S-curve developed above, determine the 4-h unit hydrograph
6.32 A 1-h unit hydrograph is rectangular in shape with a base of 3 hours and peak of 100 m*/
s. Develop the DRH due to an ERH given below:

Time since start (h) 1 2 3
Excess Rainfall (cm) 3 0 5

6.33 A 750 ha watershed has a time of concentration of 90 minutes.
(1) Derive the 15-minute unit hydrograph for this watershed by using SCS triangular
unit hydrograph method.
(ii)) What would be the DRH for a 15-minute storm having 4.0 cm of rainfall?
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The TUH of a catchment is triangular in shape with a base of 36 h and peak of 20 m*/s
occurring at 8 hours from the start. Derive the 2-h unit hydrograph for this catchment.
The coordinates of the IUH of a catchment are as below:

Timeth) O 1 2 3 4 S5 6 8 10 12 14 16 18 20

Ordinates
(m>/s) 0 11 37 60 71 75 72 60 45 33 21 12 6 0

(a) What is the areal extent of the catchment?
(b) Derive the 3-hour unit hydrograph for this catchment.

6.1

6.2

6.3

6.4

6.5

6.6

6.7

6.8

: OBJECTIVE QUESTIONS I

The recession limb of a flood hydrograph can be expressed with positive values of coef-
ficients, as Q/Q, =

@ K& ) a K, “ © a* @ e

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.

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 effective rainfall

(c) on flood hydrographs to obtain the rainfall hyetograph

(d) on hydrographs of effluent streams only.

A direct-runoff hydrograph due to a storm was found to be triangular in shape with a
peak of 150 m¥/s, 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) <24h (b) between24to 72 h

(¢) 72h (d)y >72h.

A unit hydrograph has one unit of

(a) peak discharge (b) rainfall duration

(c) direct runoff (d) the time base of direct runoff.

The basic assumptions of the unit-hydrograph theory are

(a) nonlinear response and time invariance

(b) time invariance and linear response

(c) linear response and linear time variance

(d) nonlinear time variance and linear response.

The D-hour unit hydrograph of a catchment may be obtained by dividing the ordinates
of a single peak direct runoff hydrograph (DRH) due to a storm of D hour duration by
the

(a) Total runoff volume (in cm) (b) Direct runoff volume (in cm)

(c) Duration of DRH (d) Total rainfall (in cm)

A storm hydrograph was due to 3 h of effective rainfall. It contained 6 cm of direct
runoff. 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
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(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 3-hour storm over a watershed had an average depth of 27 mm. The resulting flood
hydrograph was found to have a peak flow of 200 m?/s and a base flow of 20 m?/s. If the
loss rate could be estimated as 0.3 cm/h, a 3-h unit hydrograph for this watershed will
have a peak of

(a) 66.7 m%/s (b) 100 m*/s (c) 111.1 m%s (d) 333 m’s

A triangular DRH due to a storm has a time base of 80 hrs and a peak flow of
50 m3/s occurring at 20 hours from the start. If the catchment area is 144 km?, the
rainfall excess in the storm was

(a) 20 cm (b) 72 cm () Scm (d) none of these.

The 12-hr unit hydrograph of a catchment is triangular in shape with a base width of 144
hours and a peak discharge value of 23 m%/s. This unit hydrograph refers to a catchment
of area

(a) 756 km? (b) 596 km? (c) 1000 km? (d) none of these.

The 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) abaseof 128 h (b) abaseof32h

(¢) apeak of 40 m%/s (d) a peak of 10 m’/s

A 90 km? catchment has the 4-h unit hydrograph which can be approximated as a trian-
gle. If the peak ordinate of this unit hydrograph is 10 m?/s the time base is

(a) 120 h (b) 64h (¢) 50 h (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 hydrograph of this catch-
ment will have a peak flow in m%/s of

(a) 10 (b) 20 (c) 30 (d) none of these.

The 3-hour unit hydrograph U, of a catchment of area 250 km? is in the form of a
triangle with peak discharge of 40 m*/s. Another 3-hour unit hydrograph U, is also
triangular in shape and has the same base width as U, but with a peak flow of 80 m’/s.
The catchment which U, refers to has an area of

(a) 125 km? (b) 250 km? (c) 1000 km? (d) 500 km?

U, is the 6-h unit hydrograph for a basin representing 1 cm of direct runoff and U,, is the
direct runoff hydrograph for the same basin due to a rainfall excess of 1 mm in a storm
of 6 hour duration.

(a) Ordinates of U,, are 1/10 the corresponding ordinates of U,

(b) Base of U,, is 1/10 the base of U,

(c) Ordinates of U,, are 10 times the corresponding ordinates of U,

(d) Base of U, is 10 times the base of U,

A basin with an area of 756 km? has the 6-h unit hydrograph which could be approxi-
mated as a triangle with a base of 70 hours. The peak discharge of direct runoft hydrograph
due to 5 cm of rainfall excess in 6 hours from that basin is

(a) 535 m’/s (b) 60 m’/s (c) 756 m’/s (d) 300 m%/s

The peak flow of a flood hydrograph caused by isolated storm was observed to be
120 m*/s. The storm was of 6 hours duration and had a total rainfall of 7.5 cm. If the base
flow and the ¢-index are assumed to be 30 m*/s and 0.25 cm/h respectively, the peak
ordinate of the 6-h unit hydrograph of the catchment is

(a) 12.0 m%/s (b) 15.0 m’/s (c) 16.0 m*/s (d) 20.0 m’/s
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The peak ordinate of 4-h unit hydrograph a basin is 80 m?/s. An isolated storm of
4-hours duration in the basin was recorded to have a total rainfall of 7.0 cm. If it is
assumed that the base flow and the @-index are 20 m*/s and 0.25 cm/h respectively, the
peak of the flood discharge due to the storm could be estimated as

(a) 580 m’/s (b) 360 m’/s (c) 480 m’/s (d) 500 m%/s

The peak flow of a flood hydrograph caused by isolated storm was observed to be 100
m?/s. The storm had a duration of 8.0 hours and the total depth of rainfall of
7.0 cm. The base flow and the @-index were estimated as 20 m*/s and 0.25 cm/h respec-
tively. If in the above storm the total rainfall were 9.5 cm in the same duration of 8 hours,
the flood peak would have been larger by

(a) 35.7% (b) 40% (c) 50% (d) 20%

For a catchment with an area of 360 km? the equilibrium discharge of the S-curve ob-
tained by summation of 4-h unit hydrograph is

(a) 250 m’/s (b) 90 m’/s (c) 278 m’/s (d) 360 m/s

For a catchment of area 4 an S-curve has been derived by using the D-hour unit hydrograph
which has a time base 7. In this S-curve

(a) the equilibrium discharge is independent of D

(b) the time at which the S-curve attains its maximum value is equal to 7

(c) the time at which the S-curve attains its maximum value is equal to D

(d) the equilibrium discharge is independent of 4

An IUH is a direct runoff hydrograph of

(a) of one cm magnitude due to rainfall excess of 1-h duration

(b) that occurs instantaneously due to a rainfall excess of 1-h duration

(c) of unit rainfall excess precipitating instantaneously over the catchment

(d) occurring at any instant in long duration

An instantaneous unit hydrograph is a hydrograph of

(a) unit duration and infinitely small rainfall excess

(b) infinitely small duration and of unit rainfall excess

(c) infinitely small duration and of unit rainfall excess of an infinitely small area

(d) unit rainfall excess on infinitely small area
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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. Thousands of 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 de-
sign. Further, of the various characteristics of the flood hydrograph, probably the most
important 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 importance to adequately proportion the
structure to accommodate its effect. The design of bridges, culvert waterways and
spillways for dams and estimation of scour at a 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 method 2. Empirical method
3. Unit-hydrograph technique 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 the unit-hydrograph method
is normally restricted to moderate-size catchments 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 runoff rate gradually increases from zero to a constant value as indi-
cated in Fig. 7.1. The runoff increases as more and 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 reach the outlet as ¢, = time of concentra-
tion, it is obvious that if the rainfall continues beyond ¢,, the runoff will be con-
stant and at the peak value. The peak value of the runoff is given by

0,=CAi fort21, (7.1)
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Fig.7.1 Runoff Hydrograph due to Uniform Rainfall

where C = coefficient of runoff = (runoff/rainfall), 4 = area of the catchment and
i = intensity of rainfall. This is the basic equation of the rational method. Using the
commonly used units, Eq. (7.1) is written for field application as

0,= %C(itc,p)A (7.2)
where 0, = peak discharge (m>/s)
C = coefficient of runoff
(ix,,) = the mean intensity of precipitation (mm/h) for a duration equal
to ¢, and an exceedence probability P
A = drainage area in km?
The use of this method to compute Q, requires three parameters: ,, (i, ,) and C.

TIME OF CONCENTRATION ()

There are a number of empirical equations available for the estimation of the time of
concentration. Two of these are described below.

US PrRACTICE For small drainage basins, the time of concentration is assumed to
be equal to the lag time of the peak flow. Thus

t,=t,0fEq.(6.10)=C, Ll ] (7.3)

Js
where ¢, = time of concentration in hours, C,;, L, L
as in Eq. (6.10) of Chapter 6.

o> 1 and S have the same meaning

KIRPICH EQUATION (1940) This is the popularly used formula relating the time
of concentration of the length of travel and slope of the catchment as
t,=0.01947 077 570385 (7.4)
where ¢, = time of concentration (minutes)
L = maximum length of travel of water (m), and
S = slope of the catchment = A H/L in which
AH = difference in elevation between the most remote point on the catch-
ment and the outlet.
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For easy use Eq. (7.4) is sometimes written as
t,=0.01947 K7 (7.42)
3
where K, = L
AH

RAINFALL INTENSITY (i, ,) The rainfall intensity corresponding to a duration ¢,
and the desired probability of exceedence P, (i.e. return period 7'= 1/P) is found from
the rainfall-frequency-duration relationship for the given catchment area (Chap. 2).
This will usually be a relationship of the form of Eq. (2.15), viz.
_ KT~

(t, +a)"
in which the coefficients K, a, x and n are specific to a given area. Table 2.8 (prefer-
ably in its expanded form) could be used to estimate these coefficients to a specific
catchment. In USA the peak discharges for purposes of urban area drainage are calcu-
lated by using P = 0.05 to 0.1. The recommended frequencies for various types of
structures used in watershed development projects in India are as below:

Lie,p

SI. No Types of structure Return Period
(Years)
1 Storage and Diversion dams having 50-100
permanent spillways
2 Earth dams having natural spillways 25-50
3 Stock water dams 25
4 Small permanent masonry and 10-15
vegetated waterways
5 Terrace outlets and vegetated waterways 10
6 Field diversions 15

RUNOFF COEFFICIENT (C)

The coefficient C represents the integrated effect of the catchment losses and hence
depends upon the nature of the surface, surface slope and rainfall 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 7.1(a & b).

Equation (7.2) assumes a homogeneous catchment surface. If however, the catchment
is non-homogeneous but can be divided into distinct sub areas each having a different
runoff coefficient, then the runoff from each sub area is calculated separately and
merged in proper time sequence. Sometimes, a non-homogeneous catchment may have
component sub areas distributed in such a complex manner that distinct sub zones
cannot be separated. In such cases a weighted equivalent runoff coefficient C, as below
is used.

C,= (7.5)
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Table 7.1(a) Value of the Coefficient C in Eq. (7.2)

Types of area Value of C
A. Urban area (P = 0.05 to 0.10)
Lawns: Sandy-soil, flat, 2% 0.05-0.10
Sandy soil, steep, 7% 0.15-0.20
Heavy soil, average, 2.7% 0.18-0.22
Residential areas:
Single family areas 0.30-0.50
Multi units, attached 0.60-0.75
Industrial:
Light 0.50-0.80
Heavy 0.60-0.90
Streets 0.70-0.95
B. Agricultural Area
Flat:  Tight clay;cultivated 0.50
woodland 0.40
Sandy loam;cultivated 0.20
woodland 0.10
Hilly: Tight clay;cultivated 0.70
woodland 0.60
Sandy loam;cultivated 0.40
woodland 0.30

Table 7.1(b) Values of C in Rational Formula for Watersheds with Agricul-
tural and Forest Land Covers

SI. No Vegetative cover Soil Texture
and Slope (%) Sandy Loam Clay and Stiff Clay
Silty Loam
1 Cultivated Land
0-5 0.30 0.50 0.60
5-10 0.40 0.60 0.70
10-30 0.52 0.72 0.82
2 Pasture Land
0-5 0.10 0.30 0.40
5-10 0.16 0.36 0.55
10-30 0.22 0.42 0.60
3 Forest Land
0-5 0.10 0.30 0.40
5-10 0.25 0.35 0.50
10-30 0.30 0.50 0.60

where 4; = the areal extent of the sub area i having a runoff coefficient C; and
N = number of sub areas in the catchment.

The rational formula is found to be suitable for peak-flow prediction in small catch-
ments up to 50 km? in area. It finds considerable application in urban drainage designs
and in the design of small culverts and bridges.



The McGraw-Hill Companies ‘

Floods | 249

It should be noted that the word rational is rather a misnomer as the method in-
volves the determination of parameters ¢, and C in a subjective manner. Detailed de-
scription and the practice followed in using the rational method in various countries
are given in detail in Ref. 7.

ExampLE 7.1(@) An urban catchment has an area of 85 ha. The slope of the catchment
is 0.006 and the maximum length of travel of water is 950 m. The maximum depth of
rainfall with a 25-year return period is as below:

Duration (min) 5 10 20 30 40 60
Depth of rainfall (mm) 17 26 40 50 57 62

If a culvert for drainage at the outlet of this area is to be designed for a return period
of 25 years, estimate the required peak-flow rate, by assuming the runoff coefficient
as 0.3.

Sorurion.  The time of concentration is obtained by the Kirpich formula [Eq.(7.4)] as
t,=0.01947 x (950)*77 x (0.006) °¥5 = 27.4 minutes

By interpolation,

Maximum depth of rainfall for 27.4-min duration

(50 — 40)
= —— x74+40=474 mm
10
. L. _ 474 _
Average intensity =i, , = 74 x 60 =103.8 mm/h

~ 0.30%103.8x0.85
3.6

=735ms

By Eq. (7.2), 0,

ExampLe 7.1(b) If'in the urban area of Example 7.1(a), the land use of the area and
the corresponding runoff coefficients are as given below, calculate the equivalent runoff

coefficient.
Land use Area (ha) Runoff coefficient
Roads 8 0.70
Lawn 17 0.10
Residential area 50 0.30
Industrial area 10 0.80
N

2G4,
SoLurion.  Equivalent runoff coefficient C, = !
c - [(0.7x8)+(0.1x17)+(0.3x50) + (0.8 x10)]
¢ [8+17+50+10]

=303 936

5

ExampLE 7.2 A 500 ha watershed has the land use/cover and corresponding runoff
coefficient as given below:



The McGraw-Hill Companies

250 Engineering Hydrology

Land use/cover Area (ha) Runoff coefficient
Forest 250 0.10
Pasture 50 0.11
Cultivated land 200 0.30

The maximum length of travel of water in the watershed is about 3000 m and the eleva-
tion difference between the highest and outlet points of the watershed is 25 m. The maxi-
mum intensity duration frequency relationship of the watershed is given by

6.311715%
(D +0.50)"9%
water i = intensity in cm/h, T = Return period in years and D = duration of the rainfall in
hours. Estimate the (i) 25 year peak runoff from the watershed and (ii) the 25 year peak

runoff if the forest cover has decreased to 50 ha and the cultivated land has encroached
upon the pasture and forset lands to have a total coverage of 450 ha.

SoLuUTION.

N

4
Case 1: Equivalent runoff coefficient C, = y

_ [(0.10x250) +(0.11x 50) +(0.30 x 200)] 0.181
500 '
3

By Eq. (7.4a) time of concentration ¢, = 0.01947 (K,)*77 with K, = AL_H

, (3000)°
Since L =3000 m and AH=25m K, = 25 = 32863

t.=0.01947 (32863)"77 = 58.5 min = 0.975 h
Calculation of i, ,: Here D =1.=0.975 h. T =25 years. Hence

. 6.311(25)"1523
l= (0.975 +0.50)*9%
Peak Flow by Eq. (7.2), 0, = (1/3.6)(C, i A)
~0.181x 71.23 X (500/100)

36
[(0.10 X 50) +(0.30 x 450)] _

500
i =71.23 mmvh and 4 = 500 ha = 5 (km)?

 0.28%x71.23%5

? 3.6
i =71.23 mm/h and 4 = 500 ha = 5 km?

_ 0.28x71.23%x5
7 3.6

=10.304/1.447 = 7.123 cm/h = 71.23 mm/h

= 64.46 m’/s

0.28

Case 2: Here Equivalent C=C, =

=99.72 m%/s

=99.72 m’/s
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7.3 EMPIRICAL FORMULAE

The empirical formulae used for the estimation of the flood peak are essentially re-
gional 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 formulae are applica-
ble 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 O, from a catchment area A4 is
given by these formulae as

0,=/(4)
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 FORMULA (1865)
0,=Cp A3 (7.6)

where 0, = maximum flood discharge (m>/s) A = catchment area (km?)
Cp = Dickens constant with value between 6 to 30

The following are some guidelines in selecting the value of Cy:

Value of C),
North-Indian plains 6
North-Indian hilly regions 11-14
Central India 14-28
Coastal Andhra and Orissa 22-28

For actual use the local experience will be of aid in the proper selection of Cj,. Dick-
ens formula is used in the central and northern parts of the country.

RYVES FORMULA (1884)

Q,=Crd™”® (7.7)
where 0, = maximum flood discharge (m>/s) A = catchment area (km?)
and Cy = Ryves coefficient

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 Cj, recommended by Ryves
for use are:
Cy = 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 limited areas near hills

INGLIS FORMULA (1930) This formula is based on flood data of catchments in
Western Ghats in Maharashtra. The flood peak 0, in m?/s is expressed as
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124 4
0,=— (7.8)

" Ja+104
where 4 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.

OTHER FORMULAE

There are many such empirical formulae developed in various parts of the world.
References 3 and 5 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 catch-
ments in USA is a typical one of this kind and is given by

05, =CA" (1+0.81log 7) (7.9)

where 07, = maximum 24-h flood with a frequency of T"years in m?/s, A = catchment
area in km?, C,= a constant with values between 0.18 to 1.88.

ENVELOPE CURVES Inregions having same climatological characteristics, if the
available flood data are meagre, the enveloping curve technique can be used to de-
velop a relationship between the maximum flood flow and drainage area. In this method
the available flood peak data from a large number of catchments which do not signifi-
cantly differ from each other in terms of meteorological and topographical character-
istics 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 points 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 equa-
tions are fitted to these enveloping curves, they provide empirical flood formulae of
the type, Q =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?.

Based on the maximum recorded floods throughout the world, Baird and MclIllwraith
(1951) have correlated the maximum flood discharge 0, in m?/s with catchment area
A inkm? as

30254

Op = DA (7.10)

ExampLE 7.3 Estimate the maximum flood flow for the following catchments by using
an appropriate empirical formula:
1. 4,=405 ke for western Ghat area, Maharashtra
2. Ay =40.5 km? in Gangetic plain
3. A;=40.5 km? in the Cauvery delta, Tamil Nadu
4. What is the peak discharge for A = 40.5 km’ by maximum world flood experience?
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Fig. 7.2 Enveloping Curves for Indian Rivers

SoLuTION!

1. For this catchment, the Inglis formula is recommended.
By the Inglis formula [Eq. (7.8)],

124 40.5
= ———— =704m’s

0
P [405+10.4

2. In this case Dickens formula [Eq. (7.6)] with C,, = 6.0 is recommended. Hence
0, =6.0 X (40.5)7 = 96.3 m’/s

3. In this case Ryves formula [Eq. (7.7)] with C = 6.8 is preferred, and this gives
0, = 6.8 (40.5)”* = 80.2 m*/s

4. By Eq. (7.10) for maximum peak discharge based on world experience,
3025 % 40.5

=————————— =1367 m’s.
O (278 + 40.5)%78

7.4 UNIT HYDROGRAPH METHOD

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 hydrograph 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 desired flood
hydrograph. Details about this use of unit hydrograph are given in Sec. 7.12.

75 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
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characteristics of the catchment, rainfall and antecedent conditions, each one of these
factors in turn depend upon a 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 area for large
number of successive years constitute a hydrologic data series called the annual se-
ries. The data are then arranged in decreasing order of magnitude and the probability
P of each event being equalled to or exceeded (plotting position) is calculated by the
plotting-position formula

m

P Nl (7.11)
where m = order number of the event and N = total number of events in the data. The
recurrence interval, T (also called the return period or frequency) is calculated as

T=1/P (7.12)
The relationship between T 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 » times in # successive years is given by

—_n ron—r — n! ron-r
e TR

where qg=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 0 (m%/s) =51/m

1 160 51.00

2 135 25.50

3 128 17.00

4 116 12.75
49 65 1.04
50 63 1.02

The last column shows the return period 7 of various flood magnitude, Q. A plot of
0 vs Tyields the probability distribution. For small return periods (i.e. for interpola-
tion) or where limited extrapolation is required, a simple best-fitting curve through
plotted points can be used as the probability distribution. A logarithmic scale for T is
often advantageous. However, when larger extrapolations of 7 are involved, theoreti-
cal probability distributions have to be used. In frequency analysis of floods the usual
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problem is to predict extreme flood events. Towards this, specific extreme-value dis-
tributions are assumed and the required statistical parameters calculated from the avail-
able 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:

xp=X +Ko (7.13)

where x,= 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, 7" and the assumed frequency distribution.
Some of the commonly used frequency distribution functions for the predication of
extreme flood values are

1. Gumbel’s extreme-value distribution,

2. Log-Pearson Type III distribution

3. Log normal distribution.

Only the first two distributions are dealt with in this book with emphasis on appli-
cation. Further details and theoretical basis of these and other methods are available in
Refs. 2, 3, 7 and 8.

7.6 GUMBELS 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 prob-
ability distribution functions for extreme values in hydrologic and meteorologic stud-
ies 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

value x is
PX2x)=1-¢°" (7.14)
in which y is a dimensionless variable given by
y=a(x-a) a= X —0.45005 o, a=1.2825/c,
1.285(x —Xx)
Thus y=——"+0577 (7.15)

X
where X =mean and o, = 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 transposed as
Y, =-In[-In(1-P)] (7.16)
Noting that the return period 7= 1/P and designating
yr = the value of y, commonly called the reduced variate, for a given T

yp= {m. In TT_ J (7.17)

T

or yr=- {0.834 +2.303 log log T

1} (7.17a)
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Now rearranging Eq. (7.15), the value of the variate X with a return period 7 is

=X +Ka. (7.18)
~0.577
where g Or =057 (7.19)
12825

Note that Eq. (7.18) is of the same form as the general equation of hydrologic-fre-
quency 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 — o).

Since practical annual data series of extreme events such as floods, maximum rain-
fall depths, etc., all have finite lengths of record (Eq. (7.19)) is modified to account for
finite NV 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 7'is used as
xp=X+Ko,, (7.20)

. . Z(x - x)*

where 0,_; = standard deviation of the sample of size N = N1

K = frequency factor expressed as

_ Yr — )_/n
K= —Sn (7.21)
inwhich  y;=reduced variate, a function of T and is given by
T
= —|In.In 7.22
Yr { T— 1} ( )
_ T
or yr= —|:0.834+2.303 log log T 1}

y, = reduced mean, a function of sample size N and is given in
Table 7.3; for N — oo, y, — 0.577

S, = reduced standard deviation, a function of sample size N and
is given in Table 7.4; for N — oo, S, — 1.2825

These equations are used under the following procedure to estimate the flood mag-
nitude 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 X and o, _, for the given data.

Using Tables 7.3 and 7.4 determine y, and S, appropriate to given N.
Find y; for a given T by Eq. (7.22).
Find K by Eq. (7.21).
5. Determine the required x, by Eq. (7.20).
The method is illustrated in Example 7.3.

To verify whether the given data follow the assumed Gumbel’s distribution, the
following procedure may be adopted. The value of x; for some return periods 7 < N
are calculated by using Gumbel’s formula and plotted as x;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 a straight line for x; vs T plot. Gumbel’s distribution has the property

b
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which gives T=2.33 years for the average of the annual series when N 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 T'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 plotted on the graph described above. Figure 7.3 shows a good fit of observed
data with the theoretical variation line indicating the applicability of Gumbel’s
distribution to the given data series. By extrapolation of the straight line x,vs T, values
of x; for > N can be determined easily (Example 7.3).

GUMBEL PROBABILITY PAPER

The Gumbel probability paper is an aid for convenient graphical representation of
Gumbel’s distribution. It consists of an abscissa specially marked for various conven-
ient values of the return period 7. To construct the T scale on the abscissa, first con-
struct an arithmetic scale of y, values, say from —2 to +7, as in Fig. 7.3. For selected
values of T, say 2, 10, 50, 100, 500 and 1000, find the values of yby Eq. (7.22) and
mark off those positions on the abscissa. The 7-scale is now ready for use as shown in

Fig. 7.3.
Tyears
10111 152 3 5 10 20 50 100 500 1000
10 [TTITT [ T [TIT[TIIT I [T T [T1TT T T
- o Computed |
o Plotting positions
g F _
@0
() — —
€
S 6 F -
£ L _
[0
o
c 4 River Bhima at Deorgaon -
§ 1951-77 |
a X=4263 mY¥s
2 on_ 1= 1432.6, N=27 years -
I O A T N T A I | |
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Recurrence interval T years

| Lol | | | | | J
-2 -1 0 1 2 3 4 5 6 7
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Fig. 7.3 Flood probability analysis by Gumbel’s Distribution

The ordinate of a Gumbel paper on which the value of the variate, x; (flood dis-
charge, maximum rainfall depth, etc.) are plotted may have either an arithmetic scale
or logarithmic scale. Since by Eqs (7.18) and (7.19) x varies linearly with y;, a Gumbel
distribution will plot as a straight line on a Gumbel probability paper. This property
can be used advantageously for graphical extrapolation, wherever necessary.
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ExampLE 7.4 Annual maximum recorded floods in the river Bhima at Deorgaon, a
tributary of the river Krishna, for the period 1951 to 1977 is given below. Verify whether
the Gumbel extreme-value distribution fit the recorded values. Estimate the flood discharge
with recurrence interval of (i) 100 years and (ii) 150 years by graphical extrapolation.

Year 1951 1952 1953 1954 1955 1956 1957 1958 1959
Max. flood (m%/s) 2947 3521 2399 4124 3496 2947 5060 4903 3757

Year 1960 1961 1962 1963 1964 1965 1966 1967 1968
Max. flood (m%/s) 4798 4290 4652 5050 6900 4366 3380 7826 3320

Year 1969 1970 1971 1972 1973 1974 1975 1976 1977
Max. flood (m%/s) 6599 3700 4175 2988 2709 3873 4593 6761 1971

Sorution.”  The flood discharge values are arranged in descending order and the plot-
ting position recurrence interval 7, for each discharge is obtained as
B N +1 28
= =22

m m
where m = order number. The discharge magnitude Q are plotted against the correspond-
ing 7, on a Gumbel extreme probability paper (Fig. 7.3).

The statistics X and an ¢, | for the series are next calculated and are shown in Table
7.5. Using these the discharge x; for some chosen recurrence interval is calculated by
using Gumbel’s formulae [Egs. (7.22), (7.21) and (7.20)].

Table 7.5 Calculation of T, for Observed Data— Example 7.4

Order Flood T, Order Flood T,

number discharge (years) number discharge (years)
m x (m%/s) m x (m%/s)
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
5 5060 5.60 19 3496 1.47
6 5050 4.67 20 3380 1.40
7 4903 4.00 21 3320 1.33
8 4798 3.50 22 2988 1.27
9 4652 3.11 23 2947 —
10 4593 2.80 24 2947 1.17
11 4366 2.55 25 2709 1.12
12 4290 2.33 26 2399 1.08
13 4175 2.15 27 1971 1.04
14 4124 2.00

N =27 years, X =4263 m%/s, ¢, | = 1432.6 m*/s
From Tables 7.3 and 7.4, for N=27, y, = 0.5332 and S, = 1.1004.
Choosing T = 10 years, by Eq. (7.22),

yr=—{Inx1n (10/9)] =2.25037
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| 2.25307-0.5332
1.1004

X . =4263 + (1.56 x 1432.6) = 6499 m’/s
Similarly, values of x; are calculated for two more T values as shown below.

K 1.56

T years xr [obtained by Eq. (7.20)] (m3/s)
5.0 5522
10.0 6499
20.0 7436

These values are shown in Fig. 7.3. It is seen that due to the property of the Gumbel’s
extreme probability paper these 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 ex-
treme-value distribution.

[Note: In view of the linear relationship of the theoretical x; and 7 on a Gumbel prob-
ability paper it is enough if only two values of 7 and the corresponding x; are calculated.
However, if 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 (x, T) values are needed to identify the theoretical

curve. |
By extrapolation of the theoretical x; vs T relationship, from Fig. 7.3,
At T =100 years, x7= 9600 m*/s
At T =150 years, x7= 10,700 m%/s

[By using Egs (7.20) to (7.22), x;9o = 9558 m?/s and x5, = 10,088 m?/s.]

ExampLe 7.5 Flood-frequency computations for the river Chambal at Gandhisagar
dam, by using Gumbel’s method, yielded the following results:

Return period 7 (years) Peak flood (m?%/s)
50 40,809
100 46,300

Estimate the flood magnitude in this river with a return period of 500 years.

Sorution. By Eq. (7.20),

X0 = X + Kygp Gy X5 = X +Ksy 0,

(K190 — Ks0) 0y = X109 — X509 = 46300 — 40809 = 5491
But K= IO

Su o S
where S, and y, are constants for the given data series.
Oy

o 0’100 = ¥s0) = 5491
By Eq. (7.22) !

Y100 =—1InxIn (100/99)] = 4.60015
Y50 =—[In x1n (50/99)] = 3.90194
O

. 491 = 7864
S (4.60015 — 3.90194)

n
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For T'=500 years, by Eq. (7.22),
Vs00 =— [Inx1n (500/499)] = 6.21361

O-n—l _
(500 = Y100) S = X500 ~ X100

(6.21361 — 4.60015) x 7864 = x5y — 46300
X500 = 58988, say 59,000 m?/s

ExampLe 7.6 The mean annual flood of a river is 600 m’/s and the standard deviation
of the annual flood time series is 150 m’/s. What is the probability of a flood of magnitude
1000 m*/s occurring in the river within next 5 years? Use Gumbel'’s method and assume
the sample size to be very large.

Sorurion: X =600 m¥s and o, | = 150 m%/s x;=X +Ko, |
1000 = 600 + K(150)
yr —0.577
K=26667T= ——"—
1.2825
Hence yr=13.9970
T
Also, =3.9970= —|In-In
SO yr |: T_ 1:|
L 101854
T-1

T = 54.9 years, say 55 years
Probability of occurrence of a flood of magnitude 1000 m*/s = p = 1/55 = 0.0182
The probability of a flood of magnitude 1000 m>/s occurring at least once in 5 years =
pr=1-(1-p)°=1-(0.9818)°=0.0877 = 11.4%

CONFIDENCE LIMITS

Since the value of the variate for a given return period, x, determined by Gumbel’s
method can have errors due to the limited sample data used, an estimate of the confi-
dence limits of the estimate is desirable. The confidence interval indicates the limits
about the calculated value between which the true value can be said to lie with a
specific probability based on sampling errors only.

For a confidence probability ¢, the confidence interval of the variate x; is bounded
by values x, and x, given by®

xip =xpEfle) S, (7.23)
where f(c) = function of the confidence probability ¢ determined by using the table of
normal variates as

¢ in per cent 50 68 80 90 95 99
flo) 0.674 1.00 1.282 1.645 1.96 2.58

O,

n—1

N

S, = probable error = b (7.23a)

b= J1+13K+1.1K>
K = frequency factor given by Eq. (7.21)



The McGraw-Hill Companies I

262 Engineering Hydrology

o,

7 _ 1 = standard deviation of the sample

N = sample size.
It is seen that for a given sample and 7, 80% confidence limits are twice as large as the
50% limits and 95% limits are thrice as large as 50% limits.

ExampLe 7.7 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) 95% and (b) 80% confidence limits for this estimate.

Sorurion.  From Table 7.3 for N=92 years, y, =0.5589 and S, = 1.2020 from Table 7.4.
Y500 =—[In x1n (500/499)] = 6.21361

6.21361—0.5589
0= —————— =47044
1.2020

X500 = 6437 + 4.7044 x 2951 = 20320 m*/s
From Eq. (7.33a)

b= 1+1.3(4.7044) +1.1(4.7044) =561

S, = probable error = 5.61 x 251 1726
92
(a) For 95% confidence probability f{c) = 1.96 and by Eq. (7.23)
¥y = 20320 £ (1.96 x 1726) x, = 23703 m%/s and x, = 16937 m*/s

Thus estimated discharge of 20320 m?/s has a 95% probability of lying between 23700
and 16940 m’/s
(b) For 80% confidence probability, f{c) = 1.282 and by Eq. (7.23)
x5 = 20320 £ (1.282 x 1726) x, = 22533 m*/s and x, = 18107 m%/s
The estimated discharge of 20320 m?/s
has a 80% probability of lying between
22530 and 18110 ms.

For the data of Example 7.7, the values of
xpfor different values of T are calculated and
shown plotted on a Gumbel probability pa-
per in Fig. 7.4. This variation is marked as 22
“fitted line” in the figure. Also showninthis  oq
plot are the 95 and 80% confidence limits for
various values of 7. It is seen that as the con-
fidence probability increases, the confidence 16
interval also increases. Further, an increase 14
in the return period 7 causes the confidence
band to spread. Theoretical work by Alexeev 12
(1961) has shown that for Gumbel’s distri- 10 S !
bution the coefficient of skew C; — 1.14 for 101520 50 _1 00 ?OO 500 10°
very low values of N. Thus the Gumbel’s dis- Return period Tin years
tribution will give erroneous results if the Fig.7.4 Confidence Bands for
sample has a value of C; very much different Gumbels Distribution—
from 1.14. Example 7.7

Reduced variate y 1

I
2 3 4 5 6 7
—

24

Gumbel’s distribution /_
Confidence bands . 7

18

T T S I
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7.7 LOG-PEARSON TYPE Il DISTRIBUTION

This distribution is extensively used in USA for projects sponsored by the US Gov-
ernment. 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=1log x (7.24)
are first obtained. For this Z series, for any recurrence interval 7, Eq. (7.13) gives
;=7 +K. 0, (7.25)

where K, = a frequency factor which is a function of recurrence interval T" and the
coefficient of skew C,,
o, = standard deviation of the Z variate sample

= (=22 /(N -1) (7.25a)
and C, = coefficient of skew of variate Z
NX(z-2)}
(7.25b)

(N-1)(N=-2)(0.)

z =mean of the z values

N = sample size = number of years of record
The variations of K, =f(C,, T') is given in Table 7.6.
After finding z; by Eq. (7.25), the corresponding value of x; is obtained by
Eq. (7.24) as

xp = antilog (zp) (7.26)
Sometimes, the coefficient of skew C,, is adjusted to account for the size of the sample
by using the following relation proposed by Hazen (1930).

A 1+8.5
C, = CS[ j (7.27)
N

where és = adjusted coefficient of skew. However, the standard procedure for use of
log-Pearson Type III 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 III distribution reduces to
log normal distribution. The log-normal distribution plots as a straight line on loga-
rithmic probability paper.

Table7.6 K = F(C, T) for Use in Log-Pearson Type III Distribution

Coefficient of Recurrence interval 7 in years
skew, C; 2 10 25 50 100 200 1000
3.0 -0.396 1.180 2.278 3.152 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 2240 2970 3.705 4444 6.200
2.0 -0.307  1.302 2219 2912 3.605 4298 5910
1.8 -0.282 1.318 2.193 2.848 3499 4.147 5.660
1.6 -0.254 1.329 2.163 2.780 3.388 3990 5.390
1.4 -0.225 1.337 2.128 2.706 3271 3.828 5.110

(Contd.)
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(Contd.)
1.2 -0.195 1.340 2.087 2.626 3.149 3.661 4.820
1.0 -0.164 1.340 2.043 2542 3.022 3.489 4.540
0.9 -0.148 1.339 2018 2498 2957 3401 4.395
0.8 -0.132  1.336 1998 2453 2891 3312 4.250
0.7 -0.116  1.333 1.967 2407 2.824 3.223 4.105
0.6 -0.099 1.328 1939 2359 2755 3.132 3.960
0.5 -0.083 1.323 1910 2311 2686 3.041 3.815
0.4 -0.066 1.317 1.880 2261 2615 2949 3.670
0.3 -0.050 1.309 1.849 2211 2544 2856 3.525
0.2 -0.033 1.301 1.818 2.159 2472 2763 3.380
0.1 -0.017 1292 1.785 2.107 2400 2.670 3.235
0.0 0.000 1.282 1.751 2.054 2326 2.576 3.090
-0.1 0.017 1270 1.716 2.000 2252 2482 2.950
-0.2 0.033 1.258 1.680 1945 2.178 2388 2.810
-0.3 0.050 1.245 1.643 1.890 2.104 2294 2.675
-0.4 0.066 1.231 1.606 1.834 2.029 2201 2.540
—-0.5 0.083 1.216 1.567 1.777 1955 2.108 2.400
-0.6 0.099 1200 1.528 1.720 1.880 2.016 2.275
-0.7 0.116 1.183 1488 1.663 1.806 1926 2.150
-0.8 0.132 1.166 1448 1.606 1.733 1.837 2.035
-0.9 0.148 1.147 1407 1.549 1.660 1.749 1910
-1.0 0.164 1.128 1366 1492 1.588 1.664 1.880
-1.4 0.225 1.041 1.198 1270 1318 1351 1.465
1.8 0.282 0945 1.035 1.069 1.087 1.097 1.130
2.2 0.330 0.844 0.888 0.900 0905 0907 0910
-3.0 0.396 0.660 0.666 0.666 0.667 0.667 0.668

[Note: C,; = 0 corresponds to log-normal distribution]

ExampLe 7.8 For the annual flood series data given in Example 7.4, estimate the
flood discharge for a return period of (a) 100 years (b) 200 years and (c) 1000 years by
using log-Pearson Type Il distribution.

Sorurion:  The variate z = log x is first calculated for all the discharges (Table 7.7).
Then the statistics Z , o, and C, are calculated from Table 7.7 to obtain

Table 7.7 Variate Z— Example 7.8

Year Flood z=logx Year Flood z=log x
x (m/s) x (m%/s)
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

(Contd.)
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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
27 % 0.0030
o, = 0.1427 =
(26) (25) (0.1427)}
Z =3.6071 C, = 0.043

The flood discharge for a given T is calculated as below. Here, values of K, for
given T and C, = 0.043 are read from Table 7.6.

Z =3.6071 o, = 0.1427 C,=0.043
Kz
T (years) (from Table 7.6) x,p= antilog z,
(for C, = 0.043) Ko, Z;=Z +Ko, (m%/s)
100 2.358 0.3365 3.9436 8782
200 2.616 0.3733 3.9804 9559
1000 3.152 0.4498 4.0569 11400

ExampLE 7.9 For the annual flood series data analyzed in Example 7.8 estimate the
flood discharge for a return period of (a) 100 years, (b) 200 years, and (c) 1000 years by
using log-normal distribution. Compare the results with those of Example 7.8.

Sorution.  Log-normal distribution is a special case of log-Pearson type III distribu-
tion with C; = 0. Thus in this case C; is taken as zero. The other statistics are z =3.6071
and o, = 0.1427 as calculated in Example 7.8.

The value of K for a given return period 7 and C; = 0 is read from Table 7.6. The
estimation of the required flood discharge is done as shown below.

7 =3.6071 o, = 0.1427 C,=0
T (years) K, K. o, Z; Xr
(from Table 7.6) =Z +K, 0, =antilogz;(m’s)
100 2.326 0.3319 3.9390 8690
200 2.576 0.3676 3.9747 9434
1000 3.090 0.4409 4.0480 11170

On comparing the estimated x, with the corresponding values in Example 7.8, it is
seen that the inclusion of the positive coefficient of skew (C, = 0.047) in log-Pearson
type III method gives higher values than those obtained by the log-normal distribution
method. However, as the value of C; is small, the difference in the corresponding
values of x; by the two methods is not appreciable.

[Vote: 1If the coefficient of skew is negative, the log-Pearson type III method gives
consistently lower values than those obtained by the log-normal distribution method. ]
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7.8 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 many of these may be of appreciably high
magnitude. To enable all the large flood peaks to be considered for analysis, a flood
magnitude larger than an arbitrary selected base value are included in the analysis.
Such a data series is called partial-duration series.

In using the partial-duration series, it is necessary to establish that all events con-
sidered are independent. Hence the partial-duration series is adopted mostly for rain-
fall analysis where the conditions of independency of events are easy to establish. Its
use in flood studies is rather rare. The recurrence interval of an event obtained by
annual series (7)) and by the partial duration series (7),) are related by

Tp= 1
InT,-In(T,-1)
From this it can be seen that the difference between 7, and T is significant for
T, <10 years and that for 7, > 20, the difference is negligibly small.

(7.28)

7.9 REGIONAL FLOOD FREQUENCY ANALYSIS

When the available data at a catchment is too short to conduct frequency analysis, a
regional analysis is adopted. In this a hydrologically homogeneous region from the
statistical 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 constitutes a region and all the station data of this
region are pooled and analysed as a group to find the frequency characteristics of the
region. The mean annual flood Q,,,, which corres-ponds to a recurrence interval of
2.33 years is used for nondimensionalising the results. The variation of O,,, with drain-
age area and the variation of Q;/Q,,, with T where Oy is the discharge for any T are the
basic plots prepared in this analysis. Details of the method are available in Ref. 2.

7.10 DATA FOR 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 catch-
ment. The results of the frequency analysis depend upon the length of data. The mini-
mum number of years of record required to obtain satisfactory estimates depends
upon the variability of data and hence on the physical and climatological characteris-
tics of the basin. Generally a minimum of 30 years of data is considered as essential.
Smaller lengths of records are also used when it is unavoidable. However, frequency
analysis should not be adopted if the length of records is less than 10 years.

In the frequency analysis of time series, such as of annual floods, annual yields and
of precipitation, some times one comes across very long (say of the order of 100
years) times series. In such cases it is necessary to test the series for Homogeneity to
ascertain that there is no significant difference in the causative hydrological processes
over the span of the time series. A time series is called time-homogeneous (also known
as stationary) if identical events under consideration in the series are likely to occur at
all times. Departure from time homogeneity is reflected either in trend or periodicity
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or persistence of the variable over time. Potential non-homogeneity region, (if any),
could be detected by (i) mass curve or (ii) by moving mean of the variable. Statistical
tests like F-fest for equality of variances and ¢-fest for significance of differences of
means are adopted to identify non- homogeneous region/s in the series. Only the
contiguous homogeneous region of the series covering the recent past is to be adopted
for frequency analysis. However, it is prudent to test all time series, whether long or
short, for time-homogeneity before proceeding with the frequency analysis. Thus the
cardinal rule with the data of time series would be that the data should be reliable and
homogeneous.

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.

7.11 DESIGN FLOOD

In the design of hydraulic structures it is not practical from economic 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 de-
signed for less severe floods as the consequences of a higher than design flood may
not be very serious. It 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 downstream of the structure. From this it is apparent that the type,
importance of the structure and economic development of the surrounding area dic-
tate 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 FLoob Flood adopted for the design of a structure.

SPILLWAY DESIGN FLoob Design flood used for the specific purpose of de-
signing the spillway of a storage structure. This term is frequently used to denote the
maximum 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 se-
vere combination of meteorological and hydrological factors that are reasonably ap-
plicable to the region. Extremely rare combinations of factors are excluded.

PROBABLE MAXIMUM FLoob (PMF) The extreme flood that is physically
possible in a region as a result of severemost combinations, including rare combina-
tions of meteorological 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
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Table 7.8 Guidelines for Selecting Design Floods (CWC, India)"

S. No. Structure Recommended design flood

1. Spillways for majorand medium  (a) PMF determined by unit hydrograph
projects with storages more than and probable maximum precipitation
60 Mm® (PMP)
(b) If(a)isnot applicable or possible flood-
frequency method with 7= 1000 years

2. Permanent barrage and minor  (a) SPF determined by unit hydrograph
dams with capacity less than and standard project storm (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.

Flood with a return period of 100 or 50

3. Pickup weirs years depending on the importance of the
project.
4. Aqueducts Flood with 7= 50 years
(a) Waterway Flood with 7= 100 years

(b) Foundations and free board Empirical formulae

5. Project with very scanty or in-
adequate data

hydraulic structures vary from one country to another. Table 7.8 gives a brief summary
of the guidelines adopted by CWC India, to select design floods.

THE INDIAN STANDARD GUIDELINES FOR DESIGN OF FLOODS
FOR DAMS

“IS : 11223—1985 : Guidelines for fixing spillway capacity” (Ref. 4) is currently used
in India for selection of design floods for dams. In these guidelines, dams are classi-
fied according to size by using the hydraulic head and the gross storage behind the
dam. The hydraulic head is defined as the difference between the maximum water
level on the upstream and the normal annual average flood level on the downstream.
The classification is shown in Table 7.9(a). The overall size classifications for dams
would be greater of that indicated by either of the two parameters. For example, a dam
with a gross storage of 5 Mm?® and hydraulic head of 15 m would be classified as
Intermediate size dam.

Table 7.9(a) Size Classification of Dams

Class Gross storage (Mm®) Hydraulic head (m)
Small 0.5 to 10.0 7.5 t0 12.0
Intermediate 10.0 to 60.0 12.0 to 30.0

Large > 60.0 >30.0
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The inflow design flood (IDF) for safety of the dam is taken for each class of dam
as given in Table 7.9(b).

Table 7.9(b) Inflow Design Flood for Dams

Size/Class Inflow design flood for safety
(based on Table 7.9(a))
Small 100-year flood
Intermediate Standard project flood (SPF)
Large Probable Maximum flood (PMF)

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 meteoro-
logical data. Various methods ranging from highly sophisticated hydrometeorological
methods to simple analysis of past rainfall data are in use depending on the availabil-
ity of reliable relevant data and expertise.

The following is a brief outline of a procedure followed in India:

o The duration of the critical rainfall is first selected. 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.

e 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.

e Rainfall depths for convenient time intervals (e.g. 6 h) are scaled from the en-
veloping 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 er-
ror. Alternatively, increments of precipitation are first arranged in a table of
relevant unit hydrograph ordinates, such that (i) the maximum rainfall incre-
ment is against the maximum unit hydrograph ordinate, (ii) the second highest
rainfall increment is against the second largest unit hydrograph
ordinate, and so on, and (iii) the sequence of rainfall increments arranged above
is now reversed, with the last item first and first item last. The new sequence
gives the design storm (Example 7.8).

e The design storm is then combined with hydrologic abstractions most condu-
cive 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. 7. Reference 1 gives details of the estimation
of the design flood peak by unit hydrographs for small drainage basins of areas
from 25-500 km”.

ExampLe 7.10 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 critical sequence of rainfall excesses by taking the @ index to
be 0.15 cm/h.
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Sor.ution.” The critical storm and rainfall excesses are calculated in a tabular form in
Table 7.10.

Time from

start (h) 0 6 12 18 24 30 36 42 48 54 60
Cumulative

rainfall (cm) 0 15 241 30 34 37 39 40.5 413

6-h UH

ordinate (m*s) 0 20 54 98 126 146 154 152 138 122 106

Time from
start (h) 66 72 78 84 90 96 102 108 114 129 132
6-h UH
ordinate (m3/s) 92 79 64 52 40 30 20 14 10 6 0

Table 7.10 Calculation of Critical Storm — Example 7.10

Time Cumulative 6-h Ordinate  First Design  Infiltra- Rainfall

(h) rainfall incre- of 6-h arrange- sequence tion  excess of
(cm) mental UH ment of of rainfall loss (cm)  design
rainfall (m%s) rainfall  incre- storm
(cm) incre- ment (cm)
ment
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 8.2
30 37.0 3.0 146 5.9 15.0 0.9 14.1
36 39.0 2.0 154 15.0 59 0.9 5.0
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 92
72 79
78 64
84 52
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 = 0.15 cm/h = 0.9 cm/6 h
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7.13 RISK, RELIABILITY AND SAFETY FACTOR
RISK AND RELIABILITY

The designer of a hydraulic structure always faces a nagging doubt about the risk of
failure of his structure. This is because the estimation of the hydrologic design values
(such as the design flood discharge and the river stage during the design flood) in-
volve a natural or inbuilt uncertainty and as such a hydrological risk of failure. As an
example, consider a weir with an expected life of 50 years and designed for a flood
magnitude of return period 7' = 100 years. This weir may fail if a flood magnitude
greater than the design flood occurs within the life period (50 years) of the weir.

The probability of occurrence of an event (x = x;) at least once over a
period of n successive years is called the risk, R . Thus the risk is given by

R =1 — (probability of non-occurrence of the event x > xin n years)

R=1-(1-pP)
1 n
=l-|1-= 7.29
(%) 02)
where P = probability P (x = x;) = %

T = return period
The reliability R,, is defined as

R=1-R~= (1—%)'1 (7.30)

It can be seen that the return period for which a structure should be designed depends
upon the acceptable level of risk. In practice, the acceptable risk is governed by eco-
nomic and policy considerations.

SAFETY FACTOR

In addition to the hydrological uncertainty, as mentioned above, a water resource de-
velopment project will have many other uncertainties. These may arise out of struc-
tural, constructional, operational and environmental causes as well as from non-tech-
nological considerations such as economic, sociological and political causes. As such,
any water resource development project will have a safety factor for a given hydro-
logical parameter M as defined below.

Actual value of the parameter M

adopted in the design of the project
Safety factor (for the parameter M) = (S F),, =

Value of the parameter M obtained
from hydrological considerations only

C

am
= — (7.31)

Chm
The parameter M includes such items as flood discharge magnitude, maximum river
stage, reservoir capacity and free board. The difference (C,,, — C},,) is known as safety

margin.
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The concepts of risk, reliability and safety factor form the building blocks of the
emerging field of reliability based design.

ExampLe 7.11 A bridge has an expected life of 25 years and is designed for a flood
magnitude of return period 100 years. (a) What is the risk of this hydrologic design? (b) If
a 10% risk is acceptable, what return period will have to be adopted?

SOLUTION!
_ Y
(a) Therisk R =1- (I—F)
Here n =25 years and 7= 100 years
_ 25
R =1- (1—Lj =0.222
100

Hence the inbuilt risk in this design is 22.2%

_ 25
(b) If R =10%=0.10 0.10=1— (1—%)

25
(1 - %) =090 and T =238 years=say 240 years.

Hence to get 10% acceptable risk, the bridge will have to be designed for a flood of return
period T = 240 years.

ExampLe 7.12 Analysis of annual flood series of a river yielded a sample mean of
1000 m*/s and standard deviation of 500 m’/s. Estimate the design flood of a structure on
this river to provide 90% assurance that the structure will not fail in the next 50 years.
Use Gumbel's method and assume the sample size to be very large.

Sorurion, X =1000 m%s and o, | = 500 m%/s
50
Reliability R, =0.90 = (1 - %)

- % = (0.90)"5 = 0.997895

T =475 ¥ +K g 21037
= ears Xpr= X O, e —
Y r nl 1.2825
Also, yr= - In-In—33 | —6.16226
(475-1)
6.16226 —0.577
- T T —4355
1.2825

xy= 1000 + (4.355) x 500 = 3177 m*/s

ExampLe 7.13 Annual flood data of the river Narmada at Garudeshwar covering the
period 1948 to 1979 yielded for the annual flood discharges a mean of 29,600 m*/s and a
standard deviation of 14,860 m*/s. For a proposed bridge on this river near this site it is
decided to have an acceptable risk of 10% in its expected life of 50 years. (a) Estimate the
flood discharge by Gumbel's method for use in the design of this structure (b) If the actual
flood value adopted in the design is 125,000 m*/s what are the safety factor and safety
margin relating to maximum flood discharge?

Sorumion. Risk R =0.10
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Life period of the structure n = 50 years

Hence E

1\
0.10=1- (1——)
T

(1-0.10)"°° = 0.997895

(-4)

=475 years

Gumbel’s method is now used to estimate the flood magnitude for this return period of
T =475 years.
Record length N = 1948 to 1979 = 32 years

From Tables 7.3 and 7.4, y, = 0.5380 and S, = 1.1193

yr= | in—L—|=—|In.n—2 | = 6.16226
T—1 (475-1)
~%,  (6.16226 05380
k=2 S ) 50048
S 1.1193

xp=Xxr +Ko,
= 29600 + (5.0248 x 14860) = 104268
say = 105,000 m?/s = hydrological design flood magnitude

Actual flood magnitude adopted in the project is = 125,000 m*/s
Safety factor = (SF)g.0q = 125,000/105,000 = 1.19
Safety margin for flood magnitude = 125,000 — 105,000 = 20,000 m>/s

N A WKN

=)
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: REvisioN QUESTIONS :

7.1

7.2
7.3

7.4

7.5

7.6

Explain the rational method of computing the peak discharge of a small catchment.
Where is this method commonly used and what are its merits and demerits?

Discuss the factors affecting the runoff coefficient C in rational formula.

What do you understand by time of concentration of a catchment? Describe briefly meth-
ods of estimation of the time of concentration.

What is the importance of time of concentration of a catchment in the estimation of
flood by rational formula?

Annual flood series having N consecutive entries are available for a catchment. Describe
a procedure to verify whether the data follow Gumbel’s distribution.

Write a brief note on frequency factor and its estimation in Gumbel’s method.
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1.7

7.8

7.9

7.10

7.11

If the annual flood series data for a catchment are available for N consecutive years,
explain a procedure to determine a flood discharge with a return period of 7, (where 7>
N), by using

(a) Log-Pearson type III distribution, and (b) Log-normal distribution.

What are the limitations of flood frequency studies?

Explain briefly the following terms:

(a) Design flood (b) Standard project flood

(c) Probable maximum flood (d) Design storm

What are the recommended design floods for

(a) Spillways of dams (b) Terrace outlets and vegetated waterways
(c) Field diversions (d) Permanent barrages

(e) Waterway for aqueducts
Explain briefly the following terms:
(a) Risk (b) Reliability (c) Safety margin

7.1

7.2

7.3

7.4

7.5

: PRrRoBLEMS |}

A catchment of area 120 ha has a time of concentration of 30 min and runoff 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 isochrones into 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 h
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.)

An urban catchment of area 3.0 km? consists of 52% of paved areas, 20% parks, 18%
multi-unit residential area. The remaining land use can be classified as light industrial
area. The catchment is essentially flat and has sandy soil. If the time of concentration is
50 minutes, estimate the peak flow due to a design storm of depth 85 mm in 50 minutes.
In estimating the peak discharge of a river at a location X the catchment area was divided
into four parts 4, B, C and D. The time of concentration and area for different parts are
as follows

Part Time of Concentration Area (in ha)
A One Hour 600
B Two Hours 750
C Three Hours 1000
D Four Hours 1200

Records of a rain storm lasting for four hours as observed and the runoff factors during
different hours are as follows:
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Time (in hours) Rainfall (mm) Runoff factor
From To
0 1 25.0 0.50
1 2 50.0 0.70
2 3 50.0 0.80
3 4 23.5 0.85

Calculate the maximum flow to be expected at X in m*/s assuming a constant base flow
of 42.5 m’/s.
A catchment area has a time of concentration of 20 minutes and an area of 20 ha. Esti-
mate the peak discharge corresponding to return period of 25 yrs. Assume a runoff
coefficient of 0.25. The intensity-duration-frequency for the storm in the area can be
expressed by i = KT*/(D + a)", where i = intensity in cm/h, 7= retum period in years, and
D = duration of storm in hours, with coefficients K= 6.93, x =0.189, a = 0.50, n = 0.878.
A 100 ha watershed has the following characteristics

i. Maximum length of travel of water in the catchment = 3500 m

ii. Difference in elevation between the most remote point on the catchment and the

outlet = 65 m

iii. Land use/cover details:

Land use/cover Area (ha) Runoff coefficient
Forest 30 0.25
Pasture 10 0.16
Cuiltivated land 60 0.40

The maximum intensity — duration — frequency relationship for the watershed is
given by
3.97 T0.165

(D +0.15)%73
where i = intensity in cm/h, 7'= Return period in years and D = duration of rainfall
in hours. Estimate the 25-year peak runoff from the watershed that can be expected
at the outlet of the watershed.

A rectangular paved area 150 m X 450 m has a longitudinal drain along one of its longer

edges. The time of concentration for the area is estimated to be 30 minutes and consists

of 25 minutes for over land flow across the pavement to the drain and 5 minutes for the
maximum time from the upstream end of the drain to the outlet at the other end.

(a) Construct the isochrones at 5 minutes interval for this area.

(b) A rainfall of 7 cm/h occurs on this plot for D minutes and stops abruptly. Assuming
a runoft coefficient of 0.8 sketch idealized outflow hydrographs for D = 5 and 40
minutes.

A rectangular parking lot is 150 m wide and 300 m long. The time of overland flow

across the pavement to the longitudinal gutter along the centre is 20 minutes and the

estimated total time of concentration to the downstream end of the gutter is 25 minutes.

The coefficient of runoff is 0.92. If a rainfall of intensity 6 cm/h falls on the lot for 10

minutes and stops abruptly determine the peak rate of flow.

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 occur-
rence of a flood of magnitude less than 4000 m3/s?

Complete the following:

(a) Probability ofa 10 year flood occurring at least once in the next 5 years is

i
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7.12

7.13

7.14

7.15

7.16

717

7.18

(b) Probability that a flood of magnitude equal to or greater than the 20 year flood will
not occur in the next 20 years is
(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

A table showing the variation of the frequency factor K in the Gumbel’s extreme value

distribution with the sample size N and return period 7 is often given in books. The

following is an incomplete listing of K for 7= 1000 years. Complete the table.

Sample size, N 25 30 35 40 45 50 55 60 65 70
Value of K
(T, N) for T=
1000 years 5842 5727 — 5576 — 5478 — — — 5359

The following table gives the observed annual flood values in the River Bhagirathi at
Tehri. Estimate the flood peaks with return periods of 50, 100 and 1000 years by using:
(a) Gumbel’s extreme value distribution, (b) log-Pearson type III distribution, and
(c) log-normal distribution

Year 1963 1964 1965 1966 1967 1968 1969
Flood discharge m?/s 3210 4000 1250 3300 2480 1780 1860
Year 1970 1971 1972 1973 1974 1975

Flood discharge m%/s 4130 3110 2320 2480 3405 1820

A hydraulic structure on a stream has been designed for a discharge of 350 m?/s. 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*/s respectively, calculate the return period for
the design flood by using Gumbel’s method.

In a frequency analysis of rainfall based on 15 years of data of 10 minutes storm, the
following values were obtained:

Arithmetic mean of data = 1.65 cm

Standard deviation = 0.45 cm

Using Gumbel’s extremal distribution, find the recurrence interval of a storm of 10 min-
utes duration and depth equal to 3.0 cm. Assume the sample size to be very large.

For a data of maximum-recorded annual floods of a river the mean and the standard
deviation are 4200 m>/s and 1705 m%/s respectively. Using Gumbel’s extreme value
distribution, estimate the return period of a design flood of 9500 m?/s. Assume an infi-
nite sample size.

The flood data of a river was analysed for the prediction of extreme values by Log-
Pearson Type III distribution. Using the variate z = log O, where Q = flood discharge in
the river, it was found that z = 2.510, o, = 0.162 and coefficient of skew C; = 0.70. (a)
Estimate the flood discharges with return periods of 50, 100, 200 and 1000 years in this
river. (b) What would be the corresponding flood discharge if log-normal distribution
was used?

The frequency analysis of flood data of a river by using Log Pearson Type III distribu-
tion yielded the following data:

Coefficient of Skewness = 0.4

Return Period (T) (in yrs) Peak Flood (m?/s)

50 10,000
200 15,000
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7.19

7.20

7.21

7.22

7.23

7.24

Given the following data regarding the variation of the frequency factor K with the
return period 7 for C; = 0.4, estimate the flood magnitude in the river with a return
period of 1000 yrs.

Return Period (7) : 50 200 1000
Frequency Factor (K) : 2.261 2.949 3.670

A river has 40 years of annual flood flow record. The discharge values are in m*/s. The
logarithms to base 10 of these discharge values show a mean value of 3.2736, standard
deviation of 0.3037 and a coefficient of skewness of 0.07. Calculate the 50 year return
period annual flood discharge by,

(a) Log-normal distribution and

(b) Log-Pearson type III distribution.

The following data give flood-data statistics of two rivers in UP:

S. No. River Length of Mean annual G,

n-1

records (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?

For a river, the estimated flood peaks for two return periods by the use of Gumbel’s
method are as follows:

Return Period (years) Peak flood (m®/s)
100 435
50 395

What flood discharge in this river will have a return period of 1000 years?

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?/s respectively.

(a) Determine the mean and standard deviation of the data used, and

(b) Estimate the magnitude of a flood with a return period of 500 years.

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 catch-
ment. Taking the @index as 0.15 cm/h, estimate the resulting flood hydrograph. Assume
the base flow to be 50 m*/s.

Time (h) 0 12 24 36 48 60 72 84 96 108 120 132
Cumulative

rainfall (cm) 0 102 30.5 34.0 36.0

12-h UH

ordinate (m*s) 0 32 96 130 126 98 75 50 30 15 7 0

A 6-hour unit hydrograph is in the form of a triangle with a peak of 50 m?/s at 24 hours
from start. The base is 54 hours. The ordinates of a mass curve of rainfall from a severe
storm in the catchment is as below:

Time (h) 0 6 12 18 24
Cumulative Rainfall (cm) 0 5 12 15 17.6

Using this data, develop a design storm and estimate the design flood for the catchment.
Assume ¢ index = 0.10 cm/h and the base flow = 20 m?/s.
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7.25

7.26

7.27

7.28

7.29

7.30

A water resources project has an expected life of 20 years. (a) For an acceptable risk of
5% against the design flood, what design return period is to be adopted? (b) If the above
return period is adopted and the life of the structure can be enhanced to 50 years, what is
the new risk value?

A factory is proposed to be located on the edge of the 50 year flood plain of a river. If the
design life of the factory is 25 years, what is the reliability that it will not be flooded
during its design life?

A spillway has a design life of 20 years. Estimate the required return period of a flood if the
acceptable risk of failure of the spillway is 10% (a) in any year, and (b) over its design life.
Show that if the life of a project » has a very large value, the risk of failure is 0.632 when
the design period is equal to the life of the project, n.

n

(Hint: Show that (1 - l) = ¢! for large values of n)

The regression analysis of a 30 year flood data at a poin{l on a river yielded sample mean

of 1200 m?/s and standard deviation of 650 m*/s. For what discharge would you design

the structure to provide 95% assurance that the structure would not fail in the next 50

years? Use Gumbel’s method. The value of the mean and standard deviation of the

reduced variate for N = 30 are 0.53622 and 1.11238 respectively.

Analysis of the annual flood peak data of river Damodar at Rhondia, covering a period

of 21 years yielded a mean of 8520 m?/s and a standard deviation of 3900 m3/s. A

proposed water control project on this river near this location is to have an expected life

of 40 years. Policy decision of the project allows an acceptable reliability of 85%.

(a) Using Gumbel’s method recommend the flood discharge for this project.

(b) If a safety factor for flood magnitude of 1.3 is desired, what discharge is to be
adopted? What would be the corresponding safety margin?

7.1

7.2

7.3

7.4

7.5

7.6

: OBJECTIVE QUESTIONS I

A culvert is designed for a peak flow O, on the basis of the rational formula. If a storm
of the same intensity as used in the design but of duration twice larger occurs the result-
ing peak discharge will be

@ O, ®) 20, © 0,2 @ 03

A watershed of area 90 ha has a runoff coefficient of 0.4. A storm of duration larger than
the time of concentration of the watershed and of intensity 4.5 cm/h creates a peak
discharge of

(a) 11.3 ms (b) 0.45 m’/s (c) 450 m’/s (d) 4.5 m’s

A rectangular parking lot, with direction of overland flow parallel to the larger side, has
a time of concentration of 25 minutes. For the purpose of design of drainage, four rain-
fall patterns as below are to be considered.

A =35 mm/h for 15 minutes, B =45 mm/h for 10 minutes,

C =10 mm/h for 60 minutes, D = 15 mm/h for 25 minutes,
The greatest peak rate of runoff is expected in the storm

(a) 4 (b) B () C (d D

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, by Weibull formula is

(a) m/N (b) m/(N+1) () (N+1)/m (d) N/(m+1).

The probability that a hundred year flood may not occur at all during the 50 year life of
a project is

(a) 0.395 (b) 0.001 (c) 0.605 (d) 0.133

The probability of a flood, equal to or greater than 1000 year flood, occurring next year is
(a) 0.0001 (b) 0.001 (c) 0.386 (d) 0.632
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1.7

7.8

7.9

7.10

7.11

7.12

7.13

7.14

7.15

7.16

717

7.18

7.19

7.20

The probability of a flood equal to or greater than 50 year flood, occurring at least one in
next 50 years is

(a) 0.02 (b) 0.636 (c) 0.364 (d 1.0

The general equation for hydrological frequency analysis states that x; = value of a
variate with a return period of 7 years is given by x; =

(@) X -Ko (b) X/Ko (¢) Ko (d x +Ko
For a return period of 100 years the Gumbel’s reduced variate y is
(a) 0.0001 (b) 0.001 (c) 0.386 (d) 0.632

An annual flood series contains 100 years of flood data. For a return period of 200 years
the Gumbel’s reduced variate can be taken as

(a) 5.296 (b) —4.600 (c) 1.2835 (d) 0.517

To estimate the flood magnitude with a return period of 7 years by the Log—Pearson
Type III method, the following data pertaining to annual flood series is sufficient

(a) Mean, standard deviation and coefficient of skew of discharge data

(b) Mean and standard deviation of the log of discharge and the number of years of data
(c) Mean, standard deviation and coefficient of skew of log of discharge data

(d) Mean and standard deviation of the log of discharges

If the recurrence interval of an event is 7, in annual series and 7, in partial duration
series, then

(a) T,isalways smaller than T,

(b) Difference between T, and 7, is negligible for 7, <5 years

(c) Difference between T, and 7, is negligible for T, > 10 years

(d) Difference between T, and 7, is not negligible till 7, > 100 years

The term mean annual flood denotes

(a) Mean floods in partial-duration series

(b) Mean of annual flood flow series

(c) A flood with a recurrence interval of 2.33 years

(d) A flood with a recurrence interval of N/2 years, where N = number of years of record.
The use of unit hydrographs for estimating floods is generally limited to catchments of
size less than

(a) 5000 km? (b) 500 km? (c) 10° km? (d) 5000 ha

The probable maximum flood is

(a) The standard project flood of an extremely large river

(b) A flood adopted in the design of all kinds of spillways

(c) An extremely large but physically possible flood in the region

(d) The maximum possible flood that can occur anywhere in the country

The standard project flood is

(a) Smaller than probable maximum flood in the region

(b) The same as the design flood used for all small hydraulic structures

(c) Larger than the probable maximum flood by a factor implying factor of safety

(d) The same as the probable maximum flood

A hydraulic structure has been designed for a 50 year flood. The probability that exactly
one flood of the design capacity will occur in the 75 year life of the structure is

(a) 0.02 (b) 0.220 (c) 0.336 (d) 0.780

The return period that a designer must use in the estimation of a flood for a hydraulic
structure, if he is willing to accept 20% risk that a flood of that or higher magnitude will
occur in the next 10 years is

(a) 95 years (b) 75 years (c) 45 years (d) 25 years

A hydraulic structure with a life of 30 years is designed for a 30 year flood. The risk of
failure of the structure during its life is

(a) 0.033 (b) 0.638 (c) 0.362 (d) 1.00

A bridge is designed for a 50 year flood. The probability that only one flood of the
design capacity or higher will occur in the 75 years life of the bridge is

(a) 0.020 (b) 0.220 (c) 0.786 (d) 0.336
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FLoob 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 the river depth and discharge respec-
tively. 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 due to friction if there is no lateral inflow. The addi-
tion of lateral inflows can cause a reduction of attenuation 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
ariver by utilizing the data of flood flow at one or more upstream sections. The hydro-
logic analysis of problems such as flood forecasting, flood protection, reservoir de-
sign and spillway design invariably include flood routing. In these applications two
broad categories of routing can be recognised. These are:

1. 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 outflow-elevation
relationship for the spillways and other outlet structures in the reservoir, the effect of
a flood wave entering the reservoir is studied to predict the variations of reservoir
elevation and outflow discharge with time. This form of reservoir routing is essential
(1) in the design of the capacity of spillways and other reservoir outlet structures, and
(ii) in the location and sizing of the capacity of reservoirs to meet specific requirements.

In Channel routing the change in the shape of a hydrograph as it travels down a
channel is studied. By considering a channel reach and an input hydrograph at the
upstream end, this form of routing aims to predict the flood hydrograph at various
sections of the reach. Information on the flood-peak attenuation and the duration of
high-water levels obtained by channel routing is of utmost importance in flood-fore-
casting operations and flood-protection works.

A variety of routing methods are available and they can be broadly classified into
two categories as: (i) hydrologic routing, and (ii) hydraulic routing. Hydrologic-routing
methods employ essentially the equation of continuity. Hydraulic methods, on the
other hand, employ the continuity equation together with the equation of motion of
unsteady flow. The basic differential equations used in the hydraulic routing, known
as St. Venant equations afford a better description of unsteady flow than hydrologic
methods.
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8.2 BASIC EQUATIONS

The passage of a flood hydrograph through a reservoir or a channel reach is an un-
steady-flow phenomenon. It is classified in open-channel hydraulics as gradually var-
ied unsteady flow. The equation of continuity used in all hydrologic routing as the
primary equation states that the difference between the inflow and outflow rate is
equal to the rate of change of storage, i.e.

I—Q=% (8.1)

where / = inflow rate, O = outflow rate and S = storage. Alternatively, in a small time
interval At the difference between the total inflow volume and total outflow volume in
a reach is equal to the change in storage in that reach

T At— QAr=AS (8.2)
where [ = average inflow in time Az, O = average outflow in time Af¢ and
AS = change in storage. By taking I = (I; + 1)/2, O = (0, + 0,)/2 and
AS =S, - S, with suffixes 1 and 2 to denote the beginning and end of time interval A¢,
Eq. (8.2) is written as

(11212 jAz—(QIJ;Qz )At =5,-5 (8.3)

The time interval A¢ should be sufficiently short so that the inflow and outflow
hydrographs can be assumed to be straight lines in that time interval. Further Az 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

00 _dy
T -0 (8.4)

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
Y Vv 13V
ox goadx g ot
where V= velocity of flow at any section, S, = channel bed slope and S,= 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. Barr¢ de Saint Venant (1871) and
are commonly known as St. Venant equations. Hydraulic-flood routing involves the
numerical solution of St.Venant equations. Details about these equations, such as their
derivations and various forms are available in Ref. 9.

=S,-S; (8.5)

8.3 HYDROLOGIC STORAGE ROUTING (LEVEL POOL
ROUTING)

A flood wave I(¢) enters a reservoir provided with an outlet such as a spillway. The
outflow is a function of the reservoir elevation only, i.e. O = Q(h). The storage in the
reservoir is a function of the reservoir elevation, S'= S(%). Further, due to the passage
of the flood wave through the reservoir, the water level in the reservoir changes with
time, & = A(f) and hence the storage and discharge change with time (Fig. 8.1). It is
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required to find the
variation of S, h and O Q=0 T\ a /\

S
with time, i.e. find S = n el i i R
S(0), 0= Q0(f) and h = h(7) Inflow S=5(h) Output
given I = I(7). I=1(t) h/\
If an uncontrolled spill- :

way is provided in a res-

ervoir, typically Fig. 8.1 Storage routing (Schematic)

0= %Cd J2g L, HY? = O(h)

where H = head over the spillway, L, = effective length of the spillway crest and C,; =
coefficient of discharge. Similarly, for other forms of outlets, such as gated spillways,
sluice gates, etc. other relations for Q(%) will be available.

For reservoir routing, the following data have to be known:

e Storage volume vs elevation for the reservoir;

e Water-surface elevation vs outflow and hence storage vs outflow discharge;

e Inflow hydrograph, / = I(); and

o Initial values of S, / and Q 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. As the horizontal water
surface is assumed in the reservoir, the storage routing is also known as Level Pool
Routing.

Two commonly used semi-graphical methods and a numerical method are described
below.

MODIFIED PUL'S METHOD

Equation (8.3) is rearranged as

(I‘”Z )At+(S1—Q1At)=(S2+Q2AtJ (8.6)
2 2 2

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

At. Hence the value of the function ( S, + %) at the end of the time step is calcu-

lated by Eq. (8.6). Since the relation S = S(k) and Q = Q(h) are known, (S + %
will enable one to determine the reservoir elevation and hence the discharge at the en%i
of the time step. The procedure is repeated to cover the full inflow hydrograph.

For practical use in hand computation, the following semigraphical method is very
convenient.

1. From the known storage-elevation and discharge-elevation data, prepare a curve

At
of (S + QT) vs elevation (Fig. 8.2). Here At is any chosen interval, approxi-

mately 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 routing are known.



The McGraw-Hill Companies

Flood Routing 283

Outflow Q (m3/s)
01020 40 60 80 100 120 140 160

M T T T T T T T T

103.00 -

102.50 = |1 ¢ ys glevation

102.00 -

|

|

|

|

|

|

|

|

A
101.50 \ o —
@ + 2 Aﬁvs elevation

Elevation (m)

|
|
101.00 |- !
|

At=6h

€
100.50 E initial elevation = 100.50

100.00

1 1 1 1
3.0 35 40 45 50 55 6.0 65 7.0
(’S‘+ %Agiane'

Fig. 8.2 Modified Pul’s method of storage routing

L L+ 0, At
For the first time interval Az, 2 Atand | S| + 2 are known and

O, AL) . :
hence by Eq. (8.6) the term | S, + 5 is determined.

O, At

4. The water-surface elevation corresponding to (Sz + ) is found by using

the plot of step (1). The outflow discharge O, at the end of the time step At is
found from plot of step (2).

. O,Ar) OAt .
5. Deducting O, At from | S, + 2 gives | § — - for the beginning of
1

the next time step.
6. The procedure is repeated till the entire inflow hydrograph is routed.

ExampLE 8.1 A reservoir has the following elevation, discharge and storage relationships.

Elevation Storage Outflow discharge
(m) (106 m®) (m%/s)
100.00 3.350 0
100.50 3.472 10
101.00 3.380 26
101.50 4.383 46
102.00 4.882 72
102.50 5.370 100
102.75 5.527 116

103.00 5.856 130
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When the reservoir level was at 100.50 m, the following flood hydrograph entered the
reservoir.

Time (h) 0 6 12 18 24 30 36 42 48 54 60 66 72
Discharge (m*/s) 10 20 55 80 73 58 46 36 55 20 15 13 11

Route the flood and obtain (i) the outflow hydrograph and (ii) the reservoir elevation vs
time curve during the passage of the flood wave.

Sorution. A time interval Af = 6 h is chosen. From the available data the elevation-
. OAt .
discharge —| S + > table is prepared.
At=6%x60x60=0.0216x10°s

Elevation (m) 100.00 100.50 101.00 101.50 102.00 102.50 102.75 103.00
Dischange Q (m*/s) 0 10 26 46 72 100 116 130

At
(S s QT) Mm®) 335 358 416 488 566 645 678 726

At
A graph of Q vs elevation and (S + QT) vs elevation is prepared (Fig. 8.2). At the start

At
of routing, elevation = 100.50 m, Q = 10.0 m*/s, and (S - QT] =3.362 Mm’. Starting

. QAt . QA1 .
from this value of | S — - ) Eq. (8.6)isused to get | S + > at the end of first time

step of 6 h as

At At At
(S N QT] =+ 1)~ +(S _QTJ = (10+20) % +(3.362) = 3.686 Mm’.
2 1

t
Looking up in Fig. 8.2, the water-surface elevation corresponding to (S +QT] =

3.686 Mm® is 100.62 m and the corresponding outflow discharge Q is 13 m%/s. For the
iy QA1 QA1 .
next step, Initial value of (S - T) = (S + T] of the previous step — O At
=(3.686 — 13 x 0.0216) = 3.405 Mm?
The process is repeated for the entire duration of the inflow hydrograph in a tabular form
as shown in Table 8.1.
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.

At
Sometimes a graph of (S - Q—) 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 A¢; smaller values of Az give greater accuracy.
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Table 8.1 Flood Routing through a Reservoir—Modified Pul’s method —

Example 8.1
At=6h=0.0216 Ms, I = (I, +1,)12
_ - AtQ AtQ
Time Inflow 1 I - At S- — S+ 5 Elevation 0
(h) I@m¥s) (ms) (Mm?) (Mm?) (Mm®) (m) (m%/s)
1 2 3 4 5 6 7 8
0 10 100.50 10
15.00 0.324 3.362 3.636
6 20 100.62 13
37.50  0.810 3.405 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 36 101.48 48
31.75  0.686 3.902 4.588
48 27.5 101.30 37
23.75 0.513 3.789 4.302
54 20 100.10 25
17.50  0.378 3.676 4.054
60 15 100.93 23
14.00  0.302 3.557 3.859
66 13 100.77 18
12.00 0.259 3.470 3.729
72 11 100.65 14
3.427
. Peaklag7.2 h |
or o A
- Peak attenuation = 10m3/s |
E i
) _
2 _
3
(] —
0 | | | | | | | | | | | |
0 6 12 18 24 30 36 42 48 54 60 66 72 78
Time (h)
Fig. 8.3 Variation of inflow and outflow discharges —Example 8.1
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Initial elevation
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Time (h)

Fig. 8.4 Variation of reservoir elevation with time —Example 8.1

GOODRICH METHOD
Another popular method of hydrologic reservoir routing, known as Goodrich method
utilizes Eq. (8.3) rearranged as
L+5L-0,-0,= 2% 25
At At
where suffixes 1 and 2 stand for the values at the beginning and end of a time step A¢
respectively. Collecting the known and initial values together,

(I, + 1)+ 25 (2%, (8.7)
174 A 9 AL 0, .
For a given time step, the left-hand side of Eq. 8.7 is known and the term (ZA—‘S; + Q)

2

is determined by using Eq. (8.7). From the known storage-elevation-discharge data,

the function (ZA—‘S; +Q | is established as a function of elevation. Hence, the dis-
2

charge, elevation and storage at the end of the time step are obtained. For the next time
step,

[(ZA_*S; + Q) -20, } of the previous time step
2

= (i—‘j - Q] for use as the initial values
1

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 12 18 24 30 36 42 48 54 60 66
Inflow (m¥s) 10 30 85 140 125 96 75 60 46 35 25 20

The initial conditions are: when t = 0, the reservoir elevation is 100.60 m.
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Sorution. A time increment A7 =6 h = 0.0216 Ms is chosen. Using the known stor-
age-elevation-discharge data, the following table is prepared.

A graph depicting Q vs elevation and (% + Q) vs elevation is prepared from this

data (Fig. 8.5).

Elevation (m) 100.00 100.50 101.00 101.50 102.00 102.50 102.75 103.00
Outflow Q (m*s) 0 10 26 46 72 100 116 130

(%+Q)(m3/s) 3102 331.5 3853 451.8 5240 5972 6278 6722

At t =0, Elevation = 100.60 m, from Fig. 8.5, 0 =12 m’/s and
28 3
_—+ =340 m’/s
(5]
25 _o| =340-24 =316 m¥s
At .

For the first time interval of 6 h,
[1 = 10, IZ = 30, Ql = 12, and

(§+QJ = (10 + 30) + 316 = 356 m’/s
At ,

Outflow Q (m3/s)
0 12 20 40 60 80 100 120 140 160

103.00 |

Q vs elevation
102.50 [~

~— [i—? + OJ vis elevation

|

|

|

|

|

|

|
102,00 = |
|

|
10150 - |
|

|

|

Reservoir elevation (m)

At=6h
initial elevation = 100.60 m

300 340 400 500 600 700

(% +0 md¥s)

Fig. 8.5 Goodrich method of storage routing—Example 8.2
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From Fig. 8.5 the reservoir elevation for this (% + Qj is 100.74 m
For the next time increment 2

25 _0) =356-2x17=322m’s

At \

The procedure is repeated in a tabular form (Table 8.2) till the entire flood is routed.

Using the data in columns 1, 7 and 8, 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 Af chosen; smaller values
of At give greater accuracy.

Table 8.2 Reservoir Routing—Goodrich Method —Example 8.2
At=6.0 h=0.0216 Ms

Time 1 ; + L) (% - Q] (% + Qj Elevation Discharge O

(h)  (ms) (m>/s) (m3/s) (m) (m’/s)
1 2 3 4 5 6 7
0 10 (340) 100.6 12
40 316 356

6 30 100.74 17
115 322 437

12 85 101.38 40
225 357 582

18 140 102.50 95
265 392 657

24 125 102.92 127
221 403 624

30 96 102.70 112
171 400 571

36 75 102.32 90
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

STANDARD FOURTH-ORDER RUNGE-KUTTA METHOD (SRK)

The Pul’s method and Goodrich method of level pool routing are essentially semi-
graphical methods. While they can be used for writing programs for use in a computer,
a more efficient computation procedure can be achieved by use of any of the Runge-
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160 - \\V\/e evation 1102.50
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Fig. 8.6 Results of reservoir routing— Example 8.2

Kutta methods. The standard fourth-order Runge-Kutta method (SRK) is the most
accurate one.
Designating

S = storage at a water surface elevation H in the reservoir = S (H)

A = area of the reservoir at elevation H = function of H= A (H)

0 = outflow from the reservoir = function of H= Q (H)

dS=A4(H)-dH (8.8)

By continuity equation

s _ _ ondH
I =1(1) - O(H) = A(H) ”

dH _ 1) -0H)
dt A(H)

If the routing is conducted from the initial condition, (at ¢ =1tyand /=1, Q= Qy, H=

H,, S =5,) in time steps At, the water surface elevation A at (i + 1)th step is given in

SRK method as

— Function of (¢, H) = F(t, H) (8.9)

Hyy = H,+ < (K, + 2Ky + 2K+ K,) A (8.10)
where K, =F(t, H)

At 1
K2:F tl+_,Hl+_K1At
2 2

( At 1 )
Ky=Flt;+—,H,+—-K,At
2 2
K, =F(t,+ At, H + K; Af)
In Eq. (8.10) the suffix i denotes the values at the ith step, and suffix (i + 1) denotes the
values at the (7 + 1)th step. At 7 = 1 the initial conditions /,, O, S, and H, prevail.
Starting from the known initial conditions and knowing Q vs H and
A vs H relationships, a given hydrograph /= I(f) is routed by selecting a time step At.
At any time ¢ = (¢, + i Af), the value of H, is known and the coefficients X, K,, K5, K,
are determined by repeated appropriate evaluation of the function F(¢, H). It is seen that
the SRK method directly determines H, , | by four evaluations of the function F (¢, H).
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Knowing the values of H at various time intervals, i.e. H = H(f), the other variables
O(H) and S (H) can be calculated to complete the routing operation.

Developing a computer program for level pool routing by using SRK is indeed
very simple.

OTHER METHODS 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)]. A third order Runge-Kutta method for level pool
routing is described in Ref. 3.

8.4 ATTENUATION

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 lag. The attenuation and lag of a
flood hydrograph at a reservoir are two very important aspects of a reservoir operating
under a flood-control criterion. 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 controls the lag and attenuation of an inflow hydrograph.

In Figs. 8.3 and 8.6 in the rising part of the outflow curve where the inflow curve is
higher than the outflow curve, the area between the two curves indicate the accumula-
tion of flow as storage. In the falling part of the outflow 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 inter-
section of the inflow and outflow curves (Figs. 8.3 and 8.6), as proved in Example 8.3.

ExampLE 8.3 Show that in the level pool routing the peak of the outflow hydrograph
must intersect the inflow hydrograph.

Sorurion. S = a function of water surface elevation in the reservoir = S(H)
s _ ,dH
dt dt

where A = area of the reservoir at elevation H.

Outflow Q = function of H = Q(H)

d
At peak outflow £ =0, hence as _ 0
dt dt
Also, when aH  _ 0, as _ 0
dt dt
. . _ds
By continuity equation [—-Q = E
das
When DL =g, 7=
dt 0

Hence, when the peak outflow occurs, /= Q and thus the peak of the outflow hydrograph
must intersect the inflow hydrograph (Figs. 8.3 and 8.6).
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8.5 HYDROLOGIC CHANNEL ROUTING

In reservoir routing presented in the previous sections, the storage was a unique func-
tion of the outflow discharge, S = f(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 catego-
ries as
1. Prism storage 2. Wedge storage

Infl
nov& /

Wedge storage

Prism storage Outflow

(@)

Negative wedge Positive wedge
storage storage

Fig. 8.7 Storage in a channel reach

PRISM STORAGE

It is the volume that would exist if the 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 at an advancing flood
to a negative value during a receding flood. The prism storage S, is similar to a reser-
voir and can be expressed as a function of the outflow discharge, S, = f(Q). The
wedge storage 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 "+ (1 - x)0"] (8.11)
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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 to a value of about 1.0 for natural
channels.

MUSKINGUM EQUATION

Using m = 1.0, Eq. (8.11) reduces to a linear relationship for S in terms of 7 and Q as
S=K[xI+(1-x) Q] (8.12)
and this relationship is known as the Muskingum equation. In this the parameter x is
known as weighting factor and takes a value between 0 and 0.5. When x = 0, obvi-
ously the storage is a function of discharge only and Eq. (8.12) reduces to
S=KQ (8.13)
Such a storage is known as linear storage or linear reservoir. When x = 0.5 both the
inflow and outflow are equally important in determining the storage.
The coefficient K is known as storage-time constant and has the dimensions of
time. It is approximately equal to the time of travel of a flood wave through the chan-
nel 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. Us-
ing the continuity equation [Eq. (8.3)],

Discharge

At At
o +12)7 -0, +Q2)7 =AS

Time —~

the increment in storage at any time ¢ and At

time element Az can be calculated. Sum- @ | accumulation
mation of the various incremental stor- % of storage ~ thiI;Zs: from
age values enable one to find the channel % N
storage S vs time 7 relationship (Fig. 8.8). 3

If an inflow and outflow hydrograph &
set is available for a given reach, values §
of § at various time intervals can be 8 s
determined by the above technique. By <

0

choosing a trial value of x, values of S at
any time ¢ are plotted against the
corresponding [x 7+ (1 —x) Q] values. If
the value of x is chosen correctly, a
straight-line relationship as given by Eq. (8.12) will result. However, if an incorrect
value of x is used, the plotted points will trace a looping curve. By trial and error, a
value of x is so chosen that the data very nearly describe a straight line (Fig 8.9). The
inverse slope of this straight line will give the value of K.

Normally, for natural channels, the value of x lies between 0 to 0.3. For a given
reach, the values of x and K are assumed to be constant.

Time
Fig. 8.8 Hydrographs and storage in
channel routing



The McGraw-Hill Companies

Flood Routing 293

ExampLE 8.4 The following inflow and outflow hydrographs were observed in a river
reach. Estimate the values of K and x applicable to this reach for use in the Muskingum
equation.

Time (h) 0 6 12 18 24 30 36 42 48 54 60 66
Inflow (m%*s) 5 20 50 50 32 22 15 10 7 5 5 5
Outflow (m%/s) 5 6 12 29 38 3 29 23 17 13 9 7

Sorurion.  Using a time increment Az = 6 h, the calculations are performed in a tabular
manner as in Table 8.3. The incremental storage AS and S are calculated in columns 6 and
7 respectively. It is advantageous to use the units [(m?/s).h] for storage terms.

As a first trial x = 0.30 is selected and the value of [x I+ (1 —x) Q] evaluated (column
8) and plotted against S in Fig. 8.9. Since a looped curve is obtained, further trials are per-
formed with x = 0.35 and 0.25. It is seen from Fig. 8.9 that for x = 0.25 the data very nearly
describe a straight line and as such x = 0.25 is taken as the appropriate value for the reach.
From Fig. 89, K=133h

[xI+(1-xQ] (m3s)

0 100 200 300 400 500
Storage S (m3/s.h)

Fig. 8.9 Determination of K and x for a channel reach

MUSKINGUM METHOD OF ROUTING

For a given channel reach by selecting a routing interval Af and using the Muskingum
equation, the change in storage is

8, =8 =K[x (L, - 1)+(1 -x) (O, - O))] (8.14)
where suffixes 1 and 2 refer to the conditions before and after the time interval A¢. The
continuity equation for the reach is
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Table 8.3 Determination of K and x—Example 8.4

At=6h, Storage in (m%/s) - h
Time [ Q0 (-0 Average AS = S = [xI+(1-x)0]
(h) (m’s) (m%s) (U-0) Col.5xAt XAS (m®/s)
ms-h) (m¥%s-h) x= x= x=
035  0.30 0.25
1 2 3 4 5 6 7 8 9 10
0 5 5 0 0 5.0 50 5.0
7.0 42
6 20 6 14 42 109 102 95
26.0 156
12 50 12 38 198 253 234 215
29.5 177
18 50 29 21 375 364 353 343
7.5 45
24 32 38 -6 420 359 362 365
95 -57
30 22 35 13 363 305  31.1 318
-13.5 -81
36 15 29 -14 282 241 248 255
-13.5 -81
42 10 23 -13 201 185  19.1 19.8
-11.5 —69
48 7 17  -10 132 135 140 145
9.0 —54
54 5 13 -8 78 102 10.6 11.0
-6.0 -36
60 5 9 —4 42 7.6 78 8.0
-3.0 -18
66 5 7 -2 24 6.3 6.4 6.5
SZ—S1=(lzzllet—(—QZ;Qlet (8.15)
From Eqs (8.14) and (8.15), O, is evaluated as
O, =G L+C L+G0 (8.16)
—Kx+0.5A¢
where Co=—7—""— (8.16a)
K—-Kx+0.5At
Kx+0.5At
= (8.16b)
K—-Kx+0.5At
K—-Kx—-05At
Cy=———— (8.16c)
K—Kx+0.5At

Note that C, + C; + C, = 1.0, Eq. (8.16) can be written in a general form for the n™
time step as
Qn = CO In + Cl In—l + C2 Qn—l (816A)
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Equation (8.16) is known as Muskingum Routing Equation and provides a
simple linear equation for channel routing. It has been found that for best results the
routing interval Az should be so chosen that K > Az > 2Kx. If At < 2KXx, the coefficient
C, will be negative. Generally, negative values of coefficients are avoided by choos-
ing appropriate values of At.

To use the Muskingum equation to route a given inflow hydrograph through a
reach, the values of K and x for the reach and the value of the outflow, O, from the
reach at the start are needed. The procedure is indeed simple.

e Knowing K and x, select an appropriate value of At

e Calculate Cy, C; and C,.

o Starting from the initial conditions /;, O, and known /7, at the end of the first

time step Af calculate O, by Eq. (8.16).

e The outflow calculated in step (c) becomes the known initial outflow for the

next time step. Repeat the calculations for the entire inflow hydrograph.

The calculations are best done row by row in a tabular form. Example 8.5 illus-
trates the computation procedure. Spread sheet (such as MS Excel) is ideally suited to
perform the routing calculations and to view the inflow and outflow hydrographs.

ExampLE 8.5 Route the following flood 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.

Time (h) 0 6 12 18 24 30 36 42 48 54
Inflow (m¥s) 10 20 50 60 55 45 35 27 20 15

Sorurion.” Since K =12 hand 2Kx =2 x 12 x 0.2 = 4.8 h, At should be such that
12h>At>4.8 h. In the present case At = 6 h is selected to suit the given inflow hydrograph
ordinate interval.

Using Egs. (8. 16-a, b & c) the coefficients C;, C; and C, are calculated as

-12x020+05%6 (g6

Cy= = —— =0.048
12-12%x02+0.5%x6 12.6
12x0.2+0.5x6

Ci=—— =0429

12.6
12-12%x02-0.5%x6
) = =0.523
12.6
For the first time interval, 0 to 6 h,

1, =10.0 CI, =429

I, =20.0 Cyl, = 0.96

0,=10.0 C,0, =523

From Eq. (8.16) 0, =Cyl, + C,I; + C,0, =10.48 m’/s

For the next time step, 6 to 12 h, O, = 10.48 m?/s. The procedure is repeated for the
entire duration of the inflow hydrograph. The computations are done in a tabular form as
shown in Table 8.4. By plotting the inflow and outflow hydrographs the attenuation and
peak lag are found to be 10 m?/s and 12 h respectively.

ALTERNATIVE FORM OF EQ. (8. 16): Equations (8.14) and (8.15) can be
combined in an alternative form of the routing equation as

0,=0,+B, (I, -0) + By, - 1)) (8.17)
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Table 8.4 Muskingum Method of Routing — Example 8.5

At=6h
Time (h) I (m%/s) 0.048 I, 0.429 1, 0.523 0, 0 (m/s)
1 2 3 4 5 6
0 10 10.00
0.96 4.29 5.23
6 20 10.48
2.40 8.58 5.48
12 50 16.46
2.88 21.45 8.61
18 60 32.94
2.64 25.74 17.23
24 55 45.61
2.16 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 15 27.04
At 0.5A1—Kx
where B = B, =
K(1-x)+0.5A¢ K(1-x)+0.5A¢

The use of Eq. (8.17) is essentially the same as that of Eq. (8.16).

8.6 HYDRAULIC METHOD OF FLOOD ROUTING

The hydraulic method of flood routing is essentially a solution of the basic
St Venant equations [Eqs (8.4) and (8.5)]. These equations are simultaneous, quasi-
linear, first order partial differential equations of the hyperbolic type and are not
amenable to general analytical solutions. Only for highly simplified cases can one
obtain the analytical solution of these equations. The development of modern, high-
speed digital computers during the past two decades has given rise to the evolution of
many sophisticated numerical techniques. The various numerical methods for solving
St Venant equations can be broadly classified into two categories:
1. Approximate methods 2. Complete numerical methods.

APPROXIMATE METHODS

These are based on the equation of continuity only or on a drastically curtailed equa-
tion of motion. The hydrological method of storage routing and Muskingum channel
routing discussed earlier belong to this category.

Other methods in this category are diffusion analogy and kinematic wave models.
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COMPLETE NUMERICAL METHODS

These are the essence of the hydraulic method of routing and are classified into many
categories as mentioned below:

Complete Nurrerical Method

Direct Method Method of Characteristics Finite Element
(MOC) method (FEM)
1 E
| |
Characteristic Rectangular
Nodes Grid
i C / E

I = Implicit method, £ = Explicit method

In the direct method, the partial derivatives are replaced by finite differences 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 finite difference techniques. In the finite ele-
ment method (FEM) the system is divided into a number of elements and partial dif-
ferential equations are integrated at the nodal 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 equations are nonlinear. 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. 6, 8 and 9.

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: areservoir in which the storage is directly proportional to the
discharge (S = KQ). This element is used to provide attenuation to a flood wave.
2. Linear channel: a fictitious channel in which the time required to translate a
discharge QO 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 contributions to this field
are available in Refs. 2 and 4 and the details are beyond the scope of this book. However,
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a simple method, viz., Clark’s method (1945) which utilizes the Muskingum method
of routing through a linear reservoir is indicated below as a typical example of the use
of routing in conceptual models. Nash’s model which uses routing through a cascade
of linear reservoirs is also presented, in Sec. 8.9, as another example of a conceptual
model.

8.8 CLARK'S METHOD FOR IUH

Clark’s method, also known as Time—area histogram method aims at developing an
IUH due to an instantaneous 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 reservoir at the catchment outlet.

TIME—AREA CURVE

Time here refers to the time of ER
concentration. As defined earlier in
Sec. 7.2, the time of concentration
t, is the time required for a unit ‘<— fc4>‘

volume of water from the farthest P; = point of inflection
point of catchment to reach the
outlet. It represents the maximum
time of translation of the surface
runoff of the catchment. In gauged AQ
areas the time interval between the
end of the rainfall excess and the
point of inflection of the resulting
surface runoff (Fig. 8.10) provides

a good way of estimating ¢, from
known rainfall- runoff data. In  Fig. 8.10 Surface Runoff of a Catchment

o) —

Discharge Q

At

‘«— Surface runoff

Time

ungauged areas the empirical
formulae Eq. (7.3) or (7.4) can be 14
used to estimate ...

The total catchment area
drains into the outlet in ¢,
hours. If points on the area
having equal time of travel,
(say t; h where t, <1, are
considered and located ona  \| |—7 ~\-__- 4
map of the catchment, a line
joining them is called. an At, =2 hours 2 hours
Isochrone (or runoff iso- N=8
chrone). Figure (8.11) shows

a catchment being divided into
N (=8) subareas by isochrones Fig. 8.11 Isochrones in a Catchment

Isochrones

Outlet

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
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then divided into N parts and the elevations of the subparts measured on the profile
transferred to the contour map of the catchment.

The inter-isochrone areas 4, 4,,
..., Ay are used to construct a travel
time-area histogram (Fig. 8.12). If a
rainfall excess of 1 cm occurs instan-
taneously and uniformly over the
catchment area, this time-area histo-
gram represents the sequence in
which the volume of rainfall will be
moved out of the catchment and ar-
rive at the outlet. In Fig. 8.12, a
subarea 4, km? represent a volume
of 4, km% cm = 4, x 10* (m*) mov-
ing out in time A¢, = ¢ /N hours. The
hydrograph of outflow obtained by
this figure while properly accounting
for the sequence of arrival of flows, do not provide for the storage properties of the
catchment. To overcome this deficiency, Clark assumed a linear reservoir to be hypo-
thetically available at the outlet to provide the requisite attenuation.

Az | As

As | As

Inter isochrone area

Ayl As

A; | Ag

—>| Atg |<—>| Atg |<— .
Time —

Fig.8.12 Time-area Histogram

ROUTING

The linear reservoir at the outlet is assumed to be described by S'= KQ, where X is the
storage time constant. The value of K 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
[—0=%
0 dt
as _ . do
b -0=—=K— by Eq. 8.13
ecomes 0 & 7 (by Eq )
Hence K =-0,/(d0/dt), (8. 18)

where suffix 7 refers to the point of inflection, and K can be estimated from a known
surface runoff hydrograph of the catchment as shown in Fig. 8.10. The constant K can
also be estimated from the data on the recession limb of a 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. (8.12). The inflow rate between an inter-isochrone area 4, km? with a time inter-

val Az, (h) is
4, x10t 4,
1= 3600ar, = > 7%, @M
The Muskingum routing equation would now be by Eq. (8.16),
O, =G L+C L+G0 (8.19)

where  Cy=(0.5 AL)(K+05AL)  C,=(0.5AL)(K+0.5At)
C,=(K—0.5At)(K+0.5 At)
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i.e. Cy = C,. Also since the inflows are derived from the histogram /, = I, for each
interval. Thus Eq. (8.19) becomes

0,=2CI + GO, (8.20)

Routing of the time-area histogram by Eq. (8.20) gives the ordinates of IUH for the
catchment. Using this [UH any other D-h unit hydrograph can be derived.

ExampLE 8.6 A drainage basin has the following characteristics:
Area = 110 km?, time of concentration = 18 h, storage constant = 12 h and inter-isochrone
area distribution as below:

Travel time ¢t (h) 02 24 4-6 6-8 810 10-12 12-14 14-16 16-18
Inter-Isochrone
area (km?) 3 9 20 22 16 18 10 8 4

Determine the IUH for this catchment.

SoLUTION.
K=12h, t.=18h, At,=2h
0.5x2
C,=—— =0.077
12+0.5%x2
12-0.5%x2
, = —— =0.846
12+0.5%x2

Equation (8.20) becomes O, = 0.154/; + 0.846 Q, = Ordinate of [IUH
At =0, 0,=0
I, =278 4,/2 =139 4, m’/s

The calculations are shown in Table 8.5.

Table 8.5 Calculations of IUH —Clark’s Method — Example 8.6

Time (h) Area A, I (m®/s) 0.154 I, 0.846 O, Ordinate of IUH

(km?) (m%s)

1 2 3 4 5 6

0 0 0 0 0 0
2 3 4.17 0.64 0 0.64
4 9 12.51 1.93 0.54 2.47
6 20 27.80 4.28 2.09 6.37
8 22 30.58 4.71 5.39 10.10
10 16 22.24 3.42 8.54 11.96
12 18 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

(Contd.)
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(Contd.)
24 7.45 7.45
26 6.30 6.30

28 5.30 5.30

SO on SO on

8.9 NASH'S CONCEPTUAL MODEL

Nash’ (1957) proposed the following conceptual model of a catchment to develop an
equation for [UH. The catchment is assumed to be made up of a series of n identical
linear reservoirs each having the same storage constant K. The first reservoir receives
aunit volume equal to 1 cm of effective rain from the catchment instantaneously. This
inflow is routed through the first reservoir to get the outflow hydrograph. The outflow
from the first reservoir is considered as the input to the second; the outflow from the
second reservoir is the input to the third and so on for all the z reservoirs. The concep-
tual cascade of reservoirs as above and the shape of the outflow hydrographs from
each reservoir of the cascade is shown in Fig. 8.13. The outflow hydrograph from the
nth reservoir is taken as the [IUH of the catchment.

Instantaneous
input of 1 cm

l g

Z

_ L Q> Outflow

\( (;1 Time hydrographs
L Qs
\Cg Time
= _ o
\Qs Time
Reservoirs =
Q4
N Time |
Qn
: \ Qn—1
Qn
N Time
Fig. 8.13 Nash Model: Cascade of Linear Reservoirs
. . _dS
From the equation of continuity / — Q0 = I 8.1
. o as _ . do
For a linear reservoir S = K Q and hence a K T (8.21)
Substituting in Eq. (8.1) and rearranging,
d
k% o-1 (8.22)

dt
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and the solution of this differential equation, where Q and [ are functions of time ¢, is
0= %e‘”K [e''% 1 dt (8.23)
Now for the first reservoir, the input is applied instantaneously. Hence for ¢ > 0,

I1=0.Alsoatt=0, jl dt = instantaneous volume inflow = 1 cm of effective rain.
Hence for the first reservoir Eq. (8.23) becomes,

_ 1 _—uk
== 8.24
0, X e ( )

For the second reservoir Q, = %e‘” K Je" 1 at

Here I =input = Q, given by Eq. (8.24). Thus,
_ 1 ok okl —uk g 1k

QZ—Ke Je ¢ dt — te (8.25)

For the third reservoir in Eq. (8.23)
1= Q, and QO is obtained as O, = %% 2 ek (8.26)
K

Similarly, for the hydrograph of outflow from the n™ reservoir Q, is obtained as

0,-— L g (8.27)

(n-1)IK"

As the outflow from the nth reservoir was caused by 1 cm of excess rainfall falling
instantaneously over the catchment Eq. (8.27) describes the IUH of the catchment.
Using the notation u(?) to represent the ordinate of the [UH, Eq. (8.27) to represent the
IUH of a catchment is written as

u(ty= —L __yn-1gK (8.28)
(n=1)IK"
Here, if ¢ is in hours, u(¢) will have the dimensions of cm/h; K and n are constants for
the catchment to be determined by effective rainfall and flood hydrograph character-
istics of the catchment.

It should be remembered that Eq. (8.28) is based on a conceptual model and as
such if n for a catchment happens to be a fraction, it is still alright. To enable
(n—1)! to be determined both for integer and fractional values of », the gamma func-
tion I" (n) is used to replace (n — 1) ! so that

_ 1 n—1 1K
u(t) KT () t/K)' ‘e (8.29)
When 7 is an integer, I'(n) = (n — 1)! which can be evaluated easily. However, when n
is not an integer, the value of I'(z) is obtained from Gamma Tables'® (Table 8.6).

Table 8.6 Gamma Function I'" (1)

n I'(n) n T'(n) n I'(n)
1.00 1.000000 1.34 0.892216 1.68 0.905001
1.02 0.988844 1.36 0.890185 1.70 0.908639
1.04 0.978438 1.38 0.888537 1.72 0.912581

(Contd.)
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(Contd.)
1.06 0.968744 1.40 0.887264 1.74 0.916826
1.08 0.959725 1.42 0.886356 1.76 0.921375
1.10 0.951351 1.44 0.885805 1.78 0.926227
1.12 0.943590 1.46 0.885604 1.80 0.931384
1.14 0.936416 1.48 0.885747 1.82 0.936845
1.16 0.929803 1.50 0.886227 1.84 0.942612
1.18 0.923728 1.52 0.887039 1.86 0.948687
1.20 0.918169 1.54 0.888178 1.88 0.955071
1.22 0.913106 1.56 0.889639 1.90 0.961766
1.24 0.908521 1.58 0.891420 1.92 0.968774
1.26 0.904397 1.60 0.893515 1.94 0.976099
1.28 0.900718 1.62 0.895924 1.96 0.983743
1.30 0.897471 1.64 0.898642 1.98 0.991708
1.32 0.894640 1.66 0.901668 2.00 1.000000

Note:  Use the relation I'(n + 1) = n T" (n) to evaluate I” (n) for any n.
EXAMPLE: (a) To find I'(0.6) : T'(1.6) =T" (0.6 + 1) = 0.6 T (0.6)

I'(1.6) 0.8935
0.6 0.6
(b) Tofind T(4.7): T(4.7)=T(3.7+1)=3.7T(3.7)
=3.7%x27T(Q2.7)=3.7x27x1.7xT(1.7)
=3.7%2.7% 1.7 x0.9086 = 15.431

=1.489

thus T (0.6) =

DETERMINATION OF n AND K OF NASH’S MODEL

From the property of the IUH given by Eq. (8.28), it can be shown that the first mo-
ment of the [UH about the origin # = 0 is given by

M, =nK (8.30)
Also the second moment of the IUH about the origin ¢ = 0 is given by
My=n(n+1)K* (8.31)

Using these properties the values of n and K for a catchment can be determined ad-
equately if the ERH and a corresponding DRH are available. If
My, = first moment of the DRH about the time origin divided by the total direct

runoff, and
M, = first moment of the ERH about the time origin divided by the total effective
rainfall,
then, My, — M, =nK (8.32)
Further, if
Mg, = second moment of DRH about the time origin divided by total direct run-
off, and
M, = second moment of ERH about the time origin divided by total excess rain-
fall,
then, My, —Mp =n(n+1) K> +2nK My, (8.33)

Knowing M;;, Mp,, My, and My, values of K and n for a given catchment can be
calculated by Egs. (8.32) and (8.33).
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Example 8.7 illustrates the method of determining » and K of the Nash’s model.
Example 8.8 describes the computation of [UH and a D-hour UH when the values of

n and K are known.

ExampLe 8.7 For a catchment the effective rainfall hyetograph of an isolated storm
and the corresponding direct runoff hydrograph is given below. Determine the coeffi-
cients n and K of Nash model IUH.

Coordinates of ERH:

Time from start of storm (h)

Effective rainfall intensity (cm/s)

0to 1.0
1.0 to 2.0
2.0to0 3.0
3.0t0 4.0

4.3
32
24
1.8

Coordinates of DRH:

Time from start
of storm (h)

Direct

runoff (m%/s)

Time from start

of storm (h)

Direct
runoff (m%/s)

(=}

0 NN L AW~

0

6.5
15.4
43.1
58.1
68.2
63.1
52.7
41.9

9
10
11
12
13
14
15
16

32.7

23.8

16.4
9.6
6.8
32
1.5
0

Sorution.  The ERH is shown in Fig. 8.14(a) as a histogram. Each block has the total

rainfall in a time interval of 1 hour marked on it.

M, = first moment of the ERH about the time origin divided by the total rainfall

€XCESS.

— 5

<

§ af

2

2 af

Q

E o 43

T 3.2 ot
Tr : 1.8
0 >

0 1 2 3
Time (h)

Fig. 8.14(a) Excess rainfall hyetograph of Example 8.7
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Y (Incremental area of ERH X moment arm)
total area of ERH
M, = second moment of the ERH about the time origin divided by the total rain-
fall excess.

M, =

Y [incremental area x (moment arm)? ]

= {é} + ' [ second moment of the incremental
total area of ERH . .
area about its own centroid]

The calculations of M;, and M, are shown in Table 8.7(a)

Table 8.7(a) Calculation of M, and M,, : Example 8.7

1 2 3 4 5 6 7 8
Time Excess Interval Incre. moment First Second Second
(h) rainfall At area arm moment moment moment
in Az (cm) (h) part (a) part (b)
0 0 0 0 0 0 0 0
1 4.3 1 4.3 0.5 2.15 1.08 0.358
2 32 1 32 1.5 4.8 7.20 0.267
3 2.4 1 2.4 2.5 6.0 15.00 0.200
4 1.8 1 1.8 3.5 6.3 22.05 0.150
Sum 11.7 19.25 45.325 0.975
In Table 8.7(a)

Col. 6 = first moment of the incremental area about the origin = (Col. 4 x Col. 5)
Col. 7= Col. 4 x (Col. 5)%
Col. 8 = second moment of the incremental area about its own centroid

-1 3 _ 1 3
5 X (A (ER) = % (Col. 3)" x (Col. 2)

From the data of Table 8.7(a):

My = (sum of Col. 6)/(sum of Col. 4) = 19.25/11.7 = 1.645
M, = {(sum of Col. 7) + (sum of Col. 8)}/(sum of Col. 4)
= (45.325 + 0.975)}/11.75 = 3.957
The DRH is shown plotted in Fig. 8.14(b). A time interval of Az =1 hour is chosen and
considering the average DR in this interval the DRH is taken to be made up of large
number of rectangular blocks.
For the DRH
M, = first moment of the DRH about the time origin divided by the total direct runoft

Y (Incremental area of DRH X moment arm)

total area of DRH
M, = second moment of the DRH about the time origin divided by the total direct runoff

Y [incremental area X (moment arm)? ]

{é} + Y[ second moment of the incremental
total area of DRH

area about its own centroid]
The calculations of My, and M, are shown in Table 8.7(b).
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63.15
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50.6
37.3
28.25

10 +

3.25
10.95
29.25

0

0123 4 56 7 8 91011 1213 1415 16
Time (h)

Fig. 8.14(b) Direct runoff hydrograph of Example 8.7

Table 8.7(b) Calculation of M, and M, —Example 8.7

1 2 3 4 5 6 7 8 9
Time Ord. of Average Interval Increment Moment First Second  Second
(h) DRH DRratein At (h) area arm Moment Moment Moment
@m3/s) At (m’fs) part (a) part (b)
0 0 0.00 0 0.00 0 0.00 0.00 0.00
1 6.5 3.25 1 3.25 0.5 1.63 0.81 0.27
2 154 10.95 1 10.95 1.5 16.43 24.64 0.91
3 43.1 29.25 1 29.25 2.5 73.13 182.81 2.44
4 58.1 50.60 1 50.60 35 177.10 619.85 4.22
5 68.2 63.15 1 63.15 4.5 284.18 1278.79 5.26
6 63.1 65.65 1 65.65 5.5 361.08 1985.91 5.47
7 52.7 57.90 1 57.90 6.5 376.35 2446.28 4.83
8 41.9 47.30 1 47.30 7.5 354.75 2660.63 3.94
9 32.7 37.30 1 37.30 8.5 317.05 2694.93 3.11
10 23.8 28.25 1 28.25 9.5 268.38 2549.56 2.35
11 16.4 20.10 1 20.10 10.5 211.05 2216.03 1.68
12 9.6 13.00 1 13.00 11.5 149.50 1719.25 1.08
13 6.8 8.20 1 8.20 12.5 102.50 1281.25 0.68
14 32 5.00 1 5.00 13.5 67.50 911.25 0.42
15 1.5 2.35 1 2.35 14.5 34.08 494.09 0.20
16 0 0.75 1 0.75 15.5 11.63 180.19 0.06
Sum 443.00 2806.30 21246.25 36.92

In Table 8.7(b):
Col. 7 = first moment of the incremental area of DRH about the origin = (Col. 4 x Col. 5)
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Col. 8 = Col. 5 x (Col. 6)°
Col. 9 = second moment of the incremental area about its own centroid
% x (Col. 4)* x (Col. 3)
From the data of Table 8.7(b):

Mgy, = (sum of Col. 7)/(sum of Col. 5) = 2806.3/443 = 6.33

Mg, = {(sum of Col. 8) + (sum of Col. 9)}/(sum of Col. 5)

= (21246.25 + 36.92)/443 = 48.04

[Note that in the calculation of M, and M, for small values of As the second term in the
bracket, viz. second moment part (b) = X [second moment of incremental area about its
own centroid], is relatively small in comparison with the first term [part(a)] and can be
neglected without serious error. ]
By Eq. (8.30) n K= Mgy — M =6335-1.645=4.690
By Eq. (831) My, —Mp =n(n+1)K*+2n KM, =(nK)* + (nK) K + 2(nK) My,
Substituting for nK, My, M, and M,

48.04 — 3.96 = (4.69)> + (4.69) K + 2 (4.69) (1.645)
K = 6.654/4.69 = 1.42 hours
n = nK/K = 4.69/1.42 = 3.30

ExampLE 8.8 For a catchment of area 300 km? the values of the Nash model coeffi-
cients are found to have values of n = 4.5 and K = 3.3 hours. Determine the ordinates of
(a) IUH and (b) 3-h unit hydrograph of the catchment.

Sorution.”  The ordinates of IUH by Nash model are given by
_ 1 n-1
u(t) = ) WKy~ B
In the present case n =4.5, K= 3.3 hours and u(?) is in cm/h.
I'(n) =T(4.5)=35T(3.5)=3.5%x25T(2.5)
=3.5%x25x1.5xTI(1.5)
From Table 8.6, I(1.5)=0.886227
Hence I'(4.5) =3.5%2.5x%x1.5x0.886227 = 11.632
W) = —— (1355 B = 0.02605 (1/3.3)*5 3
3.3%11.632
Values of u(¢) for various values of ¢ are calculated as shown in Table 8.8. An interval of
one hour is chosen. In Table 8.8, Col. 3 gives the ordinates of u(f) in cm/h. Multiplying
these values by (2.78 x 4) where 4 = area of the catchment in km? gives the values of u(7)
in m%/s, (Col. 4).
Thus Col. 4 = (Col. 3) x 2.78 x 300 = (Col. 3) x 834
Col. 5 is the ordinate of u(?) [i.e. Col. 4] lagged by one hour
Col. 6 = (Col. 4 + Col. 6)/2 = ordinate of 1-h UH by Eq. (6.26)
The S-curve technique is used to derive the 3-h UH from the 1-h UH obtained in Col. 6.
Col. 7 = S;—curve addition.
Col. 8 = S,—curve ordinates
Col. 9 = S,—curve ordinates lagged by 3 hours
Col. 10 = (Col. 8 — Col. 9) = ordinates of a DRH of 3 cm occurring in 3 hours.
Col. 11 = (Col. 10)/3 = ordinates of 3-h UH




The McGraw-Hill companies ‘

308 Engineering Hydrology

Table 8.8 Calculation of 3-Hour UH by Nash Method — Example 8.8

K=33h n=45 T'(n) = 11.632 Area of the catchment = 300 km?
1 2 3 4 5 6 7 8 9 10 11
Time (#/K) u(t) u(?) u(?) 1-h S;— Ordinate 3-h DRH of Ord.
tin (ecm/h) (m%s) lagged UH Curve ofS;- lagged 3 cmin of 3-h
hours by 1 (m3/s) addition Curve S;- 3 hours UH
hour Curve (m%s) (m%s)
0  0.000 0.0000 0.000 0.000  0.000  0.000 0.000 0.00
1 0.303 0.0003 0.246 0.000 0.123 0.000 0.123 0.123 0.40
2 0.606 0.0025 2.054 0246 1.150 0.123 1.273 1.273 0.42
3 0.909 0.0075 6.271 2.054 4.162 1.273 5435  0.000 5435 1.81
4 1212 0.0152 12.676 6.271 9.473 5435 14909 0.123 14.786 4.93
5 1.515 0.0245 20.444 12.676 16.560 14.909 31.469 1.273  30.196 10.07
6 1.818 0.0343 28.583 20.444 24.513 31.469 55982  5.435 50.547 16.85
7  2.121 0.0434 36.209 28.583 32.396 55982 88.378 14.909 73.469 24.49
8 2424 0.0512 42.676 36.209 39.442 88.378 127.820 31.469 96.351 32.12
9 2.727 0.0571 47.600 42.676 45.138 127.820 172.958 55.982 116.975 38.99
10 3.030 0.0610 50.834 47.600 49.217 172.958 222.175 88.378 133.797 44.60
11 3.333 0.0628 52.411 50.834 51.623 222.175 273.798 127.820 145.978 48.66
12 3.636 0.0629 52.490 52.411 52.451 273.798 326.248 172.958 153.291 51.10
13 3.939 0.0615 51.303 52.490 51.897 326.248 378.145 222.175 155.970 51.99
14 4242 0.0589 49.112 51.303 50.207 378.145 428.353 273.798 154.555 51.52
15 4545 0.0554 46.180 49.112 47.646 428.353 475.998 326.248 149.750 49.92
16  4.848 0.0513 42.751 46.180 44.466 475.998 520.464 378.145 142.319 47.44
17 5.152 0.0468 39.039 42.751 40.895 520.464 561.359 428.353 133.006 44.34
18  5.455 0.0422 35.219 39.039 37.129 561.359 598.488 475.998 122.489 40.83
19  5.758 0.0377 31.431 35.219 33.325 598.488 631.812 520.464 111.348 37.12
20  6.061 0.0333 27.779 31.431 29.605 631.812 661.417 561.359 100.058 33.35
21 6.364 0.0292 24.337 27.779 26.058 661.417 687.475 598.488 88.988 29.66
22 6.667 0.0254 21.153 24.337 22.745 687.475 710.221 631.812 78.408 26.14
23 6.970 0.0219 18.253 21.153 19.703 710.221 729.924 661.417 68.507 22.84
24 7.273 0.0188 15.647 18.253 16.950 729.924 746.875 687.475 59.399 19.80
25 7.576 0.0160 13.332 15.647 14.489 746.875 761.364 710.221 51.143 17.05
26  7.879 0.0135 11.295 13.332 12.313 761.364 773.677 729.924 43.753 14.58
27  8.182 0.0114 9.520 11.295 10.408 773.677 784.085 746.875 37.210 12.40
28  8.485 0.0096 7.986 9.520 8.753 784.085 792.838 761.364 31.474 10.49
29  8.788 0.0080 6.669 7.986 7.328 792.838 800.166 773.677 26.488 8.83
30 9.091 0.0067 5.546 6.669 6.108 800.166 806.273 784.085 22.188 7.40
31 9.394 0.0055 4.594 5.546 5.070 806.273 811.344 792.838 18.505 6.17
32 9.697 0.0045 3.792 4.594 4.193 811.344 815.537 800.166 15371 5.12
33 10.000 0.0037 3.119 3.792 3.456 815.537 818.992 806.273 12.719 4.24
34 10.303 0.0031 2.558 3.119 2.838 818.992 821.831 811.344 10.487 3.50
35 10.606 0.0025 2.091 2.558 2.324 821.831 824.155 815.537  8.618 2.87
36 10.909 0.0020 1.704 2.091 1.897 824.155 826.052 818.992  7.060 2.35
37 11212 0.0017 1.385 1.704 1.545 826.052 827.597 821.831 5.766 1.92
38 11.515 0.0013 1.123 1.385 1.254 827.597 828.851 824.155  4.696 1.57
39 11.818 0.0011 0.909 1.123 1.016 828.851 829.867 826.052  3.815 1.27
40 12.121 0.0009 0.733 0.909 0.821 829.867 830.688 827.597  3.091 1.03
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8.10 FLOOD CONTROL

The term flood control is commonly used to denote all the measures adopted to reduce
damages to life and property by floods. Currently, many people prefer to use the term
flood management instead of flood control as it reflects the activity more realistically.
As there is 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 of zero loss is neither
physically possible nor economically feasible. The flood control measures that are in
use can be classified as:
1. Structural measures:
e Storage and detention reservoirs e Levees (flood embankments)
e Flood ways (new channels) e Channel improvement
e Watershed management
2. Non-structural methods:
e Flood plain zoning
e Evacuation and relocation

Flood forecast/warning
Flood insurance

STRUCTURAL METHODS

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 8.15 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 achieving optimum benefits in the
flood-control aspect. To achieve complete flood control in the entire length of the
river, a large number of reservoirs at strategic locations in the catchment will be

necessary.
Flood Inflow hydrograph
° volume e
= stored Safe d/s channel
s capacity
(o]
2 B / o
a 1y D A I\ S -
A /<L Reservoir ~
“©~ Controlled release release (ABCD)
D

Time
Fig.8.15 Flood control operation of a reservoir
The Hirakud and Damodar Valley Corporation (DVC) reservoirs are examples of

major reservoirs in the country which have specific volumes earmarked for flood
absorption.
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DETENTION RESERVOIRS A detention reservoir consists of an obstruction to a
river with an uncontrolled outlet. These are essentially small structures and operate to
reduce the flood peak by providing temporary storage and by restriction of the out-
flow rate. These structures are not common in India.

LEVEES Levees, also known as dikes or flood 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 will be higher than the design flood level
with sufficient free board. The confinement of the river to a fixed path frees large
tracts of land from inundation and consequent damage (Fig. 8.16).

Protected flood plain
Flood plain

(protected)
(a)
~5m
Free board ¢
Nog()m *‘ "’ 4:1 slope
Bern 5m
|<—
4 1 slope
~4 1
GL{\//
~10 m
f Key trench Draln
Borrow pit ~2mdeep

(b)
Fig.8.16 A typical levee: (a) Plan (schematic), (b) Cross-section

Levees are one of the oldest and most common methods of flood-protection works
adopted in the world. Also, they are probably the cheapest of structural flood-control
measures. While the protection offered by a levee against food 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 activity 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 rise, as they do in aggrading 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 benefits have to
be considered. The cross-section of a levee will have to be designed like an earth dam
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for complete safety against all kinds of saturation 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, espe-
cially where the land is at a premium.

FLOODWAYS Floodways are natural channels into which a part of the flood will be
diverted during high stages. A floodway can be a natural or man-made channel and its
location is controlled essentially by the topography. Generally, wherever they are fea-
sible, floodways offer an economical alternative to other structural flood-control meas-
ures. 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. This channel is
located 5 km upstream of Srinagar city and has its outfall in lake Wullar. In Andhra
Pradesh, a floodway has been constructed to transfer a part of the flood waters of the
river Budamaru to river Krishna to prevent flood damages to the urban areas lying on
the downstream reaches of the river Budamaru.

CHANNEL IMPROVEMENT The works under this category involve:
e Widening or deepening of the channel to increase the cross-sectional area
e Reduction of the channel roughness, by clearing of vegetation from the channel
perimeter
e Short circuiting of meander loops by cutoff channels, leading to increased slopes.
All these three methods are essentially short-term measures and require continued
maintenance.

WATERSHED MANAGEMENT Watershed management and land treatment in the
catchment aims at cutting down and delaying the runoff before it gets into the river.
Watershed management measures include developing the vegetative and soil cover in
conjunction with land treatment words like Nalabunds, check dams, contour bunding,
zing terraces etc. These measures are towards improvement of water infiltration ca-
pacity of the soil and reduction of soil erosion. These treatments cause increased infil-
tration, greater evapotranspiration and reduction in soil erosion; all leading to mod-
eration of the peak flows and increasing of dry weather flows. Watershed treatment is
nowadays an integral part of flood management. It is believed that while small and
medium floods are reduced by watershed management measures, the magnitude of
extreme floods are unlikely to be affected by these measures.

NON-STRUCTURAL METHODS

The flood management strategy has to include the philosophy of Living with the floods.
The following non-structural measures encompass this aspect.

FLOOD PLAIN ZONING When the river discharges are very high, it is to be ex-
pected that the river will overflow its banks and spill into flood plains. In view of the
increasing pressure of population this basic aspects of the river are disregarded and
there are greater encroachment of flood plains by man leading to distress.

Flood plain management identifies the flood prone areas of a river and regulates
the land use to restrict the damage due to floods. The locations and extent of areas
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Zone Flood Return Period Example of Uses
1 100 Years Residential houses, Offices, Factories, etc.
2 25 Years Parks
3 Frequent No construction/Encroachments
Restrictive
Warning Restrictive  Prohibitive 2 Warning
- 1 2 o008 N1

a5

Fig. 8.17 Conceptual Zoning of a Flood Plain

likely to be affected by floods of different return periods are identified and develop-
ment plans of these areas are prepared in such a manner that the resulting damages due
to floods are within acceptable limits of risk. Figure 8.17 shows a conceptual zoning
of a flood prone area.

FLOOD FORECASTING AND WARNING Forecasting of floods sufficiently in
advance enables a warning to be given to the people likely to be affected and further
enables civil authorities to take appropriate precautionary measures. It thus forms a
very important and relatively inexpensive non-structural flood management measure.
However, it must be realised that a flood warning is meaningful only if it is given
sufficiently in advance. Further, erroneous warnings will cause the populace to lose
confidence and faith in the system. Thus the dual requirements of reliability and ad-
vance 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 (i) Medium range forecasts
(iii)) Long range forecasts.

Short-Range Forecasts In this the river stages at successive stations on a river
are correlated with hydrological parameters, such as rainfall over the local area, ante-
cedent precipitation index, and variation of the stage at the upstream base point during
the travel time of a flood. This method can give advance warning of 12-40 hours for
floods. The flood forecasting used for the metropolitan city of Delhi is based on this
technique.

Medium-Range Forecasts In this method rainfall-runoff relationships are used
to predict flood levels with 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.
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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.

EVACUATION AND RELOCATION Evacuation of communities along with their
live stocks and other valuables in the chronic flood affected areas and relocation of
them in nearby safer locations is an area specific measure of flood management. This
would be considered as non-structural measure when this activity is a temporary measure
confined to high floods. However, permanent shifting of communities to safer loca-
tions would be termed as structural measure. Raising the elevations of buildings and
public utility installations above normal flood levels is termed as flood proofing and is
sometimes adopted in coastal areas subjected to severe cyclones.

FLOOD INSURANCE Flood insurance provides a mechanism for spreading the
loss over large numbers of individuals and thus modifies the impact of loss burden.
Further, it helps, though indirectly, flood plain zoning, flood forecasting and disaster
preparedness activities.

8.11 FLOOD CONTROL IN INDIA

In India the Himalayan rivers account for nearly 60% of the flood damage in the
country. Floods in these rivers occur during monsoon 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 5000 crores as the annual flood damage in the country gives the
right order of magnitude.

During 1953-2000, the average number of human lives and cattle lost due to floods
in the country were 1595 and 94,000 respectively. It is estimated that
annually, on an average about 40 M ha of land is liable to flooding and of this about 14
M ha have some kind of flood-control measure. At the beginning of the current mil-
lennium, in the country, as a part of flood control measure there were about 15800 km
of levees and about 32000 km of drainage channels affording protection from floods.

On an average about 7.5 M ha land is affected by floods annually. Out of this, about
3.5 M ha are lands under crops. Similarly, annually about 3.345 lakhs of people are
affected and about 12.15 lakhs houses are damaged by floods. On an average, about
60 to 80% of flood damages occur in the states of U.P., Bihar, West Bengal, Assam
and Orissa.

Flood forecasting is handled by CWC in close collaboration with the IMD which
lends meteorological data support. Nine flood Met offices with the aid of recording
raingauges provide daily synoptic situations, actual rainfall amounts and rainfall fore-
casts to CWC. The CWC has 157 flood-forecasting stations, of which 132 stations are
for river stage forecast and 25 for inflow forecast, situated in various basins to provide
a forecasting service.

A national program for flood management was launched in 1954 and an amount of
3165 crores was spent till 1992. The ninth plan (1997-2002) had an outlay of 2928
crores for flood management. 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 March 1980. This re-
port, containing a large number of recommendations on all aspects of flood control
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forms the basis for the evolution of the present national policy on floods. According to
the national water policy (1987), while structural flood control measures will continue
to be necessary, the emphasis should be on non-structural methods so as to reduce the
recurring expenditure on flood relief.

\n
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: REvisioN QUESTIONS }

Distinguish between:

(a) Hydraulic and hydrologic method of flood routing

(b) Hydrologic storage routing and hydrologic channel routing

(c) Prism storage and wedge storage

What are the basic equations used for flood routing by

(a) Hydrologic method, and (b) Hydraulic method

Define the problem of level pool routing. Describe a commonly used method of reser-
voir routing.

Describe a numerical method of hydrologic reservoir routing.

What is the basic premise in the Muskingum method of flood routing? Describe a proce-
dure for estimating the values of the Muskingum coefficients K and x for a stream reach.
Describe the Muskingum method of routing an inflow hydrograph through a channel
reach. Assume the values of the coefficients K and x for the reach are known.

Explain briefly

(a) Isochrone (b) Time of concentration

(c) Linear reservoir (d) Linear channel

Explain briefly the basic principles involved in the development of IUH by
(a) Clark’s method, and (b) Nash’s model.

Describe the various structural methods adopted for management of floods.

Describe the various non-structural measures of flood management.

Describe the problem of floods and their management with special reference to Indian
scene.
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8.1

8.2

8.3

8.4

8.5

: PROBLEMS |
The storage, elevation and outflow data of a reservoir are given below:

Elevation Storage Outflow
(m) 10° m? discharge (m%/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 7.9 115
302.70 8.8 160

The spillway crest is at elevation 300.20 m. The following flood flow is expected into
the reservoir.

Time (h) 0 3 6 9 12 15 18 21 24 27
Discharge (m>/s) 10 20 52 60 53 43 32 22 16 10

If the reservoir surface is at elevation 300.00 m at the commencement of the inflow,
route the flood to obtain (a) the outflow hydrograph and (b) the reservoir elevation vs
time curve.

Solve Prob. 8.1 if the reservoir elevation at the start of the inflow hydrograph is at
301.50 m.

A small reservoir has the following storage elevation relationship.

Elevation (m) 55.00 58.00 60.00 61.00 62.00 63.00
Storage (10> m®) 250 650 1000 1250 1500 1800

A spillway provided with its crest at elevation 60.00 m has the discharge relationship
0 =15 H*?, where H=head of water over the spillway crest. When the reservoir elevation
is at 58.00 m a flood as given below enters the reservoir. Route the flood and determine
the maximum reservoir elevation, peak outflow and attenuation of the flood peak.

Time (h) 0 6 12 15 18 24 30 36 42
Inflow (m¥) 5 20 40 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 25
Storage (10° m?) 400 450 550

When the reservoir elevation is at 101.00 m 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 m.

A small reservoir has a spillway crest at elevation 200.00 m. Above this elevation, the
storage and outflow from the reservoir can be expressed as

Storage: S = 36000 + 18000 y (m?)
Outflow: Q =10 y (m?/s)

where y = height of the reservoir level above the spillway crest in m.
Route an inflow flood hydrograph which can be approximated by a triangle as
I=0att=0h

I=30m%s at t=6 h (peak flow)
I1=0att=26h (end of inflow).
Assume the reservoir elevation as 200.00 m at =0 h.
Use a time step of 2 h.
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8.6

8.7

8.8

8.9

8.10

8.11

8.12

A detention reservoir was found to have a linear storage discharge relationship, O = KQ

(a) Show that the storage routing equation of an inflow hydrograph through
this reservoir is O, = C; I, + C,0Q, where C, and C, are constants and [, = (I, +1,)/
2. Determine the values of C, and C, in terms of K and the routing time step Az.

(b) If K=4.0 h and Ar = 2 h, route the following inflow hydrograph through this
reservoir. Assume the initial condition that at =0, I, = O, = 0.

Time (h) 0 2 4 6 8 10 12 14 16 18
Inflow (m%/s) 0 20 60 100 80 60 40 30 20 10

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 use in the Muskingum method of
flood routing.

Time (h) 0 6 12 18 24 30 36 42 48 54 60 66
Inflow (m%/s) 20 80 210 240 215 170 130 90 60 40 28 16
Outflow (m*s) 20 20 50 150 200 210 185 155 120 85 55 23

Route the following flood through a reach for which K = 22 h and x = 0.25. Plot the
inflow and outflow hydrographs and determine the peak lag and attenuation. At
¢ = 0 the outflow discharge is 40 m%/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 70 60 54

The storage in the reach of a stream has been studied. The values of x and K in Muskingum
equation have been identified as 0.28 and 1.6 days. If the inflow hydrograph to the reach
is as given below, compute the outflow hydrograph. Assume the outflow from the reach
att=0as 3.5 m’s.

Time (h) 0 6 12 18 24 30
Inflow (m%/s) 35 55 92 130 160 140

Route the following flood hydrograph through a river reach for which Muskingum coef-
ficient K =8 h and x = 0.25.

Time (h) 0 4 8 12 16 20 24 28
Inflow (m%s) 8 16 30 30 25 20 15 10

The initial outflow discharge from the reach is 8.0 m’/s.

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%/s in 24 h from the peak arrives at a reach. Route the flood through the reach in
which K=10handx=0

A drainage basin has area = 137 km?, storage constant K = 9.5 h and time of concentra-
tion = 7 h. The following inter-isochrone area distribution data are available:

Time (h) 0-1 12 2-3 34 45 56 6-7
Inter-isochrone area (km?) 10 38 20 45 32 10 2

Determine (a) the IUH and (b) the 1-h unit hydrograph for the catchment.
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8.13

8.14

8.15

8.16

8.17

8.18

8.19

Solve Prob. 8.11 K = 10 h and x = 0.5. Determine the peak lag and attenuation and
compare with the corresponding values of Prob. 8.11.
Show that the reservoir routing equation for a linear reservoir is

aQ

— +taQ=ol
dt e

where ¢is a constant. Obtain the outflow from such a reservoir due to an inflow /=1, +
Bt occurring from ¢ = 0 to #, with the boundary condition 0 =0 at £ = 0.

Given that n = 4.0 and K = 6.0 are the appropriate values of the coefficients in the Nash
model for [IUH of a catchment, determine the ordinates of I[UH in cm/h at 3 hours inter-
val. If the catchment area is 500 km?, determine the ordinates of the IUH in m?/s.
Show that in the [UH obtained by using the Nash model the peak flow occurs at a time

t,=K@n-1)
and the magnitude of the peak flow is
1 (1-m) -1
0, = e -1
u(?), KT(n) (n=1)

For a sub-basin in lower Godavari catchment, with an area of 250 km? the following
values of Nash model coefficients were found appropriate: » = 3.3 and K = 1.69 h.
Determine the co-ordinates of (a) IUH at 1-h interval and (b) 1-hour UH at 1-h interval.
For a catchment X of area 100 km?, an ERH of an isolated storm and its corresponding
DRH were analysed to determine the first and second moments relative to the total area
of the respective curves and the following values were obtained:
(1) (First moment of the curve)/(total area of the curve):

ERH=11.0h DRH=250h
(2) (Second moment of the curve)/(total area of the curve):

ERH =170 h* DRH =730 h?
Determine the [UH with ordinates at 2 hour interval for catchment X by using Nash
model.
For a catchment the effective rainfall hyetograph due to an isolated storm is given in
Table 8.9(a). The direct runoff hydrograph resulting from the above storm is given in
Table 8.9(b). Determine the values of Nash model IUH coefficients n and K for the
above catchment.

Table 8.9(a) ERH

Time (h) 0to6 6to 12 12 to 18 18 to 24
ERH ordinates (cm/s) 4.3 2.8 39 2.7

Table 8.9(b) DRH

Time DR Time DR
(h) m*/s (h) m’/s
0 0 36 160
6 20 42 75
12 140 48 30
18 368 54 10
24 380 60 0

30 280
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: OBJECTIVE QUESTIONS :

8.1

8.2

8.3

8.4

8.5

8.6

8.7

8.8

8.9

8.10

The hydrologic flood-routing methods use

(a) Equation of continuity only (b) Both momentum and continuity equations
(c) Energy equation only (d) Equation of motion only
The hydraulic methods of flood routing use

(a) Equation of continuity only

(b) Both the equation of motion and equation of continuity

(c) Energy equation only

(b) Equation of motion only

The St Venant equations for unsteady open-channel flow are

(a) continuity and momentum equations

(b) momentum equation in two different forms

(c¢) momentum and energy equations

(d) energy and continuity equations.

The prism storage in a river reach during the passage of a flood wave is

(a) a constant (b) a function of inflow and outflow
(c) function of inflow only (d) function of outflow only

The wedge storage in a river reach during the passage of a flood wave is

(a) a constant (b) negative during rising phase

(c) positive during rising phase (d) positive during falling phase

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 uncontrolled outlet

(c) in channel routing only

(d) in all cases of reservoir routing.

Which of the following is a proper reservoir-routing equation?

At At
(a) %(1112>Ar+(S1+Q‘2 j:(Sz_sz )

b) (I, +1,) At + 25 (2%
(b) (I, +15) At ?_Ql = A_t+Q2
© % (I, + 1) At + (Sz - sz):[sl +%j

2
AT i -2
d (G, +1h) ?_Ql = T*‘Qz

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.

The Muskingum method of flood routing assumes the storage S is related to inflow rate
1 and outflow rate Q of a reach as S =

(@) KxI/—(1-x0] (b) K[xO+ (1 -x)]

(¢) KIxI+(1-x0] () Kx{I-(1-2)0]

The Muskingum method of flood routing gives Q, = Cyl, + C\I; + C,0,. The coeffi-
cients in this equation will have values such that

(@ G+C =G (b) G-C-G=1

() Co+C,+C,=0 @ Cy+C +C,=1.
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The Muskingum channel routing equation is written for the outflow from the reach Q in
terms of the inflow / and coefficients C,, C; and C, as

@ 0,=Cyly+Ci0 + Gy (b) O,=Clh+ Gl + G0,

(©) Oy =Coly + Cily +Gol, (d) 0,=CQy+ CO + G

In the Muskingum method of channel routing the routing equation is written as
0, = Gy, + C\I; + C,0,, If the coefficients K = 12 h and x = 0.15 and the time step for
routing Az = 4 h, the coefficient C, is

(a) 0.016 (b) 0.048 (c) 0.328 (d) 0.656

In the Muskingum method of channel routing the weighing factor x can have a value
(a) between —0.5 to 0.5 (b) between 0.0 to 0.5

(c) between 0.0 to 1.0 (d) between —1.0 to +1.0

In the Muskingum method of channel routing if x = 0.5, it represents an outflow

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

If the storage S, inflow rate / and outflow rate Q 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=0 represents a linear channel.

A linear reservoir is one in which the

(a) volume varies linearly with elevation

(b) storage varies linearly with the outflow rate

(c) storage varies linearly with time

(d) storage varies linearly with the inflow rate.

An isochrone is a line on the basin map

(a) joining raingauge stations with equal rainfall duration

(b) joining points having equal standard time

(c) connecting points having equal time of travel of the surface runoff to the catchment
outlet

(d) that connects points of equal rainfall depth in a given time interval.

In the Nash model for [UH given by

-1 n-l ¢ Nt
u(t) = t e
() KT(n) (K)"" (o)
the usual units of u(¢), n and K are, respectively;
(@) cm/h, h, h ®) Kbk
(c) K7, dimensionless number, h (d) cm/h, dimensionless number, h

The peak ordinate of the [UH of a catchment was obtained from Nash model as 0.03 cm/
h. If the area of the catchment is 550 km? the value of the peak ordinate in m%/s is

(a) 16.5 (b) 45.83 (c) 30.78 (d) 183.3
If the Gamma function I" (1.5) = 0.886, the value of I" (0.5) is
(a) 0.5907 (b) 1.329 (c) —0.886 (d 1.772

In the Nash model for IUH, if M,; = the first moment of ERH about the time origin
divided by the total effective rainfall and My, = the first moment of DRH about the time
origin divided by the total direct runoff, then

(@) My —M; =nK (b) My, — My, =nK?

(©) My —Mj=n(n+1)K (d) M, —My =2nK
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Chapter

GROUNDWATER

9.1 INTRODUCTION

In the previous chapters various aspects of surface water hydrology that deal with
surface runoff have been discussed. Study of subsurface flow is equally important
since about 30% 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 veg-
etation in arid zones. Due to its importance as a significant source of water supply,
various aspects of groundwater dealing with the exploration, development and utiliza-
tion have been extensively studied by workers from different disciplines, such as geol-
ogy, geophysics, geochemistry, agricultural engineering, fluid mechanics and civil
engineering and excellent treatises are available, (Ref. 1, 2 and 4 through 10). 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 Land surface
/\—/—\

is called subsurface wa- y
ter and is copmdered in Soil water
two zones (Fig. 9.1): zone
1. Saturated zone, and : y Zone of
. ntermediate areation
2. Aeration zone. Water table zone
Capillary fringe
SATURATED ZONE Ny priary ring ]
. Saturated Zone of saturation
e
4 uncontine

. ) Y
space in which all the
pores of the soil are filled BEDROCK

with water. The water ta-
ble forms its upper limit
and marks a free surface, i.e. a surface having atmospheric pressure.

Fig. 9.1 Classification of Subsurface Water

ZONE OF AERATION

In this zone the soil pores are only partially saturated with water. The space between
the land surface and the water table marks the extent of this zone. The zone of aeration
has three subzones.
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SoiL WATER ZONE  This lies close to the ground surface in the major root band of
the vegetation from which the water is lost to the atmosphere by evapotranspiration.

CAPILLARY FRINGE In this the water is held by capillary action. This zone ex-
tends from the water table upwards to the limit of the capillary rise.

INTERMEDIATE ZONE  This lies between the soil water zone and the capillary fringe.

The thickness of the zone of aeration and its constituent subzones depend upon the
soil texture and moisture content and vary from region to region. The soil moisture in
the zone of aeration is of importance in agricultural practice and irrigation engineer-
ing. The present chapter is concerned only with the saturated zone.

SATURATED FORMATION

All earth materials, from soils to rocks have pore spaces. Although these pores are
completely saturated with water below the water table, from the groundwater utiliza-
tion aspect only such material through which water moves easily and hence can be
extracted with ease are significant. On this basis the saturated formations are classi-
fied into four categories:

1. Aquifer, 2. aquitard, 3. aquiclude, and 4. aquifuge.

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.

AQUITARD 1t is a formation through which only seepage is possible and thus the
yield is insignificant compared to an aquifer. It is partly permeable. A sandy clay unit
is an example of aquitard. Through an aquitard appreciable quantities of water may
leak to an aquifer below it.

AQUICLUDE 1t 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.

AQUIFUGE 1t is a geological formation which is neither porous nor permeable.
There are no interconnected openings and hence it cannot transmit water. Massive
compact rock without any fractures is an aquifuge.

The definitions of aquifer, aquitard and aquiclude as above are relative. A forma-
tion which may be considered as an aquifer at a place where water is at a 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 unconfined
aquifer (also known as water table aquifer) is one in which a free water 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
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precipitation 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.

Well-tapping confined Recharge for
aquifer Piezometric confined aquifer
Water-table / surface ¢ ¢ ¢ ¢
Free-flowing oy = N —~——=
well

Spring or
seep >

Fig. 9.2 Confined and Unconfined Acquifers

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 at the ground surface. The
water in the confined aquifer will be under pressure and hence the piezometric level
will be much higher than the top level of the aquifer. At some locations: the piezomet-
ric level can attain a level higher than the land surface and a well driven into the
aquifer at such a location will flow freely without the aid of any pump. In fact, the term
artesian is derived from the fact that a large number of such freeflow wells were found
in Artois, a former province in north France. Instances of free-flowing wells having as
much as a 50-m head at the ground surface are reported.

A confined aquifer is called a leaky aquifer if either or both of its confining beds
are aquitards.

WATER TABLE

A water table is the free water surface in an unconfined aquifer. The static level of a
well penetrating an unconfmed aquifer indicates the level of the water table at that
point. The water table is constantly in motion adjusting its surface to achieve a bal-
ance between the recharge and outflow from the subsurface storage. Fluctuations in
the water level in a dug well during various seasons of the year, lowering of the
groundwater table in a region due to heavy pumping of the wells and the rise in the
water table of an irrigated area with poor drainage, are some common examples of the
fluctuation of the water table. In a general sense, the water table follows the topo-
graphic features of the surface. If the water table intersects the land surface the
groundwater comes out to the surface in the form of springs or seepage.

Sometimes a lens or localised patch of impervious stratum can occur inside an
unconfined aquifer in such a way that it retains a water table above the general water
table (Fig. 9.3). Such a water table retained around the impervious material is known
as perched water table. Usually the perched water table is of limited extent and the
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yield from such a situ- Land surface
ation is very small. In WMW
groundwater explora- ¢ Perched water table¢ ¢

tion a perched water

table is quite often % = %

confused with a gen- jmpervious stratum —7

eral water table. General water table
The position of the =

water table relative to Unconfined aquifer

the water level na Fig.9.3 Perched Water Table

stream determines

whether the stream contributes water to the groundwater storage or the other way

about. If the bed of the stream is below the groundwater table, during periods of low

flows in the stream, the water surface may go down below the general water table

elevation and the groundwater contributes to the flow in the stream. Such streams

which receive groundwater flow are called effluent streams (Fig. 9.4 (a)). Perennial

rivers and streams are of this kind. If, however, the water table is below the bed of the

stream, the stream-water percolates to the groundwater storage and a hump is formed

in the groundwater table (Fig. 9.4 (b)). Such streams which contribute to the groundwater

are known as influent streams. Intermittent rivers and streams which go dry during

long periods of dry spell (i.e. no rain periods) are of this kind.

Water tabl X \ & Water table

M‘er table
Groundwater table lamp

(b) Influent stream
Fig. 9.4 Effluent and Influent Streams

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 properties essentially depend
upon the composition of the aquifer.

POROSITY

The amount of pore space per unit volume of the aquifer material is called porosity. It
is expressed as
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n=—- 9.1)

where n = porosity, ¥, = volume of voids and ¥, = volume of the porous medium. In
an unconsolidated material the size distribution, packing and shape of particles deter-
mine 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 and 20% as medium and
less than 5% as small.

SpPECIFIC YIELD While porosity gives a measure of the water-storage capability
of a formation, not all the water held in the pores is available for extraction by pump-
ing 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, S,. The
fraction of water held back in the aquifer is known as specific retention, S,. Thus
porosity

n=_5,+8, 9.2)
The representative values of porosity and specific yield of some common earth mate-
rials are given in Table 9.1.

Table 9.1 Porosity and Specific Yield of Selected Formations

Formation Porosity, % Specific yield, %
Clay 45-55 1-10
Sand 35-40 10-30
Gravel 3040 15-30

Sand stone 10-20 5-15
Shale 1-10 0.5-5

Lime stone 1-10 0.5-5

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

In 1856 Henry Darcy, a French hydraulic engineer, on the basis of his experimental
findings proposed a law relating the velocity of flow in a porous medium. This law,
known as Darcy s law, can be expressed as

V=Ki 93)
where V= Apparent velocity of seepage = /4 in which O = discharge and 4 = cross-
sectional area of the porous medium. V' is sometimes also known as discharge veloc-

ity. i = —Z]—h = hydraulic gradient, in which /# = piezometric head and s = distance
s

measured in the general flow direction; the negative sign emphasizes that the piezo-
metric head drops in the direction of flow. K = a coefficient, called coefficient of
permeability, having the units of velocity.
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The discharge O can be expressed as

O0=KiAd (9.32)
AH
As
where (— AH) is the drop in the hydraulic grade line in a length A s of the porous

medium.

Darcy’s law is a particular case of the general viscous fluid flow. It has been shown
valid for laminar flows only. For practical purposes, the limit of the validity of Darcy’s
law can be taken as Reynolds number of value unity, i.e.

vd,
Re = =1 (9.4)

v
where Re = Reynolds number
d, = representative particle size, usually d, = d|, where d,, represents a
size such that 10% of the aquifer material is of smaller size.
v = kinematic viscosity of water
Except for flow in fissures and caverns, to a large extent groundwater flow in nature
obeys Darcy’s law. Further, there is no known lower limit for the applicability of
Darcy’s law.
It may be noted that the apparent velocity V used in Darcy’s law is not the actual
velocity of flow through the pores. Owing to irregular pore geometry the actual veloc-
ity of flow varies from point to point and the bulk pore velocity (v,) which represents

the actual speed of travel of water in the porous media is expressed as

v=L 9.5)
n

where n = porosity. The bulk pore velocity v, is the velocity that is obtained by track-
ing a tracer added to the groundwater.

COEFFICIENT OF PERMEABILITY

The coefficient of permeability, also designated as hydraulic conductivity reflects the
combined effects of the porous medium and fluid properties. From an analogy of
laminar flow through a conduit (Hagen-Poiseuille flow) the coefficient of permeabil-
ity K can be expressed as

Kk=ca2t (9.6)

Y7,

where d,, = mean particle size of the porous medium, y= pg = unit weight of fluid, p
= density of the fluid, g = acceleration due to gravity, ¢ = dynamic viscosity of the
fluid and C = a shape factor which depends on the porosity, packing, shape of grains

and grain-size distribution of the porous medium. Thus for a given porous material

Koo L
A4

where v = kinematic viscosity = g/p = fl{temperature). The laboratory or standard
value of the coefficient of permeability (X,) is taken as that for pure water at a stand-
ard temperature of 20° C. The value of K|, the coefficient of permeability at any tem-
perature ¢ can be converted to K, by the relation

K, = K(v/vy) 9.7)
where v, and v, represent the kinematic viscosity values at 20° C and °C respectively.



The McGraw-Hill Companies

326 Engineering Hydrology

The coefficient of permeability is often considered in two components, one reflect-
ing the properties of the medium only and the other incorporating the fluid properties.
Thus, referring to Eq. (9.6), a term K|, is defined as

k-k,7 -2 9.8)

U v
where K, = CdZ. The parameter K,, is called specific or intrinsic permeability which
is a function of the medium only. Note that K|, has dimensions of [L?]. Tt is expressed
in units of cm? or m? or in darcys where 1 darcy = 9.87 x 10~'3 m?. Where more than
one fluid is involved in porous media flow or when there is considerable temperature
variation, the coefficient K|, is useful. However, in groundwater flow problems, the
temperature variations are rather small and as such the coefficient of permeability K is
more convenient to use. The common units of K are m/day or cm/s. The conversion
factor for these two are
1 m/day = 0.0011574 cm/s

or 1 cm/s = 864.0 m/day
Some typical values of coefficient of permeability of some porous media are given in
Table 9.2.

Table 9.2 Representative Values of the Permeability Coefficient

No. Material K (cm/s) K, (darcys)
A. Granular material
1. Clean gravel 1-100 103-10°
2. Clean coarse sand 0.010-1.00 10-103
3. Mixed sand 0.005-0.01 5-10
4. Fine sand 0.001-0.05 1-50
5. Silty sand 1x10%-2x107° 0.1-2
6. Silt 1x10°-5x10* 0.01-0.5
7. Clay <10°° <107
B. Consolidated material
1. Sandstone 10°-107 103 -1.0
2. Carbonate rock with 10°-107 102-1.0
secondary porosity
3. Shale 10710 1077
4. Fractured and weathered 10°-107 10°-1.0

rock (aquifers)

At 20° C, for water, v = 0.01 cm?/s and substituting in Eq. (9.8)
K, [darcys] = 10° K [cm/s] at 20°C

Consider an aquifer of unit width and thickness B, (i.e. depth of a fully saturated
zone). The discharge through this aquifer under a unit hydraulic gradient is
T=KB 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 (/ pd/m). Typical values of T lie in the range 1 x
106/ pd/m to 1 x 10* / pd/m. A well with a value of 7= 1 x 10° / pd/m is considered
satisfactory for irrigation purposes.
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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 A and length L is determined. The coefficient of per-
meability at the temperature of the experiment is found as

2 1
A (AH/L)

For fine grained soils, a falling-head permeameter is used. Details of permeameters
and their use is available in any good textbook in Soil Mechanics, e.g. Ref. 8. 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 conducting
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 discharge-rate, transmissibility can be calculated.
Information about the thickness of the saturation zone leads one to calculate the per-
meability. Injection of a tracer, such as a dye and finding its velocity of travel is an-
other way of determining the permeability under field conditions.

STRATIFICATION

Sometimes the aquifers may be stratified, with different permeabilities in each strata.
Two kinds of flow situations are possible in such a case.
(i) When the flow is parallel to the stratification as in Fig. 9.5(a) equivalent perme-

ability K, of the entire aquifer of thickness B= Y, B; is
1
2K B;
K= — (9.10)
25
1

The transmissivity of the formation is

n
T =K 2B;= YK,
1

(ii) When the flow is normal to the stratification as in Fig. 9.5(b) the equivalent
permeability K, of the aquifer of length

L=3YL is
1
XL
K, = nl—
2(Li/K;)
1
(Note that in this case L is the length of seepage and the thickness B of the aquifer does

not come into picture in calculating the equivalent permeability)
The transmissivity of the aquiferis 7=K, - B

©.11)
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ExampLE 9.1 At a certain point in an unconfined aquifer of 3 km? area, the water
table was at an elevation of 102.00 m. Due to natural recharge in a wet season, its level
rose to 103.20 m. 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 m. 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.

SoLUTION!
(a)  Volume pumped out = area X drop in water table X specified yield S,
1.5 % 10° =3 x 10° x (103.20 - 101.20) x S,
S, =025
(b) Recharge volume = 0.25 x (103.20 — 102.00) x 3 x 10° = 0.9 Mm®

ExampLE 9.2 A field test for permeability consists in observing the time required for a
tracer to travel between two observation wells. A tracer was found to take 10 h to travel
between two wells 50 m apart when the difference in the water-surface elevation in them
was 0.5 m. The mean particle size of the aquifer was 2 mm and the porosity of the medium
0.3. If v = 0.01 cm?/s estimate (a) the coefficient of permeability and intrinsic permeabil-
ity of the aquifer and (b) the Reynolds number of the flow.

SoLUTION!
(a) The tracer records the actual velocity of water

v 50x100
“10x60% 60
Discharge velocity V'=n V,=0.3 x 0.139 = 0.0417cm/s

Hydraulic gradient i = % =1x107

=0.139 cm/s

4.17x107
Coefficient of permeability K = 5 = 4.17 c/s
1x10~
K 4.17x0.01
Intrinsic permeability, K, = 2Y “os1 =4.25x 107 cm?

Since 9.87 x 10~ ecm? = 1 darcy
K, = 4307 darcys
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vd,
(b) Reynolds number Re =
v
Taking d, = mean particle size =2 mm
0.0417x2 1
Re= ——x—— =0.834.
10 0.01

ExampLe 9.3 Three wells A, B and C tap the same horizontal aquifer. The distances
AB = 1200 m and BC = 1000 m. The well B is exactly south of well A and the well C lies
to the west of well B. The following are the ground surface elevation and depth of water
below the ground surface in the three wells.

Well Surface Elevation Depth of water table
(metres above datum) (m)
A 200.00 11.00
B 197.00 7.00
C 202.00 14.00

Determine the direction of groundwater flow in the aquifer in the area ABC of the wells.

Sorurion.” Let H = elevation of water table. No;m
H,=200.00 - 11.00 = 189.00 “A -
Hy =197.00 — 7.00 = 190.00 (189.00) ]
H=202.00 — 14.00 = 188.00
Let BA = North direction, designated as Y
direction. 1200 m
The West direction will be called X
direction.
The layout of the wells is shown in Fig. 9.6 W
Along BA: ~AH, = Hy — H, = 190.00 e 0 Y
—189.00 = 1.00 m c B
(188.00) (190.00)
P _AHy 100 1200 |<—1000m—>|
g Ly 1200 Fig.9.6 Layout of Wells

V,=K-i,=K/1200 m/s
where K = coefficient of permeability.
Along BC, (X direction):

— AH,_ = Hy— H.=190.00 — 188.00 = 2.00 m

AH
P=—-— =200 _ 500,
Ly 1000

V,=K-i,=K/500 m/s

1/2
y=@2+r2yr= K [1 41 } ~2.167x 107 K m/s

D" 00l 2s F1a
K 500 1

y
v, 12000 K 24
6=22.62°=22°37" 11.5"

tan 0=
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where 6= inclination of J to X-axis (west direction). The groundwater flow will be in a
direction which makes 22.62° with line BC and 67.38° with BA. Thus, the direction of
groundwater flow is N 67° 27" 48.5” W.

9.4 GEOLOGIC FORMATIONS AS AQUIFERS

The identification of a geologic formation as a potential aquifer for groundwater de-
velopment is a specialized job requiring the services of a trained hydrogeologist. In
this section only a few general observations are made and for details the reader is
referred to a standard treatise on hydrogeology such as Ref. 4.

The geologic formations of importance for possible use as an aquifer can be broadly
classified as (i) unconsolidated deposits, and (ii) consolidated rocks. Unconsolidated
deposits of sand and gravel form the most important aquifers. They occur as fluvial
alluvial deposits, abandoned channel sediments, coastal alluvium and as lake and gla-
cial deposits. The yield is generally good and may be of the order of 50100 m*/h. In
India, the Gangetic alluvium and the coastal alluvium in the states of Tamil Nadu and
Andhra Pradesh are examples of good aquifers of this kind.

Among consolidated rocks, those with primary porosity such as sandstones are
generally good aquifers. Weathering of rocks and occurrence of secondary openings
such as joints and fractures enhance the yield. Normally, the yield from these aquifers
is less than that of alluvial deposits and typically may have a value of 20-50 m*/h.
Sandstones of 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, cavernous limestones of the Vindhyan sys-
tem are providing very valuable groundwater 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 under unconfined
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 fractured hori-
zons 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 pressure. 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 and thus have an important bearing on the stor-
age characteristics of the aquifer. In this section a relation is developed between a
defined storage coefficient and the various compressibility parameters.

Consider an elemental volume AV = (AxAy) AZ = AA AZ of a compressible aquifer
as shown in Fig. 9.7. A cartesian coordinate system with the Z-axis pointing vertically
upwards is adopted. Further the following three compressible aquifer assumptions are
made:
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e The elemental volume is constrained in lat-
eral directions and undergoes change of T Piezometric
length in the z-direction only, i.e. A4 is con- heP .~ suface
stant. 4
e The pore water is compressible d
e The solid grains of the aquifer are incom- Y
pressible but the pore structure is compress- Ai
ible. Z }/"
By defining the reciprocal of the bulk modu-  patum l‘? Ay

lus of elasticity of water as compressibility of
water [B, it is written as Fig. 9.7 Volume element of a

(dAV,) compressible aquifer
B= - 9.12)

where AV, = volume of water in the chosen element of aquifer, and p = pressure. By
conservation of mass

p - AV, = constant, where p = density of water.

Thus pdAV,)+ AV, dp=0
Substituting this relationship in Eq. (9.12),

B=dp/(p dp) (9-13)
or dp = pfdp (9.13a)

Similarly by considering the reciprocal of the bulk modulus of elasticity of the
pore-space skeleton as the compressibility of the pores, ¢, it is expressed as

d(AV)/AV
a= —— (9.14)
do,
in which o, = intergranular pressure. Since AV = AA4 - AZ with A4 = constant,
d(AZ)/AZ
=_ 7777 (9.15)
do

z

The total overburden pressure w = p + o, = constant.
Thus dp = —d o©,, which when substituted in Eq. (9.15) gives

d(AZ) = a(AZ) dp (9.16)
As the volume of solids A V; in the elemental volume is constant,
AV,=(1-n)AAd - AZ = constant
dAV)=010-ndAZ2)-AZ -dn=0
where n = porosity of the aquifer. Using this relationship in Eq. (9.16),

dn=0o(l—n)dp 9.17)
Now, the mass of water in the element of volume AV, is
AM = pn AA AZ
d(AZ)
or dAM)=AV|\ndp+ pdn+pn AZ
d(AM d d(AZ
ie. g = n—p+dn+n (A2)

pPAV Yo AZ
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Substituting from Egs. (9.13), (9.17) and (9.15) for the terms in the right-hand side
respectively

d(AM)
pPAYV

=nfdp+a(l—n)dp+nadp=mnp+ 0)dp

= y(nf+ o) dh=Sdh (9.18)
where S, = y(n f+ 0) and h = piezometric head =z + L4 and y = pg = weight of unit
volume of water. 4

The term S, is called specific storage. It has the dimensions of [Z™'] 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. (9.18) for a confined aquifer of thickness B, a dimensionless
storage coefficient S can be expressed as

S=ynp+a)B (9.19)
The storage coefficient S (also known as Storativity) 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 transmissibility
coefficient T are known as the formation constants of an aquifer and play very impor-
tant role in the unsteady flow through the porous media. Typical values of S in con-
fined aquifers lie in the range 5 x 107 to 5 x 10, Values of « for some formation
material and /3 for various temperatures are given in Tables 9.3 and 9.4 respectively.

Table 9.3 Range of «for Some Formation Materials

Material Bulk modulus of Compressibility
elasticity, E, (N/cm?) a=1/E, (cm*/N)

Loose clay 10°—5x 10 102 -2x107
Stiff clay 10° - 10* 10°-10*
Loose sand 10° -2 x 10° 10°-5x%x10*
Dense sand 5%x10°-8x 10° 2x10%-1.25x 10
Dense sandy gravel 10*—2 x 10* 10*-5x%x107
Fissured and jointed rock 1.5x10* -3 x 10° 6.7x10°-3.3x107°

Table 9.4 Values of for Water at Various Temperatures

Temperature Bulk modulus of Compressibility
©C) elasticity, E, (N/cm?) B=1/E, (cm*/N)

0 2.04 % 10° 490 x 10°°

10 2.11 x 103 474 % 10°°

15 2.14 x 10° 4.67x107°

20 2.20x 10° 455 x107°

25 222 x10° 450 x 107

30 223 x10° 4.48 x 107°

35 224 % 10° 446 % 10°°
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For an unconfined aquifer, the coefficient of storage is given by
S§=S,+ y(a+np B (9.20)
where B, = saturated thickness of the aquifer. However, the second term on the right-
hand side is so small relative to S|, that for practical purposes S is considered equal to
S, L.e. the coefficient 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

_ np
BE = —[mnﬁj (9.21)

The negative sign indicates the opposite nature of the changes in pressure head and
water level. Using in Eq. (9.21) (Eq. 9.19), BE =-—n/J/¥S B 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.

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

CONFINED GROUNDWATER FLOW

If 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

IAM) _ Ta(pu) d(pv) d(pw)
ot ox dy 0z
From Eq. (9.18) considering the differentials with respect to time and taking the limit
as AV approaches zero
JI(AM) _ o dh
ot Pt
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
=-K—,v=-K— andw= —-K— 9.23
u . v % and w 5 ( )
Using Egs. (9.23) and (9.13) and noting that 4 = L z, the various terms of the right-
hand side of Eq. (9.22) are written as 4

d(pu) E) 3 h onY
P~ P —Kp——szﬁg($)

ox g ! a B ax2

(9.22)

(9.182)
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Apv) v op Ph ., [ahjz

= oV _kpdh g oh
& pay > pay2 p-Pg .
Apw) _ aw P P h_ (a_hjz_a_h
oz _p82+ 0z Kaz Kp'Pe z dz

Assembling these, Eq. (9.22) can be written as

Ph  Ph  Ph ) ( j oY (ahjz h h
K —+—+— +Kp + + = | |[—-=—=pS,=—
p{a2 FERFE Pellae) Hoa) H&) 275
(9.24)
The second term on the left-hand side is neglected as very small, especially for 0A/dx
< 1, and Eq. (9.24) is rearranged to yield
Ph h h_5 oh

9.25
8x2 8 »? 822 T K o ©-25)

2 2,
Defining S8 =S, K B =T, and V2h=(g f g f 3 ] Eq. (9.25) reads as
x 22
V2h = %% (9.26)

This is the basic differential equation governing unsteady groundwater flow in a ho-
mogeneous isotropic confined aquifer. This form of the equation is known as diffusion
equation.

If the flow is steady, the d/4/d¢ term does not exist, leading to

Vh=0 (9.27)
This equation is known as Laplace equation and is the fundamental equation of all
potential flow problems. Being linear, the method of superposition is applicable in its
solutions.

Equation (9.26) or (9.27) can be solved for suitable boundary conditions by ana-
lytical, numerical or analog methods to yield solutions to a variety of groundwater
flow problems. The details of solution of the basic differential equation of groundwater
are available in standard literature (Refs. 1, 3, 5, 6 and 7).

As an application of the Laplace equation (Eq. 9.27) a simple situation of steady
state one-dimensional confined porous media flow is given below.

CONFINED GROUNDWATER FLOW BETWEEN TWO WATER BODIES

Figure 9.8 shows a very wide confined aquifer of depth B connecting to water bodies.
A section of the aquifer of unit width is considered. The piezometric head at the up-
stream end is A, and at a distance x from the upstream end the head is 4.
As the flow is in x direction only, Eq. (9.27) becomes
*h
ox?
On integrating twice h = C; x + C,
On substitution of the boundary condition = Ay at x =0

=0 (9.28)
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h Ground surface Hydraulic gradient
v
= A
Upstream - - v
water body Impervious - 1 =
Downstream
] water body
ho h Aquifer B hy
Flow >
\
Xx=0 ‘ \ Impervious, horizontal boundary
“~—X—>
< L >

Fig. 9.8 Confined Groundwater Flow between Two Water Bodies

ho —hy
Also at x=L,h=h;and hence C, = — 7
ho —hy
Thus h=hy— I x (9.29)
This is the equation of the hydraulic grade line, which is shown to vary linearly from
hyto hy.
By Darcy law, the discharge per unit width of the aquifer is
dh
q :_KBd_ =—KB (= (hy—)/L)
X
hy —h
q= ("Lil) KB (9.30)

UNCONFINED FLOW BY DUPIT'S ASSUMPTION

While Eq. (9.26) is specifically for confined aquifers, Eq. (9.27) which is the Laplace
equation in / is applicable to steady flow of both confined and unconfined aquifers.
However, in unconfined aquifers the free surface of the water table, known as phreatic
surface, has the boundary condition of constant pressure equal to atmospheric pres-
sure. Also, in a section the line representing the water table, is also a streamline. These
boundary conditions cause considerable difficulties in analytical solutions of steady
unconfined flow problems by using the Laplace equation in 4.
A simplified approach based on the assumptions suggested by Dupit (1863) which
gives reasonably good results is described below. The basic assumptions of Dupit are:
e The curvature of the free surface is very small so that the streamlines can be
assumed to be horizontal at all sections.
e The hydraulic grade line is equal to the free surface slope and does not vary with
depth.
Consider an elementary prism of fluid bounded by the water table shown in
Fig. 9.9(a).
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Let V, = gross velocity ' Water table
of groundwater entering z /:

the element in x direc- A Ay Mye
tion /

V, = gross velocity of
groundwater entering

the element in y direc- p,,

[

tion > : Y My
Assume a horizontal h IZ(_ _______ .

impervious base and no l //
vertical inflow from top e /
due to recharge. By Y 0}~ . x
Dupit’s assumptions, My, horizontal
dV,/0z=0and 9V, /0z = < Ax >
0. Considering the X di-
rection: Fig. 9.9(a) Definition Sketch —Unconfined Ground-
The mass flux entering water Flow without Recharge

theelement M, =p V. hAy
The mass flux leaving the element M,, = pV. h Ay + ai (V. h Ay) Ax
x

The net mass efflux from the element in x direction, by considering the flow enter-
ing the element as positive and outflow as negative, is

M,

X

d
I_Mx2 :AMx = _g(pVxh Ay) Ax
Similarly the net mass efflux in y direction

a0
My~ M= AM, = ==(pV ) &) By

Further, there is neither inflow or outflow in the Z direction. Thus for steady, incom-
pressible flow, by continuity

AM,+AM,=0 (9.31)
Substituting for A M, and A M, and simplifying

d d
—V.h+=Vh=0 9.32
ax( h) ay( W) (9.32)
By Darcy law V, = —Ka—h and V, = —Ka—h
ox Y dy

Hence Eq. (9.32) becomes
J (-Kha—hj+i(-1<ha—h] -0

ax ax) Ay B
272 272
or all +a h =0
ox? oy?
ie. V2 =0 (9.33)

Thus the steady unconfined groundwater flow with Dupit’s assumptions is governed
by Laplace equation in /2.
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UNCONFINED FL.OW WITH RECHARGE If there is a recharge, i.e. infiltration of
water from the top ground surface into the aquifer, at a rate of R (m®/s per m? of

horizontal area) as in Recharge

Flg. 9.9(b), the conti- P A R

nuity equation Eq. A Ay Mo Wator tabi
(9.31) is to be modi- / ater table

fied to take into ac- |
count the recharge.
Consider the element [

of an uncon-fined aq- —— > : "
uifer as in Fig. 9.9(b) h Z’_ ____________

situated on a horizon- e
tal impervious bed. e
Here, in addition to A o /7

>

M_and A M, there will M i’
* . . 2 horizontal
be a net inflow into the < A >
element in the Z direc- X
tion given by Fig. 9.9(b) Definition Sketch - Unconfined flow with
AM,=pRAx Ay Recharge

For steady, incompressible flow the continuity relationship for the element is
AM +AM,+AM, =0

ie. — 9 oV h A AY) -2 (p Vb Ax Ay)+ pR Ax Ay =0
ox dy 7

oh

Substituting V, = —K——
ox

and V= -K ok and simplifying
dy

0> n? + 0> h? 2R

ox?  oy? K
Equation (9.34) is the basic differential equation under Dupit’s assumption for
unconfined groundwater flow with recharge. Note that Eq. (9.33) is a special case of
Eq. (9.34) with R=0.

Use of Eq. (9.34) finds considerable practical application in finding the water table
profiles in unconfined aquifers. A few examples are: (i) an unconfined
aquifer separating two water bodies such as a canal and a river, (ii) various recharge
situations, (iii) drainage problems, and (iv) infiltration galleries. To illustrate the use
of Eq. (9.34) a situation of steady flow in an unconfined aquifer bounded by two water
bodies and subjected to recharge from top is given below.

(9.34)

ONE DIMENSIONAL DUPIT'S FL.OW WITH RECHARGE

(1) The general case Consider an unconfined aquifer on a horizontal impervious
base situated between two water bodies with a difference in surface elevation, as shown
in Fig. 9.10. Further, there is a recharge at a constant rate of R m*/s per unit horizontal
area due to infiltration from the top of the aquifer. The aquifer is of infinite length and
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hence one dimensional method of analysis is adopted. A unit width of aquifer is con-
sidered for analysis.

*h? _ 2R

From Eq. (9.34 = 9.35
R ™ 9:35)

On integration with resprect to x twice,
W = —%XM Cx+C, (9.36)

where C; and C, are constants of integration

Uniform recharge = R

YYYYYYYYYYYYYYYYYYYY

Ground surface

Water table
v

= A

Upstream
water body

I
|
i

a1 —p- T Downstream

do —> 9x hy water body
Aquifer

permeability = K l

\
Xx=0 N\ Horizontal, impervious boundary

< L 3
<« >

Fig. 9.10 One Dimensional Dupit Flow with Recharge

The boundary conditions are:
(i) atx=0,h=h, hence, C,=h}

(i) atx=L, h=h, hence, h* —h%= —§L2+C1L

2
5%

or C =- 7

Thus Eq. (9.36) becomes

2
X (hg—hf—Rli j
Rx

W= - s - x+hy (9.37)

The water table is thus an ellipse represented by Eq. (9.37). The value of # will in
general rise above A, reaches a maximum at x = g and falls back to 4, at x = L as
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shown in Fig. 9.10. The value of a is obtained by equating Z_h =0, and is given by
x

h2 —h?
a L—KL 0 1] (9.38)

"2 R| 2L

The location x = a is called the water divide. Figure 9.10 shows the flow to the left of
the divide will be to the upstream water body and the flow to the right of the divide
will be to the downstream water body.

The discharge per unit width of aquifer at any location x is

(h2 K2 _Rsz
0 1
K
qx=—Kh—dh k| RN R

dx K 2L
g.= R(x—§)+£(hg — i) (9.39)
It is obvious the discharge g, varies with x. At the upstream water body, x = 0 and
Discharge 4o =Yc=0= — % + 2£L(hg - hlz) (9.40)
At the downstream water body, x = L and
G1=d- 1= B4 0~ ) =RL+ g, (9.40)

(2) Flow without recharge When there is no recharge, R = 0 and the flow simpli-
fies to that of steady one-dimensional flow in an unconfined aquifer as in Fig. 9.11.

Ground surface

Water table

Upstream
water body

Aquifer “Downstream
permeability = K water body

0 \Horizontal, impervious boundary
<—x—>‘
< L

Fig. 9.11 One Dimensional Unconfined Flow without Recharge

By putting R = 0 in Eq. (9.37), the equation of the water table is given by

2 o (hlz _th
- n) = | = | (9.41)
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This represents a parabola (known as Dupit s parabola) joining h, and h, on either
side of the aquifer.
Differentiating Eq. (9.41) with respect to x

dn _ (B =h)

2h—
dx L
The discharge ¢ per unit width of the aquifer is
h: —h?
q:,Khﬁ:(oil)K (9.42)
dx 2L

(3) Tile drain problem The provision of drains system is one of the most widely
used method of draining waterlogged areas, the object being to reduce the level of the
water table. Figure 9.12 shows a set of porous tile drains maintaining a constant re-
charge rate of R at the top ground surface.

Recharge rate = R

A Y Y Y Y Y Y Y Y Y Y Y Y Y y

Ground surface

- ¥

Aqui_fgr Water table
permeability = K

Tile drain

< L
\ Horizontal, impervious boundary

Fig.9.12 Tile Drains under a Constant Recharge Rate

An approximate expression to the water table profile can be obtained by Eq. (9.37)
by neglecting the depth of water in the drains, i.e. i, = #; = 0. The water table profile
will then be

= % (L—x)x (9.43)
The maximum height of the water table occurs at @ = L/2 and is of magnitude

h =§ RIK (9.44)

m

Considering a set of drains, since the flow is steady, the discharge entering a drain per
unit length of the drain is

g=2 (R %) ~RL (9.45)
ExampLE 9.4 Two parallel rivers A and B are separated by a land mass as shown in

Fig. 9.13. Estimate the seepage discharge from River A to River B per unit length of the
rivers.
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Ground surface

K1=25 m/day

< 3km >|
Fig. 9.13 Schematic Layout of Example 9.4

Sorution.  The aquifer system is considered as a composite of aquifers 1 and 2 with a
horizontal impervious boundary at the interface. This leads to the assumptions:
(a) aquifer 2 is a confined aquifer with K, = 10 m/day
(b) aquifer 1 is an unconfined aquifer with K; = 25 m/day
Consider a unit width of the aquifers.
For the confined aquifer 2:

—h
From Eq. (9.30) ¢, = (h%—l) KB
Here hy=35.0m, h; =15m,
L =3000 m, K, =10 m/day and B=10m
(35-15) 3 .
q, = 3000 x 10 X 10 = 0.667 m”/day per metre width
For the unconfined aquifer 1:
(hy =ht)
From Eq. (9.42), g, = —
q. ( ), 4, by
Here /hy=(35-10)=25m, hy=(15-10)=5m
L =3000 m, K, =25 m/day
(25)* - (5)° 3 .
q, = ————— % 25=2.5 m°/day per metre width
2 %3000

Total discharge from river A toriver B=¢g =g, + ¢,
=0.667 + 2.500 = 3.167 m*/day per unit length of the rivers

ExampLE 9.5 An unconfined aquifer (K = 5 m/day) situated on the top of a horizontal
impervious layer connects two parallel water bodies M and N which are 1200 m apart.
The water surface elevations of M and N, measured above the horizontal impervious bed,
are 10.00 m and 8.00 m. If a uniform recharge at the rate of 0.002 m’/day per m’ of
horizontal area occurs on the ground surface, estimate

(i) the water table profile
(ii) the location and elevation of the water table divide

(iii) the seepage discharges into the lakes and

(iv) the recharge rate at which the water table divide coincides with the upstream edge of the

aquifer and the total seepage flow per unit width of the aquifer at this recharge rate.
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Sorution.  Consider unit width of the aquifer
Referring to Fig. 9.14
hy=10.0 m,

h; =8.0m,
R = 0.002 m*/day/m?,

L =1200 m and K = 5 m/day.

y

, y
Ground surface

R =2 x 1073 m3/day/m?

Water table divide

Water table

>

Aquifer
v % K =5 m/day

x=0 a

x=L Horizontal
<~ [ =1200m———>|

impervious bed

Fig. 9.14 Schematic Layout—Example 9.5
(1) The water table profile:

(hZ _ hIZ _ RL2 J
2 0
By Eq. (9.37), h*= - Rx

7 x+h§
__ (o.ooz)x2 B

0.002 x (1200)?

L |10y — ()2 - 202X (2007 | e
5 1200 5

h? =-0.0004 x> + 0.45x + 100

(i) Location of water table divide:

From Eq. (9.38)

2x1200
Atx =a=562.5m, h = h,, = height of water table divide
n, =

2 2
. 1200_( 5.0 )[(lo) - (8) j=562.5m
2 0.002

0.0004 (562.5)% + 0.45 (562.5) + 100 = 226.56
and

h, = 22656 =15.05m
(iii) Discharge per unit width of the aquifer:

LY K ..o .
From Eq. (9.39) ¢, = R| x — = |+ —=(h? —
rom Eq. (9.39) ¢, (x 2) 2L(° h)
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B LK 2
Atx=0, - RE K 2 -
X 90 b 2L(0 )
—~(0.002 1200
_( ) S (107 = (8] =120+ 0075
2 2 %1200

qo =-1.125 m>/day per metre width
The negative sign indicates that the discharge is in (—x) direction, i.e. into the water body

M.
Atx=1L, q, = q; and from Eq. (9.40a) g; = RL + ¢,
Hence q, = discharge into water body N

=0.002 x 1200 + (—1.125) = 1.275 m*/day/m width.
(vi) when the distance of the water table divide a = 0:

L K[® K
From Eq. (9.36), a= =—-—|—2——L | =0
2 R\ 2L

L K(hg —h J
2 R\ 2L
R- Lﬁz(hg s 2562)2 [(10) —(8)? ]
=1.25 x 107* m*/day/m?>
Since a = 0, g, = 0 and by Eq. (9.40a)
9, =q,=RL
=1.25 x 107 x 1200 = 0.15 m*/day/m width.

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.

Consider the water in an unconfined aquifer being pumped at a constant rate from
awell. Prior to the pumping, the water level in the well indicates the static water table.
A lowering of this water level takes place on pumping. If the aquifer is homogeneous
and isotropic and the water table horizontal initially, due to the radial flow into the
well through the aquifer the water table assumes a conical shape called cone of de-
pression. 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 of
influence and its radial extent radius of influence (Fig. 9.15). At constant rate of pump-
ing, the drawdown curve develops gradually with time due to the withdrawal of water
from storage. This phase is called an unsteady flow as the water table elevation at a
given location near the well changes with time. On prolonged pumping, an equilib-
rium 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 con-
stant position with respect to time when the well is known to operate under stead)y-
flow conditions. 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
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is called recuperation or recovery and is an unsteady phenomenon. Recuperation time
depends upon the aquifer characteristics.

) Pumping well
Observation wells dia=2r,

= | Ground surface

Cone of
epression

l Well screen

(strainer) Unconfined aquifer

. Radius of
™ influence, R

IMPERVIOUS BOUNDARY

Fig.9.15 Well Operating in an Unconfined Aquifer, (definition sketch)

Changes similar to the above take place to a pumping well in a confined 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 con-
fined aquifers with considerable piezometric head, the recovery into the well takes
place at a very rapid rate.

9.8 STEADY FLOW INTO A WELL

Steady state groundwater problems are relatively simpler. Expressions for the steady
state radial flow into a well under both confined and unconfined aquifer conditions
are presented below.

CONFINED Q
FLOW Pumping well dia = 2r,, —>|T|<— Original piezometric surface

Figure 9.16 shows

a well completely Acuislud Piezometric surface
penetrating a hori- quiclude = under pumping
zontal confined H h hi  ho
aquifer of thick- o
ness B. Consider FI—> | : : T -

. ow h
the well to be dis- — | Confined " B <«
charging a steady — | aquifer Ly ¢ -
flow, Q. The origi- * <~ = , >
nal piezometric ¢2rw Aquiclude
head (static head) l——nR —>|<— ro>|

was H and the
drawdown due to Fig.9.16 Well Operating in a Confined Aquifer
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pumping is indicated in Fig. 9.16. The piezometric head at the pumping well is 4,, and
the drawdown s,,..
At a radial distance r from the well, if /4 is the piezometric head, the velocity of
flow by Darcy’s law is
dh

v,= k%
dr

The cylindrical surface through which this velocity occurs is 277 B. Hence by equat-
ing the discharge entering this surface to the well discharge,

0=Q zrB) (K@) Q_dr

= =dh
dr 2x KB r

Integrating between limits 7, and r, with the corresponding piezometric heads being
h, and h, respectively,

0 )
In= =(0,—h
27rKBnr1 (hy = hy)

0- 27KB(hy —hy)

or (9.46)
h
In—
yl
This is the equilibrium equation for the steady flow in a confined aquifer. This equa-
tion is popularly known as Thiem s equation.
If the drawdown s, and s, at the observation wells are known, then by noting that
sy, =H-h,s,=H—-hy,and KB=T
Equation (9.46) will read as
27T (s; —s
0= M (9.47)
B
In—=
i
Further, at the edge of the zone of influence, s = 0, r, = R and %, = H; at the well wall
ry="r,, h;=h, and s, =s,,. Equation (9.47) would then be
2xTs,,

0= Tnrr, (0-48)

Equation (9.47) or (9.48) can be used to estimate 7, and hence K, from pumping tests.
For the use of the equilibrium equation, Eq. (9.46) or its alternative forms, it is neces-
sary that the assumption of complete penetration of the well into the aquifer and steady
state of flow are satisfied.

ExampLE 9.6 A 30-cm diameter well completely penetrates a confined aquifer of per-
meability 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.

Sorution.  In this problem, referring to Fig. 9.16,
r,=0.15m R=300m 5,=3.0m B=20m
K =45/(60 x 60 x 24) = 5.208 x 10~ m/s
T=KB=10.416x 10° m?%s
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By Eq. (9.48)
27Ts,  27x10416x107° x3 3
0= = =0.02583 m*/s = 25.83 Ips = 1550 Ipm
In R/r,, 1300
0.15

ExampLE 9.7 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 9.6(b) if the
drawdown is increased to 4.5 m and all other data remain unchanged as in Example 9.6.

SoLUTION:
2xTs,,
a =
@ 9 InR/7,,
o) In R/r,,,
As T and s,, are constants, —_— =
0, In R/r,,
Putting R=300m Q, =1550 Ipm, ,, =0.15mand 7, =0.225m.
In300/0.15
0,=1550————— =1637 Ipm
In300/0.225
[Note that the discharge has increased by about 6% for 50% increase in the well diam-
eter.]
b 2xTs,,
®) ¢= InR/r,,
0 as,, for constant 7, R and r,,. Thus
o
QZ Sw2
0, =1550x 45 =2325 Ipm

[Note that the discharge increases linearly with the drawdown when other factors remain
constant.]

UNCONFINED FLOW

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 Dupit’s assumptions as indicated in Sec. 9.6 are made. In
the present case these are:

e For small inclinations of the free surface, the streamlines can be assumed to be
horizontal and the equipotentials are thus vertical.

e 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 ,, penetrating completely an extensive unconfined hori-

zontal aquifer as shown in Fig. 9.17. The well is pumping a discharge Q. At any radial
distance r, the velocity of radial flow into the well is
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<«<— Ground surface
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True water table under pumping Origina;water table
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Pumping well dia =2r, 34
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- [~ Water table by
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| | |
— | | | 2 Unconfined aquifer
Il
[
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L
© <— — ®
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|<— f—>|<— ro —>
< R ;I
¢
Fig.9.17 Radial Flow to a Well in an Unconfined Aquifer
i
dr

where 7 is the height of the water table above the aquifer bed at that location. For
steady flow, by continuity

0=QrrhyV,=2zrKh ‘;—h
5
or l@ :hdh
27K r

Integrating between limits »; and », where the water-table depths are /2, and /4, respec-
tively and on rearranging
7K (h —h?
= M (9.49)
5
In—
4l
This is the equilibrium equation for a well in an unconfined aquifer. As at the edge of
the zone of influence of radius R, H = saturated thickness of the aquifer, Eq. (9.49) can
be written as
7K (H? —h?)
0=——"-—">- (9.50)
mR
n
rW
where £, = depth of water in the pumping well of radius r,,.
Equations (9.49) and (9.50) can be used to estimate satisfactorily the discharge and
permeability of the aquifer by using field data. Calculations of the water-table profile

by Eq. (9.49), however, will not be accurate near the well because of Dupit’s
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assumptions. The water-table surface calculated by Eq. (9.49) which involved Dupit’s
assumption will be lower than the actual surface. The departure will be appreciable in
the immediate neighbourhood of the well (Fig. 9.17). In general, values of R in the
range 300 to 500 m can be assumed depending on the type of aquifer and operating
conditions 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 s,, = (H—h,,) is
small relative to H, then

H—h:=H+h)H-h)=2Hs,
Noting that 7= KH, Eq. (9.50) can be written as

2xTs,,
0= R (9.50a)
nf
rW
which is the same as Eq. (9.48). Similarly Eq. (9.49) can be written in terms of
sy =(H—hy)and s, =(H— h,) as
0- 27T (s; —5,)

B
In2
i
Equations (949a) and (9.50a) are approximate equations to be used only when Eq.
(9.49) or (9.50) cannot be used for lack of data. Equation (9.50a) over estimates the

discharge by [1/2 (H/s,, — 1)] % when compared to Eq. (9.50).

(9.492)

ExampLE 9.8 A 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 from the pumping well were found to be 3.5 and 2.0 m
respectively. Determine the transmissivity of the aquifer. What is the drawdown at the
pumping well?

SoLUTION!
1500107 ,
(a) = — =0.025m’/s
hy =40.0-2.0=38.0 ry=75m
h,=40.0-3.5=36.5m r=25m
From Eq. (9.49),
K (h22 - h12 )
B 1%
In=2

gt
K [(38)% —(36.5)?]
lnE

25
K=7.823x10"° m/s

T=KH=7.823x10°%x40=3.13x 10> m?s

0.025 =
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(b) At the pumping well, ,,=0.15m
7K (H} —h.)

Q:
A
In—
rW
Tx7.823%x107° [(36.5)* — h2
0,025 — [(36.5)" —hy, ]
25
In—=
0.15

W, =811.84 and h,=2849m

Drawdown at the well, 5, = 11.51m

9.9 OPEN WELLS

Open wells (also known as dug wells) are extensively used for drinking water supply
in rural communities and in small farming operations. They are best suited for shallow
and low yielding aquifers. In hard rocks the cross sections are circular or rectangular
in shape. They are generally sunk to a depth of about 10 m and are lined wherever
loose over burden is encountered. The flow into the well is through joints, fissures and
such other openings and is usually at the bottom/lower portions of the well. In
unconsolidated formations (e.g. alluvial soils) the wells are usually dug to a depth of
about 10 m below water table, circular in cross section and lined. The water entry into
these wells is from the bottom. These wells tap water in unconfined aquifers.

When the water in an open well is pumped out, the water level inside the well is
lowered. The difference in the water table elevation and the water level inside the well
is known as depression head. The flow discharge into the well (Q) is proportional to
the depression head (H), and is expressed as

0=KH (9.51)
where the proportionality constant K|, depends on the characteristic of the aquifer and
the area of the well. Also, since K, represents discharge per unit drawdown it is called
as specific capacity of the well. There is a critical depression head for a well beyond
which any higher depression head would cause dislodging of soil particles by the high
flow velocities. The discharge corresponding to the critical head is called as critical
or maximum yield. Allowing a factor of safety (normally 2.5 to 3.0) a working head is
specified and the corresponding yield from the well is known as safe yield.

RECUPERATION TEST The specific capacity K, of a well is determined from the
recuperation test -

. ~r~7” [t~ GL

described below. Y Water table
Let the well be =
d t H2 att=T jth

pumped at a con- " hatt
stant rate Q till a v
drawdown H, is =
obtained. Thepump Hiatt=0
is now stopped and
the well is allowed (h is measured +ve downward
to recuperate. The Ya T N from water table)
water depth in the . )
well is measured at Fig.9.18 Recuperation Test for Open well

various time intervals ¢ starting from the stopping of the well. Referring to Fig. 9.18,
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H, = drawdown at the start of recuperation, # =0

H, =drawdown at a time, ¢ =T,
h = drawdown at any time ¢

Ah = decrease in drawdown on time A¢

At any time ¢, the flow into the well O = K
In a time interval Az causing a small change Ak in the water level,

O -At=Kyh-At=—-A4 - Ah
where A is the area of the well. In differential form

A dh
A=, h
Integrating for a time interval 7,
Tr 2
'[dl‘ -4 @
0 Ko fy, h
4, H
- 2 In—L
T, X, nH2 (9.52)
K H
or = - Lln—1 (9.52a)
A T. H,

K
The term 70 = K, represents specific capacity per unit well area of the aquifer and

is essentially a property of the aquifer. Knowing H,, H, and the recuperation time 7,
for reaching H, from H|, and the specific capacity per unit well area is calculated by
Eq. (9.52a).

Usually the K, of an aquifer, determined by recuperation tests on one or more
wells, is used in designing further dug wells in that aquifer. However, when such infor-
mation is not available the following approximate values of K, given by Marriot, are

often used.
Type of sub-soil Value of K, in units of h!
Clay 0.25
Fine sand 0.50
Coarse sand 1.00

The yield Q from an open well under a depression head H is obtained as

O=K,4H (9.5a)
For dug wells with masonry sidewalls, it is usual to assume the flow is entirely from
the bottom and as such 4 in Eq. (9.51a) represents the bottom area of the well.

ExampLE 9.9 During the recuperation test of a 4.0 m open well a recuperation of the
depression head from 2.5 m to 1.25 m was found to take place in 90 minutes. Determine
the (i) specific capacity per unit well area and (ii) yield of the well for a safe drawdown of
2.5 m (iii) What would be the yield from a well of 5.0 m diameter for a drawdown of 2.25
m?
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Sorurion. A= %x (4.0)% =12.566 m?

Ky 1 H,
From Eq. (9.52a), — = — In—
A T H,
Here 7,=90 min=1.50 h, H, =2.5 m,and A, =1.25m
K,
Q) K= -2 = Lin23 o460
A 1.5 1.25

() O=K, A-H=0462x 12566 x2.5=14.52 m>h
(iii) A4, = %x(s.O)2 = 19.635
0 =K, x Ay x Hy= 0.462 x 19.635 x 2.25 = 20.415 m’/h

9.10 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 con-
figuration from the start of pumping till the attainment of equilibrium is in unsteady
regime and is described by Eq. (9.26).

In polar coordinates, Eq. (9.26), to represent the radial flow into a well, takes the
form

2
a2 ror T ot
Making the same assumptions as used in the derivation of the equilibrium formula

(Eq. 9.46), Thies (1935) obtained the solution of this equation as

4rT

s=(H-h)= ideu (9.54)

LU
where s = H — h = drawdown at a point distance  from the pumping well, A = initial
constant piezometric head, Q = constant rate of discharge, 7 = transmissibility of the
aquifer, u = a parameter = 7% S/4Tt, S = 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

Tt u? u’
W)= [“—du =-0577216 ~Inu+u— ——+——... (9.55)
. U 22! 33!

Table of W(u) are available in literature (e.g. Refs. 1, 9 and 10). Values of W(u) can be
easily calculated by the series (Eq. 9.55) to the required number of significant digits
which rarely exceed 4. For small values of u(u < 0.01), only the first two terms of the
series are adequate.

The solution of Eq. (9.54) to find the drawdown s for a given S, 7, , t and O can be
obtained in a straightforward manner. However, the estimation of the
aquifer constants S 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
semigraphical methods such as the use of Type curve’ 3 ? or by Chow’s method
described in literature!.
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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. 9.55). This assumption leads Eq. (9.54) to be expressed as

2
s= 2 | o572 -m”S
4xT AT¢

T
ie. s= 2 jp[22T (9.56)
4xT r2 S
If s, and s, are drawdowns at times ¢, and ¢,,
0 4
-5 = In— 9.57
(s2=8)= tl (9.57)

If the 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 coeffi-

cient S to be determined. From Eq. (9.54), when s = 0,
2.25T¢,

S

22574,

1’2

or (9.58)

Time since start (min)

1 10 100 1000
|<—t0>|
4

0

1 N

Drawdown (m)

fo=2.5 min

Fig.9.19 Time - Drawdown Plot—Example 9.10
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in which #, = time corresponding to “zero” drawdown obtained by extrapolating the
straight-line portion of the semi-log curve of s vs ¢ (Fig. 9.19). It is important to re-
member that the above approximate method proposed by Jacob assumes u to be very
small.

DRrRAWDOWN TEST Equations (9.56 and 9.57) relating drawdown s with time ¢
and aquifer properties is used to evaluate formation constants S and 7 through pump-
ing test. The method is known as drawdown test.

Procedure: An observation well at a distance » from the production well is selected.
The pumping is started and the discharge is maintained at a constant value (Q) through-
out the test. Values of the drawdown s are read at the observation well at various times,
t. The time intervals between successive readings could progressively increase to cut
down on the number of observations. The pumping is continued till nearly steady state
conditions are reached. This may take about 12 to 36 hours depending on the aquifer
characteristics. The best values of S and T are obtained from Egs. 9.56 and 9.57 through
semi-log plot of s against time ¢.

ExampLe 9.10 A 30-cm well penetrating a confined aquifer is pumped at a rate of
a 1200 Ipm. The drawdown at an observation well at a radial distance of 30 m is as
follows:

Time from start (min) 1.0 2.5 5 10 20 50 100 200 500 1000
Drawdown (m) 02 05 08 12 18 25 30 37 44 50

Calculate the aquifer parameters S and T.

Sorutrion.  The drawdown is plotted against time on a semilog plot (Fig. 9.19). 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 §=0,t=1=25min=150s

sy =3.1 mat¢ =100 min

s, =5.0 m at ¢, = 1000 min
Also, 0 = 1200 Ipm = 0.02 m%s
From Eq. (9.57)

0 b
S,—s; = ——In—
47T 4
(5.0-3.1)= —202 ;1000
4xxxT 100
_0.02 _ 33 _ 5
T=—"—In10 =1.929 X 10~ m”/s/m = 1.67 x 10° Ipd/m
4rx1.9

From Eq. (9.58),
225T1,  2.25%1.929x107 x150

72 (30)?
ie. S=723x10"

ExampLe 9.11 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 lpm, calcu-
late the drawdown at a distance of (a) 100 m and (b) 50 m from the well after 20 h of

pumping.
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SOoLUTION.
(a) T=KB=—2_%25 =868 x 10~ m¥s
86400
22 (100)? x (0.005)
u

= = =0.02
4Tt 4x(8.68x1073)x(20x 60 x 60)
Using Theis method and calculating W(u) to four significant digits,

(0.02)>  (0.02)°
W(u) = —0.5772 — In (0.02) + (0.02) — ———— + —

22! 3.3
=-0.5772 +3.9120 + 0.02 — 0.0001 + 4.4 x 1077 = 3.3547
0
Si00= ——W (u
0= 7 (u)
_ (1'750)x L X3.3547 —0.897 m
60 47(8.68x107)

(50)% x (0.005)
0.005

4x(8.68x107)x (20X 60X 60)
W(u) = —0.5772 — In 0.005 + 0.005 = 4.726

S5 = (1‘750)x 1 X 4.726 =1.264 m
60 47(8.68x107)

(Note that for small values of u, i.e. u <0.01, W(u) = —0.5772 — In u).

(b) r=50m,u=

RECOVERY OF PIEZOMETRIC HEAD

Consider a well pum-
ped at constant rate of
Q. Let s, be the draw- — > Time
down at an observation
well near the well in
time ¢,. If the pumping
is stopped at the instant
when the time is #;, the
ground water flow into
the cone of depression
will continue at the
samerate Q. Since there < Pumping :Recover:y
is not withdrawal now,
the water level in the
observation well will
begin to rise and the drawdown will begin to decrease. This is known as the recovery
of the cone of depression. The variation of the water level with time during pumping
and in the recovery phase is shown in Fig. 9.20.

The drawdown at the observation well at any time ¢~ after the cessation of the
pumping is known as residual drawdown and can be calculated as

Discharge = Q

Drawdown —<«——
o

O —>
:\‘Q—>

L

' —>

< t >

Y

Fig. 9.20 Variation of Piezometric Head in Pump-
ing and Recovery Head
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§ = L[W(u)—W(u')] (9.59)
47T
2 2
where u= 235 andu' = 15
AxTt AxTt’
t=t, + ¢ = time from start of pump and ¢ = time since stoppage of pumping (start

of recovery).
For small values of r and large values of # Eq. (9.59) can be approximated as
4xT ¢ 4r T t
The plot of residual drawdown s” vs (#/t") on semi-log paper represents a straight line

L 23020
with its slope as .
4T

N

RECOVERY TEST The relationship of the residual recovery given by Eq. (9.60) is
used as a method of assessing the transmissibility 7 of the aquifer. The procedure is
known as Recovery test. In this test, the pump is run at constant discharge rate for a
sufficiently long time ¢#,, and then stopped. The value of ¢, depends on the type of
aquifer and aquifer characteristics and may range from 12 to 24 hours. The recovery
of water level s’ in an observation well situated at a distance » from the production
well is noted down at various times (). In view of the logarithmic nature of the vari-
ation of residual drawdown with the time ratio (#/¢'), the time intervals between suc-
cessive readings could progressively increase, When observation wells are not avail-
able, the recovery water levels can be observed in the production well itself and this is
a positive advantage of this test.

The value of transmissibility T is calculated from plot of s” against (#/¢') on semi-
log axes.

It is to be noted that the recovery test data does not enable the determination of the
storage coefficient S.

ExampLE 9.12 Recovery test on a well in a confined aquifer yielded the following
data:
Pumping was at a uniform rate of 1200 m*/day and was stopped after 210 minutes of
pumping. Recovery data was as shown below:

Time since stoppage of pump (min) 2 5 10 20 40 90 150 210
Residual drawdown (m) 0.70 0.55 0.45 0.30 0.25 0.19 0.15 0.10

Sorution. Here since t; =210 min, t=1¢, +¢' =210+ ¢
The time ratio #/¢’ is calculated (as shown in the table below) and a semi-log plot of s” vs
t/t’ is plotted (Fig. 9.21).

t 2 5 10 20 40 90 150 210
t 212 215 220 240 250 300 360 420
' 106 43 22 1.5 625 333 240 20
s’ 070 055 045 030 025 0.19 0.15 0.10
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Fig.9.21 Plot of residual drawdown against time ratio (¢/t") —Example 9.12

A best fitting straight line through the plotted points is given by the equation
s"=0.1461 In (¢/¢) — 0.0027

By Eq. (9.60), Slope of best fit line = 0.1461 = %
b3
= 1200 _ 54 gy
0.1461x4r

9.11 WELL LOSS

In a pumping artesian bumi | Q
well, the total draw- umping we f
down at the well s,,, can Original piezometric surface

Land surface

be considered to be I
made up of three parts: ! T /
1. Head drop re- Drawdown curve =7 -cQ

quired to cause Water level

laminar porous in the well \ —J oyel l H
media flow, cal-

led formatl.on Flow, | | Confined aquifer | <—
loss, s, (Fig. [ Y
9.22);

2. drop of piezo-
metric head re-
quired to sustain turbulent flow in the region nearest to the well where the
Reynolds number may be larger than unity, s,,,; and

3. head loss through the well screen and casing, s,,,..

Of these three,

Syr Q and (Swt and ch) o< Q2
thus s, = C,0+ C,0° (9.61)
where C, and C, are constants for the given well (Fig. 9.21). While the first term C,Q
is the formation loss the second terms C,0” is termed well loss.

The magnitude of a well loss has an important bearing on the pump efficiency.

Abnormally high value of well loss indicates clogging of well screens, etc. and requires

Impervious

Fig.9.22 Definition Sketch for Well Loss
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immediate remedial action. The coefficients C; and C, are determined by pump test
data of drawdown for various discharges.

9.12 SPECIFIC CAPACITY

The discharge per unit drawdown at the well (Q/s,,) 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 Eq. (9.48).
9 2z
s,  InRMr,
However, for common case of a well discharging at a constant rate Q under unsteady
drawdown conditions, the specific capacity is given by

ie. Ols,, T

g = 1 (9.62)
Sy 1 225Tt

—Inh—+GC,0

4T 2.

where ¢ = time after the start of pvlvlmping. The term C,Q is to account for well loss. It
can be seen that the specific capacity depends upon T s, ¢, r,, and Q. Further, for a
given well it is not a constant but decreases with increases in Q and ¢.

9.13 RECHARGE

Addition of surface water to zone of saturation is known as recharge. Recharge taking
place naturally as a part of hydrologic cycle is called natural recharge while the proc-
ess of increasing infiltration of surface water to groundwater systems by altering natu-
ral conditions is known as artificial recharge.

NATURAL RECHARGE

The amount of precipitation that infiltrates into the soil and reaches the zone of satu-
ration is an important component of natural recharge. Seepage from irrigated lands is
another important component of recharge of groundwater. In this process the infiltra-
tion phase is natural while the supply of water to the irrigated lands is through artifi-
cial means and as such it is sometimes called as incidental recharge. Other means of
natural recharge are seepage from reservoirs; rivers, streams and canals; and other
water bodies. Estimation of recharge rates of aquifers is an important component of
groundwater resource estimation and in proper utilization of groundwater.

ARTIFICIAL RECHARGE

The process of artificially enhancing the amount of water recharging the aquifer in a
given location is known as artificial recharge. In the face of present-day large
demands for groundwater artificial recharge is resorted to

e Conserve runoff

e Improve quantity of available groundwater

e Reduce or correct saltwater intrusion.
Various recharging methods commonly adopted are

e Spreading [Flooding, Basin, Ditch, Pit & Channel]

e Through injection wells

e Induced recharge from surface water bodies
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e Subsurface dykes
e Percolation tanks, Check dams, Nala bunds and other watershed treatment methods.

ESTIMATION OF RECHARGE

Groundwater Resource Estimation Committee!! (GEC-97) recommends two ap-
proaches to assessment of recharge to groundwater. These are (i) Groundwater level
fluctuation method, and (ii) Rainfall infiltration factor method.

(1) GROUNDWATER LEVEL FLUCTUATION AND SPECIFIC YIELD METHOD

In this method the groundwater level fluctuations over a period (usually a monsoon
season) is used along with the specific yield to calculate the increase in storage in the
water balance equation. Thus for a given area of extent 4 (usually a watershed), for a
water level fluctuation of / during a monsoon season,

hS,A=Rg—Dg-B+I+1 (9.63)
where S, = specific yield
R = gross recharge due to rainfall and other sources
D, = gross water draft
B = base flow into the stream from the area
1, = recharge from the stream into the ground water body
I=net ground water flow into the area across the boundary (i.e.
inflow — outflow)
Writing R=R; - B+ 1+
Eq. 9.63 wouldbe R=h S§,4 - D (9.64)

where R = possible recharge, which is gross recharge minus the natural recharge of the
area, and would consist of other recharge factors as
R=R, +R,, +R,;+R, (9.65)
where R, = recharge from rainfall
R,,, = recharge from irrigation in the area (includes both surface and ground
water sources)
R,,; = recharge from water conservation structures
R, = recharge from tanks and ponds
Computations, using Eq. (9.63) through (9.65) are usually based on the monsoon sea-
son rainfall and corresponding groundwater fluctuation covering a span of 30 to 50
years to obtain normal monsoon recharge due to rainfall. The recharge in non-monsoon
months is taken as zero if rainfall in non-monsoon months is less than 10% of normal
annual rainfall. The computation for calculating the total annual recharge is carried
out for both monsoon months and non-monsoon months and the total annual recharge
is obtained as a sum of these two.
The specific yield for various hydrogeologic conditions in the country is estimated
through norms given in Table 9.5.

(2) RAINFALL INFILTRATION METHOD In areas where ground water level moni-
toring is not adequate in space and time, rainfall infiltration method may be used. The
recharge from rainfall in monsoon season is taken as a percentage of normal monsoon
rainfall in the area.
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R, =fAP,, (9.66)
R, = recharge from rainfall in monsoon season
Jf = rainfall infiltration factor
P,,, = normal rainfall in monsoon season

A = area of computation for reacharge.

Table 9.5 Norms for Specific Yield (S, in percentage)

No.

Description of the area Recommended Minimum Maximum
value value value

Alluvial areas

Sandy alluvium 16 12 20
Silty alluvium 10 8 12
Clayey alluvium 6 4 8
Hard Rock Areas

Weathered granite, gneiss and schist

¢ with low clay content 3.0 2.0 4.0
e with significant clay content 1.5 1.0 2.0
Weathered or vesicular, jointed basalt 2.0 1.0 3.0
Laterite 2.5 2.0 3.0
Sandstone 3.0 1.0 5.0
Quartzite 1.5 1.0 2.0
Limestone 2.0 1.0 3.0
Karstified limestone 8.0 5.0 15.0
Phyllites, Shales 1.5 1.0 2.0
Massive, poorly fractured rock 0.3 0.2 0.5

The norms for the rainfall factor f for various hydrogeological situations in the coun-
try are given in the following table.

Table 9.6 Norms for Selection of Rainfall Factor f

No. Area Value of fin percentage
Recommended Minimum Maximum
value value value
1  Alluvial areas
e Indo-Gangetic and inland areas 22 20 25
o East coast 16 20 18
o West coast 10 8 12
2  Hard Rock Areas
o Weathered granite, gneiss and
schist with low clay content 11 10 12
o Weathered granite, gneiss and
schist with significant clay
content 8 5 9
o Granulite facies like
charnokite etc. 5 4 6
e Vesicular and jointed basalt 8 5 9

(Contd.)
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(Contd.)

o Weathered basalt 5 4 6
e [aterite 13 12 14
e Semi-consolidated sand stone 7 6 8
e Consolidated sand stone,

quartzite, limestone (except

cavernous limestone) 7 6 8
e Phyllites, Shales 12 10 14
e Massive poorly fractured rocks 6 5 7

The same factors are used for non-monsoon months also with the condition that the
recharge is taken as zero if the normal rainfall in non-monsoon season is less than 10%
of normal annual rainfall.

Recharge from sources other than rainfall are also estimated by using appropriate
factors (e.g., Tables 9.7, 9.8 and 9.9). The total recharge is obtained as the sum of
recharge from rainfall and recharge from other sources.

RECHARGE DUE TO SEEPAGE FROM CANALS When actual specific values
are not available, the following norms may be adopted:

Table 9.7 Recharge due to Seepage from Canals

1 Unlined canals in sandy soils with e 1.8 to 2.5 cumec/million sq.m
some silt content of wetted area or
e 15-20 ha.m/day/million sq. m
of wetted area
2 Unlined canals in normal soils with e 3 to 3.5 cumec/million sq. m of
some silt content wetted area or
e 25-30 ha.m/day/million sq. m
of wetted area
3 Lines canals and canals in hard rock e 20% of above values for unlined
areas canals

RECHARGE FROM IRRIGATION The recharge due to flow from irrigation may be
estimated, based on the source of irrigation (ground water or surface water), the type
of crop and the depth of water table below ground level through the use of normal
given below:

Table 9.8 Recharge from Irrigation

Source of Irrigation Type of Crop Recharge as percentage application
Water table below Ground level
<10 m 10-25 m >25m

Ground water Non-paddy 25 15 5

Surface water Non-paddy 30 20 10
Ground water Paddy 45 35 20
Surface water Paddy 50 40 25

RECHARGE FROM WATER HARVESTING STRUCTURES The following norms
are commonly followed in the estimation of recharge from water harvesting structures:
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Table 9.9 Recharge factors for Tanks and other Water Harvesting Structures

S. No.  Structure Recharge Factor
1 Recharge from Storage Tanks/ 1.4 mm/day for the period in which the tank
Ponds has water, based on the average area of water

spread. If the data on average water spread is
not available, 60% of the maximum water
spread area may be used.

2 Recharge from Percolation 50% of gross storage, considering the number
Tanks of fillings. Half this value of recharge is assumed
to be occurring during monsoon season.
3 Recharge due to Check dams 50% of gross storage. Half the value of recharge
and Nala bunds. is assumed to be occurring during monsoon
season.

Detailed procedure for the estimation of Groundwater resources of an area under In-
dian conditions available in Ref. 11.

9.14 GROUNDWATER RESOURCE

The quantum of groundwater available in a basin is dependent on the inflows and
discharges at various points. The interrelationship between inflows, outflows and ac-
cumulation is expressed by the water budget equation

SITAt—-XQAt=AS (9.67)
where X I At represents all forms of recharge and includes contribution by precipitation;
infiltration from lakes, streams and canals; and artificial recharge, if any, in the basin.

X O At represents the net discharge of groundwater from the basin and includes
pumping, surface outflows, seepage into lakes and rivers and evapotrans-piration. AS
indicates the change in the groundwater storage in the basin over a time At.

Considering a sufficiently long time interval, Af of the order of a year, the capabil-
ity of the groundwater storage to yield the desired demand and its consequences 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 problems such as drying up of open wells and surface storages like swamps
and ponds and 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 car-
ried without producing undesirable results is termed safe yield. This is a general term
whose implication depends on the desired objective. The “undesirable” results in-
clude (i) permanent lowering of the groundwater table or piezometric head, (ii) maxi-
mum drawdown exceeding a preset limit leading to inefficient operation of wells, and
(iii) salt-water encroachment in a coastal aquifer. Depending upon what undesirable
effect is to be avoided, a safe yield for a basin can be identified.

The permanent withdrawal of groundwater from storage is known as mining as it
connotes a depletion of a resource in a manner similar to the exploitation of mineral
resource.

The total groundwater resource of a region can be visualized as being made up of
two components: Dynamic resource and Static resource. The dynamic resource
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represents the safe yield, which is essentially the annual recharge less the un-avoidable
natural discharge. The static resource is the groundwater storage available in the pores
of the aquifer and its exploitation by mining leads to permanent depletion. Generally
the static resource is many times larger than the dynamic resource. However, mining is
resorted to only in case of emergencies such as droughts etc. and in exceptional cases
of planned water resources development. In essence, it is a resource to be used in
emergency. As such, the utilisable groundwater resource of a region is the safe yield at
a given state of development. It is often said, in a general sense, that the water resource
is a replenishable resource. So far as the groundwater resource is concerned, only the
dynamic component is replenishable and the static component is non-replenishable.

The annual utilisable groundwater resource of a region is computed by using the

water budget method. The total annual recharge is made up of:
rainfall recharge
seepage from canals
deep percolation from irrigated areas
inflow from influent streams etc.
recharge from tanks, lakes, submerged lands, and
e artificial recharge schemes, if any.
The groundwater losses from aquifers occur due to

e outflow to rivers

e transpiration by trees and other vegetation

e evaporation from the water table

The difference between the enumerated annual recharges and the losses as above is
the annual groundwater resource which is available for irrigation, domestic and indus-
trial uses. It should be noted that with the growth in the expansion of canal irrigation
the groundwater resources also grow. Further, increase in the recharge of surface wa-
ters through artificial methods would also enhance the groundwater resources.

The National water policy (1987) stipulates:

e Exploitation of the groundwater resources should be so regulated as not to ex-
ceed the recharging possibilities, as also to ensure social equity. Groundwater
recharge projects should be developed and implemented for augmenting the
available supplies.

e There should be periodical reassessment on a scientific basis of the groundwater
resources taking into consideration the quality of the water available and eco-
nomic viability.

CATEGORIES OF GROUNDWATER DEVELOPMENT

The groundwater development in areas are categorized as safe, semi-critical and criti-
cal based on the stage of groundwater development and long-term trend of pre and
post-monsoon groundwater levels.

Category % of groundwater Long term decline of pre & post-
development monsoon groundwater levels

Safe <70% Not significant

Semi-critical 70% to 90% Significant

Critical 90% to 100% Significant

Over exploited > 100% Significant
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GROUNDWATER RESOURCES OF INDIA

The National Commission on Agriculture (1976) estimated the groundwater resources
at 350 km?, of which 260 km® was available for irrigation. The groundwater over
exploitation committee (1979) estimated the groundwater potential as 467.9 km®. The
Groundwater estimation committee (1984) suggested a suitable methodology for esti-
mation of groundwater. Using these norms CGWB (1955) has estimated the total
replenishable groundwater potential of the country (dynamic) at 431.89 km®. The
statewise and basinwise estimates of dynamic groundwater (fresh) resource made by

CGWB (1995) are given in Tables 9.10 and 9.11.

363

Table 9.10 State-wise Dynamic Fresh Groundwater Resource

S. No. States

Total
Replenishable
Groundwater
Resource from
Normal Natural
Recharge

Total
Replenishable
Groundwater

Total
Replenishable
Groundwater

Resource due to Resource

Recharge Aug-
mentation from

Canal Irrigation

Km? per year

Km? per year

Km? per year

0NN LN AW~

O

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26

Andhra Pradesh
Arunachal Pradesh
Assam

Bihar

Goa

Gujarat

Haryana
Himachal Pradesh
Jammu and Kashmir
Karnataka

Kerala

Madhya Pradesh
Mabharashtra
Manipur
Meghalaya
Mizoram
Nagaland

Orissa

Punjab

Rajasthan

Sikkim

Tamil Nadu
Tripura

Uttar Pradesh
West Bengal
Union Territories
Total

20.03
1.44
24.23
28.31
0.18
16.38
4.73
0.29
243
14.18
6.63
45.29
33.40
3.15
0.54

0.72
16.49
9.47
10.98

18.91
0.57
63.43
20.30
0.35
342.43

15.26
0.00
0.49
5.21
0.03
4.00
3.80
0.28
2.00
2.01
1.27
5.60
4.47
0.00
0.00

Not Assessed
0.00
3.52
9.19
1.72

Not Assessed
7.48
0.10

20.39
2.79
0.05

89.46

35.29
1.44
24.72
33.52
0.21
20.38
8.53
.037
4.43
16.19
7.90
50.89
37.87
3.15
0.54

0.72
20.01
18.66
12.70

26.39
0.67
83.82
23.09
0.40
431.89

[Source: Ref. 12]
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Table9.11 Basinwise Dynamic Fresh Groundwater Resource® (Unit: km?/ year)

S. No. River Basin Total Total Total
Replenishable  Replenishable Repleni-
Groundwater Groundwater shable

Resource from  Resource due to  Ground-
Normal Natural Recharge Aug-  water

Recharge mentation from Resource
Canal Irrigation
1 Indus 14.29 12.21 26.50
2 Ganga-Brahmaputra-
Meghna Basin
2a Ganga sub-basin 136.47 35.10 171.57
2b Brahmaputra sub-basin 25.72 0.83 26.55
and
2¢ Meghna (Barak) sub-basin 8.52 0.00 8.52
3 Subarnarekha 1.68 0.12 1.80
4 Brahmani-Baitarani 3.35 0.70 4.05
5 Mahanadi 13.64 2.86 16.50
6  Godavari 33.48 7.12 40.60
7  Krishna 19.88 6.52 26.40
8  Pennar 4.04 0.89 4.93
9  Cauvery 8.79 3.51 12.30
10  Tapi 6.67 1.6 8.27
11  Narmada 9.38 1.42 10.80
12 Mahi 3.50 0.50 4.00
13 Sabarmati 2.90 0.30 3.20
14 West flowing rivers of
Kutchch and Saurashtra 9.10 2.10 11.20
15  West flowing rivers south of
Tapi 17.70 2.15 15.55
16  West flowing rivers between
Mahanadi and Godavari
17  East flowing rivers between
Godavari and Krishna [12.82] [5.98] [18.80]
18  East flowing rivers between
Krishna and Pennar
19  East flowing rivers between
Pennar and Cauvery [18.20] [5.55] [12.65]
20  East flowing rivers south of
Cauvery
21  Area North of Ladakh no
draining into India Not Assessed
22 Rivers draining into
Bangladesh Not Assessed
23 Rivers draining into
Myanmar Not Assessed

24 Drainage areas of Andaman,
Nicobar and Lakshadweep
islands Not Assessed
Total 342.43 89.46 431.89
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It is seen from Tables 9.10 and 9.11 though the rainfall is the principal source of
recharge, the contribution of canal seepage and irrigation return flows has also been
significant in some states. The contributions are more than 40% in states of Punjab,
Haryana, J&K and Andhra Pradesh.

Groundwater extraction by individuals, organizations and local bodies has become
a common phenomenon. Consequently, there is considerable development and utili-
zation of available groundwater sources. Further, the level of extraction has reached
critical or over-exploitation level in several pockets in many states. Table 9.12 gives a
list of states with considerable exploitation groundwater resources.

Table 9.12 States with more than 40% Groundwater Development"

State Percent area Level of Groundwater
over-exploited development

Punjab 52 94

Haryana 42 84

Rajasthan 19 51

Tamil Nadu 14 61

Gujarat 6 42

UTILIZABLE GROUNDWATER RESOURCES

As seen from Table 9.10 or 9.11, the sum total of potential for natural recharge from
rainfall and due to recharge augmentation from canal irrigation system in the country
431.9 km?/year. The utilizable groundwater potential is calculated as 396 km®/year as

below:

1. Total replenishable groundwater potential =432 km’/year
2. Provision for domestic drinking water and other

uses @ 15% of item 1 =71 km®/year
3. Utilizable groundwater resource for irrigation

@ 90% of (item 1 — item 2) =325 km®/year
4. Total utilizable dynamic groundwater resource

(Sum of items 2 and 3) =396 km3/year

9.15 GROUNDWATER MONITORING NETWORK IN INDIA

The Central Groundwater Board monitors the ground water levels from a network of
about 15000 stations (mostly dug wells selected from existing dug wells evenly dis-
tributed throughout in the country). Dug wells are being replaced by piezometers for
water level monitoring. Measurements of water levels are taken at these stations four
times in a year in the months of January, April/May, August and November. The
groundwater samples are also collected during April/May measurements for chemi-
cals analyses every year.

The data so generated are used to prepare maps of groundwater level depths, water
level contours and changes in water levels during different periods and years. Deeper
groundwater level of over 50 metres is observed in Peidmont aquifer in Bhabar belt in
foot hills of Himalayas. In Western Rajasthan ground water levels have depths rang-
ing from 20 to 100 metres. In peninsular region, water levels range from 5 to 20
metres below land surface.



The McGraw-Hill Companies

366 Engineering Hydrology

W=

AR S

10.
11.

12.

: REFERENCES |

Bauwer, H., Groundwater Hydrology. McGraw-Hill’ Kogakusha, Tokyo, 1978.

Bear, J., Hydraulics of Groundwater, McGraw-Hill, New York, 1979.

Central Water Commission, Water Resources of India, CWC Pub. No. 30/88, April 1988,
CWC, New Delhi, India.

Davis, S.N. and R.J. M. DeWiest, Hydrogeology, John Wiley and Sons; New York, 1966.
Halek, V. and J. Svec, Groundwater Hydraulics, Elsevier, Amsterdam, 1979.

Marino, M.A. and J.N. Luthin, Seepage and Groundwater, Elsevier, Amsterdam, 1982.
Polubarinova Kochina, P.Y., Theory of Groundwater Movement, English Trans. by R.J.M.
Dewiest, Princeton Univ. Press, Princeton, 1962.

Taylor, D.W., Fundamentals of Soil Mechanics, John Wiley and Sons, New York, 1956.
Todd, D.K., Groundwater Hydrology, John Wiley and Sons, New York, 1958,

Walton, W.C., Groundwater Resource Evaluation, McGraw-Hill, Kogakusha, Tokyo, 1970.
Ministry of Water Resources, GOI, Report of the Groundwater Resources Estimation
Committee, Groundwater Resource Estimation Methodology, New Delhi, June 1997.
Min. of Water Resources, GOI, Report of the National Commission for Integrated Water
Resources Development, Vol. 1, New Delhi, Sept. 1999.

9.1

9.2

9.3

9.4

9.5

9.6

9.7

9.8

9.9

9.10

9.11
9.12

: RevisioN QUESTIONS |
Explain briefly the following terms as used in groundwater flow studies

(a) Specific yield (b) Storage coefficient

(c) Specific capacity (d) Barometric efficiency

Distinguish between

(a) Agquifer and aquitard (b) Unconfined aquifer and a leaky aquifer
(c) Influent and effluent streams (d) Water table and piezometric surface

(e) Specific capacity of a well and the specific yield of an aquifer
Explain the following
(a) Perched water table (b) Intrinsic permeability
(c) Bulk pore velocity (d) Well loss (e) Recharge
Discuss the geological formations in India which have potential as aquifers.
Explain the behaviour of water level in wells in confined aquifers due to changes in the
atmospheric pressure.
Develop the equation relating the steady state discharge from a well in an unconfined
aquifer and depths of water table at two known positions from the well. State clearly all
the assumptions involved in your derivation.
What are Dupit’s assumptions? Starting from an elementary prism of fluid bounded by a
water table, show that for the steady one-dimensional unconfined groundwater flow
with a recharge rate R, the basic differential equation is

&h _ 2R

ox? K
where K = permeability of the porous medium.
Sketch a typical infiltration gallery. Calculate the discharge per unit length of the infil-
tration gallery by making suitable assumptions. State clearly the assumptions made.
Derive the basic differential equation of unsteady groundwater flow in a confined aqui-
fer. State clearly the assumptions involved.
Describe a procedure by using Jacob’s method to calculate the aquifer parameters of a
confined aquifer by using the well pumping test data.
Describe the recovery test to estimate the transmissivity of a confined aquifer.
The aquifer properties S and 7 of a confined aquifer in which a well is driven are known.
Explain a procedure to calculate the drawdown at a location away from the well at any
instant of time after the pump has started.
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9.13

9.14
9.15

9.16

Explain briefly
(a) Safe yield of an aquifer (b) Mining of water
(c) Recharge estimation (d) Groundwater estimation

Discuss the principle of recuperation test of an open well.

What are the commonly used methods to assess the recharge of groundwater in an area?
Explain briefly any one of the methods.

Describe the groundwater resources of india and its utilization.

9.1

9.2

9.3

9.4

9.5

9.6

9.7

: PROBLEMS |

In a laboratory test of an aquifer material a fully saturated sample of volume
5 litres was taken and its initial weight of 105 N was recorded. When allowed to drain
completely it recorded a weight of 97 N. The sample was then crushed, dried and then
weighed. A weight of 93 N was recorded at this stage. Calculate the specific yield and
relative density of the solids. (Assume unit weight of water y=9.79 kN/m?)

A confined aquifer is 25 m thick and 2 km wide. Two observation wells located
2 km 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
aquifer 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 water-table elevations in these wells were 0.85 m and the
porosity of the aquifer is 20% calculate the coefficient of permeability of the aquifer.
A confined aquifer has a thickness of 30 m and a porosity of 32%. If the bulk modulus of
elasticity of water and the formation material are 2.2 x 10° and 7800 N/cm? respectively,
calcuate (a) the storage coefficient, and (b) the barometric efficiency of the aquifer.

An extensive aquifer is known to have a groundwater flow in N 30° E direction. Three
wells 4, B and C are drilled to tap this aquifer. The well B is to East of 4 and the well C
is to North of 4. The following are the data regarding these wells:

Distance (m) Well Ground surface ‘Water table
elevation (m above elevation (m
datum) above datum)
A 160.00 157.00
AB =800 m B 159.00 156.50
AC =2000 m C 158.00 ?

Estimate the elevation of water table at well C when the wells are not pumping.

A confined stratified aquifer has a total thickness of 12 m and is made up of three layers.
The bottom layer has a coefficient of permeability of 30 m/day and a thickness of 5.0 m.
The middle and top layers have permeability of 20 m/day and 45 m/day respectively and
are of equal thickness. Calculate the transmissivity of the confined aquifer and the equiva-
lent permeability, if the flow is along the stratification.

A pipe of 1.2 m diameter was provided in a reservoir to act as an outlet. Due to disuse,
it was buried and completely clogged up for some length by sediment. Measurements
indicated the presence of fine sand (K, = 10 m/day) deposit for a length of 100 m, at the
upstream end and of coarse sand (K, = 50 m/day) at the downstream end for a length of
50 m. In between these two layers the presence of silty sand (K; = 0.10 m/day) for some
length is identified. For a head difference of 20 m on either side of the clogged length the
seepage discharge is found to be 0.8 m*/day. Estimate the length of the pipe filled up by
silty sand.



The McGraw-Hill Companies |

368 Engineering Hydrology

9.8

9.9

9.10

A confined horizontal aquifer of thickness 15 m and permeability K = 20 m/day, con-
nects two reservoirs M and N situated 1.5 km apart. The elevations of the water surface
in reservoirs M and N measured from the top of the aquifer, are 30.00 m and 10.00 m
respectively. If the reservoir M is polluted by a contaminant suddenly, how long will it
take the contaminant to reach the reservoir N? Assume the porosity of the aquifer n = 0.30.
An Infiltration gallery taps an unconfined aquifer (K = 50 m/day) situated over a hori-
zontal impervious bed (Fig. 9.23). For the flow conditions shown, estimate the dis-
charge collected per unit length of the gallery.

Ground surface

Water table K= 50 m/day

~— Infiltration gallery

<€ 150 m ! ! 150 m 7( ’!
Horizontal, impervious bed

Fig. 9.23 Schematic Layout of Problem 9.9

An unconfined aquifer has infiltration of irrigation water at a uniform rate R at the
ground surface. Two open ditches, as shown in Fig. 9.24, keep the water table in equilib-
rium. Show that the spacing L of the drains is related as

4K
2= T[hfq —hy +2D(h, —hy)]

where K = coefficient of permeability of the aquifer. Neglect the width of drains.
[Note: This relation is known as Hooghoudt'’s equation for either open ditch or sub-
surface drains. When /4, = 0 and D = 0, this equation reduces to Eq. (9.44).]

R I R R

Infiltration R m?%s per m2
Ground surface
Aquifer permeability = K

Water table
A
:\
ho ho
- L
D D

X Pl Horizontal, impervilous bed
L |
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<
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— o >
(

o]

Fig. 9.24 Seepage to open ditches—Problem 9.10
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A canal and a stream run parallel to each other at a separation distance of 400 m. Both of

them completely penetrate an unconfined aquifer (K = 3.0 m/day) located above a hori-

zontal impervious bed. The aquifer forms the separation land mass between the two

water bodies. The water surface elevations in the canal and the stream are 5.0 m and 3.0

m, the datum being the top of the horizontal impervious layer. Estimate

(a) the uniform infiltration rate that will create a water table divide at a distance of 100
m from the canal.

(b) the elevation of the water table divide and

(c) the seepage discharges into the two water bodies.

Two rivers 4 and B run parallel to each other and fully penetrate the unconfined aquifer

situated on a horizontal impervious base. The rivers are 4.0 km apart and the aquifer has

a permeability of 1.5 m/day. In an year, the average water surface elevations of the rivers

A and B, measured above the horizontal impermeable bed, are 12.00 m and 9.00 m

respectively. If the region between the rivers received an annual net infiltration of 20 cm

in that year, estimate

(a) the location of the groundwater table divide and

(b) the average daily groundwater discharge into the rivers 4 and B from the aquifer
between them.

A 30-cm well completely penetrates an artesian 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 coefficient 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

3.0 m at the well. The length of the strainer is 30 m and the coefficient of permeability 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 fol-

lowing cases:

(a) The diameter of the well is 40 cm; (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 35 m thickness is 2000 Ipm. Values of drawdown at two observation wells 12

and 120 m away from the well are 3.0 and 0.30 m respectively. Determine the permeabil-

ity of the aquifer.

A confined aquifer of thickness B has a fully penetrating well of radius of r,, pumping a

discharge Q at a steady rate. An observation well M is located at a distance R from the

pumping well. Show that the travel time for water to travel from well M to the pumping

well is

nBn
0

A 45-cm well penetrates an unconfined aquifer of saturated thickness 30 m completely.
Under a steady pumping rate for a long time the drawdowns at two observation wells 15
and 30 m from the well are 5.0 and 4.2 m respectively. If the permeability of the aquifer
is 20 m/day, determine the discharge and the drawdown at the pumping well.

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 30 and 90 m indicated drawdown of 5 and 4 m respectively. Estimate the
coefticient of permeability and transmissibility of the aquifer. What is the drawdown at
the pumping well?

For conducting tests on a 30 cm diameter well in an unconfined aquifer two observation
wells 4 and B are bored at distances 25 m and 40 m respectively from the centre of the
pumping well. When water is pumped at a rate of 10 litres/s the water depth in the
pumping well is 10.0 m above the horizontal impervious layer up to which the well is
driven. The median grain size of the aquifer is 2.5 mm and the permeability is known to

(R? - r02 ) where 77 = Porosity of the aquifer.



The McGraw-Hill Companies

370 Engineering Hydrology

9.20

9.21

9.22

9.23

9.24

9.25

9.26

9.27

be 0.1 cm/s. Calculate (a) the depth of water above the impervious layer in the observa-
tion wells 4 and B; (b) the Reynolds number of flow at the pumping well and observa-
tion wells 4 and B. [Assume kinematic viscosity of water = 0.01 cm?/s].

A 45-cm well in an unconfined aquifer of saturated thickness of 45 m yields 600 Ipm
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 ob-
servation 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 Ips, 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 m*/day from a tubewell under the following conditions:

Diameter of the well = 45cm
Drawdown at the well = 12 m
Length of strainer = 30m
Radius of influence of the well = 200m
Coefficient of permeability = 0.01 cm/s
Aquifer = unconfined

A fully penerating well of 30-cm diameter in an unconfined aquifer of saturated thick-
ness 50 m was found to give the following drawdown-discharge relations under equilib-
rium condition.

Drawdown at the pumping well (m) Discharge (Ipm)
3.0 600
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.

A 45-cm well in an unconfined aquifer was pumped at a constant rate of 1500 lpm. At the
equilibrium stage the following drawdown values at two observation wells were noted:

Observation Radial distance from Drawdown (m)
pumping well (m)
A 10 5.0
B 30 2.0

The saturated 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.

A 4.5 m diameter open well has a discharge of 30.0 m*h with a drawdown of 2.0 m.
Estimate the (i) specific capacity per unit well area of the aquifer and (ii) discharge from
a 5.0 m open well in this aquifer under a depression head of 2.5 m.

In a recuperation test of a 3.0 m diameter open well the water level changed from Eleva-
tion 114.60 m to 115.70 m in 120 minutes. If the water table elevation is 117.00 m,
diameter (i) the specific capacity per unit well area of the aquifer and (ii) discharge in the
well under a safe drawdown of 2.75 m.

During a recuperation test, the water in an open well as depressed by pumping by 2.5 m
it recuperated 1.8 m in 80 minutes. Calculate the yield from a well of 4.0 m diamater
under a depression heat of 3.0 m.
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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) 0.15 0.6 1.0 1.4 24 3.7 5.1 6.9

If the well discharge is 1800 Ipm, calculate the transmissibility and storage coefficients
of the aquifer.

Estimate the discharge of a well pumping water from a confined aquifer of thickness 20
m with the following data:

Distance of observation well from the pumping well = 100 m

Drawdown at the observation well after 4 hours of pumping = 1.5 m

Drawdown at the observation well after 16 hours of pumping = 2.0 m

Storage coefficient, S = 0.0003

A fully penetrating well in a confined aquifer is being pumped at a constant rate of 2000
Lpm. The aquifer is known to have a storage coefficient of 0.005 and transmissibility of
480 m%/day. Find the drawdown at a distance of 3.0 m from the production well after
(i) one hour and (ii) 8 hours after pumping.

A fully penetrating well in a confined aquifer is pumped at the rate of 60 m*/h from an
aquifer of storage coefficient and transmissibility 4 x 107 and 15 m%h respectively.
Estimate the drawdown at a distance of 100 m after 8 hours of pumping.

A fully penetrating confined aquifer is pumped at a constant rate of 100 m*/h. At an
observation well located at 100 m from the pumping well the drawdown where observed
to be 0.65 m and 0.80 m after one and two hours of pumping respectively. Estimate the
formation constants of the aquifier.

A well in a confined aquifer was pumping a discharge of 40 m*/hour at uniform rate. The
pump was stopped after 300 minutes of running and the recovery of drawdown was
measured. The recovery data is shown below. Estimate the transmissibility of the aquifer.

Time since stopping
of the pump (min) 1 3 5 10 20 40 90 150 200
Residual drawdown (m) 1.35 1.18 1.11 1.05 098 0.88 0.80 0.70 0.68

9.1

9.2

9.3

9.4

9.5

: OBJECTIVE QUESTIONS I

A geological formation which is essentially impermeable for flow of water even though
it may contain water in its pores is called

(a) aquifer (b) aquifuge (c) aquitard (d) aquiclude

An aquifer confined at the bottom but not at the top is called

(a) Semiconfined aquifer (b) unconfined aquifer

(c) confined aquifer (d) perched aquifer

A stream that provides water to the water table is termed

(a) affluent (b) influent (c) ephemeral (d) eftluent

The surface joining the static water levels in several wells penertating a confined aquifer
represents

(a) water-table surface (b) capillary fringe

(c) piezometric surface of the aquifer (d) cone of depression.

Flowing artesian wells are expected in areas where

(a) the water table is very close to the land surface (b) the aquifer is confined
(c) the elevation of the piezometric head line is above the elevation of the ground surface
(d) the rainfall is intense
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Water present in artesian aquifers is usually

(a) at sub atmospheric pressure (b) at atmospheric pressure

(c) at 0.5 times the atmospheric pressure  (d) above atmospheric pressure

The volume of water that can be extracted by force of gravity from a unit volume of
aquifer material is called

(a) specific retention (b) specific yield

(c) specific storage (d) specific capacity

Which of the pairs of terms used in groundwater hydrology are not synonymous?

(a) Permeability and hydraulic conductivity (b) Storage coefficient and storativity
(c) Actual velocity of flow and discharge velocity

(d) Water table aquifer and unconfined aquifer

The permeability of a soil sample at the standard temperature of 20°C was 0.01 cm/s.
The permeability of the same material at a flow temperature of 10° C is in cm/s

(a) <0.01 (b) >0.01

(c) =0.01 (d) depends upon the porous material

A soil has a coefficient of permeability of 0.51 cm/s. If the kinematic viscosity of water
is 0.009 cm?/s, the intrinsic permeability in darcys is about

(a) 5.3 x10* (b) 474 (c) 4.7x10 (d) 4000

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 X maximum grain size)/u

(b) (actual velocity x average grain size)/v

(c) (discharge velocity X average grain size)/v

(d) (discharge velocity x pore size)/v

Two observation wells penetrating into a confined aquifer are located 1.5 km apart in the
direction of flow. Heads of 45 m and 20 m are indicated at these two observation wells.
If the coefficient of permeability of the aquifer is 30 m/day and the porosity is 0.25, the
time of travel of an inert tracer from one well to another is about

(a) 417 days (b) 500 days (c) 750 days (d) 3000 days
A sand sample was found to have a porosity of 40%. For an aquifer of this material, the
specific yield is

(a) =40% (b) >40% (c) <40% (d) dependent on the clay fraction
An unconfined aquifer of porosity 35%, permeability 35 m/day and specific yield of
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 Mm? is

(a) 7.0 (b) 3.0 (c) 4.0 (d) 18.0

The unit of intrinsic permeability is

(a) cm/day (b) m/day (c) darcy/day (d) cm?

The dimensions of the storage coefficient S are

(a) L? (b) LT! (c) LT (d) dimensionless
The dimensions of the coefficient of transmissibility 7 are

(a) LT (b) L’T? (c) L/T? (d) dimensionless

The coefficient of permeability of a sample of aquifer material is found to be 5 m/day in
a laboratory test conducted with water at 10°C. If the kinematic viscosity of water at
various temperatures is as below:

Temp in °C 10 20 30
v(m?/s) 1.30 x 10° 1.00 x 10° 0.80 x 10°

the standard value of the coefficient of permeability of the material, in m/day, is about
(a) 4.0 (b) 5.0 (c) 6.5 (d) 9.0
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A stratified unconfined aquifer has three horizontal layers as below

Layer Coefficient of permeability Depth
(m/day) (m)
1 6 2.0
2 16 4.0
3 24 3.0

The effective vertical coefficient of permeability of this aquifer, in m/day, is about

(a) 13 (b) 15 (c) 24 d) 16

An aquifer confined at top and bottom by impervious layers is stratified into three layers
as follows:

Layer Thickness (m) Permeability (m/day)
Top layer 3.0 30
Middle layer 2.0 10
Bottom layer 5.0 20
The transmissibility of the aquifer in m?/day is
(a) 6000 (b) 18.2 (c) 20 (d) 210

The specific storage is

(a) storage coefficient/aquifer depth (b) specific yield per unit area

(c) specific capacity per unit depth of aquifer  (d) porosity-specific detention

When there is an increase in the atmospheric pressure, the water level in a well penetrat-

ing a confined aquifer

(a) decreases

(c) does not undergo any change

(d) decreases or increases depending on the elevation of the ground.

The specific capacity of a well is the

(a) volume of water that can be extracted by the force of gravity from unit volume of
aquifer

(b) discharge per unit drawdown at the well

(c) drawdown per unit discharge of the well

(d) rate of flow through a unit width and entire thickness of the aquifer

In one-dimensional flow in an unconfined aquifer between two water bodies, when there

is a recharge, the water table profile is

(a) a parabola (b) part of an ellipse

(c) astraight line (d) an arc of a circle

In one-dimensional flow in a confined aquifer between two water bodies the piezometric

head line is

(a) a straight line (b) apart of an ellipse

(c) a parabola (d) an arc of a circle

For one-dimensional flow without recharge in an unconfined aquifer between two water

bodies the steady water table profile is

(a) astraightline (b) a parabola (c) an ellipse

The discharge per unit drawdown at a well is known as

(a) specific yield (b) specific storage

(c) safe yield (d) specific capacity.

The specific capacity of a well in confined aquifer under equilibrium conditions and

within the working limits of drawdown

(a) can be taken as constant

(c) increases as the drawdown increases

(d) increases or decreases depending upon the size of the well

(b) increases

(d) an arc of a circle

(b) decreases as the drawdown increases
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10

EROSION AND
RESERVOIR
SEDIMENTATION

10.1 INTRODUCTION

Erosion, transportation and deposition of sediment in a watershed are natural processes
which are intimately connected with the hydrologic processes. Soil and water
conservation in watershed and reservoir sedimentation are important parameters
affecting the success and economy of many water resources development activities in
a basin. This chapter briefly deals with erosion, sediment yield and reservoir
sedimentation aspects of the erosion phenomenon. This chapter is only a brief
introduction to the topic. For details excellent treatises are available and Refs 2 and 5
contain some valuable source material on this topic.

Erosion is the wearing away of land. Natural agents such as water, wind and gravity
are eroding the land surface since geologic times. Out of many erosion causing agents
the role of water in detachment, transportation and deposition is indeed very significant.
Since recent past, human activities like agricultural practice, mining, building activities,
railway and road construction are contributing significantly to erosion of land surface.
Water storage structures like reservoirs, tanks and ponds act as receptacles for deposition
of eroded material.

10.2 EROSION PROCESSES
PROCESSES

Erosion takes place in the entire watershed including the channels. During a rainfall
event, when rain drops impact on a soil surface, the kinetic energy of the drops breaks
the soil aggregates and detaches the particles in the impact area. The detached particles
are transported by surface run off. Depending upon the flow conditions, topography
and geometry of the channel etc. there may be some deposition of the eroded material
enroute. Erosion takes place in various modes, which can be classified as follows:

INTER-RILL EROSION In this the detached particles due to raindrop impact are
transported over small distances in surface flow of shallow depth without formation of
elementary channels called rills. The mode of transport is essentially sheet flow and
the inter-rill erosion from this mode is known as sheef erosion. Sheet erosion removes
a thin covering of soil from large areas, often from the entire fields, more or less,
uniformly during every rain which produces a run-off. The existence of sheet erosion
is reflected in the muddy colour of the run-off from the fields.
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RILL EROSION Rills are elementary channels which form during the surface run-
off event due to the concentration of flow. These are temporary features and facilitate
channelling of overland flow. The flow inrills cuts the surface, detaches and transports
the sediment in surface runoff.

GULLEY EROSION Gullies are formed due to confluence of many rills and forma-
tion of a major rill. When a major rill becomes deeper and steeper a gulley is formed.
Gullies are capable of transporting larger amounts of sediment. The sediment removed
due to formation, enlargement and deepening of gullies is known as gulley erosion.
Enlarged gullies become permanent topographic features. Gullies are the most visible
evidence of the destruction of soil. The gullies tend to deepen and widen with every
heavy rainfall. Further, they cut up large fields into small fragments and, in course of
time, make them unfit for agricultural operations.

CHANNEL EROSION Channels are permanent topographic features formed due
to confluence of gullies. Channel erosion includes stream bed and bank erosion and
flood plain scour. Channel erosion is significantly larger than sheet erosion.

FACTORS AFFECTING EROSION

The quantity of sediment that is produced by erosion in a watershed depends upon a
host of factors related to climate, soil, topography soil cover and human activities in
that watershed. The major effects of these parameters are summarized in Table 10.1.

Table 10.1 Factors Affecting Erosion

Factor

Parameter

Effect

Climate

Soil Characteristics

Topography

Soil Cover

Land use (Human
activities)

Rainfall intensity
Duration of rainfall
Temperature

Soil Mass characteristics
(Granulation, Porosity,
Moisture content)

Grain size and shape

Slope (Orientation, Degree
and Length)

Vegetation/plant cover

Agricultural practice,
Mining, Roads, Building
construction, etc.
Reservoirs

Splash erosion

Flow erosion

Weathering action
Infiltration and Runoff rates
and hence erosion rate.

Erosion rate and
transportation mode.

Steeper slope: Higher energy
of flow, higher erosion and
transportation rates.
Retardation of flow and
erosion rates, Protection
from splash erosion.
Increased erosion rates

Sedimentation

GROSS EROSION, SEDIMENT YIELD AND DELIVERY RATIO

Gross erosion is the sum of all erosions in watershed. Total sediment outflow from a
watershed at a reference section in a selected time interval is known as Sediment yield.
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Not all the sediment produced due to erosion in a watershed is transported out of it as
there will be considerable temporary depositions in various phases and locations. As
such, the sediment yield is always less than the gross erosion. The ratio of sediment
yield to gross erosion is known as sediment delivery ratio.

The sediment yield of a watershed varies with the size of the contributing area. For
purposes of comparing the sediment production rate of different areas it is customary
to convert the sediment yield data to the yield per unit of drainage area to obtain
sediment—production rate of the catchment, which is usually expressed in units of
tonnes/km?/year (or in ha-m/km?*/year).

10.3 ESTIMATION OF SHEET EROSION

Estimation of sheet erosion is of utmost importance in soil and water conservation
practice and management of watershed. Considering different weightages to the various
factors affecting the erosion process, several methods have been proposed to estimate
the sheet erosion rate in a watershed. Two popular methods are described below.

UNIVERSAL SOIL LOss EQUATION (USLE)

The universal soil loss equation is the most widely used tool for estimation of soil loss
from agricultural watersheds for planning erosion control practices. The USLE is an
erosion prediction model for estimating long term averages of soil erosion from sheet
and rill erosion modes from a specified land under specified conditions. The equation
is written as

A = RKLSCP (10.1)
where A = the soil loss per unit area in unit time. Usually the units of 4 are metric
tonnes/ha/year.

R = Rainfall erosivity factor

K = Soil erodibility factor

L = Slope length factor

S = Slope-steepness factor

C = Cover management factor

P = Support practice factor (Ratio of soil loss with a support practice like
contouring, strip-cropping or terracing to that with straight row farm-
ing up and down the slope).

The various factors of the USLE equation are as below:

RAINFALL EROSIVITY FACTOR (R) The factor R is the number of rainfall ero-
sion index units (£7;,) in a given period at the study location. The rainfall erosion index
unit (E15,) of a storm is defined as

Elyy = 22 o 10.2
where  KE = Kinetic energy of the storm. The KE in metric tones/ha-cm is expressed
as
KE =210.3 +89 log /
where I = rainfall intensity in cm/h

I3, = maximum 30 minutes rainfall intensity of the storm.
The study period can be a week, month, season or year. The storm E7;, values for
that length of period is summed up.
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Annual Ely, values are usually computed from data available at various meteoro-
logical stations and lines of equal El, lines (known as Iso-erodent lines) are drawn
for the region covered by the data stations for ready use in USLE. Iso-erodent maps of
Karnataka and Tamil Nadu are available in Ref. (9). In most parts of Karnataka annual
ET, values range from 250 to 500, except in Western Ghats where they range from
500 to 1500. In Tamil Nadu annual £/5, values range from 300 to 700.

SoiL ERODIBILITY FACTOR (K) The factor K relates the rate at which different
soils erode due to soil properties. These are usually determined at special experimen-
tal runoff plots or by use of empirical erodibility equations which relate several soil
properties to factor K. Table 10.2 shows some computed values of K at several research
stations in the country (Ref. 5).

Table 10.2 Values of K at Several Stations

Station Soil Values of K
Agra Loamy sand, alluvial 0.07
Dehradun Dhulkot silt, Loam 0.15
Hyderabad Red chalka sandy loam 0.08
Kharagpur Soils from lateritic rock 0.04
Kota Kota-clay loam 0.11
Ootakamund Laterite 0.04
Rehmankhera Loam, alluvial 0.17
Vasad Sandy Loam, alluvial 0.06

[Source: Ref. 5]

TOPOGRAPHIC FACTOR (LS) The two factors L and S are usually combined into
one factor LS called topographic factor and is given by

LS = (Tﬂw) [65.41 sin® @+ 4.56 sin O+ 0.065] (10.3)

where A= field slope length in metres
m = exponent factor varying from 0.2 to 0.5
6= angle of slope

CROP MANAGEMENT FACTOR (C) This factor reflects the combined effect of
various crop management practices. Values of factor C for regions surrounding some
stations are given in Table 10.3.

Table 10.3 Values of Factor C

Station Crop Soil Loss Value of C
(Tonnes/ha per year)

Agra Cultivated fallow 3.80 1.0
Bajra 2.34 0.61
Dichanhium annualtu 0.53 0.13

Dehradun Cultivated fallow 33.42 1.0
Cymbopogon grass 4.51 0.13
Strawberry 8.89 0.27

Hyderabad Cultivated fallow 5.00 1.0
Bajra 2.00 0.40

[Source: Ref. 5]
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SUPPORTING CULTIVATION PRACTICE (F) This factor is the ratio of soil loss
with a support practice to that with straight row farming up and down the slope. Table
10.4 gives the factor P for some support practices.

Table 10.4 Value of Factor P

Station Practice Factor P
Dehradun Contour cultivation of maize 0.74
Up and down cultivation 1.00
Contour farming 0.68
Terracing and bunding in agricultural watershed 0.03
Kanpur Up and down cultivation of Jowar 1.00
Contour utilization of Jowar 0.39
Ootacamund Potato up and down 1.00
Potato on contour 0.51

[Source: Ref. 5]

UsE oF USLE USLE is an erosion prediction model and its successful applica-
tion depends on the ability to predict its various factors with reasonable degree of
accuracy. Based on considerably large experimental data base relating to various factors
of USLE available in USA, this equation is being used extensively in that country to
provide reliable estimates of erosion in a variety of situations related to in small
agricultural watersheds. It should be noted that to estimate sediment yield of a watershed
using USLE, information on sediment delivery ratio of the watershed would be needed.

Based on 21 observed points and 64 estimated erosion values of soil loss
obtained by use of USLE at points spread over different regions of the country, Gurmeet
Singh et al (6) have prepared Iso-erosion rate map of India. Soil erosion rates have
been classified by them into 6 categories and the area of the country under different
classes of erosion are found to be as shown in Table 10.5.

Table 10.5 Distribution of Various Erosion Classes in India

Range Erosion Class Area (km?)
(Tonnes/ha/year)

0- 5 Slight 801,350
5-10 Moderate 1,405,640
10-20 High 805,030
20-40 Very high 160,050
40-80 Severe 83,300
>80 Very severe 31,895

[Source: Ref. 6]

MODIFIED UNIVERSAL SOIL LOSS EQUATION (MUSLE)

The USLE was modified by Williams in 1975 to MUSLE by replacing the rainfall
energy factor with a runoff factor. The MUSLE is expressed as

Y =11.8(Q x q,)"*° K(LS)CP (10.4)
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where Y = the sediment yield from an individual storm (in metric Tonnes)

O = the storm runoff volume in m*

q, = the peak rate of runoff in m*/s
and other factors K, (LS), C and P retain the same meaning as in USLE (Eq. 10.1).

In this equation O and g, are obtained by appropriate runoff models (Chapters 5

and 6). In this model Q is considered to represent detachment process and g, the
sediment transport. It should be noted that MUSLE is a sediment yield model and
does not need separate estimation of sediment delivery ratio. Also it is applicable to
individual storms. It is believed that MUSLE increases sediment yield prediction
accuracy. From modelling point of view, MUSLE has the advantage that daily, monthly
and annual sediment yields of a watershed can be modelled by combining appropriate
hydrologic models with MUSLE.

10.4 CHANNEL EROSION

The channel erosion comprises erosion in bed, sides and also flood plain of the stream.
A channel flowing in a watershed transports the runoff that is produced in the catchment
and also the erosion products, out of the watershed. The total sediment load that is
transported out the catchment by a stream is classified into components depending
upon their origin as:

1. Wash load

2. Bed material load

(1) Bed load (i1) Suspended load

WASH LOAD

It is sediment originating from the land surface of the watershed and is transported to
the stream channel by means of splash, sheet, rill and gully erosion. Wash load is
generally composed of fine-grained soils of very small fall velocity.

BED MATERIAL LOAD

The sediment load composed of grain sizes originating in the channel bed and sides of
the stream channel.

BED LOAD 1t is the relatively coarse bed material load that is moved at the bed
surface through sliding, rolling, and saltation.

SUSPENDED LOAD The relatively finer bed material that is kept in suspension in
the flow through turbulence eddies and transported in suspension mode by the flowing
water is called suspended load. The suspended load particles move considerably long
distances before settling on the bed and sides.

In a general sense, bed load forms a small part of total load (usually < 25%) and
wash load forms comparatively very small part of the total load. The mechanics of bed
material transport in channels, viz. bed load and suspended load have been studied in
extensive detail and treatises on the subject are available (for example Ref. 4).

MEASUREMENT

While a large number of devices are available for measuring bed load for experimen-
tal/special investigations, no practical device for routine field measurement of bed
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load is currently in use. For planning and design purposes the bed load of a stream is
usually estimated either by use of a bed load equation such as Einstein bed load equation®
or is taken as a certain percentage of the measured suspended load. Table 10.6 gives
some recommended values for use in preliminary planning purposes.

Table 10.6 Approximations for Bed Load

Concentration of Type of material Texture of Percent of measured
suspended load forming the stream suspended material suspended load that
(ppm) channel could be taken as
Bed load
Less than 1000 Sand Similar to bed 2510 150
material
Less than 1000 Gravel, rock or Small amount of 5t0 12
consolidated clay sand
1000 to 7500 Sand Similar to bed 10 to 35
material
1000 to 7500 Gravel, rock or 25 percent sand 5to 12
consolidated clay or less
Over 7500 Sand Similar to bed Sto 15
material
Over 7500 Gravel, rock or 25 percent sand 2t08
consolidated clay or less

[Source: Ref. 7]

The suspended load of a stream is measured by sampling the stream flow. Specially
designed samplers that do not alter the flow configuration in front of the sampler are
available. The sediment from the collected sample of sediment laden water is removed
by filtering and its dry weight is determined. It is usual to express suspended load as
parts per million (ppm) on weight basis as

s

B Weight of sediment in sample p
- Weight of (sediment + water) of the sample} x 10
Thus the sediment transport rate in a stream of discharge Q m®/s is

0, = (0 x C, x 60 x 60 x 24)/10° = 0.086QC, tonnes/day

Routine observations of suspended load are being done at many stream gauging sta-
tions in the country. At these stations in addition to stream flow discharge QO the sus-
pended sediment concentration and hence the suspended sediment load Q; is also
noted. The relation between Q, (tones/day) and stream discharge O (m?/s) is usually
represented in a logarithmic plot (Fig. 10.1) known as sediment rating curve. The
relationship between O, and Q can be represented as

0, =KQ" (10.5)

where the exponent is usually around 2.0.
The sediment rating curve in conjunction with the stream flow hydrograph can be
used to estimate the suspended sediment load transport in the stream in a specified
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Fig.10.1 Sediment rating curve (Schematic)

time interval. However, it should be remembered that due to inherent inaccuracies the
sediment load obtained by using sediment rating curve is less accurate than that
obtained by observed flow hydrograph and sediment concentration data at the
gauging station. A method of estimating the annual sediment yield of a watershed by
using the sediment rating curve is described in Sec. 10.6.

10.5 MOVEMENT OF SEDIMENT FROM WATERSHEDS

As indicated earlier not all sediment produced in an erosion process in the watershed
is transported out of the catchment in a real time basis. Due to loss of
momentum of the converying mechanism, considerable deposition occurs mostly in
areas of the catchment with low slope, high roughness or very low velocities due to
large expansion of flow area. The ratio of sediment yield to the gross erosion in the
watershed, called sediment delivery ratio (SDR), is an important parameter in quanti-
tative estimation of sediment yield. The values of average annual SDR vary in a wide
range as this parameter depends on a host of parameters. Out of the many parameters
the significant ones are: (i) the size of the watershed, (ii) the channel density, and
(iii) the relief length ratio.

The size of the watershed play an important role in controlling the deposition
opportunities for the eroded sediment, the larger the area larger is the opportunity for
the sediment to be deposited in the catchment and hence lower SDR. The relief ratio
of the watershed is a measure of the average slope of the watershed and as such higher
values of relief ratio can be associated with larger transportation rates and hence larger
values of SDR. Similarly the SDR is generally higher for well-defined channel net-
work of higher density as the transportation of erosion products out of the catchment
is highly facilitated by such channel networks. The variation of SDR with catchment
area and relief can be expressed as

SDR = KA™ (R/L)" (10.6)
where A4 = Watershed area
R = watershed relief (Elevation difference)
L = Watershed length
K, m and n are positive coefficients.
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Values of K, m and n applicable to a homogeneous region can be estimated by using
observed data from experimental watersheds.

10.6 SEDIMENT YIELD FROM WATERSHEDS

Estimation of sediment yield from a watershed is of utmost importance in the soil and
water conservation practice in the watershed and in planning, design and operation of
reservoirs. While the procedure for estimation of sediment yield is generally problem
specific in view of many practical constraints relating to availability of quality data, a
few commonly used procedures are described below.

(1) Flow Duration Curve and Sediment Rating Curve Procedure

(2) Reservoir Sedimentation Surveys

(3) Estimation of Watershed Erosion and Sediment Delivery Ratio

FLOw DURATION CURVE AND SEDIMENT RATING CURVE
PROCEDURE

This procedure uses the sediment rating curve of a stream to operate on the flow
duration curve of the stream at the same location to obtain weighted expected daily
suspended sediment transport load. This when multiplied by 365 days gives the
estimated annual suspended sediment load yield at the site.

The flow duration curve of the stream is developed by using available gauged daily
discharge data records of sufficiently long length (Sec. 5.5, Chap. 5). The result is
expressed as a graph or a table of exceedence probabilities (in percentages) of levels
of daily discharge Q. The sediment rating curve of the steam at the gauging site is
prepared by using gauged suspended sediment load Q, (tonnes/day) and the corre-
sponding daily discharge Q (m%/s), as described in Sec. (10.4). The sediment rating
curve is operated on the flow—duration curve as mentioned below:

e The flow duration curve is considered divided into a large number of sections
(say 10-20 sections). The sections need not be uniform and it is desirable to
provide more sections at low exceedence probabilities.

e Note the ranges of various intervals and also the mid-point value of each inter-
val, (p;).

e The discharge value Q; (cumecs) corresponding to each mid-point value of
exceedence, p; is noted.

e Using the sediment rating curve, the value of suspended sediment load Q,; (tonnes/
day) corresponding to each Q; is calculated.

e Expected daily suspended sediment discharge at each probability level p; is

EQsi :piQsi'

o Total weighted expected daily suspended sediment load Q,;, = Zp; O,

o Expected total annual suspended sediment yield Y, = 365 x O,

o The bed load (Y,) is calculated either as a percentage of annual suspended load
yield (Y,,) as in Table 10.4 or by using appropriate bed load equation.

o Total annual sediment yield at the station Y=Y, + Y,

Example 10.1 given below explains this procedure.

ExampLe 10.1 The salient co-ordinates of the flow duration curve of a stream at a
gauging station is given below:
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Exceedence Mean Daily Discharge Exceedence Mean Daily Discharge
Probability at mid-point of the Probability at mid-point of the
range (%) interval (Cumecs) range (%) interval (Cumces)

0.1-1.0 250 40-50 65

1.0-5.0 200 50-65 50

5.0-10.0 160 65-80 40

10.0-15.0 135 80-90 25

15-20 120 90-95 15

20-30 100 95-99.0 10

30-40 80

The gauging station is at the outlet of a watershed of area 3000 sq. km. The sediment
rating curve at the station is given by the relation Q, = 0.80 Q% where Q, is the sus-
pended sediment load in tonnes/day and Q = discharge in m’/s. Estimate (i) the total
sediment yield of the watershed by assuming the bed load to be 5% of the suspended load,
and (ii) the annual average concentration of suspended load.

Sorution. Plot  the 1000
flow duration curve on a
logarithmic plot for using

itto determine the discharge '\\.\.\
corresponding to any cho- E 100 s
sen exceedence probability 3 E
through interpolation, if g c
necessary (Fig. 10.2). s i
Thirteen sections of the  §
A 10

flow duration curve are se-
lected and through appro-
priate interpolations their
mid-values of the intervals
are read from Fig. 10.2 and 1

values entered in Table 10.7. 0.1 1 10 100
The computations are Exceedence probability (%)
effected in Table 10.7. In  Fig, 10.2 Flow Duration Curve - Example 10.1

this Table
(i) Col. 1 shows the 13 sections into which the exceedence probability is divided.
(i) Col. 2 is the interval of probability range of Col. 1.
(iii) Col. 3 is the mid-point of interval of Col. 1.
(iv) Col. 4 is the mean daily discharge corresponding to mid point value (Col. 3) and is
obtained from flow duration curve, (Fig. 10.2).
(v) Suspended sediment discharge in tonnes/day is calculated for each value of Col. 4
by using the equation Q, = 0.80 Q"4
(vi) Col. 6 is the Expected daily sediment load of known level of exceedence probabil-
ity and is obtained as a product of Col. 2 and Col. 5 and divided by 100 to account
for percentage values.
(vii) Col. 7 is the corresponding water flow in units of cumec. day: = [Col. 2 X
Col. 4/100]
The total expected mean daily suspended sediment load is 2904 tonnes, obtained as the
sum of Col. 6 values.
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Table 10.7 Computation of Suspended Sediment Load

1 2 3 4 5 6 7
Exceedence Interval Midpoint Mean Daily = Sediment Expected Volume of
Frequency (%) (%) Discharge  Discharge Sediment  Water flow
range (%) (Cumec) (tonnes/day) Load per (cumec. day)

day (Tonnes)
[2] x [5])/100 [2] x [4]/100

0.1-1.0 0.9 0.55 250 20668 186.0 2.25
1.0-5.0 4 3.0 200 13708 548.3 8.00
5.0-10.0 5 7.5 160 9092 454.6 8.00
10.0-15.0 5 12.5 135 6651 332.6 6.75
15-20 5 17.5 120 5355 267.8 6.00
20-30 10 25 100 3829 382.9 10.00
30-40 10 35 80 2540 254.0 8.00
40-50 10 45 65 1733 173.3 6.50
50-65 15 57.5 50 1070 160.4 7.50
65-80 15 72.5 40 709 106.4 6.00
80-90 10 85 25 299 29.9 2.50
90-95 5 92.5 15 117 5.8 0.75
95-99.0 4 97.0 10 55 2.2 0.40
Total 2904 72.65

Over one year, suspended sediment load yield is = 365 x 2904 = 1,059,960 tonnes.
Thus suspended load yield = 1.06 million tonnes/year.
Bed load (at 5% of suspended load yield) = 0.05 x 1,059,960 = 52998 Tonnes
Total Sediment Yield = 1,112,958 tonnes = say 1.113 million tonnes/year
For a catchment area of 3000 sq.km kill, Sediment yield rate= 1,113,000/3000
=371 tonnes/sq. km per year.
(ii) Water Yield: Mean daily yield = 72.65 cumec. day
Annual yield = 365 x 72.65 = 26517.25 cumec. days

=26517.25 x (60 x 60 x 24)/10° = 2291 million m>.

Considering annual values

1.113x10°
x 10
(2291x10°) +(1.113x10°%)

=485.6
= say 486 parts per million (ppm) by weight.

6

Average concentration of Suspended Load =

RESERVOIR SEDIMENTATION SURVEYS

Reservoir sedimentation surveys are conducted to get reliable data relating to various
aspects of sedimentation such as (i) rate of sedimentation, (ii) sediment densities, (iii)
depositional pattern, and (iv) loss of storage capacity of the reservoir at various
elevations. The conventional reservoir survey is a hydrologic survey using echo depth
recorder along pre-established range lines on the water spread of the reservoir. Depth
measurements are taken from a good quality boat with adequate safety provisions by
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positioning the boat at a desired point on a given range line. The basic measurements
are depth of water at the location of the boat and the fixing of the position of the boat
with respect to appropriate reference co-ordinates. The depth measurement is done
usually by using an echo depth recorder of appropriate accuracy. The position fixing
of the boat is through standard land survey techniques through use of Theodolites.
Nowadays, use of Total Station units are very common as it considerably reduces the
observational time and computational effort. In addition to the depth and position
observations, sediment samples are taken at a number of locations in the reservoir to
assess the composition and density of the sediment deposits.

Use of Differential Global Positioning System (DGPS) along with an echo recorder
in the boat enables faster data acquisitioning with better accuracy. Details of the DGPS
methodology adopted by CWC are given in Ref. (1).

The data from a reservoir survey is analyzed to produce contour map of the bed of
the reservoir. Some of the end products of the analysis of reservoir survey data are

e Area—Elevation—Capacity curve of the reservoir
Description of deposition pattern (Qualitative and quantitative)

L-section of the delta deposition

Sediment density at key locations

Average sediment yield from the catchment during the interval between two
successive surveys.

Periodic reservoir surveys are essential to efficient management of major
reservoirs.

Using remote sensed images of the reservoir taken at frequent intervals in monsoon
and non-monsoon periods, the areal extent of the water spread at various elevations
can be established very accurately. Further, using the observed reservoir levels corre-
sponding to the date and time of the images, the area elevation capacity curve of the
reservoir covering a substantial portion of the reservoir can be established by back
office computations only. It may be noted that the reservoir levels are routinely ob-
served at dam site in all reservoirs. This procedure of using remote sensed images is
extremely useful in monitoring reservoir sedimentation and efficacy of catchment soil
conservation practice.

ESTIMATION OF WATERSHED EROSION AND SEDIMENT DELIVERY
RATIO

For very small watersheds having predominantly agricultural land use, the
sediment yield can be calculated by using USLE or MUSLE with appropriate factors
applicable to the site. If USLE is used the sediment delivery ratio (SDR) will have to
be estimated. When regional relations for SDR are not available, SDR applicable to
the site will have to be established by empirical equations calibrated by using local
information and observed values. The sediment yield is obtained by multiplying gross
watershed erosion by SDR.

EMPIRICAL EQUATIONS

Many empirical equations and procedures have been developed for estimating sedi-
ment yield at the outlet of a watershed. A few of these in common use in India or
developed by use of Indian data are given below:
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KHOSLA'S EQUATION (1953) (REF. 8) The annual sediment yield on volume
basis is related to catchment area as:
Annual sediment yield rate (on volume basis)

_0.00323
Dsv A0.28

Mm?*/km?/year (10.7a)

or Volume of sediment yield per year from the catchment is
0,,=0.00323 4% Mm®/year (10.7b)

where A4 = area of catchment in km?.

This equation is in common use in many parts of the country to estimate the annual
sediment volume inflow into a reservoir. The observed data of Khosla had an upper
average limit of 3.6 ha.m/100 sq.km and the absolute maximum limit of observed data
was 4.3 ha.m/100 sq.km. While this equation has been used in many of the reservoirs
in the country up to about 1970, the observed data of actual sedimentation of many
reservoirs indicate that the Eq. 10.7(a) underestimates the sedimentation rate.

JOGLEKAR'S EQUATION (1960): (REF. 8) Based on data from reservoirs from
India and abroad, Joglekar expressed the annual sediment yield rate as

_ 0.00597

o 028 Mm*/km?/year (10.8a)

or Volume of sediment yield per year from a catchment area is
Q,, = 0.005974%7  Mm®/year (10.8b)
In these equations 4 = area of catchment in km?.

DHRUV NARAYAN ET AL'S EQUATION (1983); (REF. 3) In this annual sedi-
ment rate is related to annual runoff as

0,=55+11.10 (10.9)

where O, = annual sediment yield rate in tonnes/year from the watershed
QO = annual runoff volume in M.ha.m

GARDE AND KOTHYARI'S PROCEDURE A detailed procedure for sediment yield
estimate for Indian catchments has been developed by Garde and Kothyari® (1987).
Reference 3 contains a map of India with iso-erosion lines (in tonnes/km?/year) devel-
oped by using this procedure.

10.7 TRAP EFFICIENCY
DEPOSITION PROCESS

When a river enters a reservoir it suffers a massive enlargement of cross section of
flow and consequently a large reduction of flow velocity results. The heavy sediment
particles are deposited at the mouth of the reservoir in the form of a delta deposit. The
sands and gravels are deposited first and the finer particles are deposited farther down-
stream. The sediment deposits could be classified as fop set beds, foreset beds and
bottomset beds. The topset beds are composed of coarse sediments of large particle
size and foreset beds are of coarse sandy particles. Bottomset beds are of fine parti-
cles. Generally topset beds have flat slopes approximately at half the slope of the
original channel bed. The foreset slopes are steeper and are about 5 to 7 times steeper
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than the topset slopes. Delta deposit forms at the mouth of the river entering the reser-
voir and may cause rising of the backwater profile in the channel upstream of the
reservoir. Profile of a typical reservoir delta is shown in Fig. 10.3.

—
Y, Succeeding
W stages

\ 2\ — Foreset beds

Bottomset beds
Fig.10.3 Schematic Representation of Reservoir Delta

Very fine particles of clays and colloids remain suspended and are transported to
the remaining parts of the reservoir. The reservoir acts as a sedimentation tank and the
suspended particles settle down gradually in course of time depending upon their
settling velocities and reservoir operation. In the process of overflow and reservoir
withdrawals, some suspended sediment passes out of the reservoir to downstream
locations.

Sometimes river water containing high levels of fine to very fine sediment behaves
like a high density fluid and flows at the bottom of the reservoir as a gravity current
with its own identity. Such flows termed density currents or turbidity currents, gener-
ally move very slowly causing a layer of high density sediment matter suspension at
the reservoir bed. The bottom layers of this gradually gets compacted over a long
length of time.

TRAP EFFICIENCY

Out of the total quantity of sediments brought to the reservoir through the channel
system of the catchment a major portion of the sediment is deposited in the reservoir
and the balance is moved downstream by overflow and reservoir withdrawals. The
amount of sediment trapped in the reservoir is of importance in the long term planning
and operation of the reservoir. The ability of a reservoir to trap and retain incoming
sediment is known as trap efficiency and is usually expressed as a percent of sediment
yield of the catchment retained in the reservoir.

Trap efficiency of a reservoir depends on a host of parameters the important ones
being (a) sediment characteristics, (b) detention—storage time, (c) nature of outlets,
and (d) reservoir operation. As such, the trap efficiency becomes reservoir specific.
However, for planning purposes the correlation of trap efficiency with capacity—
Inflow ratio (C/I) of the reservoir, developed by Brune? is commonly used. Figure
10.4 shows the median and envelope curves for normal ponded reservoir relating the
trap efficiency (77,) with C/Iratio. Brune developed these curves on the basis of observed
data from 40 reservoirs covering C/I values ranging from 0.0016 to 2.00.

Figure 10.4 shows that for the median curve 7, = 100% for C/I > 0.70. For ranges
smaller than 0.70, the trap efficiency can be expressed as
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Fig.10.4 Brune’s Curve of Trap Efficiency of a Reservoir

n,=KIn(C/I)+M (10.10)
where 77, = trap efficiency in percent
C/I = Capacity —inflow ratio where C = Capacity of reservoir at FRL in Mm®
and I = annual inflow into reservoir in Mm?
K and M are coefficients dependent on C/I.

Cn K M
0.002 to 0.03 25.025 158.61
0.03 to 0.10 14.193 119.30
0.10 to 0.70 6.064 101.48

10.8 DENSITY OF SEDIMENT DEPOSITS

Sediment load whether computed by equations or by direct observations are usually
expressed in terms of its dry weight basis. However, to estimate the volume occupied
by a given weight of sediment, it is necessary to know the unit weight of deposited
sediment. The unit weight (also known as specific weight) is expressed as the ratio of
dry weight of the sediment (say tonnes) in unit volume (say in m?) of the sediment
deposit in the reservoir. The unit weight or sediment deposits varies over a wide range
depending upon the composition, reservoir operation and consolidation undergone by
the deposit over time. Typical values lie in the range of 0.3 to 2.0 tonnes/m’, with an
average of around 1.3 tonnes/m?>. Since sediment deposited in a reservoir gets com-
pacted during time period through a consolidation process, the unit weight increases
with time logarithmically. A commonly used formula for rough estimation of unit
weight is due to Koelzer and Lara and is given by

P P, P
Wr= 1:;0 (Wy+ B, log T) + ﬁ (Wy+ By log T) + 1810 (W3 + Bslog T)
(10.11)
in which W, = unit weight of deposit of age T years
P Psi and p,, = percentage of sand, silt and clay, respectively, on weight basis
present in the sediment deposit.
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W, W, and W5 = unit weight (dry) of sand, silt and clay, respectively, at the end of
the first year.
B, B, and B; = constants relating to compacting characteristics of the sediment
components.
T'= age of sediment in years.
Typical values of the parameters given by Koelzer and Lara are given in Table 10.8.

Table 10.8 Values of Coefficients Wand B in Eq. 10.11

Reservoir operation Sand Silt Clay
W B, W, B, W, B,
(kg/m>) (kg/m>) (kg/m®)

Sediment always submerged or

nearly submerged 1490 0 1040 | 91.3 480 | 256.3
Normally a moderate reservoir

drawdown 1490 0 1185 | 433 737 | 171.4
Normally considerable reservoir

drawdown 1490 0 1265 | 16.0 961 96.1

Reservoir normally empty 1490 0 1315 0 1250 0
[Source: Ref. 8]

Using Eq. 10.11, the average unit weight of deposit ¥,, during a period of T years
is obtained as

Wy =Wp + 0.4343BWH(TT 1jln T}—l} (10.12)
where Wy, = initial unit weight in tonnes/m?
and B, = weighted value of B in Eq. (10.11) in decimal, weightages being frac-

tion of sand, silt and clay in the sample
= (psa ’ Bl +pg- BZ +Pu- B3)/100

The average unit weight value ¥, is used in estimating the time period required to
reduce the capacity by a defined fraction due to sedimentation. The value of W, W,
and W; as well as B,, B, and B; used by different agencies differ over a wide margin.
As such the values of Table 10.7 are only indicative values. Reference (7) contains
valuable data pertaining to unit weights of sediments of many Indian reservoirs.

In estimating the time required for a certain capacity of a reservoir to be filled up
by sediment, a trial and error and step-wise procedure is adopted. Example 10.4 illus-
trates the method.

ExampLE 10.2 Assuming the relative density of a sand particle as 2.6 and unit weight
(dry) of a cubic metre of sediment as 980 kg, estimate the weight of 1 m’ of deposited
sediment in the reservoir bed.

SoLurion. In 1 m® of sediment

Volume of solids = (1 — p) m? where p = porosity.
Volume of water = p m>

Weight of solids = 980 = (1 — p) x 2.60 x 1000

Hence p = 0.623

Weight of 1 m® of sediment deposit = (1 — 0.623) x 2.60 x 1000 + 0.623 x 1000

=980 + 623 = 1603 kg.
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ExampLE 10.3 Estimate the unit weight of a reservoir sediment in the first year of its
deposition if the sediment contains 20% sand, 35% silt and 45% clay by weight. Estimate
the volume occupied by 1000 tonnes of sediment in the first year and in 50" year. The
reservoir can be assumed to have normally a moderate drawdown. Assume the reservoir
operation is such that the sediment is always submerged.

SoLurioN.”  The unit weight (dry) of reservoir sediment deposit is given by Eq. (10.11) as

Ba L B
Wr=—W,+Blog])+ — (W, +B,log )+ — (W5 + B; lo
T 100( 1+ By log T) 100( 2+ Bylog ) 100( 3+ Bylog7)
Here  p,, =20, p,=35and p, =45
Referring to Table 10.7, values of coefficients B,, B, and B; and W}, W, and W; are found

and introduced into Eq. (10.11) to obtain
W= 22 (1490) + 33 (1185 + 433 log T) + 2 (737 + 171.4 log T)
100 100 100
Wr=1044.4 +92.285log T
When T'= 1 year, Wy, = 1044.4 kg/m3
When T = 50 year, Wps, = 1201.2 kg/m®
volume of 1000 tonnes of sediment in first year V| = __1000___ 957.5 m*
1044.4/1000
1000

0 =8325m’.
1201.2/1000

gt
in 50" year V5,

ExampLE 10.4 A reservoir has a capacity of 130 Mm? at its full reservoir level. The
average water inflow and average sediment inflow into the reservoir are estimated as 200
Mm?/year and 2.00 M tonnes/year respectively. The sediment inflow was found to have a
composition of 30% sand, 30% silt and 40% clay. Estimate the time in years required for
the capacity of the reservoir to be reduced to 50% of its initial capacity. Assume the
sediment is always submerged.

Sorumion.  Initial reservoir capacity = 130 Mm®
Final reservoir capacity = 0.5 x 130 = 65 Mm®
Amount of sediment deposit = 65 M tonnes
First trial of average unit weight:
Assume a unit weight of 1.0 t/m?.
Volume of total sediment deposit = 65 Mm?
Assuming a C/I ratio > 0.70 throughout and trap efficiency 77, = 100%
Approximate time required to fill 50% of initial capacity = 65/2.0 = 32.5 years
Assume 7= 33 years to calculate W,
Second Trial: Using Table 10.7,
Initial unit weight 7, = (1490 x 0.30) + (1040 x 0.30) + (480 x 0.40) = 951 kg/m>
=0.951 tonnes/m’
B, = (py, By +py; By + py B3) = [0+ (0.3 x91.3) + (0.4 x 256.3)] = 129.9 kg/m?
By Eq. 10.12

W,, =951 +0.4343 x (129.9) H;—;ln 33} - 1} = 1096 kg/m® = 1.096 tonnes/Mm®

The calculation for estimating the time to fill 65 Mm® of capacity by sediment is per-
formed in tabular form (Table 10.9).
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Table 10.9 Computation of Time for filling Part Capacity by Sediment

1 2 3 4 5 6 7 8 9
Second Trial Third Trial
Capacity |A C| Capacity-| Trap Average | Volume of | Time to | Volume of| Time to
C Inflow |Efficiency| Trap Sediment | fill AC | Sediment | fill AC
(in Mm3) ratio ﬁ, Efficiency| Deposited |(in years) | Deposited (in years)
(&) ﬁ, per year per year
130 0.650 98.87
115 15 0.575 98.12 98.50 1.797 8.35 1.78 8.41
105 10 0.525 97.57 97.85 1.786 5.60 1.77 5.64
95 10 0.475 96.97 97.27 1.775 5.63 1.76 5.67
85 10 0.425 96.29 96.63 1.763 5.67 1.75 5.71
75 10 0.375 95.53 95.91 1.750 5.71 1.74 5.76
65 10 0.325 94.66 95.10 1.735 5.76 1.72 5.80
Total 36.73 Total 37.00

In Table 10.9:

Col. 1 gives the capacity of the reservoir. The decrease in the capacity due to sedimenta-
tion is considered in 6 steps. (Note that the steps need not be equal.)

Col. 2 is the decrease in capacity between two successive steps.

Col. 3 is the Capacity — Inflow ratio at the beginning of the step. Col. 3 = (Col. 1)/200

Col. 4 is the trap efficiency corresponding to C/I value of Col. 3 calculated by using
Eq. (10.10). Thus Col. 4 = 6.064 x In (Col. 3) + 101.48

Col. 5 is the average trap efficiency in a step

Col. 6 is the volume of sediment deposited in the reservoir per year during the event
represented by the step. Col. 6 = 2.00 x ((Col. 5)/100)/1.096

Col. 7 is the time in years required to fill the capacity represented by the step.

Col. 7= Col. 2/Col. 6.

The sum of the time periods represented by Col. 7 is the time required to fill the capac-
ity by 65 Mm?®. Thus the total time required to reduce the reservoir capacity by 50% is . 50
=36.73 years = say 37 years.

Since the value of T differs from the assumed value of 33 years by more than 5%
further trials to refine the value of W, are necessary.

Third trial: Take T = 37 years

W, =951 +0.4343 x (129.9) Hi—;ln 37} - 1} = 1104 kg/m® = 1.104 tonnes/Mm?>

Using this value of #,, = 1.104 tonnes/Mm® Second Trial of Table 10.8 is refined as
shown in Cols. 8 and 9 of Table 10.8.

The total time required for filling 50% of capacity is indicated as 37 years which is the
same as assumed at the beginning of this trial. Thus 75, = 37 years is the desired period.

10.9 DISTRIBUTION OF SEDIMENT IN THE RESERVOIR
CLASSIFICATION OF RESERVOIRS

When a sediment laden stream enters a reservoir, the sediment is deposited not only at
the head of the reservoir as delta deposit but also all along the internal surface of the
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reservoir. The area as well as the volume distribution of accumulated sediment at
various levels is an important factor in the design of reservoirs. Further, the distribu-
tion and the rate of growth of deposits decide the location of various outlets as well as
the operation strategy of the reservoir.

The deposition pattern of sediment depends on a host of factors which include the
slope, geometry of the reservoir, particle size distribution of sediment and the opera-
tion pattern of the reservoir. On the basis of extensive field data of reservoirs in USA,
Borland and Miller classified the reservoir into four standard types as mentioned below:

Classification Number Reservoir Type Parameter m
v Gorge 1.0-1.5
I Hilly region 1.5-2.5
I Flood plain, Foot-hill region 2.5-35
I Lake >3.5

The parameter m is the reciprocal of the slope of best fitting line obtained by plotting
reservoir elevation above bed as ordinate and reservoir capacity at that elevation as
abscissa on a log-log paper [Fig. 10.5(a)]. (Note that linear scales are used to measure
the slope). The typical distribution of sediment in these four types of reservoirs is
shown in Fig. 10.5(b).

It is seen that Type I reservoirs have considerably lower percentage of silt at lower
depths when compared to Type IV reservoirs. Conversely, Type IV and III reservoirs
have very low percentage of sediment at top portions when compared to Type I and 11
reservoirs.

METHODS OF PREDICTING SEDIMENT DISTRIBUTION

Two methods, both suggested by Borland and Miller, known as (i) Empirical area
reduction method and (ii) Area increment method are in common use. These are
described below.

100.0 T T T i
'm= ‘/x‘(using linear sbélés)
'=5.00/1.50 = 3.3
E
©
(0]
o
g /////
g 100 R
© 2
b e
MO 4
2 Best fit line BR ag _
T X y=1.50 units
/’/‘/‘
T X =5.00 units
1.0 Ll
1.0 10.0 100.0 1000.0 10000.0

Capacity (ha-m)

Fig. 10.5(a) Determination of Parameter m
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Fig.10.5(b) Typical Distribution of Sediment in various Reservoir Types

EMPIRICAL AREA REDUCTION METHOD

(a) Data Needed
1. Elevation — Area — Capacity relationship for the reservoir at any time 7; after the
construction of the reservoir. Usually at 7; = 0, i.e. at the start of the reservoir
project this data will be available.
2. Estimated volume of sediment V; to be deposited in a period (7, — T;) = AT
years. Usually for design purposes A7 = 50 years or 100 years is selected.

(b) Distribution Pattern Based on the observed reservoir sediment distribution
data, Borland and Miller have expressed the distribution of sediment area at any level
h above the bed as
4,=C p™(1-p)" (10.13)
Area at elevation /i above the bed
Area at initial zero elevation

where Ap = a dimensionless relative area =

p = relative depth = W/H
where h = height above the reservoir bed to any given elevation in the reservoir,
and
H = Difference in the elevations of FRL and original bed of the reservoir =
depth or reservoir at Full reservoir level (FRL). (Obviously, p has a
range of 0 to 1.0.)
C, m, and n; = coefficients dependent on the Type classification of the reservoir as
given below (Ref. 7):
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Reservoir Type c my n,
I 5.074 1.85 0.36
I 2.487 0.57 0.41
I 16.967 1.15 2.32
v 1.486 —0.25 1.34

(c) Procedure A trial and error procedure is adopted. The reservoir surface can be
taken to be somewhat conical in shape. When a sediment volume V is deposited
gradually over a time AT, some part of the conical portion of the reservoir completely
fills up with sediment (say up to a height of /2, above the vertex) and in the remaining
portion the deposition will be on the surface and the cross sectional area at any eleva-
tion will be diminished, Fig. 10.6. Let the volume of sediment filled in the conical
portion to a depth of 4, =V,

Dam

FRL A

New bed EL

e

o

il

Reservoir

Profile after
sedimentation in T years

Original profile

Original l
bed EL

Fig. 10.6 Definition Sketch

. The elevation #,, relative to the original bed of the reservoir, up to which the

sediment completely fills up the reservoir, is assumed. The top of this filled up
portion is taken as the new datum, i.e., the new zero elevation. The area 4, at
this depth is determined. The value of p at this level = p, = h /H.

The new total depth of the reservoir =H — &,

Volume of sediment to be distributed = V, -V,

The type classification of the reservoir is determined

Values of 4, are determined for various values of p (= &,/H) by using
Eq. (10.13)

Atp=p,4,=4,

Find K=4,/4,,

Using this value of K, the sediment area 4, at any height & above, the new datum
is determined as 4, = 4

AV, = Volume or sediment deposited between two consecutive heights /, and #,
above the new datum is determined either as
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AV, =(4+ A,) Ah/2 ...(average end area method) or as

AV.= (4 + Ay + 4 4, )% ...(weighted area method).
where Ah=(h,—h))

10. Accumulated sediment at various elevations starting from the original bed el-
evation are now determined.

11. The total volume of deposited sediment up to the top of the reservoir, obtained
at step No. 10, must be equal to the given value of V.. If the value found in step
10 differs from V considerably, say more than 2%, then the entire procedure is
repeated by assuming a new value of 4, i.e. new zero elevation.

Example 10.5 given below illustrates the use of this procedure.

ExampLe 10.5 For a reservoir the capacity — area — elevation data is given below.
Estimated total accumulation of sediment in the reservoir in 50 years of its operation is
100 MCM. Original bed elevation is El. 535.00 m and the spillway crest is at 546.50 m.
Determine the distribution of 100 MCM of sediment in the reservoir by the empirical area
reduction method. The reservoir can be taken as of Type II. [Note: For the first trial
assume the level up to which the reservoir is fully covered by sediment at the end of 50
years as 539.40 m].

Elevation (m) 535.00 536.50 538.0 539.0  539.40 540.00
Original Water spread

area (sq. km) 2.0 4.51 6.89 8.71 11.52 15.74
Original Reservoir

Capacity (MCM) 0 5.18 13.13 2092 2496  33.10
Elevation (m) 541.00 542.00 543.00 544.00 545.00 546.50
Original Water spread

area (sq km) 26.88 38.02 47.84 57.66  67.09 81.15
Original Reservoir

Capacity (MCM) 54.35 86.76 24476 35597 74476  355.97

Sorutrion.  Table 10.10 shows the computations.

First the given Elevation-area data is enlarged through linear interpolation to cover the
elevation at an average interval of 0.50 m. The incremental area between two area ele-
ments 4, and 4, separated by a height A/ is calculated as

V= @ X Ah

The accumulated volume starting from the original bed El. 535.00 m is calculated to get
original reservoir capacity — elevation data.
In Table 10.9:

Col. 2 = Elevation in metres

Col. 3 = Original water surface area at given elevation, sq.km

Col. 4 = Height above original bed elevation = [Elevation of the item — 535.00] = %

Col. 5 = Original reservoir capacity in MCM. This list contains given data as well as

newly generated data
Col. 6 = Relative depth p = i/H = Col. 4 /11.50
Col. 7 = Function 4, calculated by Eq. 10.13 as 4, = 2.487 P37 (1 = p)H,
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First Trial: A trial and error Procedure is adopted. For the first trial, the level up to which
the reservoir is fully covered by sediment at the end of 50 years is taken as 539.40 m, as
per the suggestion in the problem. This would be the new datum for the bed of the reser-
voir at the end of 50 years. At this level:
From Col. 7, 4, = 1.180, 3, From Col. 3, Original reservoir area = 4, = 11.52 km?.
Coefficient K (for the first trial) = K; = 11.52/1.180 = 9.761
Col. 8 = Represents K 4, =9.761 x Col. 7 for all elevations higher than 539.40 m. This
column represents the area covered by sedimentation at a particular level and
hence called Sediment area.
Col. 9 = Incremental sediment volume between two successive elevation calculated as
(average sediment area X incremental depth).

Col. 10 = Accumulated sediment volume starting from 24.96 MCM at E1.539.40 m.
Note that the value 24.96 represents the original volume of the reservoir at the
elevation 539.40 m and this volume is taken as completely filled up by sedi-
ment at the end of 50 years.

The last value in Col. 10 is obtained as 101.19 MCM whereas the given sedi-
ment data indicates a deposition of 100 MCM in 50 years. This indicates a
need for second trial. The calculations are very near the logical final values
and since the difference is slightly more than 0.5% only minor corrections are
needed. Tweaking the coefficient K does this. Thus for second trial
K, = Adjusted value of K, on a pro-rata basis of total accumulated sediment

K; x100

101.19
shown in Cols. 11, 12 and 13.
Second Trial:
Col. 11 = Revised sediment area with K, = 9.646.
Col. 12 = Revised incremental sediment volume with K, = 9.646
Col. 13 = Revised accumulated sediment volume with K, = 9.646
Note that this second trial improves the result considerably and the accumulated sedi-
ment volume at El. 546.50 m is 100.30 MCM. The difference between this and the given
value of 100.0 MCM is negligible being less than 0.5% and thus this distribution could be
taken as final values.
Col. 14 = Reservoir area distribution at the end of 50 years
Col. 15 = Reservoir volume distribution at the end of 50 years.
Col. 16 = Available reservoir elevations at the end of 50 years.
Note that the new bed level of the reservoir at the end of 50 years is 539.40 m.
The distribution of the area and capacity with elevation, at the beginning and at the end
of 50 years is shown in Fig. 10.7 (a and b).

volume = = 9.646. Values of this second trial (with K, = 9.646) are

AREA INCREMENT METHOD The basic assumption of this method is that the
volume of sediment deposition per unit height in the reservoir is constant. This is
same as assuming that the area-elevation curve after sedimentation is parallel to the
curve before sedimentation. Thus the sediment area is constant at all elevations and is
equal to the sediment area at the new zero elevation, 4. The distribution of sediment
is given by

Vi=A,H-hy) + 7V, (10.14)
where V= sediment volume to be distributed in the reservoir

A, = original reservoir area at the new zero level
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Fig. 10.7(b) Reservoir Elevation - Capacity Curves —Example 10.6

h, = depth at which reservoir is completely filled up = elevation of new
zero elevation with respect to old bed elevation as datum
V,= sediment volume between old zero and new zero bed level
H = Difference in the elevations of FRL and original bed of the reservoir
= depth of reservoir at Full reservoir level (FRL), (original value).
The procedure or distributing the given total sediment volume V is done by a trial
and error procedure as detailed below:
(1) Assume /,, and find corresponding V, and 4,
(i1) Check whether ¥ given by Eq. (10.14) agree with the given value. If not repeat
with a new value of ,,



The McGraw-Hill Companies

400 Engineering Hydrology

(iii) Sediment area at any level is 4,. Establish water surface area at any level as
(original area — 4,).
(iv) Over a depth Ah. Incremental sediment volume = 4 - Ah.
Hence reservoir capacity after sedimentation at any level #” above new zero

= (Original volume — V, — 4 ")
Example 10.6 illustrates the procedure

ExampLE 10.6 The reservoir of Example 10.6 is expected to have 50 MCM of sedi-
ment accumulated in first 25 years of its operation. Determine the distribution of this 25
MCM of sediment by Area Increment method.

Sorumion:  Given data: ¥, = 50 Mm?
H=546.50 — 535.00 = 11.50 m

First Trial:
Assume that the new zero elevation is 536.50 m giving A, = 536.5 — 535.00 = 1.50 m
A, =4.35 km? (from given data. Col. 3 in Table 10.11)
¥, = volume corresponding to El. 536.50 = 4.73 Mm® (from Col. 6 of Table 10.11)
By Eq. 10.14 V=V, + A, (H—h,)=4.73 +4.35(11.5 - 1.5) = 48.235 Mm’
While this value is close to the given value of ¥, = 50 Mm®, a new trial to get better
agreement is needed.

Second Trial:
For the second trial assume new zero elevation as 535.60 m.
h,=536.6 —535.00 = 1.60 m
A, =4.51 km?
V= volume corresponding to El. 536.60 = 5.18 Mm®  (From Col. 6 of Table 10.11)
By Eq. (10.14) V,=V,+ A (H—h,)=5.18 +4.51 (11.5 — 1.6) = 49.83 Mm’
This ¥, value is nearly equal to the given value of 50.00 Mm® and differs by only 0.34%.
Since the difference is less than the permissible 1% value, no new trial is required. The
assumed zero elevation of 536.60 is considered to represent the bed elevation at the end of
25 years satisfactorily. Using this value, the distribution of sediment at different eleva-
tions is worked out as shown in Table 10.11.
In Table 10.10:
Cols. 2 and 3 are given data. Col. 4 is incremental height in m
Col. 5 is the incremental reservoir capacity between two elevations calculated as (aver-
age area X incremental height)
Col. 6 is cumulative value of Col. 5
Col. 7 is sediment area at chosen 4, and is constant over the full depth of the reservoir
measured above the chosen new zero elevation
Col. 8 is incremental sediment volume calculated as equal to [4,, X (incremental height)].
Col. 9 is cumulative sediment volume. Note that the values are the same as in Col.6 up
to El. 536.60.
Col. 10 is estimated reservoir area at the end of 25 years. This area starts from new zero
elevation of 536.60 m and is equal to (Col. 3—Col. 7).
Col. 11 is estimated reservoir volume at the end of 25 years. This volume starts with a
zero value at new zero elevation of 536.60 m and is equal to (Col. 6—Col. 9).

10.10 LIFE OF A RESERVOIR

A reservoir is designed to serve one or more specific purposes. Sedimentation causes
progressive reduction in the capacity of the reservoir and this may impact on the de-
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sired performances of the reservoir at some point in time. With this in view, various
definitions of specific terms related to the general term /ife of a reservoir are defined.

USEFUL LIFE Period through which deposited sediment does not impact on the
intended purposes of the reservoir. Useful life is considered to be over when an addi-
tional reservoir is to be built (or water is to imported from another source) to meet the
original intended demand.

EcoNOMIC LIFE A point of time since the commissioning of the project at which
the physical depreciation due to sedimentation, in conjunction with other economic
and physical factors cause the operation of the reservoir, to meet intended demands,
economically inefficient.

DESIGN LIFE A fixed period (usually 50 years or 100 years) adopted by the de-
signers as estimate of minimum assured useful life.
The present-day practice in India is to adopt 100 years as the design life of the
reservoir. The CWC practice in this connection is as follows:
e Volumes of sediment estimated to be deposited in the reservoir in 50 years (V)
and in 100 years (V) of operation are worked out.
o Distribution of V;, is performed and the zero level after sedimentation is estab-
lished.
e Minimum drawdown level (MDDL) is fixed a little above the zero level
corresponding to V;,, found in second step above
e Distribution of sediment Vs, is performed to develop area — elevation — capacity
curves. This set of curves corresponding to 50 years of sedimentation is used in
working-table studies, reservoir performance simulation studies, etc.

10.11 RESERVOIR SEDIMENTATION CONTROL

Sedimentation of reservoirs causes great economic loss primarily due to reduction of
storage capacity of the reservoirs. Other impacts of sedimentation such as increased
high flood levels due to flattening of the bed slope in the river upstream of the reser-
voir leading to frequent inundation and water logging in the up-reservoir areas are
serious in many instances. As such, monitoring and control of sedimentation forms a
prime item in the management of any major reservoir project. Considering the basic
natural process of erosion and transportation inherent in the phenomenon, it is obvi-
ous that the reservoir sedimentation can never be stopped but with good effort can be
retarded considerably. The basic methods available for control can be listed as:

e Reduction in sediment yield from the catchment

e Reduction in the rate of accumulation of sediment in the reservoir

e Physical removal of already deposited sediment

REDUCTION IN SEDIMENT YIELD

Various control measures that can be adopted to reduce erosion and transportation of
eroded products in the catchment are dealt under the specialized interdisciplinary
practice known as Soil Conservation technology. After a thorough study of the
catchment area, soil and water conservation practices best suited for each sub watershed
of the catchment have to be established by the specialists in the area of soil and water
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conservation. In a general sense, the soil conservation practices involve components
such as

e Terraces, strip cropping and contour bunding to retard overland flow and hence

reduction in sheet erosion

o Check dams, ravine reclamation structures etc. to reduce sediment inflow into

the stream

e Vegetal covers, grassed waterways and afforestation to reduce runoff rates and

hence to reduce erosion.

In view of the interlocking and interdependency feature of various aspects of soil,
water, biomass production and livelihood of people living in the watersheds an
integrated approach should be adopted in watershed management. Integrated operation
of soil and water conservation aspects in a watershed can be represented as in Fig. 10.8.

Soil and Water Conservation

Erosion Water Soil-fertility Vegetation
management conservation management management
Gully Soil erosion Nutrient Salinity
control control management control
In-situ water Run-off Water-table
management| | management| | management

Tree Crop Pasture
production production production

Fig.10.8 Integrated Soil and Water Conservation

REDUCTION OF ACCUMULATION OF SEDIMENT

Accumulation of the sediment that flows into the reservoir can be reduced if arrange-
ments are made for venting out the sediment through structural arrangements in the
dam and appropriate reservoir operation. Some of the measures that can be adopted
towards this are:
e Provision of scouring sluices at lower elevations in the dam to flush out high
concentration sediments and density currents
e Appropriate operation of gated overflow outlets and other sluices in the dam in
such a manner to allow passage of freshets with high concentration of sediments
to the downstream of the dam and to catch only relatively clear latter flows for
storage in the reservoir.
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PHYSICAL REMOVAL OF DEPOSITED SEDIMENTS

Deposited sediments can be removed by hydraulic or mechanical means. However,
for large reservoirs the disposal of removed sediment does pose environmental problems
and also the entire operation may not be economically feasible. However, for many
small reservoirs sediment removal, popularly known as desilting can be a feasible
proposition. As typical example, desilting of irrigation tanks of south India can be
cited. Several thousands of tanks in South India, particularly in Andhra Pradesh,
Karnataka and Tamil Nadu are in existence since several decades and are serving as
sources of minor irrigation. Many of these tanks have been successfully desilted, in
recent past, and their capacity restored to their original values. Acute scarcity of water,
community participation and use of tank silt as soil amendment in both irrigated
command area and in the up-catchment rain-fed agricultural lands have made these
ventures economically viable.

10.12 EROSION AND RESERVOIR SEDIMENTATION
PROBLEMS IN INDIA

EROSION PROBLEM

The India, practically all the regions are subjected to fairly serious erosion problems
due to several reasons. It is estimated that out of 305.9 M ha of reported area in the
country about 145 M ha is in need of soil conservation measures. Table 10.12 gives
details of soil conservation problem areas in India under different land cover/use. It is
seen that major part of agricultural land suffers from erosion problem and consequent
loss of productivity, nutrient and soil resource. The distribution of soil erosion prob-
lem areas (as of 1985) statewise is shown in Table 10.13(a).

Table 10. 12 Soil Conservation Problem Areas in India

Particulars Total Area Soil-Conservation
(M ha) problem area

(M ha)

Forest 61.170 20

Culturable wasteland 17.362 15

Permanent pastures and other grazing land 14.809 14

Land under miscellaneous tree crops and groves 4.218 1

Fallow lands:

(i) Fallow lands other than current fallows 9.168 8

(i) Current fallows 11.132 7

Total for Fallow lands 15 20.5

Net area under cultivation 137.9 80

Other land uses, not available for agriculture, 50.188 —

forest, etc.

Grand Total 305.947* 145

*305.947 million hectares is the reported area for land-utilisation statistics out of a geo-
graphical area of 328.809 million hectares.
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Table 10.13(a) State-wise Distribution of Soil Erosion Problem Areas (as of

1985)
SI. State Extent of SI.  State Extent of
No. Problem area | No. Problem area
due to Soil due to Soil
Erosion (M ha) Erosion (M ha)
1. Andhra Pradesh 11.502 14. Nagaland 0.405
2. Assam 2.217 15. Orissa 4.578
3. Bihar 4.260 16. Punjab 1.007
4. Gujarat 9.946 17. Rajasthan 19.902
5. Haryana 1.591 18. Sikkim 0.303
6 Himachal Pradesh 1.914 19. Tamil Nadu 3.640
7. Jammu & Kashmir 0.883 20. Tripura 0.167
8. Kamataka 10.989 21. Uttar Pradesh 7.110
9. Kerala 1.757 22. West Bengal 1.033
10. Madhya Pradesh 19.610 23. Arunachal Pradesh 2.444
11. Maharashtra 19.181 24. Goa 0.200
12. Manipur 0.374 25. Mizoram 0.421
13. Meghalaya 0.837 26. Union Territories 0.349

(Source: Ref. 5)

For purposes of developing appropriate technologies for soil conservation, Central
Soil and Water Conservation Institute has considered the erosion problem areas of the
country under three categories as hilly regions, ravine regions and semi-arid, black
and red soil regions. The characteristic features of these regions are as in Table 10.13(b).

Table 10.13(b) Region-wise Soil Erosion Problems

Region Area Extent  Sub-areas Details
(M ha)
Hilly Western, 31.13 T &K, UP (hill Area is prone to erosion haz-
Region North- Districts) and HP  ards due to weak geology,
Western & deforestation & hill road
Central construction.
Himalaya
Eastern 17.70  Assam. Eastern Shifting cultivation has cau-
Himalayan states, Sikkm and  sed denudation and degra-
Region West Bengal dation of land. Heavy run-
off and massive soil erosion.
Western 7.74  TN., Kerala, Heavy rainfall in the range
Ghats Karnataka and 1300 to 6000 mm. Prone to
Mabharashtra severe erosion due to defor-
estation, faulty land use and
overgrazing.

Ravine Aridto Semi 3,67  Parts of UP, M.P,, Faultyland use, overgrazing
Region arid regions Bihar, Rajasthan, ~ and loss of natural land cov-

(Contd.)
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(Contd.)
Gujarat, Punjab,  ering are the chief causes of
W.B., IN. and gully and ravine formation
Mabharashtra and soil erosion.
Semi-arid  Arid to 97.00  Rest of the About 500 to 2000 mm of
Black and  Semi-arid country in semi-  rainfall and 80 to 90% of
Red Soil tropical arid tropical rainfall received in 30 to 70
Region region. region not covered hours. Sheet erosion caused
in the above by high intensity rainfall.

(Source: Ref. 5)

RESERVOIR SEDIMENTATION

A large number of reservoirs have been built in India since 1950. Sedimentation in the
reservoirs has been found to be fairly high particularly in those reservoirs sited in arid
and semi-arid tropical erodible regions. Reservoir surveys conducted during 1958 to
1986 indicated that all of the surveyed reservoirs were found to be silting at a rate
faster than what was anticipated. In a majority of the reservoirs about 50% of sedi-
ment is deposited in the upper 20-30% of the depth indicating deposition in the head
reaches of the reservoir. Reference 7 reports the details of surveys on a large number
of reservoirs. A summary of sedimentation surveys on 19 reservoirs covering differ-
ent regions of the country is given in Table 10.14. It is seen from this Table that the
reservoirs are losing annually a capacity of about 0.75 of its original value. Further,
the range of loss of reservoir capacity is 1.79 to 0.02% and in majority of cases the
actual rate of sedimentation is many times more than the designed rates.

CWC (1991) found from an analysis of capacity survey data of 49 reservoirs in
India that there is wide variability in rate of sedimentation in various reservoirs. The
sedimentation rate in the surveyed reservoirs was found to lie in the range of 0.15 to
27.85 ha.m/100 sq.km/year.
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: REvisioN QUESTIONS :

10.1
10.2

10.3
10.4

10.5

10.6
10.7
10.8
10.9

10.10

10.11

10.12

10.13

10.14
10.15

Describe different forms of land erosion by water.

Describe the flow-duration and sediment rating curve procedure of estimating the sedi-
ment yield of a watershed.

Explain briefly the Universal Soil Loss Equation (USLE).

What is Modified Universal Soil Loss Equation (MUSLE)? What is its chief advan-

tage over USLE?

Briefly explain:

(a) Erosion Index (b) Sediment Delivery Ratio (SDR)
(c) Bed Load (d) Suspended Load

(e) Reservoir Delta

What is meant by Trap Efficiency of a reservoir? What factors influence its value?
Describe a commonly used method of estimating the trap efficiency of a reservoir.
Describe the procedure of conducting a Reservoir survey.

List the factors affecting the density of sediment deposited in a reservoir. What is the
commonly used method of estimating the average density of sediment deposited over
a period of T years in a reservoir?

How are reservoirs classified for purposes of estimating the deposition pattern?
Explain the empirical-area—reduction method of determining the sediment distribu-
tion in a reservoir.

Explain the area—increment method of determining the sediment distribution in a res-
ervoir.

Explain a procedure to estimate the time taken for a reservoir to lose x% of its initial
volume.

List different methods available for reservoir sediment control.

Write a brief note on procedures to be adopted towards reduction of sediment yield of
a catchment.

10.1

10.2

10.3

10.4

10.5

10.6

: PROBLEMS I

For a catchment area of 1500 km?, estimate the sediment yield in ha-m/100 sq. km/
year by using (i) Khosla’s formula and (ii) Joglekar’s formula.
If the dry unit weight of a sediment deposit in a reservoir is 850 kg/m>, estimate the
(a) porosity and (b) weight of 1 m> of sediment deposit in the reservoir. [Assume
relative density of sediment particles as 2.65.]
Estimate the (dry) unit weight of a reservoir sediment deposit having 25% sand, 35%
silt and 40% clay, at the end of (a) one year and (b) 25 years. [Assume that normally the
reservoir undergoes considerable drawdown.]
Reservoir sediment deposition survey of a reservoir indicated the following composi-
tion of sediment in a sample: Sand = 25%, Silt =21% and Clay = 54%. The sample can
be taken as a 10 year old deposit. If the dry unit weight was 1650 kg/m?, determine the
accuracy of estimate of unit weight of the sample by the use of Koezler equation. The
reservoir operation is of 2nd kind viz, normally moderate drawdown is expected in its
operation.
A reservoir sediment is estimated through use of Koezler equation to have average unit
weight of 1100 kg/m?> at the end of 35 years and 1120 kg/m> at the end of 50 years.
Estimate the average unit weight at the end of first year of deposit and at the end of 100
years.
In a reservoir the average weight of deposited sediment was found to be (i) 500 kg/m®
over a period of first ten years, and (ii) 600 kg/m> over a period of first twenty years.
Estimate the average unit weight over a period of first 50 years of the reservoir’s life.
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10.7

10.8

10.9

10.10

10.11

10.12

Engineering Hydrology

A reservoir with a capacity of 50 Mm? is proposed at a location in a river having the
following properties:

Catchment area = 200 km?

Average Annual water yield at the site = 35 cm

Average Annual Sediment yield at the site = 150,000 Mm®

Estimate the time required for the loss of 30% of initial capacity of the reservoir due to
sedimentation. [Assume three equal steps of capacity loss.]

The reservoir is expected to be a normal ponded reservoir.

A reservoir has an initial capacity of 90000 ha-m and the annual sediment load in the
stream is estimated as 600 ha-m. If the average annual inflow into the reservoir is
400000 ha-m, estimate the time in years for the reservoir to lose 50% of initial capacity.
In the relevant range the trap efficiency 7, can be assumed to be given by

1,=6.064 Ln(C/T) = 101.48

Use five steps.

A proposed reservoir has a catchment of 2660 km?. It has a capacity of 360 Mm?® and
the annual yield of the catchment is estimated as 40 cm. Assuming the average
composition of sediment as 20% sand, 35% silt and 45% clay, estimate the probable
life of the reservoir to a point where 40% of the reservoir capacity is lost by
sedimentation. The sediment yield is estimated independently as 360 tonnes/km?*/year.
[Assume the reservoir to have normally a moderate reservoir drawdown. Take five
capacity steps for the life calculation.]

Coordinates of suspended load rating curve and flow duration curve of a river at a
gauging site is given below. Plot the respective curves and using them estimate the
(a) total sediment yield at the gauging station and (b) concentration of suspended load
in ppm. [Assume bed load as 10% of suspended load.]

Flow Duration Curve Suspended Sediment Rating Curve
Percent times flow Average daily | Water discharge  Suspended load
equalled or exceeded discharge (m%/s) (tonnes/day)

0.5-1.0 2550 2550 355,000
1.5-5.0 1275 1250 200,000
5.0-15.0 735 750 62,500
15.0-35.0 450 450 22,500
35.0-55.0 200 350 17,500
55.0-75.0 110 225 10,000
75.0-95.0 50 125 4000
95.0-99.5 20 85 2000
50 500
25 50

A reservoir has a capacity of 180 Mm? at its full reservoir level. The average
water inflow and average sediment inflow into the reservoir are estimated as
400 Mm?®/year and 3.00 M tonnes/year respectively. The sediment inflow was found to
have a composition of 20% sand, 30% silt and 50% clay. Estimate the time in years
required for the capacity of the reservoir to be reduced to 35% of its initial capacity.
[Assume the sediment is always submerged.]

The area of a reservoir at different elevations as obtained by survey is shown in the
following table. Estimate the capacity of the reservoir by using the weighted area method.
Plot the capacity — elevation above bed curve on log-log axes and estimate the value of
parameter m and the reservoir type.
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Elevation (m) Area (ha) Capacity in (ha.m)
560.52 0 0
562.35 19.42 11.8
563.27 47.75 41.8
563.88 62.32 75.3
564.18 79.72 96.5
564.49 96.72 123.8
565.10 137.59 194.8
565.55 191.41 268.7
566.93 366.64 647.2
568.45 513.95 1313.3
569.97 679.06 2217.1

10.13 Original Reservoir the capacity — area — elevation data of Bhakra reservoir, India, is
given below. Estimated total accumulation of sediment in the reservoir in 25 years of
its operation is 92250 ha-m. Original bed elevation is E1.350.52 m and the spillway
crest is at 512.06 m. Determine the distribution of 92,250 ha-m of sediment in the
reservoir by the empirical area reduction method. The reservoir can be taken as of
Type II. Assume the level up to which the reservoir is fully covered by sediment at the
end of 25 years as 365.76 m. [Use average end area method for computing incremental

10.14

volume.]

Elevation Original Original Elevation Original Original
(m) area capacity (m) area capacity
(ha) (ha) (ha.m)

350.52 0 0 426.72 4452 148830
365.76 364 2460 441.96 5382 222630
381.00 1295 13530 457.20 6799 317340
396.24 2428 43050 472.44 8620 436650
400.00 2752 55350 487.68 11048 587940
411.48 3561 87330 502.92 13760 772440
512.06 15378 910200

For a reservoir the original area — elevation — capacity relation is as given below. Over
a period of 10 years, this reservoir expects a total sediment inflow of 10,000 ha-m.
Determine the distribution of 10,000 ha-.m of sediment in this reservoir by the area-
increment method. [An accuracy of >99.5% in gross sediment volume is expected.]

Elevation Original Original Elevation Original Original
(m) area capacity (m) area capacity
(ha) (ha.m) (ha) (ha.m)
97.53 0 0 112.77 1659 7258
100.58 43.7 98 115.82 2241 13242
103.63 168.4 471 118.88 3083 21300
105.76 411.2 1177 121.92 4346 32550
106.68 464.2 1509 124.97 6206 42710
109.73 720.7 3321
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: OBJECTIVE QUESTIONS :

10.1

10.2

10.3

10.4

10.5

10.6

10.7

10.8

10.9

In a reservoir the capacity is 20 cm and the annual inflow is estimated to be 25 cm. The
trap efficiency of this reservoir under normal operating conditions is about
(a) 10% (b) 45% (c) 75% (d) 100%
In a reservoir the sediment deposit is found to be made up of only sand and this deposit
is always found to be submerged. The unit weight of this sediment deposit at any time
T years after the commencement of operation of the reservoir is about
(a) 1500 kg/m®
(b) 1500 + B Ln T kg/m> where B is a positive non-zero coefficient
(¢) 750 kg/m?
(d) 750 + B Ln T kg/m® where B is a positive non-zero coefficient
Borland & Miller’s classification of reservoirs for distribution of sediments in the
reservoir is based on a parameter m. The reservoir is classified as
(a) Type lif m is in the range 2.5t0 3.5 (b) Type Il if m is in the range 1.0 to 1.5
(c) Type I if m is in the range 1.5 to 2.5 (d) Type IV if m is greater than 3.5
A reservoir had an original capacity of 720 ha-m. The drainage area of the reservoir is
100 sq.km and has a sediment delivery rate of 0.10 ha-m/sq.km. If the reservoir has a
trap efficiency of 80% the annual percentage loss of original capacity is
(a) 1.39% (b) 1.11% (c) 1.74% (d) 0.28%
The sediment delivery ratio (SDR) of a watershed is related to watershed area (4),
relief (R) and watershed length (L) as
(a) SDR=KA" (R/L)" (b) SDR=KA™ (R/L)™
(¢) SDR=KA™ (R/L)" (d) SDR=KA™ (R/L)™
where K, m and n are positive coefficients.
If erosion in a watershed is estimated as 30 tonnes/ha/year, his watershed is in erosion
class designated as
(a) severe (b) very high (c) high (d) moderate
The suspended sediment concentration C; in ppm is determined from a sample of
suspended sediment mixture as

[ Weight of sediment in sample]

(@) C,= , : x10°
[Weight of water in sample]

®) C [Weight of sediment in sample] 10
= X
¥ [Weight of (sediment + water) in sample]

[Volume of sediment in sample] p
(c) C,= - - x 10
° [Volume of (sediment + water) in sample]

@ C [Weight of (sediment + water) in sample] 106
= X
* [Volume of (sediment + water) in sample]

The current CWC practice in design of reservoirs adopts minimum drawdown level
(MDDL) based on the bed elevation that will be reached in the reservoir after N years
of sedimentation, where N is equal to

(a) 25 years (b) 50 years (c) 100 years (d) 500 years

The present CWC practice in design of reservoirs adopts area — capacity — elevation
curves expected after M years of sedimentation for working table studies and checking
for the performance of the project. In this M is equal to

(a) 25 years (b) 50 years (c) 100 years (d) 500 years
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A.2 SOME USEUL WEBSITES RELATED TO HYDROLOGY

(AS OF 2007)

U.S. Geological Survey WWW.USZS.gov
. Hydrology Web http://hydrologyweb.pnl.gov

. Kumar Link to Hydrology Resources

www.angelfire.com/nh/cpkumar/hydrology.html

. WRCS Hydraulic & Hydrology Software shop

http://www.waterengr.com

. New Mexico University — Earth & Environmental Science — Useful Links

http://www.ees.nmt.edu
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6. Yahoo Search
http://dir.yahoo.com/Science/Engineering/Civil Engineering

7. Internet Resources for Water
http://www.library.ucsb.edu/istl/97-summer/internet1.html
8. Links to Interesting Water Resource web pages
http.//www.uswaternews.com
9. Water Meta Pages
http://www.interleaves.org/~rteeter/watermeta.html
10. Directory of Hydrology related WWW sites

http://hydrology.agu.org/news/resources.html
A.3 ABBREVIATIONS

AET Actual Evapotranspiration

Al Aridity index

AMC Antecedent moisture condition

CBIP Central Board of Irrigation & Power (India)

CGWB Central Groundwater Board (India)

CN Curve number

CWC Central Water Commission (India)

DAD Maximum Depth — Area — Duration

DGPS Differential Global Positioning System

DRH Direct runoff hydrograph

DVC Damodar Valley Corporation

El;, Rainfall Erosion Index Unit

ER Effective (or Excess) rainfall

ERH Effective (or Excess) rainfall hyetograph

FAO Food & Agriculture Organisation of United Nations
Organisation.

FEM Finite Element Method

FRL Full Reservoir Level

GOI Government of India

GPS Geographical Positioning System

IMD India Meteorological Department

IUH Instantaneous Unit Hydrograph

MAI Moisture availability index

MCM Million Cubic Metre

MDDL Minimum Drawdown Level

MOC Method of Characteristics

MSL Mean Sea Level

MUSLE Modified Universal Soil Loss Equation

NBSS&LUP National Bureau of Soil Survey & Land Use Planning

NCIWRD National Commission for Integrated Water Resources
Development (1999)

NRSA National Remote Sensing Agency

PET Potential evapotranspiration
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PI Palmer Index

PMF Probable maximum flood

PMP Probable maximum precipitation

RBA Rashtriya Barh Ayog (National Flood Commission)
RTWH Roof Top Water Harvesting

SCS U.S. Soil Conservation Service

SDR Sediment Delivery Ratio

SPF Standard Project Flood

SPS Standard Project Storm

SRK Standard Runga-Kutta Method

SWM Stanford Watershed Model

T™C Thousand Million Cubic Feet

UH Unit hydrograph

UNESCO United Nations Economic, Social & Cultural Organisation
USLE Universal Soil Loss Equation

WMO World Meteorological Organisation
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Appendix

CoNVERSION FACTORS

B.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

B.2 FLOW RATE (DISCHARGE)

Unit Cubic metres per Litres per minute Litres per second
second (m®/s) (Ipm) (Ips)

1 cft/s (cusec) 0.02832 1699 28.32

1 Imp. gpm 7.577 x 107 4.546 0.07577

1 US gpm 6.309 x 107 3.785 0.06309

1 Tmp. mgd 0.05262 3157 52.62

1 acre ft/day 0.01428 856.6 14.28

B.3 PERMEABILITY
1. Specific permeability, K,,
1 darcy =9.87 x 107> m? =9.87 x 10~ cm?
2. Coefficient of permeability, K
1 Ipd/m?=1.1574 x 107® cm/s
1 m/day = 1.1574 x 1073 cm/s = 20.44 Imp. gpd/ft> = 24.53 US gpd/ft*
=0.017 US gpm/ft?

B.4 TRANSMISSIBILITY
1 m*day = 67.05 Imp. gpd/ft = 80.52 US gpd/ft = 0.056 US gpm/ft

EQUIVALENTS OF SOME COMMONLY USED UNITS

1 Metre = 3.28 feet 1 Foot = 30.48 cm = 0.3048 m
1 Kilometre = 0.6215 mile | 1 Mile = 1.609 km

1 Hectare = 2.47 acres 1 Acre = 0.405 ha

1sq. km = 100 ha 1 Sq. Mile = 259 ha = 640 acres

Cubic metre ft. = 0.0353 | thousand million
(MCM) TMC cubic feet

1 Million acre feet

1 cusec. day }

1L LAttt }= {810'71 ceie 1 TMC = one } { 28.317 million cubic metres

(MCM)

1233.48 million cubic feet
86400 cft = 2446.9 m®

_ ] 160544 Cubic feet = 4546.09
Cubic metres

1 million gallons
(imperial)
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Answers

ANSWERS TO OBJECTIVE

QUESTIONS
Chapter 0 1 2 3 4 5 6 7 8 9
1.00 C d a b C d c
2.00 d b c d c a b b c
2.10 c d a d c b b d b b
2.20 b a a b c a b
3.00 c b d c c d b d C
3.10 c b b b c d b d c
4.00 d d b d c b a c
4.10 b a c b a b c b c
5.00 a a b a c c b c b
5.10 d c b a b c b c a
6.00 C a b a C b b b b
6.10 c d c a d a d b d
6.20 b a b c b
7.00 a d a C b b d a
7.10 a c c c a a c b
7.20 d
8.00 a b a c b d d
8.10 d b a b a b b c d
8.20 d a
9.00 d b c c d b c a
9.10 b c c b d d d a c a
9.20 d a a b b a b d b
10.00 d a c b c b b c b
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ANSWERS TO PROBLEMS

CHAPTER 1
1.1 Q=57.87m’s
1.2 (i) 0.61 (i) Increase in abstraction = 18.492 Mm®
1.3 0=6.191 m%s 1.4 S,=19.388 ham

1.5 P =1105mm, E =532.4 mm, r, = 0.485, r, = 0.472, r, = 0.522, r, = 0.538,
Fiow = 0.518

1.6 (i) 7,=8.2days (i) 7,=4800 years (iii) 7,.=28,500 years
CHAPTER 2
21 5 2.2 12.86 cm
2.3 (a) 1955 (b) Correction ratio = 0.805, mean P, = 143.9 cm
2.4  Time since start of the
storm (minutes) 30 60 90 120 150 180 210
Intensity of rainfall in the
interval (cm/h) 350 450 120 9.0 50 3.0 1.5
Cumulative rainfall
since start (cm) 1.75 4.00 10.00 14.50 17.00 18.50 19.25

Average intensity = 5.5 cm/h
2.5 36.06 mm 2.6 Years 1964, 1971, 1972, 1976 and 1980 were drought years.
2.7 741 cm 2.8 135cm
29 (a) 10.6cm (b) 10.80 cm (c) 11.07 cm
2.10 112.03 cm
2.11 (i) Average depth =20.1 mm (i) Depth at storm centre = 22.0 mm.

2.12 (a) Time (min) 0 10 20 30 40 50 60 70 80 90
Intensity (mm/h) 114 132 42 120 138 198 168 48 36
(b) Duration (min) 10 20 30 40 50 60 70 80 90

Max. Intensity (mm/h) 198 183 168 156 134.4 133 130.3 120 110.7

2.13 Duration (min) 10 20 30 40 50 60 70 80 90
Max. Depth (mm) 16 25 31 40 47 55 60 64 67
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2.14 Maximum Intensity 75.0 62.1 49.8 40.5 37.0 33.0 30.1 27.2 24.7
Duration in Min 10 20 30 40 50 60 70 80 90
Maximum Depth (mm) 12.5 20.7 249 27.0 30.9 33.0 35.1 36.2 37.0

2.15 (a) 13250 cm  (b) 143.0 cm
2.16 (a) 118.0 cm (b) T=3.5years (c) pgs7 = 88.0 cm; py;5=84.5 cm

2.18 (a) 0.167 (b) 0.0153 (c) 0.183

2.19 (a) 0.605 (b) 0.01

2.20 10 years 2.21 (a) 0.155 (b) 0.00179 (c) 0.0845
CHAPTER 3

3.1 10.7 mm/day 3.2 245 mm 3.3 Decrease, 48 Mm®
3.4 175 mm/month 3.5 (a)27.1cm (b) 32.28 cm

3.6 234cm 3.7 46.8 cm 3.8 11.25 cm/month

3.9 3.9 mm/day for Day 2 and Day 7; 3.6 mm/day on Day 9
3.0 f,=1.0+1045¢>"
3.1 K,=4.1235 1", £, =3.21 cm/h, £, = 41.278 cm/h
3.12 Kostiakov: F, = 6.73373%
1

Green — Ampt: f, = 9.0239
P J; (Fp
Philip: £, = 2.9735¢ *° + 2.0461
3.13 K, =3.06 4", f,=1.50 cm/h, f, =27.935 cm/h
3.14 Kostiakov:  F,=4.245 7%

Philip: f,=1.911 %% +1.485

Green — Ampt:  f,=3.9785 (FLJ +2.305

p

) +3.8375

3.15 (a) (i) f,=0.7598 1%
(i) F,=7.4827 In1+ 34781
() K,=191 k', £,=0.10cm/h, f,=10.244 cm/h
3.16 f,,=1.02 cm/h
3.17 (i) Att=20h f,=1.7cmh
(i) Atz=3.0h f,=1.51cm/

3.18 ¢@-index =0.42 cm/h 3.19 @index =0.657 cm/h, 7, = 3.5 hours
3.20 W-index =2.52 mm/h 3.21 R=2.50cm 3.22 R=224cm
CHAPTER 4

4.1 6426 m’/s

42 ) 2 =—— 1 i) @ == =1.001 (b)) - =1.00036
Voo (0.4)" (m+1) Vo.6 Vo.6

4.3 11.895m’/s 4.4 34589 m’s 4.5 103m’/s 4.6 500 m’/s

4.7 1428 m’/s 4.8 11km 4.9 4425ms  4.10 30.18 m’/s

411 (1) 0=159.44 (G-a)'"!, (2) 0.968 (3) 2525 m’/s, 5368 m?/s

4.12 4269 m’/s 4.13 4=18.60m

4.14 (G—20.5)=0.1641 Q48 Stage =26.842 m 4.15 164.4 m’/s
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CHAPTER 5
51 (a) 121 cm (b) 62.7%
52 R=0.4828 P—0.2535;5.06 Mm> 5.3 R=0.6163 P—21.513;40.12 cm
5.4 10143 Mm?; 12842 Mm’® 5.5 0.144
5.6 Month July August  September October

Monthly Yield (m?) 41580 430290 177120 751410

Total seasonal yield (Mm?) 1.44
57 (a) 59550 m® (b) 180800 m?
58 CN;=51.4,CN,=70.7,CNy, = 85.0
5.9 346080 m* 5.10 620500 m? 5.11 90984 m®
5.12 140.15 mm 5.13 (a) 122.4 mm, (b) 105.2 mm; 16%
514 Q,5=14m’s 5.15 9545 cumec.day
5.16 (a) 5700 cumec.day; (b) 82 m*/s 5.17 365 Mm’
5.18 389.12 Mm® 5.19 91.032 ha.m 5.20 389.12 Mm®
5.21 16.74 Mm®; 1.41 Mm®/day; Nil 5.22 27 Mm? less water
CHAPTER 6
6.1 K, =0.886,K,=0.2217,S,=9.12 cumec.day
6.2 (a) K, =0.966 (b) Q;=2828m’/s 6.4 2.47 Mm®

Time (h) 1 2 3
Average ER (min) 1.44 25.50 3.94

6.5 (Given ordinates/4.32)
6.6 Base = 66 hour; ¢, = 15.91 m?¥/s at 10 hours from start

6.7 Time (h) 0 6 12 18 24 30 36 42 48 54 60 66 72

6-h UH
ord. (m¥s) 0 5.0 35.0 64.0 72.0 62.0 45.8 32.8 20.8 11.6 5.6 1.6 0

6.8 ER=5.76cm

Time (days) o 1 2 3 4 5 6 7 8

1-day Dist. graph (%) 0 10.50 31.50 26.25 15.50 9.25 525 200 O

6.9 Ordinates of 8-h UH = (Given ordinates/4.5) 6.10 70 m’/s
6.11 Volume of Direct Surface runoff = 5.78 Mm’
Peak runoff rate = 1376 m>/s

6.12 Time (h) 0 3 6 9 12 18 24 30
O(m’/s) 30 300 480 1410 2060 4450 6010 6010

Time (h) 36 42 48 54 60 66 72 78
Q(ms) 5080 3996 2866 1866 1060 500 170 30
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6.13

6.14

6.15

6.16

6.18

6.19

6.20

6.21

Answers 421
Time (h) 0 6 12 18 24 30 36 42
O(m’/s) 10 30 90 220 280 220 166 126
Time (h) 48 54 60 66 72
O(m?/s) 92 62 40 20 10
Time (h) 0 6 12 18 24 30 36 42
12-hUHord. (m¥s) 0 10 40 105 135 105 78 58
Time (h) 48 54 60 66 72
12-h UH ord. (m¥s) 41 26 15 5 0
Time (h) 0 2 4 6 8 10 12 14
S-curve ord. (m%/s) 0 25 125 285 475 645 755 825
4-h UH ord. (m*/s) 0 125 625 130 175 180 140 90
Time (h) 16 18 20 22 24 26
S-curve ord. (m%/s) 855 875 881 881 881 88l
4-hUHord. m*s) 50 25 13 3 0 0
160 m%/s 6.17 Area=7.92 km’
Time (h) 1 2 3 4 5 6
S-curve ord. (m*/s) 0 5 13 18 21 22 2 22
2-hUHord. m%s) 0 25 65 65 40 20 05 0
Time (h) 0 6 12 18 24 30 36 42 48 54
6-hUHord. (m%s) 0 20 54 98 124 148 152 154 138 122
Time (h) 60 66 72 78 8 90 96 102 108 114
6-h UH ord. (m%s) 106 92 76 66 50 42 28 22 12 10
Time (h) 120 126 132 138
6-hUHord. (m%s) 6 3 1 0
Time (h) 0 3 6 9 12 15 18 21 24 27 30 33
9-hUHord. (m%s) 0 4 29 73 129 174 191 183 158 135 115 99
Time (h) 36 39 42 45 48 51 54 57 60 63 66
9-h UH ord. (m*/s) 83 69 54 43 33 25 18 12 6 2 0
Time (h) 0 6 12 18 24 30 36 42
0 (m’/s) 20 80 200 550 620 890 698 530
Time (h) 48 54 60 66 72 78
O(ms) 380 280 178 100 60 20
A =1296 km?
Time (h) 0 6 12 18 24 30 36 42
0 (m’/s) 25 75 225 375 525 600 525 450
Time (h) 48 54 60 66 72 78
0 (m’/s) 375 300 225 150 75 25
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6.22 80.5 m’/s

6.23 Time (h) 0 2 6 10 14 18 22 26 30 34
DRHord. (m*s) 0 43 194 444 39.6 28.1 141 49 14 0

6.24 Time (Units of 6 h) 1 2 3 4 5 6 7 8
Dist. Graph ord. (%) 6.25 18.75 22.92 18.75 14.58 10.42 6.25 2.08

6.25 91.4% and 59.44%

6.26 Time (h) 0 3 6 9 12 15 18 21 24 27
3-h UH ord. (m%/s) 0 60 120 9 S50 30 20 10 5 0

6.27 tR 6.0 h; t,=217.75 h; O, =126 m%/s; Wy =79 h; Wos =45 h; T, = 156 h
6.28 ¢ 9hQ—865m/s W50 307 h, Wos =175 h; T,=52 h
6.29 Q 126 m3/s T,,=30.75 h and to be used with Table 6.12 in the Text.

6.30  Time (h) 1 2 3 4 5 6

0 7
Ordinate of 4-h UH (cm/h) 0 1 2 3 4 3 2 1
Ordinate of S;-curve (cm/h) 0 I 2 3 4 4 4 4 4
Ordinate of 3-h UH (cm/h) 0 1.33 2.67 40 4.0 2.67 1.33 0

(=)

6.31 Time (h) 0 1 2 3 4 5 6 7 8

Ordinate of S,-curve (cm/h) 0.5 0.5 05 05 0.5 0.5 05 05 0.5
Ordinate of 4-h UH (cm/h) 0.25 0.25 0.25 0.25

6.32  Time (h) 0 1 2 3 4 5 >5
Ordinate of DRH (m%/s) 300 300 300 300 300 300 0

633 0, =20.48 m/s, I,=1.025h,7,=275h
DRH A triangle w1th peak of 81.92 m*/s occurring at 1.025 h from start. Base

=275h
6.34 Time (h) Ord. of 2-h UH (m?/s) Time (h) Ord. of 2-h UH (m%/s)

0 0.00 8 17.50
2 2.50 10 19.29
4 7.50 12 17.8
6 12.50 14 16.4
16 15.00 28 6.43
18 13.57 30 5.00

20 12.14 32 3.57

22 10.71 34 2.14

24 69.29 36 0.71

26 37.86 38 0.00
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6.35 Area=257.8 km?

Time (h) Ord. of 3-h UH (m%/s) Time (h) Ord. of 3-h UH (m?/s)
0 0.0 12 423
1 1.8 13 36.0
2 9.8 14 30.0
3 26.0 15 243
4 46.0 16 19.0
5 62.3 17 14.5
6 70.7 18 10.8
7 71.8 19 7.5
8 68.5 20 4.5
9 62.8 21 2.0
10 56.0 22 0.5
11 49.0 23 0.0
CHAPTER 7

7.1 4.0 m’/s 7.2 100m’s 7.3 19.65m’/s 7.4 Q,=55.08m’/s
7.5 g,, = 311.88 m*/s occurs at the end of 5 hours after the commencement of the

storm
7.6 Q,=2.08ms 7.7 Q,=6.42m’s
7.8 See Fig. AnsP-7.8 7.9 0,=0.345m’s

150 m—>
5 10 15 20 25 30 Min

B y
Q
()
£
c £
s >
[s] ©
450m 5 0210  0.210
g
0.105 0.105
v
D | 0 5 10 15 20 25 30

Allo 5 10015 20 25 Min Time (minutes) —>
Isochrones (b — 1) DRH for 5 minute rain

(a) Isochrones

Discharge (m%/s)

1 1 1 1 1 1 1 1 1 1 1
0 5 10 15 20 25 30 35 40 45 50 55 60 65 70
Time (minutes) —>
(b — 2) DRH for 40 minute rain
Fig. AnsP-7.8 Answers to Problem 7.8
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7.10 (a) 0.025 (b) 0.397 (c) 0.975
7.11 (a) 0.41 (b) 0.358 (c) 0.02
(d) 0.000833 (e) 0.636
7.12 N 35 45 55 60 65
K(T,N)  5.6421 5.5221 5.4420 5.4100 5.3832
713  Q,m’/s for T= 50 100 1000
Gumbel 5763 6392 8471
Log Pearson-III 5296 5823 7588
Log Normal 5334 5880 7730
7.14 100 years 7.15 85 years 7.16 100 years
717 Qpm’s for T= 50 100 200 1000
Log Pearson-III 794 928 1077 1496
Log Normal 696 771 846 1025
7.18 22950 m?/s 7.19 (i) 7896 m®/s, (ii) 8103 m’/s
7.20 Ganga: Q00 = 16359 2554 m3/s Qg0 = 22023 + 3744 m’/s
Yamuna: Qo= 17298 £ 3885 m/s Q)00 = 23935 £ 5721 m%/s
7.21 567 m’/s 7.22 (a) x =385 m¥s; g, ;=223 m’/s (b) 1525 m’/s
7.23 Time (h) 0 12 24 36 48 60 72 84
Q (m’/s) 50 104 482 1669 3139 3699 3358 2603
Time (h) 96 108 120 132 144 156 168
Qms) 1928 1268 753 393 183 51 50
7.24 Design Storm
Time (h) 0 6 12 18 24
Design strom rainfall excess (cm) 0 2.0 4.4 6.4 2.4
Flood Hydrograph
Time (h) 0 6 12 18 24 30 36
Q (m’/s) 20.0  45.0 125 285 475 620 666
Time (h) 42 48 54 60 66 72 78
0 (m%/s) 568 416 264 132 46 20 20
7.25 T=1390 years, R = 12% 7.26 R=0.603
7.27 (a) T,=10 years (b) T, = 190 years 7.29 4908 m>/s
7.30 T=247 years; x, = C;,= 26700 m*/s; C,,= 34,710 m’/s; Safety margin = 8010
m’/s
CHAPTER 8
8.1 Time (h) 0 3 6 9 12 15 18 21 24 27
0 (m’/s) 0 1 10 27.6 38.29 41.88 40.26 35.35 29.30 23.27
Elevation 0.0 030 045 095 1.17 1.24 .21 1.11 099 0.87

(300.0 +) m




The McGraw-Hill Companies

Answers 425

8.2

8.3
8.5

8.6

8.7
8.9

8.10

8.11

8.12

8.13

8.15

Time (h) 0 3 6 9 12 15 18 21 24 27
Q(m3/s) 60.84 39.41 38.25 45.86 50.92 49.53 43.81 39.91 32.17 25.08
Elevation 1.50 1.19 1.17 129 136 134 126 120 1.04 0.90
(300.00 +) m
62.38 m, 55.21 m%/s, 4.8 m*/s 8.4 2h25 min
Time (h) 0 2 4 6 8 10 12 14
0 (m’/s) 0  6.67 17.78 27.41 28.86 24.38 21.87 18.71
Elev. (200.0+)(m) 0  0.67 178 274 2.89 244 219 187
Time (h) 16 18 20 22 24 26
0 (m’/s) 1576 12.75 9.75 675 3.75 075
Elev. (200.0 +) (m) 1.58 127 098 0.67 038 0.07
Time (h) 0 2 4 6 8 100 12 14 16
0 (m’/s) 0 40 184 43.04 61.82 6509 59.06 49.43 39.66
Time(h) 18 20 22 24 26 28 30 32
O (ms) 29.80 19.88 1193 7.16 429 258 155 093
K=10.0h;x=03 8.8 21 h,35m’s
Time (h) 0 6 12 18 24 30
O (ms)  35.00 29.94 25.49 2891 41.14 69.49
Time (h) 0 4 8 12 16 20 24 28
0 (m’/s) 8 8 12 21 255 2525 2263 1881
Time (h) 0 3 6 9 12 15 18 21
O@m’s) 10 1391 24.63 3548 4155 44.08 4399 4197
Time (h) 24 27 30
O (m’/s) 3853 34.02 28.73
Time (h) 0 1 2 3 4 5 6 7
IUH Ord. (m%/s) 0 278 13.07 17.32 28.10 34.18 33.55 30.75
1-hUHord. (m¥s) 0 139 7.92 15.19 2271 31.14 33.86 32.15
Time (h) 8 9 10 11 12 13 14
IUH Ord. (m*s) ~ 27.67 2490 22.41 20.17 18.16 16.34 14.71 soon
I-h UH ord. (m*/s) 2921 2629 23.66 21.29 19.16 17.25 15.52 soon
3h, 0.6 m%/s 8.14 O=pt- (é—lo) e s
o o
Time (h) u(t) u(t) Time u(?) u(t)
(h) in (cm/h) (m®/s) (h) (cm/h) (m>/s)
0 0 0 33 0.01889 26.25
3 0.00211 2.93 36 0.01487 20.67

(Contd.)
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(Contd.)
6 0.01022 14.20 39 0.01147 15.94
9 0.02092 29.08 42 0.00869 12.08
12 0.03007 41.08 45 0.00648 9.01
15 0.03563 49.52 48 0.00477 6.63
18 0.03734 51.90 51 0.00347 4.82
21 0.03596 49.99 54 0.00250 3.47
24 0.03256 45.26 57 0.00178 2.48
27 0.02812 39.09 60 0.00126 1.75
30 0.02340 32.52 63 0.00089 1.23
8.17  Time (h) TUH u(?) 1-h UH Time (h)  TUH u(?) 1-h UH
(m>/s) (m>/s) (m>/s) (m>/s)
0 0 0 10 24.6 29.78
1 254 12.68 11 17.0 20.80
2 69.1 47.25 12 11.5 14.22
3 97.2 83.17 13 7.6 9.55
4 104.3 100.73 14 5.0 6.32
5 96.4 100.32 15 3.2 4.13
6 81.1 88.75 16 2.1 2.67
7 64.0 72.56 17 1.3 1.71
8 48.1 56.07 18 0.8 1.08
9 34.9 41.54 20 0.525 0.68
8.18 Time (h) u(?) in (m3/s) Time (h) u(f) in m*/s
0 0.000 22 6.062
2 2.242 24 4.571
4 7.692 26 3.386
6 12.857 28 2.472
8 16.008 30 1.782
10 16.962 32 1.270
12 16.228 34 0.896
14 14.471 36 0.627
16 12.255 38 0.435
18 9.978 40 0.300
20 7.876 42 0.206
8.19 n=4.18, K=3.35h
CHAPTER 9
9.1 S§=16.34%, RD of solids =2.517
9.2 (a) 4125 m’/day (b) 44.175m 9.3 1.92 cmm/s
9.4 (a) 3816x 107 (b) —-1.12% 9.5 156.459 m
9.6 31.46 m/day 9.7 1.73 m 9.8 4.6 years
9.9 3.2 m%day/m length
9.11 (i) R=6x 10 m*day/m width (i) 4, =5.196m

(i) g, =-0.06 m*/day/m width

@iv) ¢,=0.18 m®/day/m width
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9.12
9.13

9.15
9.18
9.19

9.20
9.22

(b)
9.25
9.26
9.27
9.29
9.31

a=1978.4 m, g, = —1.0842 m*/day/m width, g, = 1.108 m*/day/m width
2532 Ipm 9.14 1716 Ipm;

(a) 9.5% increase (b) 100% increase (c) 50% inrease
11.17 m/day 9.17 2556 Ipm, 10.54 m

K =25.8 m/day; T'= 645 m?/day, s, =10.78 m

h,=10.784 m, hz = 10.853 m; (Re)py =2.653, (Re), = 0.0148,

(Re)z = 0.00917

(a) 1159 lpm (b) 570 Ipm 9.21 7.78 m/day

2303 m/day 9.23 1512 Ipm 9.24 (a) 17.80 m
T=136.5 m*/day (¢) 2933 m (d) 65.2mand 86.1 m
(i) 0.943 h! (ii) 46.3 m*h

(i) 0.3066 h! (ii) 5.96 m*/h

36.0 m*/h 9.28 T=105m?/day; S=1.976 x 107

0 =1611 lpm 9.30 (i)s=3.3m, (i) s=43m

1.234 m 9.32 S=4.06x 10* T=236.87 m*h 9.33 7=28.1 m*h

CHAPTER 10

10.1 (i) 4.17 ha-m/100 sq. km/year (i) 10.32 ha-m/100 sq. km/year
10.2 p=0.679, W=1529 kg
10.3 Wy = 1199.65 kg/m®, Wp,s = 12612 kg/m®  10.4 7% under prediction
10.5 1160 kg/m’ 10.6 730 kg/m? 10.7 102 years.
10.8 83 years. 10.9 196 years
10.10 (a) 9.75 M. Tonnes/year; (b) 875 ppm
10.11 T35 =22 years 10.12 m=3.2
10.13 SI. No. Elevation Final Reservoir Final Reservoir
(m) Area (ha) Capacity (ha.m)
1 350.52 0.0 0
2 365.76 0.0 0
3 381.00 777.3 4351
4 396.24 1807.9 25201
5 400.00 2112.0 35132
6 411.48 2871.5 59481
7 426.72 3720.0 110148
8 441.96 4632.7 172661
9 457.20 6059.1 256023
10 472.44 7921.4 364372
11 487.68 10435.7 505672
12 502.92 13325.1 682193
13 512.06 15378.0 817966

10.14 Elevation (m) 106.68 109.73 112.77 115.82 118.88 121.92 124.97

Reservoir Area
after 10 years
(ha) 0 256.65 1194.8 1176.8 2618.8 3881.8 5741.8
Capacity after
10 years (ham) O 396 2922 7490 14128 23967 32711
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