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Preface to the Third Edition

This is the third edition of the book. the first editon of which was published 1n
1984, While the second edition of the book is receiving very good response from
students and teachers alike, a need was fell to update the book to accommodate
changes in technology and practice. Towards this, the book was reviewed thor-
oughly with a view to enhance its usefulness as a texthook to meel the needs of
the present day, as well as that of the near future, in the area of Engincering
Hydrology.

Through careful pruning of the second edition and appropriate additions of
new material, this edition attempts 1o make the book useful, catering to a wider
range of interests by covering additional subject argas, While the book is essen-
tially an undergraduate texthook in the subject area of Engineering Hydrology, in
its present form il also serves as a useful relerence book lor posi-graduatle siu-
dents and feld engineers i the domain of Hydrology, The book also meels the
need of students laking AMIE examinations. Candidates taking competitive ex-
aminations like Central Engineering Services examinations and Central Civil
Services examinations will find this book very wseful in their preparations re-
lated 1o the wpic of hydrology. The book has a unigque feature of being India
centric; the applications. practices, examples and information aboutl waler re-
sources are all aimed at familiarizing the reader w the presenl-day Indian water
resources scene. As such, students and professionals in the related areas of Wa-
lershed development, Water Harvestung, Minor Irmigation, Forestry and Hydro-
Geology would find this book a useful source material relating w lechnical 1s-
sues dealing with water resources in gencral and hydrelogy in particular, NGOs
working in the water sector would find this book useful in their training activi-
ties. The use of mathemalics, statistics and probability concepts arc kept at the
minimal level necessary for understanding the subject matter and cmphasis is
placed on engincering applications of hydrology.

I'he significant additions in the present edition are the following:

o The SC5-CN method of estimating Runoff volume

s A new chapter cntitled Erosion and Reservoir Sedimentation

e Thoroughly revised and rewritten section on infiltration with descriptions

of various infiltration models

e Revised and enlarged section on Yield of River Basins to cover current

Indian practice

s A new section dealing with SCS - dimensionless unit hydrograph and SCS

~Triangular unit hydrograph

o lmprovements o the chapter on Groundwater by including sections on dug

wells and recuperation tests of tube wells and dug wells
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Xiv  Preface to the Third Edition

A new section dealing with various aspecis of recharge of groundwater
A section on water harvesting

Improved coverage of droughts

Revised information on water resources of India

Additonal worked examples, revision gquestions, problems and objee-
tive guestions

The contents of the book cover essentially the entire subject arcas normally
covered 1 an undergraduate course in Engincering Hydrology, Each of the chap-
ters covers not only the basic topics in detail but also includes some advanced
topics at an introductory level. The book is designed as a textbook with clear
cxplanations, illustrations and sufficient worked cxamples. As hydrology is best
learned by solving problems, a vast number of them, amounting o more than 200
problems. with answers are provided in the book. Additionally, the sets of Re-
vision questions and Objective questions (with answers) provided at the end of
each chapter help not only in the comprehension of the subject matter but also in
preparing well for competitive examinations, Most of the problems can be solved
by use of a spreadsheet (such as MS Excel) and this in fact can be made use of in
desiening interesting teaching and tulorial sessions,

The Onling Learning Center of this book can be accessed al
hitpe/fwww.mhhe.com/subramanya/eh3e. The site contains a Solution Manual and
PowerPoint Slides for Instructors; and Sample Question Papers with Solutions
and Sample Case studies for students. | have received a large number of feed-
back. both formally and informally, towards the improvement of the book, The
following reviewers of the ypeseript have provided valuable inputs for the con-
lents of this edition,

Mohammed Jamil Prepartment of Civil Engineering,
&0 College of Engineering and Technology,
Aligarh Muslim University, Aligarh

Maolfy Kutiv M V Department of Chiil Engineering,
Crescent Engineering College, Chennai

Thiruvenkatasamy K Bepartment of Cheil Engincering.
Bharaih University, Chennai

Jothi Prakash V Department of Civil Engineering,
Indian Instinee of Fechnology, Mumbai

M R Y Puy National fasiitnte of Engineering, Mysore

| would also like to express my sincere thanks to all those who have dircetly or
indircctly helped me in bringing oul this revised edition. Comments and sugges-
tions for further improvement of the book would be greatly appreciated. | can be
contacted at the following c-mail address: subramanvak f(@email com .

K SuBrasanta
April 2008
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Preface to the First Edition

Water is vital o life and development in all parts of the world. In Third World
countrics where the agricultural seetor plays a key role in their cconomic growih,
the management of water resources 15 an item of high priority m their develop-
mental activities. The basic inputs in the evaluation of water resources are from
hydrological parameters and the subject of hydrology forms the core in the evalu-
ation and development of water resources. In the civil engincering curriculum,
this subject occupies an important position.

During my long teaching experience, | have felt a strong need for a texthook
oriented to the Indian environment and written in a simple and lucid style. The
present book is a response to the same. This book is intended to serve as a text for
a first course in engineering hyvdrology at the undergraduate level in the civil
etgineering discipline, Students specializing in various aspects ol waler-resources
engineering, such as water-power engineering and agricultural engineering will
find this book useful. This book also serves as a source of useflul information to
professional engineers working in the area of water-resources evaluation and
development,

Enginecring hydrolopgy encompasses a wide speclrum of topics and a book
like the present one meant for the first course musl necessarily maintain a bal-
ance in the blend of wpics. The subject matter has been developed in a logical
and coherenl manner and covers the preseribed syllabi of various Indian univer-
silies. The mathematical part is kept o the minimum and emphasis is placed on
the applicability Lo field situatiens relevant to Indian condilions. 51 units are used
throughout the book.

Designed cssentially for a one-semester course, the material in the book is
presented in nine chaptlers. The hydrologic cvele and world-water balance are
covered in Chap. . Aspects of precipitation, essentially rainfall, are dealt in suf-
ficient detail in Chap. 2. Hydrologic abstractions including evapotranspiration
and infiltration arc prescnted in Chap. 3. Streamflow-mcasurement techniques
and assessment of surface-flow vield of a catchment form the subject matter of
Chaps. 4 and 5 respectively. The characteristics of flood hydrographs and the
unit hydrograph theory together with an introduction to instantaneous unit
hydrograph are covered in sufficient detail with numerous worked examples in
Chap. 6. Floods, a topic of considerable importance, constitute the subject matter
of Chap. 7 and 8 While in Chap. 7 the flood-peak estimation and frequency
studies are described in detail, Chap. 8 deals with the aspects of flood routing,
flood contrel and lorecasting. Basie information on the hvdrological aspects of
groundwater has been covered in Chap, 9,
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xvi  Preface to the Frst Edition

Numerous worked examples. a set of problems and a sel of objective vpe
multiple-choice questions are provided at the end of each chapter o enable the
student o gain good comprehension of the subject. Questions and problems in-
cluded in the book are largely originsl and are designed 1o enhance the capabili-
ties of comprehension, analysis and application of the student.

I am grateful to: UNESCO for permission Lo reproduce several figures from
their publication, Nadwral Resources of Humid Tropical Asia—Natural Resowvees
Research X1 ** UNESCO, 1974 the Dircctor-General of Meteorology, India
Meteorological Department, Government of India for permission to reproduce
scveral maps; M/s Leupold and Stevens, Inc., Beaverton, Oregon, LISA, for pho-
tographs of hydrometeorological instruments: M/s Alsthom-Atlantique, Neyrtee,
Grenoble France., for photographs of several Neyrtee Instruments; M/s Lawrence
and Mayo, (India) Py, Lud,, Mew Delhi for the photograph of a current meter.

Thanks are due to Professor KVGK Gokhale for his valuable suggestions and
o Sri Suresh Kumar for his help in the production of the manuscript. | wish to
thank my smdemt friends who helped in this endeavour in many ways, The finan-
cial support received under the Quality Improvement Programme (QIP), Gov-
ernment of India, through the Indian Institwe of Technology, Kanpur, for the
preparation of the manuscript is gratefully acknowledged.
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Abbreviations
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xviii  Abbreviations

S5PS Statdard Project Storm

SWM Stanford Watershed Model

™C Thousand Million Cubic Feet

UH Unil Hydrograph

UNESCO United MNations Economie, Social and Cultural Organisa-
Lion

USLE Universal Soil Loss Equation

WMO World Meteorological Organisation
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Chapter

INTRODUCTION

1.1 INTRODUCTION

Hydrology means the science of water, 1tis the science that deals with the nccurrence,
citculation and distribution of water of the earth and earth’s atmosphere, As a branch
of carth 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
imer-disciplinary nature deawing support from allied sciences, such as meteorology,
geology, siatistics, chemisiry, physics and Auid mechanics.

Hydrology is basically an applicd scicnee. To further emphasise the degree of ap-
plicability, the subject 15 sometimes classilicd as

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

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

I & general sense engineering hydrology deals with (i) estimation of water resources,
{11} the study of processes such as precipitation, munoff, evapotranspiration and their
interaction and (iii) the study of problems such as floods and droughts, and stratesies
lo combal them,

This book is an clementary treatment of engincering hydrology with descriptions
that aid in a qualitative appreciation and technigues which enable a quantitative evalu-
ation of the hydrologic processes thal are of importance o a civil engineer.

1.2 HYDROLOGIC CYCLE

Water occurs on the earth in all its three states, viz. liquid, solid and pascous, and in
various degrees of motion. Bvaporation of water from water hodies such as oceans
and lakes, formation and movement of clouds, rain and snowfall, streamflow and
groundwater mavement are some examples of the dynamic aspeets of water. The vari-
ous aspects ol water related (o the earth can be explained in terms ol a cvele known as
the Indralagic cvele.

Figure 1.1 is a schematic representation of the hydrologic cycle. A convenient
starting point Lo describe the eyele is in the oceans, Water in the oceans evaporate duc
to the heat energy provided by solar radiation. The water vapour moves upwards and
forms clouds. While much of the clouds condense and Iall back 1o the oceans as rain,
a part of the clouds is driven to the land areas by winds. There they condense and
precipitare onto the land mass as rain, snow, hail, sleet, etc. A part of the precipitation
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Fig. 1.1 The Hydrologic Cycle

may evaporaie back to the atmosphere even while lalling, Another part may be infer-
cepted by vegetation, structures and other such surface modifications from which n
may be either evaporated back to atmosphere or move down to the ground surface.

A portion of the waler that reaches the pround enters the carth’s surface through
infiftration, enhance the moisture content of the soil and reach the groundwater body,
Vegetation sends o portion of the water from under the ground surfice back o the
atmasphere through the process of transpivativs. 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 gullics, streams and rivers Lo reach the
occan, The groundwater may come to the surface through springs and other outlets
aller spending a considerably longer tme than the surface Now, The portion of the
precipitation which by a variety of paths above and below the surface of the carth
reaches the stream channel is called rumoffl Once it enters a stream channel, runoff
becomes stream Jow

The sequence of events as above is a simplistic picture of a very complex eycle that
has been taking place since the formation of the earth, It is seen that the hydrologic
cycle is a very vast and complicated cyele 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 beginming nor an end or a pause. Each path of the hydrologic cyvele
involves one or more of the following aspects: (1) transportation of water, (i} tempo-
rary storage and (iii) change of stale. 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-
porlation aspects,

The main components of the hydrologic eycle can be broadly classificd as rrans-
prortation | flowy eompeitenis and storage compoents as below;

Transporiation Storage components
COm panenls
Precipitation Storage on the land surface
{ Depression storape, Ponds, Lakes, Reservoirs, elc)
Evaporation Soil moisture storage
Transpiration Groundwater storage
Infiltration
Bunod?
Schematically the interdepen-  Bvape- o nyan0
dency of the transportation compo-  VaNSpiration
nenls can be represented as in ; 444 b How
Fig. 1.2. The gquantitics of water {Run off)
going through various individual { + 'I‘ ‘I‘ ‘|' "
paths of the hydrological eyele in | nflliratian In=ier
agiven system can be described by | | e
the continuity pringiple known as | | 4
wetter budget equation or hvdre- | !
logie egreation. _._I *—5_Base flow
It is imporiant w note that the Groundwetar o

teal water resources of the carth
are constant and the sun is the
source of energy for the hydrologic
cycle, A recognition of the various processes such as evaporation, precipitation anc
groundwaler fow helps one o study the science of hydrology in a systematic way,
Also, onc realises that man can interfere with virally any part of the hydrologic
cycle, .. through artificial rain, evaporation suppression, change of vegelal cover
and land use, extraction of groundwater, ete. Interference at one slage can cause seri-
ous repercussions at some other stage of the cyele.

The hydrological cyele has important influcnces ina varely of ficlds including
agriculture, forestry, geography, cconomics, sociology and political scenc. Engincer-
ing applications of the knowledee of the hydrologic cycle, and hence ol the subjects of
hydrology, are found in the design and operation of projects dealing wilh waler sup-
ply, irrigation and drainage, water power, flood control, navigation, coastal works,
salinity contro] and recreational uses of waler.

Fig. 1.2 Transportation Components of the
Hydrologic Cycle

1.3 WATER BUDGET EQUATION
CATCHMENT AREA

The area ol land dradiming inlo 2 sireat or 3 walér course at a given localion is known
as catchment area. |tis also called as drainage avea or drainage basin. In USA, it is
known as wadershed, A catchment area is separated form its neighbouring areas by a

Il myll ey oomPriniPeg aasa

198



@813 Prinksr Frisndty

The McGraw-Hill companies

@Tj Engincering Hydrology

ridge called divide in USA and wa-
tershed in UK (Fig. 1.3). The areal
cxtent of the catchment is obtained by
tracing the ridge on a wpographic map
Lo delineate the calchment and meas-
uring the area by a planimeter I is
obvious that for a river while mention-
ing the eatchment arca the station tao
which it pertains (Fig. 1.3) must also
be mentioned, IUis normal Lo assume
the groundwater divide 1o coincide “(;qi\ra-rﬂ
with the surface divide. Thus, the  pig 13 Schematic Sketch of Catchment
catchment area affords a lngl_-::al and of River A at Station M
comvenient unit to study various as-

pects relating (o the hydrology and water resources of a region,

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

Watershed
(divide)

River A

Station M

WATER BUDGET EQUATION

For a given problem arca, say a catchment, in an interval of time Ar, the continuity
equation for water inits various phascs 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 (1.1}
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
oiven period. In applving this continuity equation [Eq. (1.1)] to the paths of the hydro-
lagic eyele involving change of state, the volumes considerad are the equivalent vol-
umes of water at a refercnee temperature. In hydrologic caleulations, the volumes are
often expressed as average depths over the catchment area. Thus, for cxample, if the
annual stream flow from a 10 km” catchment is 107 m’, it corresponds (o a depth of

7
[Ia!f-m—ﬁ] =1 m = 1M ¢m. Rainfall, evaporation and ofien runoff volwmes are
expressed inunits 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 Af is written as

P-R-G-E-T=A5 {1.2-a}
In this P = precipitation, & = surface nmedf, ¢ = net groundwater flow out of the
catchment, £ = cvaporalion, T'= transpiration and AS = change in storage.

The storuge S consists of three components as

3= "':'I.t T SI."I + S_'.:
where &, =surlace waler siorage
&, = waler in storage as soil modsiure and
§, = waler n slorage as groundwaler.
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All terms i Eq. {1.2-a) have the dimensions of volume, Note that all these lerms
can be expressed as depth over the caichment area {e.g. in centimetres), and in fact
this is a very comimon unit,

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

R=FP-L (1.2-b)
where L = Losses = water not available to runoff due to infiltration (causing addition
tosoil modsture and groundwater storage ). evaporation, transpiration and surface stor-
age. Details of various components of the water budget cquation are discussed in
subsequent chapters. Mote that in Egs (1.2-a and b} the net import of water into the
catchmenl, from sources outside the catchment, by action of man 15 assumed 1o be zero,

Thus in Eqg. {1.2-a) AS= A5, + AS

Exameie 1.1 A loke had g warer surface elevarion of 103,200 m above darim ar the
hepianing of o certain month. fn thar month the fake recetved an average inflow of 6.0
nr'lf'klﬁ'nm surfece rumefl sowrces. In the same peviod the owtflow from the foke hed an
average valwe of 6.5 m'is. Further in that month, the lake received o rainfall of 145 mm
and the evaporaiion from the foke surfoce was esiimated ax 6,00 cm, Write the waier
hudger equation for the fake and calcwlare the warer siface elevation of the lake ar the
emd of the morth. The average fake surfoce areq can be foken as SO00 ha, dssume (ol
there ix no contribution to or from the growadwater storage.

Sorumon’  In atime interval At the water budget For the luke can be writlen as
Input volume — ouiput volume = change i storhge of the lake
(TAL+ PA)— (QAr+ E4Ay=AS
where T = average rate of inflow of water into the lake. @ = average rate of outflow from
the lake, P = precipitation, £ = cviporation, 4 = average surface arca of the lake and
AS = chunge in storage volume of the Tnke.
Here As= 1 month = 30 % 24 x 60 % 60 = 2.592 x 10%s = 2.592 Ms
[n one month:

Tnfow volume = TA=6.0% 2592 = 5552 M m’

Outllow volume = OAs =65 x 2.502 = 16.848 M m’
14.5 % 5000 % 100 x 106

Input due to precipitation = P4 = L00 % 10" Mm'=725Mm’
) G0 SO0 2 100 = 100 :
Chutflow due to evaporation = £4 = 00 * o =305 M m
Hence AS=15552+7.25- 16,848 - 1,05 =2904 M m’
; . . AS 2,904 » 107
Change in elevation A= —= =0.058 m

A - SO000 5 100 5 100
Mew water surface elevation ai the end of the month = 103.200 + 0.05%
= 103,258 m above the datum.

ExampLe 1.2 A small carchment of area {50 ha received a ratnfall of 10.5 cm in 80
minutes due o a starm. Af the outlet of the catohment, the stream drateing the catchment
was diey before the storm and experienced o ronoff lestine for 10 hours with oo avorege
discharge of 1.5 m'/s. The stream was again dry after the runeff event. fa) What is the
ameaunt of water wihich was ned avatlable to runafl due to combined effect af infifiration,
evaparalion amnd transpiration? Whet s the ratio of renofi to precipitation ?
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Sopvnon The water budger equation for the catchment in a time Af is
R=P-L i1.2-b)
where £ = Losses = water not available to runolT due ie infiliration (causing addition o
soil moisture and groundwater storape), evaporation. transpiration and surface storage.
In the present case Af = duration of the runoff = 10 hours.
Mote that the rainfall oceurred in the first 90 minutes and the rest 8,3 hours the precipi-
lahion was zero.
fap £ Input due to precipitation in 10 hours
= 150 % 100 x 100 % (10.5/100) = 157,500 m’
R = runoff volume = outflow volume @1 the catchment outlet in 10 hours
= 1.5 % 10 = 60 x 6 = 54,000 m’
Hence losses Lo« 1537 300 - 54 000 « 103 500 m'
(b} Runoffiramfall = 34,0000157,500 = 0,343
i This ratio is known as renaff coefficient and 15 discussed in Chapter 5)

1.4 WORLD WATER BALANCE

The wotal 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 aboul 35.0 M kmi” 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
slate a5 e in the polar regions and on mountain tops and glaciers, An estimated
distribution of waler on the carth is given in Table 1.1,

Table1.1 Estimated World Water Quantities

Item Area Volume Percent Percent
(M km?) (Mkm®) total water fresh water

1. Oceans inl.3 1338.0 Oh.5
2. Groundwater

{a) fresh 1348 10,530 .76 301

(b} saline 134.8 12,870 0.93 =:
3, Soil moisiure B2 0 0.0165 0.0a12 (.05
4, Polarice 16.0 24,0235 1.7 %6
3, Other ice and snow 0.3 1, 3406 0.025 1.0
f. Liakes

{a) [resh 1.2 00910 (.007 (.26

{b) saline Lk (.0854 (L EH M
7. Marshes 2.7 001147 (10008 (.03
8. Rivers 1484 000212 (L0002 (.00
9. Biplogical waler 5100 000112 LY 0.003
10, Atmospheric water 510.0 001290 (0,00 .04
Tonal: (ay All kinds of water 10,0 1386.0 100,10

{b) Fresh water 125 8 5.0 2.5 100,60

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

Table1.2 Global Annual Water Balance

Ttem Ohecan Land

1. Ares (M km?) 361,30 1488
2. Precipitation (km’fyear) 458,000 119,000
{mm/year) 1270 KO0
3, Evaporation (km'iyear) 505,000 72,000
(mm/year) 1400 484

4, Runoll to ocean
{i) Rivers (km®/year) 4, 700
{il) Groundwater (km’fyear) 2,200
Totel Runofl (km*fvear) 47,000
(i year) 36

Table from WORLD WATER BALANCE AND WATER RESOURCES OF THE
EARTH, i@ UNESCO, 1975, Reproduced by the parmission of LUINESCO,

It is seen froom Table 1.2 that the annual cvaporation from the world's oceans and
inland areas are 0,505 and 0,072 M km® respectively. Thus, over the oceans aboul 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 ko’ is the runoff from land mass o oceans and
groundwater outflow to oceans. [t is interesting to know that less than 4% of this total
river low is used for irtgation and the rest Dows down (o sea,

These estimales are only approxmate and the results from different studies vary:
the chief cause being the difficulty in obtaining adequate and reliable data on a plobal
scale.

The volume in various phases of the hydrologic eycle (Table 1.1) as also the rate of
o in that phase { Takle 1.2) do vary considerably, The average duration of a particle
of waler o pass through a phase of the hydrologic cvele is known as the revidence time
of that phase. It could be calculated by dividing the volume of water in the phase by
the average fow 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 waler in global rivers = 44700 km’/year

Henee residence time of global rivers, T, = 21 20/44700 = 0.0474 vear = 17.3 days.

Similarly, the residence time for other phases of the hydrological eyvele can be
calculated (Prob. 1.6). It will be found that the value of T, varics 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 eyele.

Annual watcr balance studics of the sub-arcas of the world indicale interesting
facts, The water balance of the continental land mass is shown in Table 1.3a), It is
interesting to scc 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 preeipitation going as runoff. On
the other hand, Morth America and BEurope emerge as conlinents with highest runoil’,

Extending this type of analysis to a smaller land mass. viz. the Indian subcontinent,
the long term average runoff for lndia is found to he 6%,

Table 1.3{a) Water Balance of Continents® mm/ year

Continent Area  Precipitation Total Runofl as %  Evaporation
(M km?) runoff  of precipitation
Adrica M3 6 139 20 547
MAsia 450 726 293 40 433
Ausiralia BT 736 226 an 510
Europe 9.8 734 LN L] 43 415
M. America  20.7 G 287 43 3R
5. America 7.8 | H48 583 35 | (165

Water balance studics on the oecans indicate that there 15 considerable transfer of
water between the occans and the evaporation and precipitation values vary from one
ocean 1o another (Table 1.3(k)).

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

hcean Area  Precipitation  Inflow from  Evaporation Water
(M km?) adjacent exchange with
conlinenis oiher oceans
Atlantic o7 TR0 200 EIETH )
Arclic 12 240 230 120 350
Indian 75 110 0 13801 300
Pacific 167 1210 il 1140 130

Each year the rivers of the world discharge about 44,700 km® of water into the
oceans, This amounts (o an annual average flow of 1,417 Mm’/s, The world’s larzest
river, the Amazon, has an annual average discharze of 200,000 m’/s, i.e. one-seventh
of the world’s annual average value. India’s largest river, the Brahmapuitra, and the
second largest, the Ganga. flow into the Bay of Bengal with a mean annoal average
discharges of 16,200 m'/s and 13,600 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
endeavout from time immemorial 1o 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 lailed. Mumerous references exist i
Vedic literature to proundwater availability and its utifity, During 3000 BC groundwaler
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 indicale the existence of the knowledge of the hydrologic eyele even as far
back as the Vedic period. The first descrption ol the raingauge and 115 use is contained
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in the dArthashastra by Chanakya (300 BC). Varahamihira's (AD 505 587)
Brihatsambiie contains descriptions of the taingauge, wind vane and prediction pro-
cedures for rainfall. Egyplians knew the importance of the stage measurement of riv-
ers and records of the stages of the Mile dating back to TR0 BC have heen located,
The knowledge of the hydrologie eyele came o be known to Europe much laler, around
AD 1500,

Chow: classifies the hisiory of hydrology into eight periods as:
Period of speculation — prior to AD 1400
Perind of observation 1400 600
Period of measurement— 16001 700
Period of experimentation— 1 700 1300
Period of modernization— 1 8001900
Period of conpiricism 19001930
Period of rationalization 19301950
. Period of theorization—1950-10—date
Most of the present-day science of hydrology has been developed since 1930, thus

o R o e O

giving hydrology the status of a voung seience. The worldwide activities i waler-
resources development since the last few decades by both developed and developing
countrics aided by rapid advances in instrumentation for data acquisition and in the
compulter facilitics for data analysis have contribuled lowards Lthe rapid growth rate of
this voung science,

1.6 APPLICATIONS IN ENGINEERING

Hydrology finds its greatest application in the design and operation of waler-tesources
engineering projects, such as those for () irrigation, (i) water supply, (1) Nood con-
trol, {iv) water power, and (v navigation, Iy all these projects hydrological investiga-
lions for the proper assessment of the following faclors are necessary:

1. The capacity of slorage structures such as reservoirs.,

2. 'The magnitude of flood flows to enahle safe disposal of the excess flow.

3. The minimum flow and guantity of flow available at various scasons.

4, Theinteraction ol the Oood wave and hydeaulic structures, such as levees, reser-
voirs, barrages and bridges.

The hydrological study of a project should necessarily precede structural and other
detailed desizn 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 imporlanl projects in the past have failed duc o improper assessment
of the hydrological factors. Some typical failures of hydraulic structures are:
(i} overtopping and consequent fatlure of an earthen dam duc to an inadequate spill-
way capacity, (ii) failure of bridges and culverts due o excess flood flow and (iii)
inability ol a laree reservoir o fill up with water due 10 overestimation of the stream
flow. Such failure, often called hvdvologic faifures underscore the uncertainty aspeet
inherent in hydrological siudies,
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Various phases of the hyvdrological eyele, such as rainfall, runoff, evaporation and
transpiration ar¢ all nonuniformly distributed both in time and space. Further, practi-
cally all hydrologic phenomena are complex and at the present level of knowledae,
they can at best be interpreted with the aid of probability concepts. Hydrological events
are (reated as random processes and the historical data relating (o the evenl are ana-
Ivsed by statistical methods to obtain information on probabilities of occurrence of
varipus evenls. The probability analysis of hydrologic data is an imporiant componcnt
of preseni-day hydrological studies and cnables the engineer 1o take suilable design
decisions consislent with economic and other criteria to be taken ina 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:
Weather records  temperature, humidity and wind velocity
Precipitation data
Stream flow records
Evaporation and evapotranspiration data
Infiltration characleristics of the study arca
Soils of the area
Land use and land cover
Croundwater characteristics
Physical and geological characteristics ol the area

s ‘Water quality dala

In India, hydro-meteorological data are collected by the India Meteorological De-
partment (IMD) and by some state government agencies, The Central Water Commis-
ston {CWC) monitors flow in major rivers of the country. Stream floow data of various
rivers and streams are wsually available from the Stale Water Resources/ [rrigation
Department. Groundwater dala will normally be available with Central Groundwater
Board (CGWH) and state Government groundwater development agencies. Data re-
lating evapotranspiration and infiliration characteristics of soils will be available with
State Government organizations such as Department of Agriculture, Department of
Watershed development and lrvigation department, The physical features of the study
arca have o be obtained from o study of wpographical maps available with the Survey
of Indin, The information relating to geological characteristics of the basin under study
will be available with the Geological Survey of India and (he state Geology Direclo-
rate. Information relating to soils al an area are available from relevant maps of
Mational Bureau of Soil Survey and Land Use Planning (NBSS&LUP), 199, 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. Specibic details will have
to be derived through interpretation of multi-spectral multi-scason satellite images
available from National Remote Sensing Agency (NRSA) of Government of India,
Central and State Pollution Centrol Boards, CWC and CGWB collect water quality
data.
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: REFERENCES

: Revision QUESTIONS :

1.1 Deseribe the Hydrologie evele. Explain bricfly the man's interference in vanous parts of
this evele.

1.2 Discuss the hydrological water budget with ihe aid of examples,

1.3 What are the sipnificant fieatures of elobal water balance studies?

L4 List the major activities in which hydrological studies are important.

1.5 Describe brielly the sources of hydrological data in Indiz.

: ProsLEMS |

1.1 Twoand half centimetres of rain per day over an area of 200 km' is equivalent to average
rate ol impul of how many cubic metres per second of water 1o that area?

1.2 A catchment area of 140 kny* received 120 ¢m of rainfall in a vear. At the outlet of the
cabchiment the Now i the stream draiming the cotchment was found o hove oneverage
rate of 2.0 m'/s for 3 months, 3.0 m™s lor 6 months and 5.0 m's Tor 3 months, (1) What
is the runoff coeffcient of the catchment? (i) If the afforestation of the catchment re-
duces the runolT coelTicient to .50, what is the increase in the abstraction lroan precipi-
tation due to infiltration, evaporation and transpiration, for the same annual raintall of
120 emn?

1.3 Estimate the constant rate of withdsawal [rom a 1375 ha reservoir in o month of 30 days
during which the reservoir level dropped by ©,75 min spite of in average mflow inio the
reservoir of 0.5 Mm'®/day. During the month the average seepage loss from the reservoir
wits 2.5 ey, total precipitation on the reservoir was 183 cm and the total evaperation
wis 9.5 om.

L4 A river reach had a Neod wave passing through it Ata given instani the storage ol waier
in the reach was estimated as 15,5 ha,m, What would be the storage in the reach after @n
imterval of 3 hours if the average inflow und outflow during the time period are 14,2 m’/
s and 1046 m¥/s respectively?

1.5 A catchment has four sub-areas, The annual precipitation and evaporation from each of

the sub-areas are given below.
Assume that there 15 no change in the groundwaler storage onan annual hasis and calou-
Tantes fiwr the whale catchment the values of annual average (1) precipitation, and (i} evapo-
ration. What are the annual runcfl coefficients for the sub-areas and for the towl catch-
ment taken us 8 whale?

Sub-area Arca Annual precipitation Annual evaporation
Mm? mm mm
A 107 1030 530
£} 0 H30 435
& K2 00 430
8] 17.0 1300 i)
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1.6 Estimate the residence time of
(2} Global atmespheric moistune,
(0} Global grovndwater by assumming that anly the fresh groundwater uns off 1o the oceans,
(c) Ocean water

: CeliecTive QUESTIONS :

1.1 The pereentage of carth coversd by oceans is aboul

fa) 3% (b 51% (el T1% (dy 97%
1.2 The percentage of wial quanmtity of water in the world that is saline is about
(a) 71% {b) 33% (c) 67% (d) 97v%
1.3 The percentage of total quantity of fresh water in the world availzble in the hiquid [oem
i aboul
{u) 30% thi T0% ) 1% (dy 51%

14 17 the wverage anmoal roin (] and evaporation ever land masses and oeeans of the earth
are comsidered it would be Gl 1hat
(a) over the land mass the annual evaporstion is the same as the annual precipitation
(k) about %% more waler evaporaies from the oceans than what falls back on them as
precipitation

(c) overthe ocesn about 1%% more rain falls than what is evaporated

idh over the oceans about 19 imone water evaporates than what [alls back on (hem as
precipitation.

1.5 Considening the rato of anmeal precipitaion o runolT = ry, for all the continents on the
earth,

(a) Asia has the largest value of the ratio #,
ik Eurcpe has the smallest value of

(e} Adrica has the smallest value ol #,.

(d} Australiz has the smallest value of ry,

L& Inthe hydeological cyvele the average residence time ol water in the glabal
(@) atmwsphernc moisiure is larper than ihat in the global rivers
ib) oceans is smaller than that of the global groundwaler
(e} rivers is langer than that of the global groundwater
id) occans is larger than that of the global groundwater.,

1.7 A watershed has an area of 300 ha. Due to a 10 cm minfall event over the watershed a
stream flow is generated and at the outler of the watershed it lasts for 10 hours. Assum-
ing a runalframfall ratio of 0.20 for this event, the average stream flow rate at the outlet
in this period of 10 hours is
fa) 1.33 m'ss (b) 16.7 nr'is () 100 m*minute  (d)y 60,000 m'/h

LB Rainfall of imtensity of 20 mm eccurred over a walershed of area 100 ha for 2 duration
of @ h. messured direct runollvalume in the stream draining the witershed was found 1o
b 30,000 m-, The precipitation not available 1o nnofT in this case is

(@) 9cm (hy Jem (el 175 mm id} 5 mm

1.9 A caichment of area 120 km® has three distinel zones as belows;

Zong Area (k') Annual runall (cm)
A Al 52
i} 30 42
i 0 iz

The annual runoff from the catchment. is
(a) 1Z6.0cm {b) 420 cm ich 454 cm (dy 473 cm
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PRECIPITATION

2.1 INTRODUCTION

The term precipitanion 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 contribule signilicant amounts of water, Rainfall being the predomnant form
of precipitation causing stream flow, especially the flood flow in a majority of rivers
in India, unless otherwise stated the lerm rainfidf is used in this book synonymously
wilh precipitation. The magnitude of precipitation varics with time and space. Differ-
ences in the magnitwde of rainfall in various parts of a country at 2 given time and
variations of ramfall at a place in various seasons of the year are obyvious and need no
claboration. [t is this variation that is responsible for many hydrological problems,
such as Moods and droughis, The swdy of precipitation forms a major portion of the
subject of hydrometecrology. In this chapler, a brief imtroduction s given Lo familiar-
ize the engineer with important aspects of rainfall, and, in particular, with the collec-
ion and analvsis of rainfall data.

For precipitation to form: (1) the atmosphere must have moisture, (ii) there must be
sullicient nuelei present 1o aid condensation, (iii ) weather conditions musi be good lor
condensation of waler vapour o lake place, and (iv) the products of condensation
must reach the earth. Under proper weather conditions, the water vapour condenses
over nuelel w form tiny waler droplets of sizes less than 0.1 mm in diameter, The
nuclei arc usually salt particles or products of combustion and are normally available
in plenty. Wind speed facilitates the movement of clouds while its wrbulence relains
the wealer droplels in suspension. Waler droplets in a eloud are somewhat similar o the
particles in a colloidal suspension. Precipitation resulis when water droplets come
logether and coalesce o form larger drops thal can drop down, A considerable part of
this precipitation gets evaporated back to the atmosphere. The net precipitation al a
place and its form depend upon a number ol meteorological Gactors, such as the weather
clements like wind. temperature, humidity and pressure in the velume region enclos-
ing the clouds and the ground surface at the given place.

2.2 FORMS OF FPRECIPITATION
Some of the common forms of precipitation are: rain, snow, drizzle, glaze, sleet and hail,

Aan s the principal form of precipitatiion in India, The term rafafell is used o
deseribe precipitations in the form of water drops of sizes larger than 0.5 mm. The
maximum size of a raindrop is about & 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
inlensily, ranfall is classified as:;

Type Imtensity
I, Light rain trace to 2.3 mmh
2, Moderate main 2.5 mm‘h to 7.5 mm/h
3. Heawvy ruin = 7.5 mm'h

SENOW  Siow is another important form of precipitation. Snow consists of ice crys-
tals which usually combine to form flakes. When fresh, snow has an inidal density
varying from (.06 (o 0.15 gfem® and it is usual to assume an average density of 0.1 g/
cm’. In India, snow occurs enly in the Himalayan regions.

Orizzi e A fine sprinkle of numerous water droplets of size less than 0.5 mim and
mlensily less than [ mm/h s known as drzee, Inthis the drops are so small thal they
appear to float in the air.

Graze  When rain or drizzle comes in contact with cold ground at around O° C, the
waler drops [reese (o form an ice coating called glaze or freczing rain,

SEEET s froeen rmindrops o iransparent grains which form when rain falls through
air at subfreczing temperature. In Britain, sfeer denotes precipitation of snow and rain
simullaneously,

Fad Tis a showery precipitation in e [orm ol irregular pellets or lumps of ice of
sizc more than & mm. Hails occur in violent thunderstorms in which vertical currents
are very strong.

2.2 WEATHER SYSTEMS FOR PRECIPITATION

For the formation of clouds and subsequent precipitation, il is necessary that the maoist
alr masses cool o form condensation. This is normally accomplished by adisbatic
cooling of moist air through a process of being lified to higher altitndes. Some of the
lerms and processes connected with the weather systems associated with precipitation
are given below.

FRONT A Jlont is the interface between two distinct air masses, Under certain fa-
vourable condiions when a warm air mass and cold air mass meet, the warmer air
mass is lificd over the colder one with the formation of a front. The ascending warmer
air cools adiabatically with the consequent formation of clonds and precipitation,

CYCLONE A cvelone is a larpe low pressure region with eircular wind motion. Two
types of eyelones are recognised: ropical cvelones and extratropical eyelones.
Fropical evelone: A tropical cyelone, also called cvclone in India, hurvicane in
USA and typhoon in Soulh-East Asia, is a wind system wilh an inlensely strong de-
pression with MSL pressures sometimes below 913 mbars The normal arcal extent of
a cyclone is about 1O0-200 km in diameter. The isobars are closely spaced and the
winds arc anticlockwise in the northern hemisphere. The centre of the storm. called
the eve, which may extend to about 1050 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 oulwards (g, 2.1), The rainfall will normally be heavy in the entire anea
occupicd by the cyclone.
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Fig. 21 Schematic Section of a Tropical Cyclone

During summer moenths, ropical eyelones orginale in the open ocean at around 5-
107 latitude and move at speeds of abowt 1030 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, [ence, the
mnlensily of the storm decreases rapidly. Tropical cyclones cause heavy damage w life
and property on their land path and intense rainfall and heavy floods in streams are its
usual consequences, Tropical cyvelones pive moderate 1o excessive precipitation over
very large arcas, of the order of 107 km?, for several days.

Extvatropical Cvelone! These are cyclones formed in locations outside the tropical
zone. Associated with a frontal system, they possess g strong counter-clockwise wind
circulation in the northern hemisphere, The magnitude of precipitation and wind
vielocities are relatively lower than those of a tropical cyclone. However, the duration
of precipitation is esually longer and the arcal extent also is larger.

ANTICYCLONES  These are regions of hagh pressure, usually of large areal extent,
The weather is usually calm at the centre. Anticyelones cause clockwise wind circula-
tions in the northern hemisphere, Winds are of moderate speed, and at the outer edges,
cloudy and precipilation condilions exist

CONVECTIVE PreciFmATIoN  In this type of precipitation a packet of air which
15 warmer than the surrounding air due 1o localised heating rises because of s lesser
density. Air from cooler surroundings flows to take up its place thus selting up a con-
vigtive cell, The warm air continues 1o fse, undergoes cooling and results in precipi-
lalion, Depending upon the moisture, thermal and other condibions light showers w
thunderstorms can be expected in convective precipitation. Usually the areal extent of
such rains 1s small, beng himited o a diameler of about 10 km.

OROGRAPHIC PREciATATION  The moist air masses may get lifted-up to higher
altitades due to the presence of mountain barriers and consequently undergo cooling,
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condensation and precipitation. Such a precipitation is known as Orograpltic precipi-

fotion, Thus in mountan ranges, the windward slopes have heavy precipilalion and
the leeward slopes light rainfall.

24 CHARACTERISTICS OF PRECIFPITATION IN INDIA

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

s South-west monsoon (June-Seplember)

s [ransition-l, post-monsoon {October November)

e Winter season (December-February)

s Transition-11L Summer, (March May)
The chiel precipitation characteristics of (hese seasons are given below.

SOUTHWEST MONSOON (JUNE-SEPTEMBER)
The south-west monsoon {popularly known as mossoomi) is the principal rainy scason

of India when over 753% of the annual rainfall is received over a major portion of the
country. Excepting the south-castern part of the peninsula and Jammu and Kashmir,
for the rest of the country the south-west monseon is the principal source of rain with
July a5 the month which has maximum rain. The monsoen originates in the Indian
ocean and heralds its appearance in the southern pari of Keerala by the end of May. The
onsel of moensoon is accompanied by high south-westerly winds al speeds of 30-70
kmph and low-pressure regions at the advancing edge. The monsoon winds advance
across the country i two branches: (i) the Arabian sea branch, and (i) the Bay of
Bengal branch. The former sets in at the extreme southern part of Kerala and the latier
at Assam, almost simultaneously in the firstweek of June. The Bay branch first covers
the north-eastern regions of the country and lums westwards w advance into Bihar
and UP. The Arabian sea branch moves nortbwards over Kamataka, Maharashira and
Gujaral, Both the branches reach Delhi around the same time by aboul (he 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 s position, The monsoon winds
increase from June to July and begin to weaken in Scptember. The withdrawal of the
monsoon, marked by a substantial rainfall activity starts in September in the northern
parl of the country. The onset and withdrawal of the monsoon al vanous parls of the
country are shown in Fig. 2.2(a) and Fig, 2.2(h).

The monsoon is nol 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 Lo the passage of low pressure reégions is common, Depressions formed in the
Bay of Bengal at a frequeney of 2-3 per month move along the trough causing exces-
sive precipitation of about 100200 mm per day, Breaks of about a week in which the
rainfall activily is the leastis another feature of the mensoon. The soulh-west monsoon
rainfall over the country is indicated in Fig. 2.3. As scen from this figure, the heavy
eainfall arcas are Assam and the north-eastern region with 200400 cm, west coas
and western ghats with 2003080 cm, West Bengal with 1200 160 em, UP, Haryana and
the Punjab with 100 120 cm. The long term average monsoon rainfall over the coun-
Iry is estimated as 95.0 em.
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Fig. 2.2 (a} Normal Dates of Onset of Monsoon, (b) Normal Dates of With-
drawal of Monsoon
(Reproduced from Natural Resonrces of Humid Tropical Asia — Natural
Resources Research, K11 @ UNESCO, 1974, with permission of
LUNESCO)
The lereitorial waters of India extend nto the sea 1o a distance of 200 nautheal miles measured feom e appro-

priate beseline
Rasponalbality fof the correctiness of the inlemal detabls o the map resls with the publishes,
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Fig. 2.3 Southwest Monsoon Rainfall {cm) over India and Neighbourhood
(Reproduced with permission from India Meteorological Department)

Based upoe Survey of India map wiih the pertnlsskon of the Sufvevor General of India © Governimsent of India
Copyright 19654

The terrltoral waters of Indla exlend into the sea 10 o disfance of 200 navtlcal miles measured frem the
approprinle baseline

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

PosT-MoNsSOON (OCTOBER-NOVEMBER)

As the south-west monseon retreats, low-pressure arcas form in the Bay of Bengal and
a north-casterly flow of air that picks up moisture in the Bay of Bengal is formed. This
air mass strikes the cast coast of the southern peninsula {Tamil Nadu) and causes
rainfall. Also, in this period, especially in November, severe tropical cyclones fonm in
the Bay of Bengal and the Arabian sea. The eyclones formed in the Bay of Bengal are
aboul twice as many as in (he Arabian sea, These cvclones strike the coastal areas and
cause intense rainfall and heavy damage to life and property.

WINTER SEASON (DECEMBER-FERRUARY)

By about mid-December, disturbances of extra tropical origin travel eastwards across
Afghanistan and Pakistan. Known as western disturbances, they canse moderate to
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hesvy rain and snowfall (aboul 25 em) in the Himalayas, and, Jammu and Kashmir,
Some light rainfall also oceurs in the northen plains, Low-pressure areas in the Bay of
Bengal lormed in ihese monihs cause 10-12 em ol rainlall in the southem paris of
Tamil Madu.

SUMMER (PRE-MONSOOMN) (MARCH-MAY)

There is very little rainfall in India in this season. Convective cells cause some thun-
dersiorms mainly in Kerala, West Bengal and Assam. Some cvelone activily, domi-
nantly on the east coast, also ocours,

ANMUAL RAINFALL

The annual rainfall over the country is shown in Fig, 2.4, Considerable areal variation
exists for the annual rainfall m India with high minfall of the magnitude of 200 cm n
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T T T Jage
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ap° g ' 58y ___,

157 15"
Eem 5
83,3
42885
107} Jio°
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Fig. 24 Annual Rainfall {cm) over India and Neighbourhood
(Reproduced from Natural Resources of Hunnd Tropical Asia— Nalural
Hesources Research, X1 D UNESCO, 1974, with permission of
UNESCQ)

Based upon Survey of India map with the permissie of e Surveyor General of lndia £ Government of India
Copyrighl 15984

The terrilorial waters of India exlemd mbo the sea 1o a distance of 20 nautical miles measured from the
approprlale basellrs

Rasponsibility for the correctness of the inlermal details on the map rests with the pabsdisher,
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Assam and north-castern parls and (he westem ghats, and seanty minfall in castern
Rajasthan and parts of Gujaral, Maharashira and Karnataka. The average annual rain-
fall for the entire country is estimated as 117 cm.

1tis well-known that there is considerable variation of annual ramnfall in time ata
place. The coefficient of variation,

100 2 standard deviation

meaan
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 t (he variability of the seasonal and an-
nual rainfall of India are as follows:
o A few heavy spells of tain contribute nearly 90% of wotal mainfall,
o While the average annual rainfall of the country 15 117 ¢m, average annueal rain-
fall varies froon 10 cim in the western desert (o 1100/ ¢m in the North East region,
s NMare than 50M% 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 | 3 days.

2.5 MEASUREMENT OF PRECIPITATION
A RaINFALL

Procipitation is expressed in lerms of the depth to which ramfall water would stand on
an arga if all the rain were collected on it Thus 1 em of rainfall over a catchment aren
of | km® represents a volume of water equal o 10* m?, In the case of snowfall, an
cquivalent depth of water is used as the depth of precipitation. The precipitation is
collected and measured in & rodnganee, Terms such as plwvicmeter, ombrometer and
Jverometer are alse sometimes used 1o designale a raingange,

A raingauge essentially consists of a cylindrical-vessel assembly kept in the open

Lo collect rain, The rainfall caich of the raingauge 15 affected by ils exposure condi-
tions. To enable the catch of raingauge to accurately represent the rainfall in the arca
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
horizonial caich surface.

& The gauge must be sct as near the ground as possible to reduce wind effects but
it must be sufficiently high to prevent splashing, Nooding, ele.

s The instrument must be surrounded by an open fenced area of at least
5.5 mx 5.3 m. No object should be nearer to the instrument than 30 m or twice
the heightl of the obstmuction.

Raingauges can be broadly classified into two categorics as (i) nonrecording

raingauges and (i) recording gauges.

NOMRECORDING GALGES

The nonrecording gauge extensively used in Indiais the Spmons ' pauge. I essentially
consists of a cireular colleeting area of 12.7 em (5.0 inch) diameter connected o a
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funnel. The rim of the collec- [—127—=| +
lor is set in a horzonial plane —— ngi %
at a height of 30.5 cm above Furinel 1,_“_} ]
the ground level. The funnel N
discharges the rainfall catch Metal _ | "
into a receiving vessel. The container _,,-rll-l-'.\ ol L
funnel and receiving vessel are r h 2 a
housed in a metallic container. Gollecting I |
Figure 2.5 shows the details of bottle —-:IJI :
1:;;1;3?:11:::':;;;}&?;&[%[ LU'I" eL — LI |

o vessel is ¥
measured by a suitably gradu- 777 77

ated measuring glass, with an
accuracy up to 0,1 mm. L

Revently, the India Mete- Concrele block BOD = BOD = BOO
orological Deparvment (1MID)
has changed over o the use of Fig. 2.5 Nonrecording Raingauge (Symons’
fibreglass reinforced polyester Gauge)
rainganges, which is an improvement over the Svstons | gatge. These come in differ-
enl combinations of collector and bodtle, The collector s in two stzes having areas of
200 and 100 em” respectively. Indian standard {1S: 5225 1969) gives details of these
new taingauges,

For uniformity, the rainfall is measured every day at 830 AM (IST) and is re-
corded as the tainfall of that day. The receiving bottle normally does not hold more
than 10 em ot 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 wotal of tha
day. Proper care, maintenance and inspection of rainganges, especially during dry
weather to keep the instrument free from dust and dirt is very necessary, The details of
installation of nontecording mingauees and measurement of rain are specified in 1n-
dian Standard (I15: 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
tetal container. The snow is then melted and the depth of resulting water measured.
Antifrecze agents are sometimes used to facilitate melting of snow. [n areas where
considerable snowfall is expected, special snowgauges with shields (for minimizing
the wind ellect) and storage pipes (1o 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 imensily and duration of rainfall for hydeological analysis ol storims. The
following arc some of the commonly used recording raingauges.

Tiepive-BuckeT Tvee  This s a 3005 em size raingauge adopted for use by the
LIS Weather Bureau, The catch from the funnel falls onto one of a pair of small buck-
cls, These buckels 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 clectrically driven pen to trace a record
on clockwork-driven chart, The water collected in the storapge can is measured at regu-
lar intervals o provide the tolal rainfall and also serve as a check. It may be noted thai
the record from the tpping 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 & buckel mounted on a weighing scale. The weight of the buckel and its contents
are recorded on a clock-work-driven chart. The clockwork mechanism has the capac-
ity o run for as long as one week, This instrument zives a plot of the accumulated
rainfall against the elapsed time, .. the mass curve of rainfall. In some instruments of
this type the recording unit is so constructed that the pen reverses its divection at every
preset value, say 7.5 ¢m (3 in.} so that 3 continuous plot of storm is oblained.

MNATURAL-SYPHON TYRE  This lype of recording raingauge is also known as ffoat-
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 mechanisim. A syphon arrangement emplies the Moat chamber when the foat has
reached a pre-set maximum level. This type of rmngauge is adopled as the standard
recording-type raingauge in India and its details are described in Indian Standard (1S:
3235-1969).

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 pet-trace correspond 1o the
sudden emplying of the floal chamber by syphon action which resets the pen Lo zéro
level. 1t 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)

TELEMETERIMNG RAIMGALGES

These raingauges are of the recording type and contain electronic units to tranamit the
data on rainfall 10 a base station both at regular intervals and on interrogation, The
tipping-bucket type raingauge, being ideally suited, is usually adopted for this purpose.
Aty of the other types of recording mingauges can also be used equally elTectively,
Telemetering gauges are of utmost use in gathering rainfall data from mountainous
and generally inaccessible places.
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FEADAR MEASUREMENT OF RAINFALL

The meteorelogical radar is a powerful instrument for measuring the arcal 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 aceuracy.

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

s (2.1)
whete P.= average echopower, £ = madar-echo [actor, r= distance 1o targel volume
and ' = a constant. Generally the factor 2 is related to the intensity of rainfall as

Z=al" (2.2)
where 4 and b are coefficients and / = intensity of rainfall in mm/h. The values g and
b for a given mdar station have (o be determined by calibration with the help of re-
cording rainganges. A typical equation for £ is

Z=2007"

Meteorological radars operate with wavelengths ranging from 3 to 10 cm, the
common values being 5 and 10 em, For observing details of heavy flood-producing
rains, a 10-cm radar 15 vsed while for light rain and snow a 5-cm radar 15 used. The
hydrological range of the radar is about 200 km. Thus a radar can be considered to be
a remole-sensing super gauge covering an areal extent of as much as 100,000 km?,
Fadar measurement is continuous in time and space. Present-day developments in the
field inchade (1) On-line processing of radar data on a computer and (i) Doppler-type
radars for measuring the velocily and distribution of raindrops,

B. SNOWFALL

Stowlall as a form of precipilation difTers from rainfall in that it may accumulate over
4 surface for some time before it melts and causes runoft. Further, evaporation from
the surface of accumulated snow surface is a factor to be considered in analysis deal-
ing with snow, Water equivalent of snowtall is ineluded in the wial precipilation amounts
of a station to prepare scasonal and annual precipitation records.

OerTH oF SvowrFall  Depth of snowfall is an impottant indicator for many
engineering applications and in hydrology it is useful for seasenal precipitation and
long-term runoff forecasts. A graduated stick or staff is used 1o measure the depth of
snow at a selected place. Average of several measurements in an arca is taken as the
depth of snow in a snowfall event. Snow stakes are permancent graduated posts used wo
measure wial depth of aceumulated snow al a place,

Snow boards are 40 em side square boards used o colleel snow samples. These
boards are placed horizontally on o previous accumulation of snow and afier a snow-
fall event the spow samples are cul off from the board and depth of snow and walet
equivalent of snow are derived and recorded.

MaaTeER EQuivaAL ENT OF SNOW Water equivalent of snow is the depth of water
that would resull in melting of & unit of snow. This parameter is imporlant in assessing
the seasonal water resources of a catchment as well as in estimates of stream flow and
foods due o melting of snow.
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The amount of water present in a known depth of snow could be estimated if the
information aboul the densily of snow 15 available, The density of snow, however,
varies guite considerably, Freshly Fallen snow may have a densily in the range of 0,07
1o .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 010,

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 specificd sampling arca. Here, a large eylindrical receiver 203 mm
in diameter is used (o colleet the snow as it falls. The height of the cylinder depends
upon the snow storage needed al the spot as g consequence of accessibility ete. and
may tange from 60 ¢ Lo several metres, The receiver is mounted on a lower o keep
the ritn 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: &V, to minimize deposits of ice on the exterior of the gauge,
Mz, a windshicld is provided at the top. Melting agents or heating systems arc some-
times provided in the remote snow gauges to reduce the size of the containers. The
snow collected in the eylinder is brought in W a warm room and the snow melted by
adding a pre-measured guantity of hol water. Through weighing or by volume meas-
urements, the waler egquivalenl of snow 15 ascertained and recorded.

SnowTubes Water cquivalent of accumulated snow is measured by means of smow
fwbes which arve essentially a sel of welescopic metal ubes, While a tube size of 40 mm
diameter is in normal use, higher sizes up 1o 90 mm diameter ave also in use, The main
tube is provided with a cutier 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 dll it reaches the
bottomn of the deposit and then twisted and turned to cut a core. The core is extracted
carcfully and studied for its physical properties and then melted to oblain waler equiva-
lent of the snow core, Obviously, a large number of samples are needed o oblain
represeniative values [or a large area deposit, Usually, the sampling is done along an
established route with specified locations called smow cotrse,

2.6 RAINGAUGE NETWORK

Since the catching arca of a raingauge is very small compared to the arcal extent of a
storm, it is obvious that to get a representative picture of a storm over a catchment the
number of raingauges should be as large as possible, i.c. the catchment area per gauge
should be small. On the other hand, ¢conomic considerations o a large exlenl and
other considerations, such as wpography, accessibality, te, 1o some extent restrict the
nurmber of gauees w be maintained. Hence one aims at an optimum density of gauges
from which ressonably accurate information about the stomms can be obtained. To-
wards this the World Meteorological Orvganisation (WMO) recommends the follow-
ing densities,
s [n flat regions of temperate, Mediterranean and tropical zones
Ideal | station for 600900 km?
Acceptable—1 station for 900-3000 km-
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& [n mountainous regions of temperate, Mediterrancan 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 raingange stations should be equipped with self-recording ganges

o know the intensities ol rainfall.

From practical considerations of Indian conditions, the Indian Standard (1S: 4987

1968) recommends the following densities as sufficient.

e In plains: | 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 rinfall: 1 station per 130 km?,

ADEQUACY OF RAINGAUGE STATIONS

If there are already some raingauge stations in a catchment, the aptimal number of
slations that should exist 1o have an assigned percentage of error in the estimation of
miean rainfall is obtained by statistical analysis as

4

N= [i} (2.3)

£

whete N= oplitnal number aof stations, £=allowable degree ol error it the estimate of
the mean rainfall and C, = coetficient of varation of the raintall values at the existing
m stations (in per cent). |f there are m stations in the catchment each recording rainfall
values Py, Py, Pau P ina known lime, the cocfficient of vanation O is caleulated

as:

100 =% e,

C"‘F = _
P
(R -Py

where &= I ] = standard devialion

m —_—
P, = precipitation magnitude in the i station

F= ]_[E A ] = mean precipitalion
m

In calculating & from Eq. (2.3) it is usual to take £~ 1% . 1t is seen that if the value of
£1s small, the number of raingauge stations will be more,

According to WMO recommendations, at least 1094 of the total raingauges should

be of sell-recording 1ype,

Examere 2.1 A corchnrent has six vaingange stations, [n o vear, the anneal roinfoll
recarded by the gauges are as follows:

Station A B C B K F
Rainiall {cm) 1.6 1nz4a [T 1103 OF_H 136.7

For a %% error fn the extimation of the mean rainfall, caleulate the optinum sember of

slations in the catehment.
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Soi by For this daia,

= £ =118.6 o, = 3504 £= 11
e 100 = 35.04 9
N 11R.6 o
N [%‘_fi}- B.7. say 9 stations
The optimal number ol siations for the caichment 15 9. Hence three more addiiional stations

are needed.

2.7 PREFARATION OF DATA

Belore using the rainfall records of a station, it is necessary Lo first check the data for
continuity and consisteney. 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 dals can be estimated by wsing the dala of the neighbouring stations. In these
calculations the mormal reinfall is used as a standard of comparison. The normal rain-
full is the average value of rainfall al a pacticular date, month or vear over a specilied
30-vear period. The 30-year normals are recomputed overy decade. Thus the term
rormead armal percipfiation at station 4 means the average annoal precipilation al 4
bused on a specified 30-vears of record.

ESTIMATION OF MISSING DATA

Given the annual precipitation values, P, Py, Py, ... P, al neighbouring M stations 1,2,
3, ... M respeetively, 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 NG N o at cach of the above (M = 1) stations including station X are known.

If the normal annual precipitations at various stations are within about 1084 of the
normal annual precipitation at station Y, then a simple arithmetic average procedure 18
followed o estimate P o Thus

P, = % [P, + P+ .. +P,] (2.4)

I 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 P P
Pl BEEEL B2 e TR (2.5)
H‘f |"4r| .a\'] .l"l'rm

ExameLe 2.2  The normal annial vainfall ar stavions A, B, C, and D in q basin are
HOL97, 6730, Fa 28 and 9200 em respectively. fn the vear T975, the station I way inop-
erative aid the stutions A, B and O recorded annual precipitations of 8800 7223 and
TURY e respectively. Estimare the rainfail af staion D in that vear

Sov o As the normal mainlall values vary more than 10%, the normal ratio method

is adopiled. Using Eqg. (2.5),

_ 9201 :{(Eﬂ.ll , 72.23 '."LJ.H‘JJ - 90 48 em
3 BO7® 6759 T6.2%

i
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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 ume the significant
change took place. Some of the common causes for inconsistency of record are: {i)
shifting of a raingauge station W a new location, (i) the neighbourhood of the station
undergoing a marked change, (iii) change in the ccosystem due to calamities, such as
fiorest fires, land slides, and {iv) occurrence of observational error from a certain date,
The checking for inconsistency of a record 15 done by the dowble-mass curve technigne.
This technigue is based on the principle that when each recorded data comes fiom the
same parent population, they are consistent.

A proup of 5 to 10 base stations in the neighbourheod of the problem station X is
selected. The data of the annual {or monthly or seasonal mean) rainfall of the station &
and also the average rainfall of the group of base slations covering 4 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.c. ZP) and the accunulated values of the average of the group of base
stations (i.e. £P,,) are calculated starting from the latest record. Values of P, are
plotted against £F,, for various conseeutive lime periods (Fig 2.7 A decided break
in the slope of the resulting plot indicates a change in the precipitation regime of
slation X, The precipitation values al station X beyond the period of change of regime
{point 63 in Fig. 2.7) is corrected by using the relation

- M,
Foe= P, Mo (2.6)
where P, = correcled precipilation al any tme period ¢ at station Y
P, = original recorded precipitation at time peried 4, at slation X

Braak in the yaar 1863

; i c
Corraction ratlo = —£ = = 5R T
a @ 56

20r
1.8

1.2
61 f*’
i0F B2

F——— o

EP, in units of 107 cm
(5,1
[ Fa]
N,
N,
—n —{

L B4
L 65
0.6 66

Accumulated annual rainfall at x

0.4 B8
0.2F70

L 1 1 1 L 1 1 1 '] 1 1 L [] ]
Q 0.4 0.8 1.2 1.6 2.0 2.4 2.8
Accumulated annual rainfall of 10 station maan

EPy, In units of 10%.cm

Fig. .7 Double-mass Curve
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M = corrected slope of the double-mass curve
M, = original slope ol 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 XX A chanpe in the slope is nommally 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 translerring rainlall data
from one record to another.

ExamrLe 2.3 Annwad rainfall data for starion M oy well as the average annal rain-
Sl vedues for a group of ten nelphbonring starions locared in a mereorolosically konto-
gereons region are given befow,

Annual Average Annual Average
Rainfall of Annual Rainfall of Annual
Year Station M Rainfall of Year Station M Rainfall of
{mum} the group (e the zroup
() (mm)
1950 676 TR 1963 1244 14010
14951 ATH (iTitt] 1906 ) 1140
1952 95 116 1967 373 G500
953 462 520 | 968 596 66
1954 472 540 1969 375 350
1955 B Bl 1970 his 500
1956 479 540 1971 497 490
1957 431 i) 1972 R1.14) 400
558 403 S60 (973 438 390
1950 303 574 1974 6K 370
1960 413 AR 1975 356 377
I'94] 531 (L1 1976 it ] f33
1962 S04 SH0 1977 B25 TET
|63 R2R Q50 [978 426 410
196 HTD 770 1979 612 SEY

Test the consistency of the annual rainfall data of starion M and corvect the record if there
iw any divereponcy. Extimare the mean anmual precipitation ar seavion M

Sotmicony The data 15 sorted i descending order of the vear, starting from the latest
vear 1979 Cumulative values of station M rainfall (££ ) and the ten station average
ramfall values (EP ) are caleulated as shown in Table 2.1, The daia is then plotted with
L, on the Y-axis and £, on the X-axis to obtain a double mass curve plot (Fig. 2.8).
The value of the year corresponding 1o the plotted points 15 also noted on the plot. Tt is
sgen that the data plots as twa 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 ling for the perod [979-1909 15 M. = L0295 and the slope of the best straight
line for the period 1965 1950 is M, = 08779,

The correction ratio o bring the old records (1950 1968) (o the current (posi 1968
regime is = MM, = 1029508779 = 1173, Each of the pre 1969 annual rainfall value is
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multiplied by the comrection ratio ol 1.173 1o gei ihe adjusted value. The adjusied 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 vears of record are shown in Col. 7.

Printer Friendly

The McGraw:Hill companies

The mean annual precipitation at siation A4 (based on the correcied lime series)
(19004/30) = 633.5 mm

Table 21 Calculation of Double Mass Curve of Example 2.3

1 1 3 4 5 (1] 7
f o N P P Adjusted Finalised
Year (mm} (mm) {(mm) (mm) values of  values of Py,
P (mm) { mum)
97 6l2 612 RN Wt al2
1974 426 1038 410 Lk 426
1977 R25 1863 787 1785 825
1976 [T 2548 053 2438 (ih]
1975 356 249104 7 2815 156
1974 J0E 3472 370 3385 S8
1973 438 3910 390 3775 438
1972 JHG 4296 400 4175 JRG
1971 447 4793 4490 4663 497
1970 G35 5428 390 5255 (33
1969 375 5803 350 5605 375
|68 596 6399 B 6251 AOR.92 699
1967 573 64972 B350 ao01 a71.95 a72
it bl 7971 L1440 B4l 1171.5] | Bl
1963 1244 92135 L4 9441 145852 1459
[ (79 9894 T 10211 T,25 796
1963 HIE 10722 Q50 1116l Q70,98 |
1962 304 11226 38 11741 541.03 591
196l 33l 11757 i) 12341 622,70 623
9460 415 12172 480 12821 4R, 66 487
1959 503 | 2675 575 13306 SRO.E6 500
1938 403 131a% hTiil] 13836 578.13 5TH
1957 431 13509 449 14446 505.43 505
1956 479 14878 540 [ 4986 561.72 56l
255 H99 14777 ) |5 T80 RI%.TI R20
1954 471 15249 340 16326 553.51 554
1953 462 15711 520 LaEdn 541.7% 542
1952 95 15806 1o | 6936 11,41 111
1951 TR | h384 LT [Tl 6 6778 [
1950 i+ 17060 TRO 1 B394 792,73 193

Total of P, = N4 mm
Mean of Py, = 6335 mm

2.8 PRESENTATION OF RAINFALL DATA

A Few commonly used methods of presentation of sainfall daa which have been found

to be usetul i mlerpretation and analysis of such data are given as follows:
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MaASS CURVE OF RAINFALL

The mass curve of rainfall is a plot of the accumulated precipitation against tme,
plotted in chronological order. Records of float type and weighing bucket type ganges
are of this form. A typical mass curve of raintall at a station during g storm 1s shown in
Fig. 2.9. Mass curves of rainfall are very useful in extracting the information on the
duration and magnilude of a storm, Also, inlensilies al variows lime intervals in a
storm can be obtained by the slope of the curve. For nonrecording rainganges, 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 stalions as a guade,

B B 1 storm
“;—j' 14 Eq | (10 em) |
S 12
; e
2 10 -
g er N
B akE 20 starm
E = (4 o)
E 4L
£ B
0 o2r
T -
':I,IIIIIIIIIIIIIIIIIIIJIIIIII
1 2 3 4
Time (days)
Fig. 2.9 Mass Curve of Rainfall
HYETOGRAPH ad
A hyctograph is a plot of the Hyetagraph of the

=
%]

intensity of rainfall against
the time interval. The
hyetograph is derived from
the mass curve and is usually
represented as a bar chart
{Fig. 2.10). It is a very con- il | - | : ”
wvenienl way uf represcnlmg GD 8 16 24 90 40 48 56
the characteristics of a storm Time( hours) —

and is particularly imporiant
in the development of design
storms o 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
it larger catchiments the intervals are ol about 6 h,

first storm in Fig. 2.9
Total depth = 10 cm
Duration=56h

Rainfall intensity, cmih
= =]
— R

Fig. 210 Hyetograph of a Storm

FPOINT 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, weckly, monthly, seasonal or
annual values for various periods. Graphically these data arc represented as plots of
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magnitude v¢ chronological time in the form of a bar diagram. Such a plot, however, is
fot convenient for discerning a trend in the rainlall as there will be considerable vari-
ations in the rainfall valucs 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 15 a technigue for smoothening out the high
frequency fluctuations of a time series and to enable the trend, if any, to he
noticed. The basic principle is that a window of time mnge m vears is selected, Stari-
ing from the first set of i years of data, the average of the data for m years is caleu-
lated and placed in the middle vear of the range m. The window is next moved
sequentially one time unit (year) al a (ime and the mean of the m lerms in the window
is determined at cach window location. The value of s can be 3 or more years; usually
an odd value, Generally, the larger the size of the range m, the greater is the smoolhening,
There are many ways of averaging {and conscquently the plotting position of the mean)
and the method described above is called Central Simple Moving Average. Example
2.4 deseribes the application of the methed of moving averages.

ExampLe 2.4 Annual rainfoll valuwes recovded ar sration M for the period FO30 10
1979 iv given in Example 2.3, Represent thiv data as q bar divngram with time in chrono-
togrical order: () fdemtifv those veary in which fhe annual reisfall is (o) fess than 20% of
the mean, and (H) move teen the mean, ¢(§@) Plor the three-pear moving mean aof the annual
rainfall fime series.

Sonwnons (1) Figure 211 shows the bar chart with hetght of the column representing
the annual minfall depth and the position of the column representing the year of oecur-
rence. The time is arranged in chronological order.

The mean of the annual raindall tine series is 3687 mim. As sech, 20% less than the
mean = 426.5 mm. Lines representing these values are shown in Fig, 2,11 as horizomal
lines. It can be seen that in 6 vears, viz. 1932, 1960, 1969, 1972, 1973 and 1978, the

1400
& —— Annual rainfall
1200 — 20% legs than
maan
— - - KMaan
1000 - s
E 20% less than mean =
E 426.5 mm _ )
= Mean = 568.F mm
E
E =
m
= — L A -
= e
-] M My
{ —
A0D0 4
200 -
o ALY

%%%‘"%ﬁ%%%“’% a“’% a‘“ﬂ‘f@ﬁﬁ}% ;“‘f‘f;"’v*“' ""f“'ﬂ“ ‘5?5"* 22

Year

Fig. 211 Bar Chart of Annual Rainfall at Station M
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annual rainfall values are less than 4265 mm. In thirteen yvears, vie. 1950, 1951, 19535,
1963, 1964, 1965, 1966, 1967, 1968, 1970, 1976, 1977 and 1978, the annual rainfall was
more than the mean.

(i) Moving mean caleulations are shown in Table 2.2, Three-vear 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 sbscissa. Note that the curve starts from 1951 and ends in the vear
1978, Mo apparemt trend is indicated in this plot.

Table 22 Computation of Three-year Moving Mean

1 2 3 4
Annual Three consecotive year J-vear moving
Year Rainfall (mm) total for moving mean mean
P, Pyt Pyt Priy) (Col. 3/3)*

1950 676

1951 578 676 + 3TR - 05 = 1340 449.7
1952 95 STR+95-462 = 1135 i )
1953 462 95 + 482 - 472 = 1029 3430
1954 472 462 + 472 ~ 699 = 1633 544.3
19535 6oy 472 + 699 — 470 = 1650 550.0
1956 479 699 + 479 - 43] = |609 5363
1957 43] 479 + 431 ~ 493 = 1403 467.7
[958 443 431 + 493 - 503 = 1427 4737
1959 03 492 + 503 +415= 1411 470.3
960 415 S03 + 415+ 53] = 1448 483.0
1961 531 415 + 531 4 504 = 1450 483.3
1%a2 304 531 + 504 + 828 = 1803 6210
1963 RI S04 + 828 + 6792 = 2011 670.3
I a4 679 B2B + 672+ 1244 =273 17,0
E965 1244 679+ 1244 + 999 = 3927 94740
| 966 L 1244 + 099 + 573 = 2816 H3NT
1967 373 9% + 573 + 506 = 2168 722.7
a8 506 573 + 8506 + 375 = | 544 514.7
965 375 596 + 375 + 635 = 1ala 535.3
L9700 (35 375 + 635 + 407 = 1507 302.3
1971 497 635 + 497 + 386 = 1518 ahe
1972 JEA 407 + 386+ 438 = 132| 440.3
1973 438 JBA + 438 + 568 = |392 4n4.0
1474 368 438 + 568 + 356 = 1362 434.0
1975 356 568 + 356 + 645 = 1609 536.3
1976 BES 356 + AR5 + B25 = 1866 622.0
1977 H25 6R5 + R25 + 426 = 1936 45,3
1975 426 B25 + 426+ 162 = 863 621.0
1979 612

¥The moving mean is recorded al the mid span of 3 vears,

2.2 MEAN PRECIFITATION OVER AN AREA

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

distribution of a storm. In practice, however, hydrological analysis requires a knowl-
edpe of the rainfall over an arca, such as over a catchment.

To convert the point rainfall values al various stations into an average value overa
catchment the following three methods are in use: (i) Adthmetical-mean method,
(1) Thiessen-polygon method, and (iii) Isohvetal method.

ARITHMETICAL-MEAN METHCD

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

- PH+E+ . +P+. .4+ N

M N f=]

In practice, this method is used very rarely.

THIESSEN-MEAN METHOD

It this method the rainfall recorded at each station is given a weightagze on the basis of
an area closest o the station, The procedure of delermining the weighing area is as
follows: Consider a calchment 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 biscctors for each of the sides
of the triangle are drawn. These biscetors form a polyzon around each station. The
boundary of the catchment, if it culs the biscotors is laken as the outer limil of the
polygon. Thus for station 1, the boumding polygon 1s abed. For station 2, kade is laken
as the bounding polypon, These bounding polygons are called Thicssen polyeons.

The areas of these six Thiessen polyeons are determined either with a planimeter or
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A = iotal catchment area

Station | Bounded | Area | Weighlage
by
1 abod Ay Al
2 kade P At
3 edogl Ay Alh
4 fah Ay Aylh
5 higeb| A Aol
fi jbak A Aclh

Fig. 213 Thiessen Folygons

by using an overlay grid. IF P, Ps.... , P, are the rainfall magnitudes recorded by the
stations 1, 2,,.., 6 respectively, and 4y, 4,,. .., 4 are the respective areas of the Thiessen
polyaons, then the average rainfall over the catchment P is given by
_ BA+EA+L R4
A At )

Thus in general for M stations,

M

E,I £ 4 y

i A
F = i i 28
A Z A [- '}

The ratio i 15 called the weightage facior for each station,

The Thicssen-polygon method of calculating the average percipitation over an arca
15 supenior Lo the arthmetic-average method as some weightage is given to the various
stalions on a rational basis. Further, the raingauge stations outside the calchment are
also used effectively. Once the weighlage factors are determined, the calculation of P
is relatively easy for a fixed network of stations.

|SOHYETAL METHOD
m! isolivel is g Il.ne_jmnmg p—
points of equal rainfall mag- - Catchment
nitude. In the isohyctal m/ \ = IE_ boundary
method, the catchment area .

15 drawn o scale and the @
raingange stations are
marked. The recorded wval-

ues for which arcal average

P is lo be determined are ¥
then marked on the plol at
appropriate stations, Neigh-
bouring stations outside the

catchment arc also consid- o

ered, The isohyets of vari- 4

ous values arc then drawn 2

by considering point rain- Fig. 214 TIsohyetals of a Storm
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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 comours based on spot levels,

The area between two adjacent isohyets are then determined with a planimeter. If
the isohyvets go out of catchment, the carchment boundary is used as the bounding line,
The average value of the rainfall indicated by two isohyets is assumed o be acting
over the inter-isohyet area. Thus £y, P .., 2, are the values of isohyets and if gy, a4,
woen i,y Are the inier-isohyet areas respectively, then the mean precipiiation over the
catchment of arca 4 is given by

B +P B85 Btk
I e b e e e
P = —
A
The isohyet method is superior w the other two methods especially when the sta-
tions arc large in number.

(2.9)

ExampLe 2.5 [n a cafchment area, approximaled By a civele of diameter TN Em, four
Fainfall starions are sineed inside the catelment and one sration is owrvide i s weigh-
hourhand. The coordinares of the cenwe af the corchiment and of the five sraifons are
given befow Alve given are the aneual precipitation vecovded by the five starions in J980
Determine fhe average ammua! precipitaiion by the Thiessen-mean meedfod,

Centre: (1040, 100) Diameter: 100 km.

Distance arein km
Station 1 2 3 4 b
Coordinates (30, RO} (70, 1003 (100, 1400 {130, 100) {100, 70)
Precipitation (cm) "5 1352 g5.3 1464 1022

Sow ey’ The catchment area is drawn to scale
andd the stations are marked on it (Fig. 2,15}, The
stations are joined 1o form a set ol triangles and the
perpendicular bisecior of each side is then drawn.
The Thicssen-polyizon arca enclosing each station
15 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-
zons 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?) aresn F{cm)

{cal. 4 = col. 5)

| #5.0

2 ahud 2141 0.2726 1352 K]
o dee L6409 0.2049 D53 19,53

4 echl’ 2141 0.2726 146.4 3991

5 ha 1963 1.24949 02,2 2554
Total 7RS4 1.0 121. B4

Mean precipitation = 2184 cm.
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ExampPLE 2.6 The ivofvety due fo a storm fn a catcfiment were drawn (Fig. 2040 aned
the areq of the catclmenr bounded by isofivers were rabulored ax below

Isuhyets Arca

(cm) (km?)
Station 12.0 a0
12.0-10.0 144
10.0-8.40 &)
B4 150
G040 0

Estimare the mean precipitation due to the storm,

Sorumor  For the [irst 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 hounding
isahyvets are taken,

Isohytes Averape Ares {kmtj Fraction of Weighted
value of P tolal arca Piem)
{em) {eal. 374500 {eol. 2 = col. 4)
1 2 3 4 5
12.0 1240 30 0.0667 (.50
12.0-10.0 11.0 140 02111 3422
10,0 8.0 9.0 B 01778 1600
&.0-6.0 7.0 180 0, 4000 2,800
f0—4.0 50 20 00444 0222
Tonal 450 10004 L B R

Mean precipitation F = R84 em

2.10 DEPTH-AREA-DURATION RELATIONSHIFPS

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 minfall of a given duration, the average depth decreases with the area in an
cxponential fashion given by

P =Py exp (-KA") (2.10)
where P = average depth in cm over an area A 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 Bhatacharya® (1975) have obtained the
following values tor K and # for storms of different duration:

Duration K i
1 day (OOOE326 (6614
2 days O0009RTT 16306
3 days 0000745 1,.5%a1
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Since it is very unlikely that the storm centre coincides over a raingauge station, the

exact determination of P, is nol possible. [lence 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.

Maxinsind DERTH-AREA-DURATION (CURVES

In many hydrological studics involving estimation of severe floods, it is nccessary to
have information on the maximum amount of rainfall of varicus durations occurring
over various siees of arcas, The development of relationship, between maximum depth-
area-duration for a region is known as DALY analysis and forms an important aspect of
hydro-meteorological siudy, Relerences 2 and 9 can be consulied for delails on DAD
analysis. A bricf description of the analysis is given below,

First, the severemost rainstorms that have occurred in the region under guestion 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 ol rainfall, various durations and the maximum depth of rainfall in these durations
arc noted. The maximum depth-arca curve for a given duration D is prepared by
assurning the area distribution of rainfall for smaller duration to be similar 1o the 1otal
storm. The procedure is then repeated for different storms and the envelope curve of
maximum depth-area for duration £ s obtained. A similar procedure for various values
ol £ results in a family ofenvelope curves of maximum depih v area, with duration as
the third parameter (Fig. 2.16). These curves arc called DAD curves.

Figure 2.16 shows typical DAD curves for a caichment. In this the average depth
denotes the depth averaged over the area under consideration. [ may be seen thal the
maxirmum depth for a given storm decreases with the area; for a given area the maxi-
mum depth inereases with the duration,

1 | B} IIIIII 1 P IIIIII 1 [}
- 2B 18 hours -
e
o
P .
=4
g ol 12 hours
=
@ 16 | 2]
g
]
g 2k & hours -
E g |- 1 hour S T
3 -_—__—-_-_'_'_‘_'—-—-———-—__.___
= 4L |
o [ AR | [ B AN | P
10 102 1032 5w 10%
Area (km?)

Fig. 216 Typical DAD Curves

Preparation of DAD curves involves considerable computational effort and requires
meleorolosical and topographical information of the region, Detailed data on
severemost storms in the past are needed. DAD corves 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?® = 107
Duration 20 0,13 .26 1.3 2.6 5.2 7.8 10.5 13.0

1 day BLO* J65% Tl 47.2% 3.1* 264 2031 1BOF 1604
2 days 1029 975% 0372% J34% 3RTY 4AX4® 356t 315F 27.9%
3 days 121.9% 1107 10308 79.2%  67.11 546t 48.35% 42,71 3894

Noge: *Storm of 17 18 September 1850 over north-west U_I"
f—=&torm 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 o bwo storms, which are perhaps the fow severe most me-
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.e. a 24-h maximum cainlall,
will be of importance. Such information is obtained by the frequency analysis of the
poinl-rainlall data, The tainlall ata place is a random hydrologic process and 8 sequence
ot rainfall data al a place when arranged in chronological order constitute a lime senes,
Oine of the commonly used data series is the annual series composed of annual values
such as annual tainball, 11 the exteeme values of a specilicd evenl occurring in each
vear i listed, it also constitutes an annual series. Thus for example, one may list the
maximum 24-h tainfall occurring in a year at a station o prepare an annual series of
24-h maxumum ramnfall values, The probability of occurrence of an eventan ths senes
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, stream How,

Firsl, il 18 necessary W correclly understand the terminelogy used in frequency
analysis, The probability ol occurrence of an event of o random vatiable (e, tainfall)
whose magnitede is equal 1o or in excess of a specified magnituede X is denoted by P
The recurrence iterval (also known as retwrn period) 15 defined as

=P (2,113
This represents the average interval between the occurrence of a rainfall of magnitde
cqual to or greater than A" Thus ifit is stated that the return period of minfall of 20 cm
in 24 his 10 vears at a certain station A, itimplies that on an average rainfall magnitudes
equal o or greater than 20 em in 24 b oceur onee in 10 years, Le ina long period of
say 100 years, 10 such evenls can be expected. However, it does not mean that every
10 vears one such event is likely, i.e. periodicily is nol implied. The probability of a
tainfall of 20 cm in 24 h occurring in anyone year at station 4 45 1/ T=1/10=10.1,
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If the probability of an event occurring is £ the probability of the event not occur-
ring na given yvear is ¢ = (1 - PL The binomial distibuolion can be used 1o find the
probability of eccurrence of the event r limes in n successive years. Thus

P M Pt = . Prgh=f (2.12)

- (n=r)r
where P, = probability of a random hydrologic cvent (rainfally of given magnitude
and exceedence probability P occurring » times in o successive years. Thus, for exam-
ple,
{a) The probability of an evenl of excecdence probability P occwrring 2 times in o
SUCCESSTVE yoars 15

¥ ! 3 ol
o (n—2)12! Fe
(b} The probability of the event nol occurring at all in » successive years is
Py (1= PF
{c) The probability of the event occurring at least once in # successive years
Pi=1-¢=1-{(1-Pp (2.13)

ExampeLe 2.7 Analvsiv of daiq on maximum one-day vainfall depth ar Madras fndi-
curtedd that o depth of 280 mm had @ return perviod of S0 years. Determine the probahility
afer eme-clary rafnfall depih equad o or greater than 280 mm ar Madray ocourring fa) once
in 20 sccessive vears, thl hwe times @ 13 successive years, and (o) of least oice in 20
SUCCESSIVE Ve,

Sorvmon’ Here P 1 0.02
By using Eq. (2.12):

(a) n=20r=1

BT
Py l:;jl-f 3 0.02 % (0.98)™ = 20 x 0.02 x 0.68123 = 0.272
i) a=15,r=2
15! 2 13 14
Pais BT * {002 = ((L.98) 15 % T #*0.0004 = 0,769 = (.323

{c) By Eqg.(2.13)
Pi=1-(1-002)"=0332

PLOTTING POSITION

The purpose of the frequencey analysis of an annual series is W obtain a relation be-
tween the magnitude of the event and its probability of exceedence. The probability
analysis may be made cither by empirical or by analylical methods,

A simple empirical technigque is to arrange the given annoal extreme scrics in de-
scending order of magnitude and 1o assign an order numbet m. Thus for the Ticst entry
m =1, for the second entry m = 2, and so on, Ll the last event for which m =N =
Mumber of years of record. The probability 2 of an event equalled o or exceeded is
given by the Beibull formmla

[ _m
i (NH] {2.14)
The recurrence interval T'= /P =(N+ 1¥m.
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Equation (2.14) is an empirical for-  Table 24 Plotting Position Formulae
mula and there are several other such

empirical formulac available to calcu-  Method F

late £ {Table 2.4}, The exceedence  California N
probabilily of the event obtained by the Hazen {m — 0.5V

use of an empirical formmla, such as  Weibull mAN -+ 1)

Eq. (2.14) is called ploiting posiifon.  Chepodayey (m - DIVIN+ 0.4)
Equation {2.14) is thc most popular  Blom (= DN + 0.12)
plotting position formula and hence  Gringorten fm - MEWN+ 14

only this tormula is wsed in further sec-
tions of this ook,

Having calculated P (and hence T for all the events in the series, the variation of
the rainfall magnitude is plotted against the corresponding T on a semi-log paper
{Fig. 2.1 7y or log-log paper, By suitable extrapolation of this plot, the rainfall magnitude
of specitic duration for any recurrenee interval can be estimated.

180.0
180.0
170.0
160.0
150.0
140.0
130.0
120.0
110.0
100.0
20.0
80.0
70.0
6.0
&0.0

P

L~

7

Annual rainfall {cm)

=& FTTTTITETIT R L L LR L L LN L R L L

10 100
Raturn periad Tin years

Fig. 217 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 cxtrapolation. For accurate work, various ana-
Iyvtical caleulation procedures using frequency faclors ave available, Gumbel's extreme
value distribution and Leg Pearson Type I method are two commonly used analyti-
cal methods and are described in Chap. 7 of this book.

If P is the probability of execedence of & variable having a magnilude M, a com-
mon practice is 1o designate the magnitede M as having { 100 P) percent dependability.
For example, 75% dependable annual rainfall at a station means the value of annual
raintall at the station that can be expected to be equalled o 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 me series that has 2= 0.75, 1L.e.,
T'=1/F = 1.333 years.
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ExamrLe 2.8  The recond of annual rainfall ar Station A covering a period of 22 vears

ix given befow o) Extimade the anreal reinfoll with refurn peviods of 16 vears and 500
pers (b)) Whar would be the probability of an anatal rainfal! of magnitude egal to or
exeeeding L o accnrring ar Saation A7 (b Whar s the 73% dependable annwal rain-
Soll ot wtetion 47

Year Annual rainlall Year Annual rainfall
{cm) {em)
[ S 130.0 1971 a0
1961 4.0 1o72 2.0
1962 T 1973 1is.0
963 Ba.0 1974 6.0
|4 112.0 1975 75.0
1363 060 1974 120.0
1966 200 1977 160
19T 125.0 1978 A0
968 143.0 1979 16,0
190 0.0 1580 BiD
1970 TR 1981 95.0

S wion’ The data are arranged in descending order and the rank number assigned 1o
the recorded events, The probability P of the event being equalled 1o or cxceeded is caleu-
lated by using Weibull formula (Eq. 2.14), Caleulations are shown in Table 2.5, [t may be
noted that when two or more events have the same magnitude (as [orm = 13 and 14 in
Tahle 2.5} the probahility / is calculated for the largest m value of the sel The return
period T is caleulated as =1 /P,

Table 2.5 Calculation of Return Periods

N=122 yvaars
Annual Return Annual Return
m  Rainfall Probability Period m  Rainfall Probability  Period
=mi(N+1) T=1F P=miN+1) T=LP
{cim) [vears) {em) {Years)
| 1600 043 23,000 12 W1 {.522 1.917
) 143.0 D.OBT 11.500 13 B0 (.563
3 130.0 (.130 TH6T 14 na0 (.60 1.643
4 125.0 0,174 5,750 i5 85.0 {1,652 1.533
o 20,0 02T 4,600 In REA {1,696 1.438
f 112.0 0.261 31833 17 B30 0.739 1.353
7] 10E.0 0304 32E6 Is mi0 0. 743 1278
B 105,00 0,348 2875 19 Ta.0 i, 826 1.211
@ 1020 0.3491 2.556 20 a0 (L8710 1,150
L1 G460 0435 2300 21 750 0913 1.095
11 43.0 0478 2001 i G0 0957 1.043

A graph 1s plotted between the anoual ramfall magnitede as the ordinate {on anthmetic
scale) and the return period T as the abscissa (on logarithmic scale), (Fig. 2.17) 1t can he
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seen that excepiing the point with the lowest T, a straight line could represent the rend of

the rest of data,

(a} (i) For T = 10 years, the correspending rainfall magnitude is oblained by inter-
polation hetween two appropriate successive values in Tahle 2.5, vie, those
having I'= 11.5 and 7.667 vears respectively, as 137.% cm

(i) for =5 years the corresponding rainfall magnimede, by exirapolation of the
best fit straight line, 15 18000 cm

it} Return period of an annual reimfall of magmiwde equal to or exceeding 100 ¢m, by

interpolation, is 2.4 years, As such the exceedence probahility P = L = 0417

(e} 75% dependable annual rainfall at Station 4 = Annual rainfall with probability
£ =075 Le. I'=1/0.75 = 133 vears. By interpolation between two successive
values in Table 2.7 having T = 1.28 and .35 respectively, the 75% dependable
annual rainfall ai 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 durdng the course of the rainflall, [5he mass curve 15 consid-
ered divided into & scgments of tme interval A¢ such that the total duration of the
storm 43 = N A4, then the intensity of the storm for various sub-durations L (1.40,(2,
A, (3. A, AN and (V. A could be caleulated. T will be found thal for each
duration {say ¢}, the intensity will have a maximum value and this could be analysed
1o 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.

Brietly, the procedure for analysis of a mass curve of ramfall tor developing maxi-

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

e Select a convenient lime step Ad such that duration of the siorm 0 =N, AL,

& For cach duration {say 1, = j.4r) the mass curve of rainfall is considered to be
divided into consecutive segments of duration ¢, . For each segment the
meremental rainfall o, in duration £ 1s noted and intensity ;= d/f; oblamed.

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

s The procedure is repeated Tor all »-ffi’ues al 7 =1 o N o oblain a daa sel ul‘fw- as
a function of duration ¢ Plot the maximum intensity £, as function of duration i.

o |l is common to express the variation of £ with / as

o=
T o {tra)
where a. b and ¢ are coefficients oblamed through regression analysis,
Example 2.9 describes the procedure in detail.

MAXIMUM DEPTH-DURATION RELATIOMNSHIP

Instead of the maximum intensity J, in a duration ¢, the product (£, ©) = 4, = 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 depih-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 deseribes the procedure in detail

MaXIMUM INTENSITY-DURATION-FREQUENCY RELATIONSHIP

I the rainfall data from a self-recording raingauge is available for a long period, the
frequency of ococurrence of maximum intensity occurring over a specified duration
can be determined, A knowledge of maximum intensity of rainfall of specified return
pericd and of duration equal o the critical tme of concentration 1s of considerable
practical importance in evaluating peak flows related to hydraulic structures,

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

a given station is as follows.

o M numbers of significant and heavy storms in a particular year ¥, 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 7, as a function of duration for the year
Y,

s The procedure is tepeated for all the & vears of tecord 1o obtain the maximum
miensity £, (D) forallj=lwMand k=110 N,

o Each record of /, {1} for & = 1 to N constitutes a time series which can be
analysed (o oblain [requencies of occurrence of various [, (D) values, Thus
there will be M time scrics gencrated.

o The resulls are plotled as maximum inlensity vs retuen period with the Duraifon
as the third parameter (Fig. 2,18} Allernatively, maximuom imtensily vs duration
with frequency as the third variable can also be adopted (Fig. 2.19).

50 1
40

30 1

4-hours

"\. Duration

20 7

10 1

Maximum intensity (cm/h)

10 100 1000

Raturn parliod {years)
Fig. 218 Maximum Intensity-Return Period-Duration Curves

Analytically, these relationships are commonly expressed in a condensed form by
general form

g KT (2.15)
(D+a)
where  § =maximum intensily {em/h), T=relurn period (years), £ = duration (hours)

K. x, ¢ and n are coefficients for the area represented by the station.
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Fig. 219 Maximum Intensity-Duration-Frequency Curves

Sometimes, insiead of maxi-
mm intensity, maximum depth
15 used as a parameter and the
results are represented as a plot
ol maxitmum depih v duration
with retum period as the third
variable (Fig. 2,209,

[Note: While maximum inlensity
is expressed as a function of
duration and return period, it 1s
customary to refer this function
as intensity-duration-frequency
relationship. Similarky, m the

Maximum depth of rainfall {cm}

100

10 1 Heturn period (years)
D T T T L] T
1} 1 2 3 4 5 5]
Dwuraticn {h)
Fig. 220 Maximum Depth-Duration-

Frequency Curves

depth-duration-frequency relationship deals with maximum depth in a given duration. ]

Rambabu el al. (1979)"" have analysed the self-recording rain gauge rainfall records
of 42 stations in the country and have ebtained the values of coefficients K, x, a, and
i of Bg. 2.15. Some typical values of the coefficients for a few places in India are

given in Table 2.6,

Table 26 Typical values of Coefficients K, x, # and n in Eq. (215)

[Ref. 10]
FLone Place kK X a it
Morthern Zone Allahabad 4.911 0, 1667 0.25 06293
Amritsar 14.41 (1304 1441 1.29%3
Drehradun .00 0.22 030 (B0
Jodhpur 4 098 01677 (.50 10360
Srinagar 1.503 0.2730 (.25 10636
Average for the zone 5014 0. 1623 (.50 27
Central Zone Bhapal A.92096 R (1.5 (.B76T
Magpur 11.45 0. 15660 125 10324
Raipur 4,683 (. 1389 0.15 (.9284
Average Tor the zone 74645 01712 0.75 (19594
Western £Zone.  Aurangabad a8 i1.1459 .30 10923
Bhuj 1823 AL .25 Q.9902
(Contd)
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(Conrd)
Veraval T.787 02087 (.50 (1.8
Average Tor the wone 1.974 0. 1647 015 0.7327
Eastern Zone Agarthala B ey LR B i (.50 (LRI
Kolkata (Dumdum) 5,940 01150 .15 (.9241
Ciauhati 71.2006 01157 (.75 (1.94401
Jarsuguda H.390 01392 .75 (LR740
Average for the zone 4,933 0,1353 (.50 08801
Southern Zone  Bangalone 0,275 (1.1262 (.50 [_12R0
Hyderahad 5.250 0.1354 (.50 1.0295
Chennai 6126 1664 (.58 [.R027
Trivandrum 6,762 0.1536 0,50 (08158
Average Tor the wone 6.3l 0.1523 .30 0.94485

Extreme point rainfall values of different durations and for different return periods
have been evalyated by IMIY and the o-pduvial (lines connecting equal depths of
rainfall) maps covering the entire country have been prepared. These are available for
rainfall durations of 135 min, 30min, 43 min, [ h, 3h. 6h, 9h, |3 h and 24 h for return
petieds of 2, 5, 10, 25, 30 and 100 vears. A ypical 50 year-24 h maximum rainfall
map of the southern peninsula is given in Fig. 2.21. The 50 year-1 b maximum ramfall

BO° Ga"

ERL S

- 147

| | | 1 | &=
T4 TE” 78" ag” 2= 84"
Fig. 2.21 Isopluvial Map of 50 yr-24 h Maximum Rainfall (mm)
(Reproduced with permission from India Meteorological Department)

Based opom Survey of India map wilh the permission of the Survevor General of India, © Governmen] of
India Copyright 1984

The lerritorinl waters of India exlend inko he sea o8 distance of 2000 nautical miles measured from 1he
Apprprise brissetize

Responsibality for the cocreciness of the inlemal delatls on the map rests with the pukblisher.
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depths over India and the neighbourhood are shown in Fig. 2.22. [sopluvial maps of

the maximum ranfall of various durations and ol 50-vear return periods covering the
cntire country arc available in Ref. 1.

'_32‘ N
“'E’%
2a=
= s DLH 100
a0
JDP 80
ol 100\ Pa A
80
4%
%
L 2o NGP i
20 100 3
HY D
16°
127 MDS g_
100 % 'I FEL -
Q@
Ly TRV f\
| | 1 | 1 |
yar TE" Bo” B4 BE" q2¢ E

Fig. 2.22 [sopluvial Map of 50 yr-1 h Maximum Rainfall (mm)
(Reproduced from Natural Resources of Hunnid Tropical Asia—Natural
Resources Research, XII. © UNESCO, 1974, with permission of
UNESCO)

Rased upon Survey of India map with the permission of the Survevor Ceneral of India & Governreent of India

Copyright 1984

The territorial waters of India extend mbo The sea to o distanee of 2000 nantical miles measured from the
appropriate baseline
Responsibility for the correctness of the intermal delails on the map rests with the pulbfisher,

ExampPLe 2.9  The masy cwrve of rainfall in a storm af tofal duration 2700 minutes is
wiven bedow fa) Draw the hyetograph of the storm ar 30 minutes time step (H) Plor the
araximm intensitv-dwration cirve for this siorm. ick Plor the maxinum depth-durarion
crieve for the o,

Times since Starl in Minutes 0 3 60 90 120 150 180 210 240 270
Cumulative Raintall {nm) 0 6 I8 21 36 43 49 52 53 54

Soi ton () Hyvetograph: The intensity of rainfall at various time durations is caleu-
lated as shown below:
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Time since Start (min) 0 oeh 90 Q20 150 130 210 240 270
Cumulative Rainfall {mm) 6.0 180 210 360 430 490 520 530 540
Incremental depth of

rainfall in the interval {mm) 60 B 30 450 7.0 60 30 g 1.0
Intensiiy {mmm ) 12.0 1240 6.0 300 140 120 60 20 2.0

The hyetograph of the siorm is shown in Fig. 2.23

Hystegraph of the storm

35
- 30

30 |

24

25 |

20 |

15 |

12 12

10 |—

Hainfall intensity (mm'h)
=

an G0 a0 120 150 180 210 240 aro

Time since start {min)

Fig. 223 Hyetograph of the Storm — Example 2.9

(b} Warious durations As = 30, 60, 90 ... 240, 270 minutes are chosen. For each dura-
tion Af a serics of mnning 1otals 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 & h).
By inspection the maximum depth for each ) is identilied and corresponding maximum
intensity is calevlated. In Table 2.7(a) the maximum depth is marked by hold letter and
maximum intensity corresponding o a specified duration 15 shown in Row Moo 3 of
Tahle 2.7(h), The data obiained from the above analvsis is plotted as maximum depth vs
duration and maximum inténsity v duration as shown in Fig. 2.24.

213 PROBABLE MAXIMUM FPRECIFPITATION (PMP)

In the design of major hydraulic structurcs such as spillways in large dams, the
hydrologist and hvdraulic engineer would like to keep the failure probability as low as
puossible, Le. virtually zero, This is because the failure of such g major structure will
cause very heavy damages to life, property, cconony and national morale. In the design
and analysiz ol such structures, the maximum possible precipitation thal can reasonably
be expected at a given location is wsed, This stems fom the recognition that thereis a
physical upper limil o the amount of precipitation thal can [all over a specified area in
a given lime.

lib.myilibrary.com/PrintPages.aspx

28/40



9/8/13

Printer Friendly

The McGraw:Hill companies |

Precipitation | 49

Table 2.7(a) Maximum Intensity-Duration Relation

Incremental depth of rainfall (mm) in varioos durations

Durations{min}

Cumulative
Time  Rainfall
{min.) (mm) 30 (il 9 120 150 180 210 240 270
0 0
an f f
il I3 12 IR
) 21 3 15 2l
120 in 15 B 30 36
150 43 7 22 25 7 43
180 49 6 13 28 31 43 49
210 52 3 9 1 31 14 46 52
2410 33 | 4 10 17 32 35 47 53
270 54 1 2 5 11 I8 33 36 48 54

Table 27(b) Maximum Intensity-Maximum Depth-Duration Relation

Maximuim

Intensity (mm/h) 3000
Duration

in mimn. 30
Maximum

Depth { mm) 15.0

22.0

i)

22.0

20.0 g5 172 | 3 149 53 120

G 1200 150 (180 210 2400 270

0.0 370 43.0 490 5:0 530 540

Max. depth (mm) and max. intensity (mmsh}

60.0

| Max. depth-tduration |
=

..-—-"""_'_-_-_-_-

50.0

~

0.0

30.0 +

Il

20.0

/{ Max. intenaity-duration I

10.0

—_——

oo

0

L

50

T Li L]
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 tor 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-
menl of PMP for a given region is an involved procedore and requires the knowledge
ol an experienced hydrometleorologist, Basically two approaches are used (i) Mele-
orclogical methods and (i) the statistical study of rainfall daia. Details of meteoto-
logical methods that use storm models are available in published literature.®
Statistical studies indicate that PMP can be estimated as

_ PMP=F +Ko (2.16)
where £ = mean of annual maximum rainfall serics, o = standard deviation of the
scrics and K = a frequency factor which depends upon the statistical distribution of the
series, number of vears 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 (he basis of
the statistical analysis of 60w 70 years of rainfall data in the Norh-Indian plain ares
{Lat. 20° N 10 32° N, Long. 68 E (0 897 E) are available in Rels 4 and 5. It is found
that PMP estimates for Morth-lndian plains vary from 37 to 100 ¢m for one-day rain-
fall, Maps depicting isolines of 1-day PMP aver different parts of India are available
in the PMP atlas published by the Indian Institute of Tropical Metcorology.®

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 steaight line drawn to the plotted points obeys the equation,

P_=4216 D" (2.17)
where P = extreme rainfall depth in om and £ = duration in hours. The values ob-
tained from this Eq. (2.17) arc of use in PMP estimations.

2.14 RAINFALL DATA IN INDIA

Ramnlall measurement in [ndia began in the eighteenth century. The first recorded data
were obtained al Caleutia (1784 and it was [ollowed by observations al Madras (1792),
Bombay (1823} and Simla {18400, The India Meteorological Department (IMIY) was
established in 1875 and the rainfall resolution of the Government of India in 19340
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 cuntall data is the responsibality of the stale governmenl whercas the
lechnical contrel 1s under IMD. The state governmenl have the obligation o supply
daily, monthly and annual rainfall data to IMD for compalation of ils two imporlant
annual publications entitled Daily Radmfadl of Tndfia and Monthly Rainfall of dia,

India has a network of observatories and rain gauges mainlained by IMD. Cur-
rently (2003, IMIY has 701 hydrometeorological observatories and 201
agrometeorological observatories. In addition there are 8579 rain gauge stations out
of which 3540 stations report their data o [MD. A fair amount of these ganges are of
sclf-recording type and IMD operates nearly 400 sclf-recording rain gauges.

Acset of 21 snow gauges, 10 ordinary rain ganges and 6 scasonal snow poles form
parl of glaciological observatories of the counlry.

In addition e the above, a large nember of rain gauges are maintained by dilferent
governmental agencies such as Railways, State departiments of Agriculiure, Foresiny
and [rrigation 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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: REVISION QUESTIONS :

2.1 Descnbe the different methods of recording of rainfall.

1.1 Dniscuss the curvent practice and stas of rainlall recording in India.

2.3 Daescribe the salient characteristics of precipitation on Tralia,

2.4 Explain the different methods of determining the average rainfall over a catchment due
0 a storm, Discuss the relstive merits @nd demernis of the vanons methods.

2.5 Explam a procedure for checking a minfall data for consistency,

2.6 Explain a procedure for supplementing the missing rainfall data.

2.7 Explain brielly the fllowing relationships relating to the precipitation owver a hasin:
(a) Depth-Area Relationship
by Maximum Depth-Ares-Duration Curves
() Imtensity Duration Frequencey Relationship,

2.8 ‘“What 15 meani by Probable Maximum Precipiiation (PMP) over a basin? Explain how
PRAP s estimated,

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

: PrROBLEMS :
2.1 A carchment area has seven raingauge stations, In a vear the annueal rainfall recorded by

lib.myilibrary.com/PrintPages.aspx

the gauges are as follows;

Station r o R 5 r Lk ¥
Bainfall fem) 1300 1421 1182 108.5 165.2 1021 1469

31/40



9/8/13

The McGraw:Hill companies

2

23

14

25

1.6

lib.myilibrary.com/PrintPages.aspx

I__r[f@j Engincering Hydrology

For a 5% error in the estirnation of the mean ramifall, calewlate the mmimuom momber of

Printer Friendly

additional stations required 1o be established in the catchment,

The normal ammual precipitation of five raingauge stations 2 O, & 5 and 7 are respec-
tively 125, 102, 76, 113 and 137 em. During a particular storm the precipitation re-
corded by stations #, O, & and & are 13.2, 9.2, 6.8 and 10.2 ¢cm respectively. The instm-

ment at station I was noperative during that storm. Estunate the rainfall at station ¥

during that stomm.

Test the consistency of the 22 years of data ol the annual precipitation measured at
station A. Rainfall data for station 4 as well a5 the average annual rainfall measured a1 a
gromp of eight neighbouring stations located in o meteorelogically homogeneons region
ane 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
(e} (mit) (i} ()
18446 177 143 1957 158 164
1947 144 132 1958 145 135
1948 78 146 1059 132 143
1949 162 147 1560 a5 115
1950 194 161 1941 148 135
1951 A& 155 1902 142 I3
1952 196 152 10 140 135
1953 [EE) 17 1 %0 130 143
1954 160 12% 19465 137 130
1955 1494 193 1544 130 [4i
1956 141 156 1967 163 1al

(4} In what year is & change in regime indicated?

(k) Adjust the recorded data at station .4 and determine the mean annual precipitation.
[n a stormy of 210 minutes duration, the incremental rainfall &t various dme imervals is
given below.

Time since start of the storm

(minutes) K1 il Hi 120 150 18 210
Incremental cainfall in the time
interval (cm) 1.78 225 a00 430 250 150 075

(a) Obaain the ordinates of the hvetograph and represent the hvetograph as a har chart
wilh time in chronological order in the c-axis

by Otain the ordinates of the mass curve ol rainfall for this storm and plot the same.
What is the avernge miensity of storm over the duration of the siorm?

Assuming the density of water as 998 kg/m', determine the internal diameter of a tuhular

snow sample such that (.1 & of snow in the sample represents 10 mm of water equiva-

lent,

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

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

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

inn the har chart.
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Year 1901 1962 1963 1994 1965 966 1907 968 1969 970
Armnual
min{mm) 760 750 427 3BO0 480 6200 550 640 624 500
Year 1971 1972 1973 1974 1975 1976 1977 1978 1979 1980
Annual

ram (mm) 400 356 T 580 320 102 525 900 600 400

For a drainage basin of 600 k', isohvetals drawn for a storm save the following data;

Tsohyetals (interval) (cm) 1512 129 96 63 31
Inter-isohyetal area (ko) 92 128 120 175 85

Estimale the average depth of precipitation over the catchment,

There are [0 ringauge stations available o caleolate the rinfal]l characteristies of a
catchment whose shape can be approximately described by straight lines joining the
following coordinates (distances in kilometres),

(30, 0), (80, 10y, (110, 300, (140, 900, (130, 115), (40, 110}, (15, 60}, Ceordinates of the
rainzaupe stations and the annual rainfall recosded in them in the yvear 1981 are given
below,

Station 1 2 3 4 5
Co-ondinates {10, 401 (500, 1) i 140, 305 {140, 80 (o, 1467
Amnnual

Rainfall {cm) 132 136 gl £l B
Station ) 1 8 9 10
Co-ordinates {8, B} {0, S0y [, 30 {90, 90y (40, &0
Annual

Reaindall (con) 124 156 128 102 128

Disterming the average annual raintall over the catchment.

Figure 2.25 shows a catchment with seven raingauge stations inside it and three stations
oulside. The rainfall recorded by each of these stations are indicated in the zuve, Draw
the figure 0 an enlarged scale and calculate the mean precipitation by {a) Thiessen-
mean method, (h) Tsahyetal method and by (¢} Anthmetic-mesn method.

Armual raintal]l ata point M is needed, A1 lve points surrounding the point 5 the values
of recorded rainfall fogether with the coondinates of these stations with respect (o a set of
axcs al pomt W are given below. Estimate the annual rainfall at point & by psing the
LSANWE method.

Station Rainfall Coordinates of stution
Pi{cm) {in wnits)

X ¥
A 102 2.0 1.0
B 120 2.0 2.0
C 126 3.0 1.0
(B 10 1.5 1.0
E 131 4.5 1.5
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Fig.2.25 Problem 2.9

|:Hint: Im the LIS Matonal Weather Service (LS™NWS) method the weightage o the

slations are inversely proportional 1o the sguare of the distance of the station lrom the
station M. I the co-ordinate ol any station is {x, ¥) then ¥ = 1 + 17 and weightage

W= 1D, Then minfall at M = P, = Ei] .
EW
L1l Estimaie Irom depth-area curve, the average depth ol precipitation that may he expected
over an area of 2400 5g. km due 1o the stiorm ol 27th Seplember 1978 which lasied [or
24 howurs. Assume the storm cenire o be located a the centre of the ares. The isohyetal
map [or the storm gave the areas enclosed betwesn difTerent isohyetes as folloas:

Isohyei(mm) 21 20 19 18 17 168 15 14 13 12
Enclased 54 134 203 254 295 328 353 371 3RR 391
area (k') 3 5 0 5 g 0 5 il 0 5

2.12 Following are the daia ol a storm as recorded in a sell-recording rain gauge ai a station:

Time from the besinning af
storm {fnintes) w20 30 400 50 60 T B 9h
Cumulative rainfall {mm) 19 41 48 68 91 124 152 16D 166

(a) Plot the hvetograph of the stomm.
by Plot the maximum intensity-duration curve of the storm.
2.13 Prepare (he Maximum depth-duration curve for the 90 minule slorm given below:

Time (minutes) 0 10 20 30 40 30 60 70 B0 90
Cumulative rainfall fmm) 0 8 15 25 30 46 55 60 64 67
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The mass curve of rmnfall ina storm of wtal doration 90 mineies s given below,
{a) Draw the hyctograph of the storm at 10 minutes tme step, (B) Plot the Maximum
intensity-duration curve for this storm, (¢p Plat the Maximum depth-duration curve for
the storm.

Time (Minutesy 20 30 40 50 e  F0O RO 90
Cumulative
ranfall {(mm) {l 21 a3 143 217 X8 330 351 382 370

The recond of annual rainfall at a place 15 available for 25 years, Plol the curee of recur-
rence inferval vy annual rainfall magnitude and by suitable interpolation estiimate the
magnitude of ranfall at the station that would correspond o a recumence interval of (a)
50 vears and (b 100 vears,

Year Anmual Rainfall Year Annual Rainfall

fem) {em)
1950 11340 1963 fE. G
1951 Q4.5 1964 K215
1952 T | 965 an.T
1953 R7.5 | 96k 09 8
1954 2.7 1967 T4.4
1955 1.3 1968 fi, b
1956 T3 196t 3.0
1957 k51 1970 Q1.0
15958 1228 1971 1068
1950 a9.4 1972 [02.2
| Sl ®1.0 [973 ®T.0
961 945 | 974 4.0
1962 R6.3

The annual rainfall values at a station 2 for a period of 20 years are as [Dllows:

Year Annual Rainfall Year Annual Rainfall

{em) {cm)
1973 12000 193 [G1.0
1976 R 1956 AEXY
1977 s 198T 1060
[97R a0 [QRR 115.0
1978 102.0 [BE 95,0
| 980 a2 | ey a0
1981 Q5.0 1991 0.0
1982 RBE.0 1992 9.0
19%3 T 19493 BO.O
1984 R 1994 Qi

Dretermine

{a) The value of annual rainfall at  with a recurrence interval of 15 vears.

{h) The probability of cccurrence of an annoal rainfall of magnitude 108 cm at station £,
(¢} 75% dependable annual raindall at the station.

[Mimt: I an event (rainfall magnitude in the present case) occurs more than once, the
rank m = number of times the evenl is equalled + number of imes it is exceedad. ]
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Plot the three-year and the: Ave-year moving means [or the: data of Problem 2,15, Com-
ment on the effect of ncrease in the penod of the moving mean. Is there any apparent
trend in the data?

On the basis of isopluvial maps the 50 vear-24 hour maximum rainfall ar Bangalore is
found to be 160 cm. Determine the probability of a 24 b rainfall of magnitude 16.0 cm
occurring at Banpalore:

(&) Once in BN SUCCESSiVE Years.

(b} Twice in len successive years.

(ch AL least once in len SUCCEssive VEars,

A ome-tlay rainfall of 2000 ¢m al a place X was (ound o have a period of 100 years,
Calculate the probability that a one-day rainfall of magnitude agual to or larzer than
2000 en;

() Will not occur at station X during the next 30 vears,

(b Wil ocour inthe next vear,

When long records are noi available, records al two or more siations are combaned to get
one long record for the purposes of recurrence interval caleulation. This method is known
as Station-vear method

The number of times a storm ol inlensite 6 cmvh was equalled or exceeded in thres
different rain gauge stations in a region were 4, 2 and 5 for periods of reconds of 36, 23
and 48 years, Find the recurrence interval of the & em/h storm in that area by the srarion-
year method.

Annual precipitation values at a place having 70 vears of record can be tabulated as
[ollows:

Range (cm) Mumber

of years
< (L0 f
6l.0-79.9 f
RiLO- G059 2
[O0.0-119.9 25
120101 39,9 b
= L0 3

Calcolaie the probability of having:

(a) an annual ramfall equal W or langer than 120 cm,

(b} two successive years in which the anmual rainfall is equal 1w or greater than
140 cm,

i) an annual ramfall less than G0 cm,

21

2.1
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: CeiecTivE QUESTIONS I

A tropical cyclone is a

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

by high-pressure zone with high winds

(¢} zone of low pressure with clockwise winds in the northern hemisphere

id) zone of low pressure with anticlockwise winds i the northemn hemizphere,
A tropical cyelone in the northern hemisphere is a wone off

(2} low pressure with clockwise wind

(b o pressure with anticlockwise wimnld

(ch high pressure with clockwise wind

idy high pressure with anticlockwise wind.
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Orographic precipitation ocours due o air masses being Nifled o higher altitudes by
(a) the density difference of air masses

(b} a frontal action

(¢} the presence of mountain harriers

(dy extramropical cvelones,

The average annual ramfall over the whole of India 1s estimated as

(a) 1¥%cm (b 319 cm () 2% om (dy 117 cm.
Wariahility of annual rainfall in India is

() least in regions of scanty rainfall {h) largest in regions of high rainfall
(ch least in regions al high rainfall (i) Bargest in coastal areas,

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

(@) 127 em (h) 10cm {2l 308 cm (dy 23.4 cm.
The standard recording raingauge adopted in India is of

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

(c) lipping buckel type {d} telemetry type

The lollowing recording raingauges does not produce the mass curve al precipitation as

recard:

(a) Svmmons’ raingangs (b} uppmg-hucket type gaupe

(¢} weighing-bucket type gange {d1 natural siphon gauge,

When specifie information about the density of snow all is not available, the water equiva-

lent of sncwfall is taken as

(a) 3044 (b 30% () 100 (dy Q0ug

The normal annual rainlall at stations 4, 8 and O sitwated in meteorologically

homogeneous region are 173 cm, TR0 cm and 130 cm respectively. In the year 200,

station /1 was inoperative and stations 4 and Crecorded annoal precipitations of 150 cm

and 135 e respectively. The annual rainfall @1 station 8 inothat year could be estimated

1 be nearly

(ay 150 em (h) 143cm (¢l 158 cm (d} 168 em

The monthly rainfall at a place 4 during September 1982 was recorded as 55 mm above

normeal, Here the term sormal means

{a) the ranfall m the same month in the previous year

() the rainfall was nommally expected based on previous month’s data

() the average rainfall computed from past 12 months’ recond

idy The average monthly ramfall for September computed rom a specilic 30 vears of
past recond,

The Double mass curve technigue is adopted o

(#) check the consistency of raingauge records

(k) 1o find the average rainfall over a number of vears

(c) to find the number of rainguapes required

(d) 1o estimale the missing rainfall data

The mass curve of rainfall ol a storm is a plod ol

(a) rainfall depths for vanous equal durations plotied in decreasing order

by rainfall intensily vy ime in chronological order

() accumulated rainfall imensiry v time

(dy accumulated precipitation ve time in chronalogical order.

A plot between raingall inensity v time is called as

(a) hydrograph (b} mass curve () hyetograph id} 1sohyet

A hyetograph is a plot of

(2} Cumulative raindall w ime (b} rainfall intensity v time

() rainfall depth ve duration (i) discharge vs tme
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The Thigssen polvgon is

(a} apolyzon obained by jommg adjoining raingauge stations

(b} a representative area nsed for weighing the observed station precipitation

(¢} anarea used in the construction of depth-area curves

(dy the descriptive term for the shape of a hyvdrograph.

An isohyvet 15 a line joining poinis having

(a) equal evaporation value (b} equal baromeiric pressure

() equal height above the MSL (d) equal rainfzll depth in a given duration.
By DAD analysis the maximom average depth over an area of 10 ke dhue Lo one-clay
storm i found 1o be 47 em. For the same area the maximuom averase depth for a three
day storm can be expected to he

(a) =47cm (h) =47 em (] =47 cm

(dy inadequate infornsation to conclude.

Deepth-Area-Duration curves of precipitation are deawn as

(&) munimizing envelopes through the appropriate daia poinis

(b maximising envelopes through the appropriate data peint

() hest [omean curves through the appropriate data points

idp best B straight lines theough the appropriate data points

Depth-Arca-Duration curves of precipilation at a station would normally be

(#) curves, concave upwards, with duration increasing outwarnd

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

(¢} curves, concave upwards, with duration decreasing outward

(d)y curves, concave downwards, with duration decreasing outwand

A study ol the isopluvial maps revealed that al Calcutta a maximum rainfall depth ot 200
mm in |12 h has a return period of 50 years. The probability of a 12 h rainfall equal o or
greater than 200 mm oceorring a1 Calenia st least ones in 30 years is

(a) 045 (bl 0,60 {€) 0.56 (dy 1.0

A 6-h rainfall of & cm at & place 4 was found 1o have a return period of 40 years, The
prohahility that at 4 a 6-h rainfall of this or larger magniude will occur at least onee m
20 successive years is

fa) 0.397 (b) 0603 (e) O30 (d} 0025

The probability ol a 10 cm rain in 1 howr occurring at a siation 8 is found 1o be 1560,
What is the probability that a 1 hour rain of magnitude 18 cm or larger will accur in
slation & omee in 30 suecessive vears is

(@) 0.396 {(h) 0.307 () 0604 (d) 0500

A one day rainfall of 18 hours at Station O was found 1o have a retum period of 50 vears,
The probability that a8 one-day rainfall of this or larger magnimde will not occur at
station € during next 50 years is

(a) 0.636 (b 0.020 {c) 0364 (d) 0371

[Iihe maximuwm depth of a 50 vears-13 h-rainfall depth at Bhubaneshwar is 260 mm, the
50 year-3 h-maximum rainfall depth at the same place is

{a) = 260 mm {th) = 260 mm (¢l = 260 mm

() inadequate date 1o conclude anything,

The prohable maximum depth of precipitation over a caichment 15 given by the relation
PME =

(a) P+ KA" i P-Ke (c) Pexp( KA (d) mP
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Chapter

ABSTRACTIONS FROM
PRECIPITATION

3.1 INTRODUCTION

In Engineering Hydrology munoff 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 stovage, are considered as losses in the production
of runoft. Chiet components of abstractions from precipitation, knowledge of which
are necessary in the anabysis of varous hydrologic sivations, are deseribed in this chapler,
Evaporation from water bodies and seil masses logether wilh transpiration from
vegelation is lermed as svapairanspivation. Vanous aspects of evaporation from waler
bodies and evapottanspitation from a basin are discussed in detail in Secs 3.2 throwgh
J.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 Sees 3,14 through 3.19.

A EvVapoRATION

3.2 EVAPORATION PROCESS

Fuaproradion 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
instantancous velocitics. An addition of heal causes this range and average speed to
increase. When some molecules possess sufficient kinctic energy, they may cross over
the waler surface. Similarly, the atmesphere in the immediate neighbourhoed of the
waler surtace conlains water molecules within the water vapour in motion and some of
them may penetrale the waler surface. The net escape of waler molecules from the
lipueich state o the gaseows siate constilules evapotation, Evaporation is a cooling process
in that the latent heat of vaporization (at about 385 cal/g of evaporated water) must he
provided by the water body. The rate of evaporation is dependent on (i) the vapour
pressunzs at the water surface and air above, (1) air and water temperatures, (iii) wind
speed. (iv) atmospheric pressure, (v guality of water, and (i) sizc of the water body.

arour FRESSLIRE

The rate of cvaporation is proportional 1o the difference between the saturation vapour
pressure at the water temperature, ¢ and the actual vapour pressure in the air. . Thus

Ey =Cle,—e;) (3.1)
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where £, = rate of evaporalion (mmdday) and C = a constant; ¢, and ¢, are in mm of
mercury. Equation (3.1} 1s known as Dafton s law of evaporadion afler John Dalton
(1802) whe first recognised this law. Evaporation continues till e, = e If ¢, > &,
condensation takes place,

TEMPERATURE  (ther factors remaining the same, the rate of evaporation increases
with an increase in the water temperature. Regarding air temperature, although there
i% a general inerease in the evaporation rale with increasing lemperature, a high corre-
lation between evaporation rate and air tempersture does not exist, Thus for the same
mean monthly wemperature il is possible 1o have evaporation w dilferent degrees ina
lake in different months.

Mane  Wind aids in removing the evaporated water vapour from the zone of cvapo-

ration and consequently creates greater seape for evaporation. However, if the wind
veloeily is laree enough 1o remove all the evaporated waler vapour, any further in-
crease in wind velocilty does not influence the evaporation. Thus the rate of evapora-
tion ncreases with the wind speed up o & entical speed beyvond which any further
increase in the wind speed has no influence on the evaporation rate. This crilical wind-
speed value is a funclion ol the size ol the waler surface, For large water bodies high-
speed turbulent winds are neaded to cause maximum rate of evaporation.

ArmosPHERC PrESSURE Other factors remaining same, a decrease in the baro-
melrie pressure, as in high altivudes, inereases evaporation.

Sorisl £ 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 reduetion in cvaporation approximately corresponds to the per-
centage increasc in the specifie gravity. Thus, for example, under identical conditions
cvaporation from sea waler is about 2-3% less than that from fresh waler.

HEAT STORAGE iN WATER BoDiES  Deep water bodies have more heal 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 1o change the seasonal cvaporation rates and the annual
cvaporation rate is seldom affected.

3.2 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 ¢stimation 15 parlicularly impociant W conserve the searce waler resournces, How-
cver, 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: (1) using evaporimeter data, (i) empirical evaporation equations, and (iii)
analytical methods.

TY¥PES OF EVAPORIMETERS

Fvaporimelers ave water-conlaining pans which are exposed o the atmosphere and
the loss of water by evaporation measured in them at regular intervals. Metcorological
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data, such as humidity, wind movement, air and water temperatures and precipitation
are also noted along with evaporalion measurement,
Many types of cvaporimeters arc in usc and a few commonly used pans are de-

scribed here.

CLASS A EVAPORATION "“"Q‘E" lented In pan

Farny s astandard panof 1210 %1
mm diameter and 255 mm depth ] 2'.5:5
used by the US Weather Burcau s /I

e

and is Imnwntas C].as?: A L:_md .Pﬂ"' &‘E"’j’f-"t f'“‘h—":'h-é-_-.’-ﬁﬁ;}ié:.:'
The depth of waler is maintained

between 18 cm and 20 cm (Fig. |«~———1zt0Dia.
30 The pan is normally made of
unpainted galvanised iron sheet,
Monel metal is used where
cortosion is a problem. The pan is placed on a wooden platform ol 15 cm height above
the ground to allow free civculation of air below the pan. Evaporation measurements
are made by measuring the depth of water with a hook gauge in a stilling well.

Wooden
support (S

Fig. 3.1 U5 Class A Evaporation Pan

ISISTANDARD Bany  This pan evaporimeter specified by 15: 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 (.9 mm thickness, tinned inside and painted
while outside (Fig, 3.2) A lixed point gauge indicales the level ol waler, A calibrated
cylindrical measure is used to add or remove water maintaining the water level in the
pan 1o a Axed mark, The top ol the pan is covered fully with a hexagonal wire netling
of galvanized iron Lo prolect 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 o be less by about 14% compared to that [rom
unserecned pan. The pan is placed over a square wooden platform of 1225 mm width

and 100 mim height w enable circulation of air underneath the pan,
|« 1220 ¢ |
Thermomsatar clamp

Wirg-mash e Tharmometer
cover Stilling well
102 ¢
)ﬂl Fixad point gauge e
R
EY
—&— Copper shest 10§
5 thickness 0.9
= 5y
W R '@*. ~
75 |-|— L Waadan e OO,
plationm
= 1225 5q |

Fig. 3.2 [ISI Evaporation Pan
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COLORADO SUNKEN FAN Water leval
This pan, 920 mm square and 460 Ksama as GL
mm decp is made up of unpainted +

galvanised iron sheet and buried T — o

into the ground within 100 mm of 4 I i
the top (Fig. 3.3), The chief ad- 460 f !
vaniage of the sunken pan is that 1

radiation and acrodynamic char-

acteristics are similar to those of je——920 8 ———»|
a lake. However, 1 has the follow-
ing disadvantages: (i) difficult o
detect leaks, (i) extra care is needed 1o keep the surmounding area free from tall grass,
dust, ete., and {iii) cxpensive to instal.

GL

.y

- . .

Fig. 3.3 Colorado Sunken Evaporation Pan

LS GEOLOGICAL SURVEY FLOATING FAN  With a view to simulate the char-
acteristics of a large body ol water, this square pan (900 mim side and 450 min depth)
supported by drum floats in the middle of a raft (4.25 m x 487 m) is sct afloat in a
lake. The water level in the pan is kept at the same level as the lake leaving a rim of 73
mim. Diagonal batfles provided in the pan reduce the surging m the pan due o wave
action. Its high cost of installation and maintenance together with the difficulty in-
valved in performing measurements are its main disadvanlages,

Fan COEFFICIENT €., Evaporation pans are nol exact models of large reservoirs
and have the following principal drawbacks:

1. They dilfer in the hea-stoving capacity and heat teansler [rom the sides and
botlom, The sunken pan and floating pan aim o 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 ol 3 m diameter is known 1o 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 atfects the wind action aver the
surface. Also, it casts a shadow of variable magnitude over the water surface,

3. The heat-iransler charmcteristics of the pan material is different from that of the
TCSCTVOIT.

In view of the above, the evaporation observed ftom a pan has 1o be correcled o
gel the evaporation from a lake under similar climatic and exposure conditions. Thus
a coefficient is introduced as

Lake evaporation = €, J 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 Coetficient C

S.Nm. Tvpes of pan Ayerage value Range
I Class A Land Pan 0.70 L6400, B
z 18T Pan {maodified Class A) .80 fLa5-1.10
3. Colorado Sunken Pan .78 0.75 (L.Ba
4. L'S0GS Floating Pan (.80 070082
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EvarorATION STATIONS [t is usual to instal evaporation pans in such locations
whete other meteorological data are also simulianeously collected. The WO recom-
mends the minimum network of cvaporimeter 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 siation for every 100,000 km™.

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

A tvpical hydrometeorological station contains the following: Ordinary raingauge;
Becording raingauge; Stevenson Bex with maximum and minimum thermometer and
dry and wet bulb thermometers; wind anemometer, wind direction indicator, sunshing
recorder, thermohydrograph and pan evaporimeter,

2.4 EMPIRICAL EVAPORATION EQUATIONS

A large number of empirical equations are available 1o estimate lake evaporation us-
ing commeonly available meteorological data. Most formulae are based on the Dalton-
lype equation and can be expressed in the general form

E; = Kf{u)e, —e,) (3.2}
where £, = lake evaporation in mm/day, e, = saturated vapour pressure at the water-
surface emperature in mm of mercury, e, = actual vapour pressure of over-lying air al
a specified height in mm of mercury, i) = wind-speed correction function and K ~a
coefficieni. The term ¢, is measured at the same height ai which wind speed is meas-
ured. Two commenly used empirical evaporation formulac are:

Mever's FORULLA (TOT15)

&=l 1{|+”“ (3.3)
L WLEy —Ey EJ :

inwhich E;, e, e, are as defined in Eq. (3.2), 1y = monthly mean wind velocity in km/
h at about 9 m above ground and K, = coelTicient accounting for various other faciors
with a value of 01.36 for large deep waters and 050 for small, shallow waters.

ROHWER'S FORMULA (1937) Rohwer’s formula considers a correction for the
elTect of pressure in addition o the wind-speed effect and is given by
E =0771{1.465 0000732 p )044 + 00733 wd e, e,) (3.4}
in which £;, e, and e, are as defined earlier in Eq. (3.2),
. = mean barometric reading in mm of mercury
up = mean wind veloeity in km'h at ground level, which can be taken
Lo 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. Refercnces
2 and 3 list several other popular empirical formulae.

In using the empirical equations, the saturated vapour pressure al a given lempera-
lure (e,) s found from a table of e, v lemperature in *C, such as Table 3.3, Often, the
wind-velocily data would be available al an elevation other than that needed in the
particular equation. owever, it is known that in the lower part of the atmosphere, up
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1o a height of about 500 m above the ground level, the wind velocity can be assumed
Lo follow the 1T power law as

uy = CY (3.5)
where u, = wind velocity al a height i above the ground and C = constant. This equa-
tion can be used to determine the velocity at any desired level if ry is known.

ExamPLE 3.1

fa) A reservair with a siface area af 250 hectares had the following average values of

climate parameters during a week: Water remperatiure = 20°C,
fefarve hamidin: = 40%, Wind velocin ar 1.0 m above grownd surface = 16 ki
Extimate the average daily evaporation from the lake by wsing Mever ¥ fornula.
(il An L8 Standard evaporation pan at the sife indicated o pan cogfficient of (L8010 on
the hasis of calibration againgt comirolled water budgeting method, I thiv pan
mdicated an evaparation of 72 mm in the week under question, (i) estimate the
acckracy i Mever ¥ method relative ro the pan evaporation measurenienrs, (1) Also,
estimate the valume of warer evaporated fram the lake i that week

Son Lo
(a} From Table 3.3
e, = 175 mmol Hg e, =04 < 17.54 =702 mmaf Hg
ug = wind velocity at a height of 9.0 m above ground = 1, x (9)"7 = 21.9 km/h
By Mever’s Formula [Eqg. {3.3)].

A .
E, =036 (1754 ?.Ul}[l + %J = 8.97 mm/day

(b} (i} Daily evaporation as per Pan evaporimeter (?E'?ﬂJ * 08 = 823 mm

Ervor by Meyer's lormula = (823 - B97) = 0,74 min. Hence, Meyer's method

overestimates the evaporation relative 1o the Pan.

Percentage over estimation by Mever™s formula = (0,74/8,23) = 100 = 9%
(1) Considering the Pan measurements as the basis, volume of waler evaporatsd

[rom the lake in 7 days = 7« (R23/10000 « 250 = 104 144,025 mt

| The lake area is assumed o be constant at 230 ha throughout the week. |

3.5 ANALYTICAL METHODS OF EVAFORATION
ESTIMATION

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

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

3. Mass-iransfer method.

VWATER-BUDGET METHOD

The water-budget method is the simplest of the three analytical methods and is also
the least reliable. It imvolves wriling the hydrolegical 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 contlinuity equation is wrilien
as

ks

where P = daily precipitation

PVt Vpm Vo + Vo tE +AS+ T (3.6)
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F,. = daily surface inflow into the lake
Ve = daily groundwater inflow
.. = daily surface outflow from the lake
V. = daily seepage outflow
E; = daily lake evaporation
AS = increase in lake storage in a day
T, = daily transpiration loss
All quantities are in units of volume (m’) or depth (mm) over a reference area,
Equation (3.6) can be writicn as
E.l'. =t :.er ill:'J.-.'l} £ [V|'g Hay'] T_:"_ AS [3.?}
In this the terms M, V. ¥, and A5 can be measured. However, it is not possible to
measure ¥, ¥, and 7, and therefore these quantities can only be estimaled. Transpi-
ration losscs can be considered to be insignificant in some reservoirs. [ the unit of
time is kept large, say weeks or months, better accuracy in the estimate of £ is possi-
ble. In view of the varous uncertainties in the estimaled values and the possibalities of
errors in measured variables, the water-budget method cannot be expected to give
viery accurate resulis, However, controlled studies such as at Lake Helner 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
cnergy available for evaporation is determined by considering the incoming energy,
oulgoing 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 peried of one day is give by

H,=H,+ H,+ H,+ H+ H, (3.8)

where = ngt heat energy received by the waler surface
= Hr:.I f‘} Hl‘:-

Back radiation  Heat loss to air
Hy Hy
Solar
radiation IFtellanled
H;:

rH . Evaparation
W e

N =rH,
& Water

Heat stored
H

Advection
H;

Haat flux

inta the
rawrd

g Hg

Fig. 3.4 FEnergy Balance in a Waler Body

in which H.{1 - r} = incoming selar radiation into a surface of reflection
cocfficient (albedo) »
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H,, = back radiation (leng wave) from waler body

H, = sensible heat transfer from waler surface 1o air

H, = heal energy used up in evaporation

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

evaporation and £; = 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
tadvected coergy)

Adl the energy terms are in calories per sguare mm per day. If the time periods are
shorl, the terms A, and H; can be neglected as neglgibly small, All the lerms except
H, can either be measured or evaluated indirectly. The sensible heat term £f, which
cannot be readily measured is estimated using Bowen ¥ ratio § given by the expres-
slon

W 7]

(3.9

J= H”‘ =6lx107% p,
PLE, [ -8
where p, = atmospheric pressure in mm of mercury, e, = saturated vapour pressure in
mm of mercury, €, = actual vapour pressure ofair in mm of mercury, T, = temperature
of water surface in °C and T, = temperature of air in *C. From Eqgs (3.8) and (3.9 £,
can be evaluated as

H,—H,—H, —H,
£, = -
- pL{1+ )
Estimation of evaporation in a lake by the energy balance method has been found
Lo give satistactory results, with errors of the order of 3% when applied 1o periods less than
a week. Further details of the energy-budgel method are available in Refs 2, 3 and 5.

{3.10}

MaASS-TRAMSFER METHOD

This method is based on theeries of turbulent mass transfer in boundary layer to calcu-
late the mass water vapour transfer from the surface w the surounding 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 quantitics measured by sophisticated
{and expensive) instrumentation, this method can give satislhctory resulls,

3.6 RESERVOIR EVAFORATION 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 difficull to assess or expensive 1o oblain, Empirical equations can at best
give approximate values of the correct order of magnitude, Therelore, the pan mens-
urements find general acceptance for practical application. Mean monthly and annuoal
evaporation data collected by IMEY are very valuable in field estimations, The water
volume lost duc to evaporation from a rescrvoir in a month is caleulated as

Fg=4AE,, C, (311}
where V- = volume of water lost in evaporation in a month {m”)

A = average reservoir arca during the month (m®)
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£ = pan cvaporation loss in metres in a menth (m)
= E, in mm/day x No. of days in the month x 107
C, = relevant pan coelficient
Evaporation from a water surface is 4 continuous process. Tvpically under Indian
conditions, evaparation loss from a water body is about 160 cm in a year with enhanced
values in ard regions. The quantity of slored water lost by evaporation in a year is
indced 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 surtiaee area of about 90,000
ha, Table 3.2 (a) indicates surface areas and capacities of some large Indian reservioirs,

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

b1 Reservoir River State Surface Gross
Mo area al  capacity of the
MREL in  reservolr in
km? Mm?
I. Narmada Sagar  Narmada Madhya Pradesh 914 12,230
2.  Naparjuna Sagar Krishna Andhra Pradesh 283 11,315
3. Sardar Sarovar Marmada Ciujarat 370 G310
4, Bhakm Sutlej Punjab 169 ORAR
5. Hirakud Mahanadi Crrissa 725 El4l
fi.  Gandhi Sapar Chambal Madhya Pradesh (Tt TT46
7. Tungabhadra Tungabhadra Karnataka T8 400410
B, Shivaji Sagar Koyna Maharashira 115 2780
9. Kadana hlahi Ciujarat 172 1714
10,  Panchet Damodar Jharkhand 153 1497

Lising evaporation data from 29 major and medium resgrvoirs in the country, the
Mational Commission for integrated water resources development (1999 has esti-
mated the national water loss due to cvaporation at various time horizons as below:

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

Sl Moo Particolar 1997 2010 | e 2050
1. Live Capacity Major storage 173.7 211.4 2492 K15
2 Live Capacity—Minor storage 34.7 42.3 4498 L
1 Evaporation for Major storage 26.1 3.3 374 7.2
Reservoirs @ 15% of live capacity

i, Evaporation For Minor storage 8.7 1004 125 19.1
Reservoirs & 25% of live capacity

5. Total Evaporation loss is 42 Ll Th

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
resourees developmental effort involve considerable inputs of moncy, which is a scarce
resource, evaporation from such water bodies signifies an economic loss, In semi-arid
zomes where water is scarce, the importance of conservation of waler through reduc-
tion of evaporation is obvious.
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METHODS TO REDUCE EVAPORATION LOSSES

Warious mothods available for reduction of evaporation losses can be considered in
three categories,

(W REDUCTION OF SURFACE AREA  Since the volume of water lost by evapora-
tion s dircetly proportional o the surface arca of the waler 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 categary.

i1 MecHANICAL COVERS  Permanent roofs over the reservoir, temporary roofs
and Moating rools such as rafls and light-weight Noating particles can be adopied
wherever feasible. Obviously these measures are limited to very small water bodies
such as ponds, etc.

(i CHEMICAL FiLats  This method consists of applying a thin chemical Gilm on
the water surface to reduce evaporation. Currently this is the only feasible method
available for reduction of evaporation of reservoirs up o moderate size.

Certain chemicals such as cendd alcofad (hexadecanol) and stearvl alcohol
{octadecanol) form monomolecular layers on a water surface. These layers act as cvapo-
ration inhibilors by preventing the water molecules 1o 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 punetured due to the impact of mindrops or by birds, insects, ete., the film

closcs back soon afier.

3, Itis pervious 1o oxveen and carbon dioxide; the waler quality is therefore not

affected by its presence.
4, It is colourless, odourless and nontoxic,

Cetvl alcohol 15 found 1o be the most suitable chemical for use as an cvaporation
inhibitor. It is a white, waxy, crystalline solid and is available as lumps, flakes or
powder. It can be applied (o the water surface in the form of powder, emulsion or
solution in mineral turpentine. Roughly about 3.5 Nihectare/day of cetyl aleohol is
needed for effective action. The chemical is periodically replenished to make up the
losses due o oxidation, wind sweep of the layer w the shore and its remoeval by binds
and insects. Evaporation reduction can be achieved to a maximum ifa film pressure of
4 % 107% Nim is mainlained,

Controlled experiments with cvaporation pans have indicated an cvaporation
reduction of about 60F4 through use of cetyl aleohol. Under field conditions, the reported
values of evaporation reduction range from 20 o 50%. 1L 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 1o be the only
major impediment affecting the efficiency of these chemical films.

B! EvaPOTRANSFIRATION
3.7 TRANSFIRATION

Transpiration 15 the process by which water leaves the body of a hiving 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, lemperature, wind, light imensity 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 Lo davlighi
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 arc different.

3.8 EVAPOTRANSPIRATION

While transpiration takes place, the land arca in which plants stand also lose moisture
by the evapoeration of waler Trom soil and water bodies, In hyvdrology and irmigation
practice, il 1s found that cvaporation and transpiration processes can be considered
advantageously under one head as evapotranspiration. The term comsumpiive use is
also used w denote this loss by evapotranspiration. For a given sel of atmospheric
conditions, evapotranspiration obviously depends on the availability of water. If suffi-
cienl moisture is alwavs available w complelely meet the needs of vegetation Tully
covering the area, the resulling evapoltranspiration 1s called potential evapolranspivation
{PET). Potential evapotranspiration no longer critically depends on the soil and plant
factors bul depends cssentially on the climatic factors, The real evapolranspiration
ocourring in a specific situation is called aciual evapotranspiration (AET).

It is necessary W introduce al this stage two lerms: Teld capacity and permanent
wilting point. Field capacity s the maximum quantity of waler thal the soil can relain
against the foree 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 al which the
moisture is no longer available in sufficient quantity to sustain the plants. At this
slage, even though the soil contains some moisture, iU will be so held by the soil grains
Lhat the roots of the plants are not able to extract it in sufficient quantitics to sustain the
plants and consequently the plants wilt. The field capacity and permanent wilting
point depend upon the soil characleristios. The difference between these two moisture
contents s called available water, the moisture available for plant growth.

IF the water supply 1o the plant is adequate, soil moisture will be at the Geld capac-
ity and AET will be equal w PET. If the water supply is less than PET, the soil dries
out and the ratioc AET/PET would then be less than unity. The decrease of the ratio
AET/PET with available moisture depends upon the tvpe of soil and mate of drying,
Cienerally, for clayey soils, AET/PET = 1.0 for nearly 30% drop in the available mois-
ture. As can be expected, when the soil moisture reaches the pesmanent wilting point,
the AET reduces to zere (Fig. 3.5). For a catchment in a given period of time, the
hydrologic budget can be written as

P-R-G,-E,=4A5 {3.12}
where P = precipilation, R, = surface runofl, G, = subsurtace cutflow, £ = aclual
evapotranspiration (AET) and AS = change in the moisture storage. This water budg-
eting can be used o calculate £, by knowing or estimating other elemenis ol Eq.
{3.12). Generally, the sum of X, and &, can be taken as the stream flow at the basin
outler 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 fow specialized studics, all applied studies in hydrology use PET {not
AETY as a basic parameler in various estimations related 1o water ulilizations con-
nected with evapolranspiration 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,

3.2 MEASUREMENT OF EVAPOTRANSPIRATION

The measurement of evapolranspiration for a given vegelation bype can be carried out
in Uwor ways: cither by using lysimeters or by the use of ficld plots.

LYSIMETERS

A lysimeter is a special watertight tank containing a block of soil and set in a ficld of
growing plants. The plants grown in the bysimeter are the same as in the surrounding
ficld, Evapotranspiration 1% estimated in tevms of the amount of waler reguired o
maintain ¢onstant meoisture conditions within the tank measured either volumetric ally
or gravimetrically through an amangement made in the besimeter, 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
atthe 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 budzet in a known interval of time are
measured and the evapotranspiration determined as
Evapotranspiration = [precipitation + irfgation inpul — runoff
—increase in soil storage groundwater loss)

Measurements are usually confined to precipitation, irrigation input, surface runoff
and soil meistore, Groundwater loss due o deep pereolation is difficult 1o measure
and van be minimised by keeping the moisture condition of the plot at the field capac-
ity. This method provides fairly reliable resulis,

310 EVAPOTRANSFIRATION EQUATIONS

The lack of reliable lield data and the difficulties ofoblaining reliable evapotranspication
data have given rise to a number of methods to predict PET by using climatological
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data. Large number of formulac are available: they range from purely empirical ones
lo 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, meor-
porating some of the modifications suggested by other investigators is
AH +E ¥
A+y
where PET = daily potential evapotranspiration in mm per day
A = slope of the saturation vapour pressure v lemperatute curve al the
mean gir lemperature, in mm of mercury per "C {Table 3.3)
H,. = net radiation in mm of evaporable water per day
£, = parameter including wind velocity and saturation deficit
¥= 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-
maled by the following eguation:

iT 4 n
H,=H,(1 -r}{a | b.ﬂT'J o T {u.ﬁﬁ-u.uyzﬁ][u.m | U.HE}I) (3.14)

PET (3.13)

where H, = incident solar radiation outside the atmosphere on a horizental 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 latitode ¢ and is given by a = (1.29 cos ¢

f = a constant with an average value of 0,52

i = actual duration of bright sunshine in hours

N = maximum possilile hours of bright sunshine (it is a function of latitde as
indicated in Table 3.5)

= reflection coefficient (albede). Usual ranges of values of rare given below,

Surface Range of F values
Close ground corps 0.15-0.25
Bare lands (05045
Waler surlace (.05
Snow .45 .95

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

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

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

byl
E=0351+— —e ils
[ { ]EI{:IJ{.E'“ F_I?.] { }

inwhich
> = mean wind speed at 2 m above ground in kmiday
e, saturation vapour pressure at mean air emperature in mm of
mercury {Table 3.3)
e, = actual vapour pressure, defined carlier
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For the computation of PET, data on &, e, &,, mean air temperature and nature of
surface (i.e, value of r) are needed, These can be oblained fom actual observations or
through available metoorological data of the region. Equations (3.13), (3.14) and (3.15)
topether with Tables 3.3, 3.4, and 3.5 enable the daily PET to be calculated, It may be
noted that Penman’s equalion can be used o caleulate ecvaporation from a waler sur-
face by using # = 0.05. Penman’s equation is widely used in India, the LK, Australia
and in some parts of USA. Further details about this equation are available elsewhere™7,

ExdameLe 3.2 Calculote the parensiol evapoiranspivation from an areq near New Delii
in the month of November by Pewman s fomule,. The following data are available:

Latitude 2 2N
Elevation ; 230 m fehove sea level)

Table 3.3 Saturation Vapour Pressure of Water

Temperature Saturation vapour pressure A

{=C) ¢, (mm of Hg) {mm/=C)

0 458 (.30

3.0 54 .43

7.5 T.78 (.54
[0 9,21 0.60
15 1087 0.71
134 12.79 (.80
135 15.00 .95
200 17.54 1.05
5 2044 1.24
5.0 23.76 140
271.5 27.54 1.l
0.0 I1.82 | &5
325 KINaH 207
5.0 42,51 2.35
a3 48,36 262
4010 55,32 2.95
450 T1.20 166

o [1TET 5 SR
e, = 4,584 cxp[_.—} mm of Hg, where r = temperatune in “C.
237341

Table 34 Mean Monthly Solar Radiation at Top of Almosphere,
H in mm of Evaporable Water / Day

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

o 143 150 152 145 139 134 135 142 149 150 146143
e 124 132 148 152 150 148 148 150 149 141 131 124
20° 108 123 139 152 |57 158 157 153 144 129 11.2 103
e B3 105 127 148 060 65 162 153 135 113 9210 T3
44 60 B3 11.0 139 159 167 163 4% 122 93 67 54
S 36 59 o1 2R 154 AT 161 13D 105 0 71 430340
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Table 3.5 Mean Monthly Values of Possible Sunshine Hours, N

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

e 2.1 32 120 22l 1200 2y 120 a0 Sl 12,0 G2
1o 1.6 11L& 121 1Z4 126 127F 126 124 129 119 11.71L5
20 1LE GHES 12.0 s 131 133 132 2R 123 AT 11.2:300
ki 194 181 120 129 137 141 139 132 124 115 106 102
40 96 1T 119 132 144 150 147 138 125 112 100 94
07 6 1001 118 138 154 64 160 145 127 108 O &1

Mean manihly femperatare d e o
Mean refasive iumidily .' Fita
Mean obwerved sunsiine howrs - “h
Wind velocity ai 2 m heighe = 85 kmddlay
Nanre of surface cover i Close-graound green crop
S tmore; From Table 3,3,
A= 1.00 mm*C e, = 1650 mm of Hg

From Table 3.4
H, = 9506 mm of water/day
From Table 3.5

N=10T14h W =076 = .84
From given data

e, = 1650 = 0.75 = 1238 mm of Hg
a = 0.29 cos 287 47 = (.2559
h=1.52
a=2.01 = 107" mm/day
L=273+19=202 K
aT} = 14.613
r=ualhedo fer close-ground green crop is aken as 0.25
From Eq. (3.14),
H, =9.506 % (1 - 0.25) = (0.2559 + (0.32 = 0.84))
14613 % (0.56 - 0.092 1238 ) = (0,10 + (0.9 = 0.84))
= 4,936 — 2,946 = |90 mm of watcr/day
From Eq. {3.15),

E,=0.35% [1+22| % (16,50 - 12.38) = 2,208 mm/day

£ 78]
From Eq. (3.13), noting the value u?‘ =149,
(11,990) + { 2.208 x 0.49)
{1,000 4 0.49%

2,06 mmday

ExamPLe 3.3 LUving the dafo of Exemple 3.2, extimate the daily evaporafion from a
letke sivuared fn thar place.

Sy wrione For estimating (he daily evaporation from a lake, Penman’s equalion is used
with the albeda r = 0.05.
Hence
L0 —=1k03
H,=4.936:x ;
(1.0—10.25)

E, = 2.208 mm/day

2946 =252 - 2.946= 3300 mm of water/'dav
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From Eq. (3.13),
PET = Lake cvaparation
- (1.00= 3.306) + {2208 = 0.49)
(1.0 = 0.49)

REFERENCE CROP EVAPOTRANSSIRATION (ET,)  In irmigation practice, the
PET is extensively used in caleulation of crop-water reguirements. For purposes of
standardization, FAO recommends’ a reference crop evapotranspiration or reference
evapotranspiration denoted as £T, The reference surface is a hypothetical grass ref-
erence crop with an assumed crop height of .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 ' implics
a moderately dry sail surface resulting from about a weekly irrigation frequency. The
FAD recommends a method called FAO Penman-Monteiif method wo estimate ET, by
using radiation, @r lemperature, air humidity and wind speed data. Details of F40
Penman-Monteith method are available in Ref, 3,

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

ET=KI(ET) {3.16)

The value of K varies from 0.5 to 1.3, Table 3.7 gives average values of K for some

sclected crops.

= 295 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 arcas differcnt from those for which they were derived.

B ANEV-CRIO £ FORMULA

This purely empirical formula based on data from arid western United States. This
formula assumes Lhat the PET is related to howrs of sunshine and temperalure, which
are laken as measures of solar radiation al an arca. The potential evapolranspiration in
a crop-prowing season is given by
Er=254 KF
and F=1p, T, /100 {(3.17)
where  Ep-= PET in a crop scason in cm
K = an empinical cocthcient, depends on the type of the crop and stage of
wrovwih
F = sum of monthly consumptive use [aciors [or the period
P, = monthly percent of annual dayv-time hours, depends on the latitude of
the place (Table 3.6)
ang I, = mean monthly temperature in °F
Values of K depend on the month and locality. Average value for the scason for
sclected crops is given in Table 3.7, The Blancy-Criddle formula is largely used by
tmigation engineers W caleulale the water reguirernents of crops, which is taken as the
difference between PET and effective precipitation. Blaney-Morin equation is an-
other empirical Tormula similar 10 Bg, (3.17) but with an additional correction for
hurmidity,
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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 Auwg Sep Oct Nov Dee
i R50 766 R49 K2] RS0 R22 RS0 R49 RZ1 RS0 K22 B.S50
[ .13 747 B45 BAT REl EAD RE6 HTI RIS R34 T8 B0
] T94 736 H43 B44 98 KRB0 905 HEI EIN B2n 775 T.HE
20 T74 725 K41 K52 915 900 9235 ®96 K30 KBIR 758 .66
25 T3 T4 B3 g6l 933 923 045 909 E32 B09 T4 742
30 730 703 BRI RBTZ 953 949 96T 92F RI3 F799 T.19 T4
A TO5 6EBE K35 BRI 076 9737 9093 037 K36 TRY 697 6.BA
4i) 6.76 672 B33 B9 1002 1008 1022 954 830 075 6072 652
Table 3.7 Values of K for Selected Crops
Crop Average value of K Kange of menthly values
Rice 1.0 0.85-1.30
Wheat 0.65 0.50-0.75
Maize 0.65 0.50 0.80
Sugarcane .50 0.75-1.00
Catton 0,65 (.50-0,90
Polaloes 0,70 0.65-4.75
Matural Vegetation:
(a) Very dense 1.30
{b) Dense [.20
el Medium |
{d) Light (1,80

ExameLe 3.4  Esrimare the PET of an area for the season November ro Fehrmary in
which whear is grown. The ares iy in Nowth fnelia ar o latiiede of 30° N owith mean monthiy

femperaiures as below:

Momth

Temp, (°C)

MNov,
16.5

Dec.
13.0

Jan,
100

Feb.
|4.5

Uwe the Blawey-Criddle formula.

Socvmion,  From Table 3.7, for wheat K = 0,65, Values of /% for 30° N is read from
Tahle 3.4, the temperatures are converted o Fahrenheit and the caleulations are performed

i the following table.

Month T P, Py T 1100
Nov. 61.7 7.19 4.44
Dee. 554 7.15 3.96
Jan, 51.8 7.30 3,78
Feb. 58.1 7.03 4.08
P, T, /100 = 16.26
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By Eq. (3.17).
Ep=2.54 % 16,26 x (.65 = 26,85 cm,

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

1wf Y
Ey= |.:5Lu[—r] (3.18)

!
where  Er= monithly PET in cm
L, = adjusiment for the number of howrs of daylight and days in the month,
related to the latitude of the place {Table 3.8)
T = mean monthly air iemperature °C

i
I, = the total of 12 monthly values of heat index = ¥7,

where = (T/5)" '
o = an empirical constant
675% 1071 771 %1071 + 1,792 ¢ 1073, + 0.49239

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

North
latitwde
{degy Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

0 104 094 104 LOI 104 101 104 104 101 LO4 10l 104
10 100 091 1.03 103 L0E 106 L0 107 102 102 098 0.99
15 057 091 1.03 104 111 108 112 108 102 101 095 0.97
200 095 090 103 105 1,13 141 114 L1l 102 LOO 093 0.94
25 093 089 1.03 106 115 L4 117 L12 102 099 091 0.9
0 090 087 103 108 LI18 117 120 114 103 008 089 058
40 054 083 103 111 124 125 127 L1 144 096 083 081

3.11 POTENTIAL EVAFOTRANSFIRATION OVER INDIA

Using Penman’s equation and the available climatological data, PET estimate” for the
country has been made. The mean annual PET (in em) over varous 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 15 seen that the annual PET ranges from
140 to 180 em over most parts of the country. The annual PET is highest at Rajkot,
Guijaral with a value of 214.5 ¢m. Extreme south-east of Tamil Nadu also show high
average values greater than 180 em. The highest PET for southem peninsula is at
Tiruchirapalli, Tamil Madu with a value of 209 cm. The variation of monthly PET at
some stations located in different chimatic zones in the country 1s 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 hvdrological and imrigation applications can be obtained through a process
waler budgeting and accounting for soil-plant-simosphere inleractions. A simple
procedure duc to Doerenbos and Pruit is as follows:
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Fig. 3.6(a) Annual PET (cm) over India
{Source: SEEEHEE_'ﬁf:.' Report No. 136, IMD, 1971, © Government of
India Copyright)
Rased upon survey of India map with the permission of the Survevor General of India, 8 Governreent of India
Cropyright 1984
The territorial waters of India extend ik thae sea 1o a distaree of 2000 naatical miles measured from 1he
appropriate haselive
Responsibality for the correctness of imbernal details on the map rests with the publisher.

260 ODHPURE BHUJ ¢ NEW DELHI r ALLAHABAD

Monthiy potantial evapotranspiration {mm}

ggg i BOMBAY | MANGALORE | BANGALORE |  BELLARY
180 - - -
160 - g
Mo - -
120h - g -
w0 = - -
8O - - -
60

Lev i on v bowovsonn ey bonwvsownsnwy biuwnrnonning
JEMAMIIASOND JFMAMIASOND JFMAMIJASOND JFMAMIIASOMND

Fig. 3.6(b) Monthly Variation of PET {mm)
(Source: Scientific Report No. 136, India Meteorological Department,
1971, © Government of India Copyright)
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l. Using available metcorological data the reference crop evapotranspiration (£T )
is calculated.

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

3. The actual evapotranspiration (&7} at any time ¢ at the farm having the given
crop is calculated as below:

o [FAASH =(1 p) MASW

ET,=ET, (known as potential condition) (3.19-a)
o [FAASH <1 p) MASH
Er.=|_AdSW g (3.19-h)
(11— p)MASH

where  MASH = 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)
[Mote the equivalence of terms nsed earlier as FET= ET and AET = £T ]

ExamrLe 3.5 A recently ivvigated field plot fas on Day § the rotal available soil mois-
ruve af fis maximen vadue af 10 cm. If vhe reference crop evaparranspivacion is 3.0 mm/
day, calcwlate the acteal evapatranspiraiion on Day [, Day & and Day 7. Asswme soil-
water depletion facior o= L20 and crop factor K = L8,

Sorvmany  Here ET, = 5.0 mm and MASH = 100 mm

(1- p) MASH = (1 - 0.2) » 100 = 80.0 and £T. = 0.9 x 5.0 =45 mm/day
Day I: AASW = 100 mm > (1 - p) MASW

Hence potential condition exists and ET, = £T_ = 4.5 mm/day
This rate will continue till a depletion of (100 - 80} = 20 mm takes place in the soil. This
will take 20045 = 4.44 days, Thus Day 5 also will have £, = ET, = 4.5 mm/day

Day o At the beginning of Day &, AASH =100 - 4.5 x 5)=T7.3 mm
Since AASWH < (1 — p) MASW,
[ 77.5
ET, = | —= =45= 436 mm
| #0.0 ]
Day 7: At the beginning of Day 7. 445K = (775 - 4.36) = 73.14 mm
Since AASH < {1 - p) MASH
ET, = ﬂ] x4.5=4.11 mm,
R ERY

AASH al the end of Day 7= T3.14 — 4,11 = 69.03 mm.

C INmAL Loss

In the precipitation reaching the surface of a catchment the major abstraction is from
the infiltration process. However, two ather processes, though small in magnitude,
operate w reduce the water volume available for runoff and thus act as abstraclions,
These are (i) the imtercepiion process, and (i) the depression storage and together
they are called the infifel loss, This absteaction represents the quantity of storage thal
must be satisfied before overand runofl begins, The lollowing two sections deal with
these two processes hriefly.
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3.13 INTERCEFTIONM

Whetn il tains over a catchment, not all the precipitation Talls directly onto the ground,
Belore 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 iniercemiion. 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-

masphere by evaporation; a process termed frnrercepiion foss,

2. It can drip off the plant lcaves to join the ground surface or the surface flow; this

is known as thronghfall; and

3. The ramwater may run along the leaves and branches and down the stem o

reach the ground surlface, This part is called stemflow,

Inlerception loss is solely due o evaporation and does nol include transpiration,
threughfall or stemflow.

The amount of water intercepted 100 -
in a given area is extremely diffi- ao b
cult to measure. It depends on the
specics composition of vegetation, i
its density and also on the storm
characleristics. It is estimated that i
of the total rainfall in an area dur-
ing a plant-growing season the in- 00— s 1'0 1'5 ,‘,'D 2'5 3'0
terception loss is about 10 to 20%. Raintall (mm)

Interception is satisfied during the
first part of a storm and if an arca
expericnces 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.
Cuantitatively, the vamation of interception loss with the rainfall magnitude per storm
for small storms 15 as shown in Fig. 3.7, [Uis seen that the interception loss is lanze for
a small rainfall and levels off o a constant value for larger siorms. For a given storm,
the interceplion loss is estimated as

L=5+KEi (3.18)

where /. = interception loss in mm, 5, = interception storage whose value varies from
0.25 to 1.25 mm depending on the nature of vegetation, K, = ratio of vegetal surface
area o its projected area, £ = 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.
Aldso, dense grasses have nearly same interception losses as full-grown trees and can
accounl for nearly 20% of the wtal raintall in the scason. Agricultural crops in their
growing season also contribute high interception losses. Inview of these the intereeplion
process has a very significant impact on the ecology of the area related 1o silvicullural
aspects, in i it water harvesting and in the waler balance ol 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

20

Iinterceplion loss as
percentage rainfall

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 15 evertually lost o monolTihrough processes
of infilration and evaporation and thus form a parl of the initial loss, Depression
storage depends on a vast number of factors the chief of which are: (i) the type of soil,
{it) 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 moisiure. Obviously, general expressions for quaniiiative estimation of ihis
loss arc 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 ¢m in sand, 0.4 em in loam and 0.25 ¢m in clay can be
taken as representatives for depression-storage loss during intensive storms.

D INFILTRATION
215 INFILTRATION

fnfiltration is the flow of walter into the 0 ————— Mpisture content

ground through the soil surface. The distri- T RRtIrallan Fons

bution of soi1l moisture within the soil pro- e e e T T -
file during the infiltration process is illus- & VRO ENRE. ot
trated in Fig, 3.8, When waler is applied al

the surface of a soil, four moisture zones in

Lhe soil, as indicated in Fig. 3.8 can be iden-

tified.

dome 10 Atthe op, a thin layer of safuraded
zone 15 created.

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

Zome 3 Mext lower zone 15 the trans-mis-
sion zone where the downward
mistion of the mosture takes place.
The moisture content in this zone
is above feld capacity but below
saturation. Further, it 15 characler-
ized by unsaturated flow and fairly uniform moisture content.

Lone 4: The last zone is the wetting zone, The soil moisture in this zone will be al or
near field capacity and the moisture content Input
decreases with the depth, The boundary of FEE TR
the wetting zone is the welting front where a

sharp discontinuity exisis between the newly _—— = ——_ 5pill

3 Transmission Zone

e Dz pith

4 Wetling Zone

YWatting Front

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

wet soil and original meisture content of the =7 ]

soil. Depending upon the amount of infiltra- l .I, i — Wire
tion and physical properties of the soil, the to storage ghuze
wetting front can extend from a fow centime- i

tres Lo metres, -

The infillration process can be casily 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 waler is [nfiltration
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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 2 lixed quantity and when it is full no more flow
into the container can take place. While this analogy is highly simplificd, it underscores
two impartant aspects; viz (i) the maximum rate at which the ground can absorh
waler, the infiliraiion capaciny and (i) the volume of water that the ground can hold,
the field capacine. Since the infiltered water may contribute to the ground water discharse
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 intansity
rainfall rainfall

CREANELRTR N
S Y A A

-— —
2 | Surface r""

runcff

| >
Hm i

| Sail 2 z |
7 i moigture = =
pe - sm rage
| apacity
Parcalatien
lo gmundwatar —-h—l
1 i [
=
L | —
Mo contribution to To grnundwafer flow
groundwater flow
(&l 3]

Fig. 3.10 An Infiltration Model

3.16 INFILTEATION CAPACITY

The maximum rate at which a given soil at a given time can absorb water is defined as
the infiliration capacity. 1t is designated as £, and is expressed m units of em/h.
The actual rate of infiltration fcan be expressed as
,I"=jlf, when § Ej;,,

and f=iwhen i ‘f.-';: (3.20)
where { = intensity of rainfall. The infiltration capacity of 2 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 /; of a soil with time 15 shown in
Fig, 3.11. The infiltration capacity of an area is dependent on a large number of fac-
iors, chief of them are:
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e Characteristics of the soil {Texture, porosity and hydraulic conductivity)
o Condition of the soil surface

s egelative cover and

s Current moisture contenl
& Soil temperature

A few important factors affecting /, are described below:

CHARACTERISTICS OF SO The type of soil, viz, sand, silt or clay, its texture,
strueture, permeability and underdrainage are the imporlant charactenstics 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-
mil the infillered waler
downward to a groundwater
storage would obviously
have a higher infiltration ca-
pacity. When the soils oc-
cur in layers, the lransmis-
sion capacity of the layers
determines the overall infil-
tration rate. Also, a dry soil
can absorb more water than
one whose pores are already

irfiltration at capacity rala (mm/h)

80

B0

40

20

0

_\\

i Dry sandy loam

.-\‘ Dry clay loam
'_\\.:_"“_ i /— Waet sandy loam

- P i, =
Y

e Wet clay lcam
e e
""-.___‘ E
i o | T S K A ) |
o 0.5 1.0 1.5 2.0 25

Tima fram start of infiltration {h)

Fig. 3.11 Variation of Infiltration Capacity

full {Fig. 3.11). The land use has a sigmificant influence on /. 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 arca where it is subjected to compaction.

SURFACE OF ENTRY At the soil surface, the impact of raindrops causes the fines
in the soil to be displaced and these in tum can clog the pore spaces in the upper layers
ot the seil. This is an impodant factor affecting the inhiltration capacily. Thus a surface
covered with grass and other vegetation which can reduce this process has a pronounced

influence on the value of f,

FLLWND CHARACTERISTICS  Waler infiltrating into the soil will have many impu-
rities, both in solution and in suspension. The webidity of the water, especially the
clay and colloid conlent is an impoant Faclor and such suspended particles block the
fine pores in the soil and reduce its infiltration capacity. The temperature of the watcr
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.

317 MEASUREMENT OF INFILTRATION

Infiltration characteristics of a soil at a given location can be estimated by

Rainfall simulator
Hydrograph analysis
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FLOODING-TYPE INFILTROMETER

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

SiMPLE (TUBE TYPE! INFILTROMETER  This is a simple instrument consisting
essentially of o metal eylinder, 30 em diameter and 60 cm long, open al both ends. The
cylinder is driven into the ground to a depth of 30 cm (Fig. 3.12{a}}. Watcr is poured
inlo the op part 1o a depth of 5 em and a pointer 15 sel w mark the water level, As
infiltration proceeds, the volume is made up by adding waler from a buretle w keep
the water level at the tip of the pointer. Knowing the volume of water added during
different time intervals, the plol of the infiltralion capacily vy time is oblained. The
cxperiments are continued Gl a uniform rate of infiltration is obtained and this may
take 2-3 hours. The surlace of the soil is wsually protected by a perlormed dise wo
prevent formation of turbidity and its settling on the soil surface.

_._I 30 cm dia. h

——————— 10cm

¥ ! ——— B0 cm dia, —
I

5cm

L 30 cm dia,
50 &m 5cm -_L : }
S b2 0em

18¢cm |

LR, il | [
I
I

y " fo [ T

4 N, [ [
F » + - EN .ﬁ f ¥ ¥ y .qu &u
(a) Simple (luba-typa) infiltromatar (b} Doubla-ring infiltremeter

Fig. 3.12 Flooding Type Infiltrometers

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

DoustErinG INFILTROMETER  This most commonly used infilirometer is de-
signed to overcome the basic objection of the tube infilrometer, viz. the tube arca is
tot representative of the infilieming acen, Inthis, two sets of concenttating rings with
diameters of 30 em and 60 ¢m and of a minimum length of 25 cm, as shown in
Fig, 3.12(), are used. The two rings are inserted into the ground and water is applied
il both the dngs w maintain a constant depth of about 5.0 em. The ouler ring pro-
vides water jacket to the infiltering water from the inner Ang and henece prevents the
spreading out of the infillering water of the inner ring. The water depths in the inner
and vuler rings arc kepl the same during (he observalion period. The measuremaenlt of
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the water volume is done on the inner ring only. The experiment is carried out till a
constanl infiltration rate is obtained. A perforated dise w prevent formation of wrbid-
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 infilirometer measures the infiltration characteristics at a spot
only, a large number of pre-planned experiments are necessary 10 oblain representa-
tive infillration characteristes for an entire watershed. Some of the chiet disadvan-
tages of flooding-tvpe infiltrometers are;

1. the raindrop impact effect is not simulated;
the driving of the tbe or rings disturbs the soil structure; and
the resulis of the infiltrometers depend (o some extent on their size with the larger
meters giving less rates than the smaller ones; this 1s due to the border effect.

Pk

RalMNFALL SIMULATOR

I1i this & small plot of Tand, of aboul 2 m = 4 m size, is provided with a series ol nozzles
on the longer side with arrangements to collect and measure the surface runoff rate.
The specially designed noezles produce raindrops Falling from a height of 2 mand are
capable of producing various intensitics of rminfall, Experiments are conducted under
controlled conditions with various combinations of intensities and durations and the
surface runol¥ mies and volumes are mepsured in each case, Using the water budget
cquation involving the volume of rainfall, infiliration and runoft, the infiltration rate
and ils variation with time are estimated, 17 the cainfall intensity is higher than the
infiltration rate, infillration capacity values are obtained.

Rainfall simulator type infiltrometers give lower values than flooding type
infilirometers, This is due (o elfect of the tainfall wnpact and wirbidity of the surface
water present in the former.

HYDROGRAPH AMALYSIS

Feasonable estimation of the infillration capaeity of a small watershed can be ob-
tained by analyzing measured minoff hydrographs and corresponding rainfall records,
I sufficiently good minfall records and runedT hydrographs corresponding 1o isolated
storms in a small watershed with fairly homogencous soils arc available, water budget
equation can be apphed (o
estimale the abstraction
by infiltration, In this the
evapolranspiration losses
arc estimated by knowing
the land cover/use of the
walershed.

T
o
—

[
o

3.18 MODELING
INFILTRATION
CAPACITY T

5

Figure 3.13 shows a typical Timg t——
variation of infiliration  Fig. 313 Curves of Infiltration Capacity and
capacity f, with time. Cumulative Infiltration Capacity

capacity Fpif) —™

[

Infiltration capacity f, —

Cumulative infiltration
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Cumulative infiltration capacity F(1) is defined as the accumulation of infiltration
valume over a time period since the start of the process and is given by

E,= [ f(t)dt (3.21-a)
il

Thus the curve {7} vs time in Fig. (3.13) 1s the mass curve of infilration. It may be
moted that from Eqg, (3.21-a) it follow thal
_ dF (1)
L= —=
af

Many equations have been proposed w express the curves f,(f) or F (1) for use in
hydrological analysis. In this section four such equations will be described,

| Nate: Practically all the infiltration equations relate infiltration capacity f(f) or cumulative
infiltration capacity Fir) with time and other parameters. As such many authors find it conven-
ient 1o drop the suffix p while denoting capacity. Thus }'I; is denoted as fand Fas F|

(3.21-b}

Horron's EQuAaTion (19323} Horton expressed the decay of infiltration ca-
pacity with time as an exponential decay given by
Sl e ™ for0zegy, (3.22)
where  f, = infillration capacily al any time ¢ from the start of the rainfall
Ay = initial infiltration capacity at « =10
1 = final steady state infiltration capacity occurring at ¢ = (. Also, [ is
somelimes known as constant rate or wltfmate infiltvation capocity
Ky = Horton's decay cocfficient which depends upon soil characteristics and
vigelalion cover,
The difficulty of determining the variation of the three parameters f;, . and &, with soil
characteristics and antecedent moisture conditions preclude the general use of Eq, {3.22),

FHILIP'S EQUATION (1957} Philip’s two tlerm model relates /(1) as
F,=s"+ Kt (3.23)
where 5 =g funclion of seil suction potential and called as sorptivity
K = Darcy's hydraulic conductivity
By Eq. (3.21-b) infiliration capacily could be expressed as
= Leag
= =gl +K 3.4
=3 (3.24)

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

F,=a (3.25)
where @ and b are local parameters with @ = Oand (= h < |.
The infiltration capacity would now b ¢ expressed by Eq. (3.21-b) as

Jfo = (ab) £ (3.26)

GREEN—AMPT EQuATION (1211} Green and Ampt proposed a model for infil-
tration capacity based on Darcy’s law as
s,
=K1+ —
.F;:I [ f.‘ ]

=l

(3.27)
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where 1 = porosity of the soil
8. = capillary suction at the weiting front and
K = Darcy’s hydraulic conductivity.
Eq. {3.27) could be considered as
. _ "
fo=m+ (3.28)

where moand # are Green-Ampl parameters of infil imton model.

ESTIMATION OF PARAMETERS OF INFILTRATION MODELS

Dranta Trom inlilttometer experiments can be processed Lo generle data sels fpand F,
values for various tme ¢ values. The follewing procedures are convenient 1o evaluale
the parameters of the infiltration models,
Hosrow's Mooer Value of £ in a test is obtained from inspection of the data,
Equation (3.22) is rearranged to read as
] ] . K

U =y e (3.22-a)
Taking logarithms In{f, - ) = In(f, - £} Kyt
Plot In{f, — ) against ¢ and it the best straight line through the plotted points. The
intercept gives Indfy, - ) and the slope of the straight line is £

FHiLIP'S MODEL  Use the expression for f, as

5 %sr“f K (3.24)

Plot the observed values of f, against ¢ "3 an an arithmetic graph paper. The best

filting straight ling through the plotted points gives K as the inlercept and (5/2) as the
slope of the line. While fitting Philip's moedel it is necessary to note that £ is positive
and 1o achieve this it may be necessary o 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 /.
ROsTIAROV MODEL  Kostiakov model relates £, Lo ¢ as
F,=a (3.25)

Taking logarithms of both sides of Eq. (3.25),

IntF,) = Ina+ b Inis)
The data 15 plotied as In(f,) vs In{f) on an arithmetic graph paper and the best fit

straight through the ploted points gives In o as intercepl and the slope is & Note thal
b 1% a positive quantity such thal 0= b < 1.

GREEN—AMFPT 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 coefTicients m and » respectively. Somelimes values of f, and corre-

sponding £, 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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[Newer 1, Procedure for caleulabion of the best fitstraght Tine relating the dependent varable
¥ and independent variable X by the least-squane error method is descrbed in Sce-
tiom 4.9, Chapter 4,
2. Use of spread sheets (for eg., M3 Excel) greatly simplifies these procedures and the
best values of parameters can be obtained by fitting regression equations. Further,
various plots and the coeflicient of carrelation, ete. can be calculated with ease. |

ExameLe 3.6  [nfiloration capacity data obtained in a flooding type infiltration test is
iven hedaw:

Time since start 5 110 15 25 45 B 75 a0 e 130
{minuies)

Cumulative 173 300 3495 5350 7325 B3 930 1020 11.28 1236
infiliration depth

{om)

fal For thiv data plor the cwrves of (1) infiliration capagity vy time, (i iqfitlration
capacity v cumuloadive infiltvation, ard (TG} comulative infiliration v time.

bl Obiain the best values of the paraseters in Horton s infiliration capacity equiction
1 vepresent this dara sef

S vmieany  Ineremental infiltration values and corresponding infiliration intensitics j;_,
at various dala ohservation limes are calculated as shown in the [ollowing Table, Also
other data required for varioes plots are calealated 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 {em) {cm) jl;,{:m.fh}l Ln{,r;, A hours
0

%, 1.75 74 21.00 2877 (.83
K] 300 1:25 | 5,00 2,465 0147
15 3.95 (.95 11.40 2,099 0.250
25 5.50 1:55 9.30 1.802 0417
45, T.25 B 525 0.6598 0750
Bl B30 1.05 4.20 041 1606040
73 930 106} 4.00 0.274 1.250
o0 10,20 (.90 360 —1.022 1500
110 11.2%8 1.08 324 1.833
30 12.36 .08 324 2.1a7

(a} Plots of f, v time and F, w time are shown in Fig. 3.14. Best litting curve lor
plotted points are also shown in the Fig. 3. 14-a
Plot |:nl‘_.|'jJ vs F, 15 shown in Fig. 3.14-b,

{h) By observation from Table 3.9, /= 3.24 cm/'h
Ln{.l’;, — fohis plotted against time tas shown in Fig. 3.14-¢, The best fit line through
the ploted points is drawn and ils equation 15 obiained as
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Fig. 3.14 (¢) Horton’s Equation. Plot of In{f - f) vs Time
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Inff, - f) = 2.8R68 - 16751 ¢
-K), = slope of the best fit ling = -2.6751, thus K, = 26751 h™!
Indfy £ = imtercept = 28868, thus 4, - /= 17.94 and j, = 21.18 cmvh

ExampPLE 3.7  Falves of fefiltration capacities af various Smes oftained from an
infiltration fest are given below, Defermine the paramerers of (1 Green—Ang equation,
(1) Philip s equarion, and (55§ Kostiakov 5 equation thae best fits this data.

Time since start

{minutes) S 10 15 20 25 30 60 90 120 150
Cuimulative

infiltration depth (em) 1.0 1.8 25 30 3.6 40 61 1 92 116

Sov i Incremental infiliration depth values and corresponding infiliration intensities

1, at various data observation times are caleulated as shown in Table 3,10, Also, various
parameters needed [or ploting different infiltration models are calculated as shown in
Table 3.10. The units used are /, in con'h, F, in cm and £ in hours.

Table 3.10 Calculations Relating to Example 3.7

1 2 3 4 5 [ i 8 9
Incre-
mental
depth of
infiltra-
Time F, tia S tin
{min)  (cm) {cm)  {em/h) hours i UE, Ln ¥, Ln ¢
5 1.0 1.0 120 L83 3464 1.00M) 01,010K) -2.485
1 1.8 0.8 9.6 0167 2449 0.556 0,588 1.792
15 1.5 0,7 B4 0250 2000 (400 0916 -1.386
20 31 (L6 T.2 0333 1.732 0323 1131 I.00g
) i6 0.3 a0 0417 1.549 (278 1.281 1875
30 4.0 0.4 4.8 1,500 1414 0,230 1.38a 603
Al 6.1 At | 4.2 100 10006 016 180 (1000
o0 8.1 2.0 4.0 1500 nElG 0123 2092 403
120 9.9 |5 in 2 (G 0707 010k 2293 (1683
150 I1.6 .7 14 2. 500 &3l L0536 2451 0916
Green—Ampt Equation: fr=m+ Ii (3.28)
Fa
Values of f, {col. 4) arc 14.00 Green—Ampt equation
plotted against 1/F, (col, 12.00 —
Tiom an anthmetie graph 10.00 il
' *
paper (Fig. 3.15-a). The .00 Pl
best fit straight line = &40 R
through the plotied 4.00 _fa"/: ¥=10.042x + 3.0256
: P : AZ=0.0104
poinis is oblained as 200
\ I ﬂlm PO U [N UT ST ST U W YU S WU (U T T W W WU Y W [
5 m.mz{j?} .00 020 o040 060 D0B0 100 1,20
o 1/Fp

+ 3.0256. Fig. 215 (a) Fitting of Green-Ampt Equation
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The cocfficients of the Gireen Philip's aquation

Ampl equations are m = 14.00

30256 and v = 10.042 12.00 E b
Philip's Equation: The ex- - /
pression (1) = Ly 1 000¢ /

(Eq. 3.24) is . E—— ook .

1, (Col. 4} arc plotted against < /

¢ "* {col. 6) on an arithmetic 600 -

graph paper (Fig. 13-b). The - ' /

best fit straight line through - 4 y=3.2287x+ 1.23
the plotted points is obtained 200k R%=0.8713

as :

f,=32287 (24 1.23 00 1o 2e0 300 400
The cocthicients of Philip™s s

equation are s = 2 x 32287

s T and k=14 Fig. 3.15 (b) Fitting of Philip’s Equation

Kostiakov's Egquation: 3.00 i
Fift) = ar' E = 0.6966x+ 1.8346

Eq.(3.25) 280 A= 0.9557 P
Taking logarithms of _ 2.00 p
both sides of the equa- : .//

L. b
= 150 F
tion {3.25 — b
\f ) 1.00 F ’P’/
ln{Fﬂ:|=Ina+.bIn{e'}. b /
The data set is plotted as Deadl

Itat #,) vy I e) on an arith- GO0 Fa gl btk bk d e :
metic graph  paper -3.00 -200 -1.00 000  1.00  2.00

{Fig. 3.15-c) and the best Ln t(n)
fil straight line through Fig. 3.15 () Fitting of Kostiakev Equation
the plotted points is obtained as
In{F,) = 1.8346 + 0.6966 in(r).
The cocfficients of Kestiakov equation arc & = 0.6%66 and In 2= 18346

and hence o = 6.2626, Best fiting Kostiakov equation for the data is
F,=6.2626 (5

Examrere 3.8 The infiltrarion capacity in o basin ix represented by Horton & equation os

=3+
w.l'wr'e_fjjj is dw R oand s in howes. Assuming the infilararion o roke place ar capaciny
rafes i a storm of G mineies duration, estimade the depth of iafiliration in G the fivse 30
nrimufes and (il the second 307 minutes of the siors.

St Lo

P
F, j;;,r;,- and f, =30+ e

Al
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(1) In the firsi 0.5 hour
{5 i
D

o1 = _u[{s.::+r3‘wr=[3.nr-%rh}
=[(3.0 x 0.5) - (1203 - | (1) = (1.5 - 0.184) + 0.5
= 1.816 cm

(i) In the second 0.5 hour

K]

i . b T
.‘-'J,ﬂ= J- (30+e "]dr—[]-.t]f—-i-e- " i

=iL3
ILA0 n

= (3.0 % L0) (V20| - [i3.0 = 0.5 - (L2ne "
= (3.0 - 0.0677) — (1.5 — 0.184) = 1.616 cm

ExamrLe 3.8  The infiliration capacity of sail in a small watershed was found to be
A cmh before o voinfall event. It wax foeed fo be 1.2 emdh af the end of 8 howes of stom.
I thre rotel inffliration duving the 8 howrs peviod of storm was 13 cm, estimale the value of
the decay ceefficient Ky, in Hovton s infiltvation capacity equarion,

A ¥ il : v
Son v Horton's equation s _?'J,, =f.t g f)e ¢

; !
and Fp= ff'piflfff=f;r+{fn —.f:.}j:«-'fnfdr
0 b

AL f—b e, J'l?—"‘-"' it — F]F Henee for large ¢ values

M

(o= 1)
n 7
Herne FJ.J = 150 em, fi = 6.0 em, £, = 1.2 em and ¢ = & hours.
15.0={12x &)+ (60 - 1.2)/K,
K,= 4854 = 0888 h'!

[}

F.=rt

32.19 CLASSIFICATION OF INFILTRATION CAPACITIES

For purposcs of runoff volume classification in small watersheds, one of the widely
used methods is the SC§ CN method described in detail in Chapter 5. In this method,
the sols are considersd divided mto four groups known as hydrologic sml groups.
The steady state infiltration capacity, being one of the main parameters in this soil
classification, is divided into four infiliration classes as mentioned below.

Table 3.11 Classification of Infiltration Capacities

Infiltration Infiltration Capacity Remarks
Class {mm/h)
Very Low Rk ) Highly clayey soils
Low 2510250 Shallow soils, Clay soils, Soils low in
organic maller
Medium 12.5 10 25.0 Sandy loant, Silt
High =25.0 Deep sands, well draimed aggregated soils
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3.20 INFILTRATION INDICES

In hydrological calculations invelving floods it is found convenicnt to use a constant
value of infiltration rate for the duration of the storm, The defined average infiltration
rate 1s called infiltration index and two types of indices are in common use.

P—INDEX

The grindex is the average rainfall =

above which the rainfall volume is E 2'5:

equal to the nmoff volume. The ¢ S 2.0

index is derived from the rainfall '@ 1_5: —— Funoff

hyetograph with the knowledge of the £ - —

resulting runoff volume. The initial = 10F (-

loss is also considered as infiliration. £ 0.5 % IR DT NN NN f
. Ry w ¢ Index

The @value is found by irealing itas & 3 %Q;&ﬂsuﬂf\\x\\m +

a constant infiltration capacity. If the O 2 4 & B 10 12 14

rainfall intensity is less than ¢, then Time (h)
the infiltration rate is equal to the rain-
fall intensity; however, if the rainfall
intensily is larger than @the difference between the rminfull and infiltration in an inter-
val of time represents the runoff volume as shown in Fig, 3,16, The amount of raintall
in excess of the index is called rainfofl excess, In connection with runofl and Nood
studies it is also known as effective rainfall, (details in Sec. 6.5, Chapler 6). The ¢
index thus accounts lor the tolal absiraction and enables magmiludes o be eslimated
for a given rainfall hyetograph. A detailed procedure for calculating g index for a
given storm hyetograph and resulting runoff volume is as follows.

Fig. 316 gIndex

FROCEDQURE FOR CALCUEATION OF pivoeXx Consider a rainfall hyelograph

ol event duration {2 hours and having & pulses of time interval Ad such that
N-A=D (In Fig. 3,16, N=17)

Let /. be the intensity of rainfall in fth pulse and R, = wotal direct runoff.

N
Total Rainfall P= » [, - At
1

If @is grindex, then P - ¢ = R,
where 1, = duration of rainfall excess.

If the rainfall hyctograph and total munoff depth 8, are given, the @index of the

storm can be determined by trial and error procedure as given below,

L. Assume that out of given N pulses, M oumber of pulses have rainfall excess,
(Note that M = A Select M number of pulses in decreasing order of rainfall
intensily £,

2. Find the value of grthat satisfics the relation

A
Ry= T —p)xt

1

3. Using the value of @of Step 2, find the number of pulses (M) which give rain-
fall excess, (Thus M, = pumber of pulses with rainfall intensity /, = ¢).

4, I M_ =M, then @of Step 2 15 the correet value of @-index. [f nol, repeal the
procedure Step 1 onwards with new value of M. Resolt of Step 3 can be used as
guidanee 1o the next trial,
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Example 3.10 illustrates this procedure in detail.

Examrre 3.10 A storm with 1 e of precipilation produced o direct reeoffl of 3.8 cm.
The dawvaiion of the reinfall was 16 howrs and [ty rime disteibution s given below:
Estimaie the g-index of the siorm,

Time from siarl (h) L] 2 4 [} ] 10 12 14 16
Cumulative rainfall {em) 0O 4 1.3 xE 51 6% %5 %5 100

Socurion Pulses of uniform time duration Ar = 2 /b are considered. The pulses are
numbered sequentially and imensity 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 (1 T 8

Time from siart of rain (hy 2 4 (1] B 1] 12 14 la
Cumulative rainfall {em) 0.4 1.3 28 5.1 G B.5 95 100
Ingremental rain {em) G40 090 150 230 180 160 1.00 050
Intensity of rain ([} in

civh, 02 045 075 115 090 0RO 0350 025

Here duration of raindall £« 16 h, Ad~ 2 hand N = B
Trial 1.

Assume M =8, Ar =2 hand hence ¢, = M - Ar = 16 hours.
Singe M = N, all the pulses are included,

8 8
Runoff Ry=58cm= Y(f; @ar= 31 = At p(dx2)
| L

5.8 = ({0,202 2) ~ (045 x 2)+ {0753 2) + (1152 2) = (090  2) ~ (0,80 = 2)
FO50 )~ (02522 l6e=100 14¢
@=4.2/14 = 0263 em/h

Time sinca
start of raim (h} 2 4 ] ] 10 12 14 16
s 1 11 1 [ ] |
- 12564
£ [ -
E [ Rainfall excess
= 1.00 1
o .
E 3 :
20754
E [ Loses
£ 0504 Q |
= [ "-.\'-‘q.,‘
a L
E pos b N
E 0.o00 | 0275 | 0.275 | 0.275 | 0.275 | 0.275 | 0.275 | 0.250 p=0.275 cm/h
0.00 &

Z 3 4 ] & T 8 T

Pulsa number (pulss of 2-hour duration)

Imitial lnss

Fig. 3.17 Hyetograph and Rainfall Excess of the Storm - Example 3.10
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By mspection of row 5 of Table 3,12, M = number of pulses having 1, = ¢ that is

;20263 emhois 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 - Ar = 14 hours.
Select these 7 pulses in decreasing order of f,. Pulse 1 is omitted.
7 7

Runoff R,= 5.8 cm = EEJ} - @ A= EH,.- At - @(T=2)
i |

S8 = [{045%2)+ (075 % 2)+ (115 % 2) - (0.90 % 2)
(08D X ) - (0.50% )~ (025 %21 — 14 =06 14 ¢
¢=3814=027] cm'h
By inspection of row 5 of Table 3,12, M, = number of pulses having [; = @ that is
;20271 em/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 - Af = 2 hoand hence £, = M Ar = 12 hours.
Select these 6 pulses in decreasing order of [, Pulse | and 8 are omitted.
Runolf R,=58 em=a
SE={045 = (0.T5 2 D+ {115 =22y - (0.90 2 2} + (.80 = 2)
+{050=220 - 12 p=01-12 ¢
¢=3.3/12 = 0.275 cnvh
By inspection of row 5 of Table 3. 12, M, = number of pulses having [; = ¢, that is
f; 20275 em/h is 6.
Thus M. = 6 = M. Hence assumed A iz OK.
The grindex of the storm is 1.275 em/ and the duration of rainfall excess = ¢, = 12
hours. The hyetograph of the storm, losses, the rainfall excess and the duration of rainfal]
excess arg shown in Fig. 3,17,

MeINDEX

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

i

[

W (3.29)

where P = total storm precipitation {cm)
ft = 1oal storm runoff (cm)
{, = Initial losses (cm)
t, = duration of the rainfall excess, e the total time in which the rainfall
intensily 15 greater than W (in hours) and
W = delined average mie ol infiltcation (em).
since £, raies are dillicull 1o obtain, the accuraie estimation of H-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 knownas WL Tt
15 to be noted that both the grindex and #-index vary from storm to storm.

COMPLUTATION OF WANDEX  Tocompute W-index from a given storm hyelograph
with known valwes of { | and runoff £, the lollowing procedure is Tollowed:
(i) Deduct the initial loss !, from the storm hyetograph pulses starting from the fiest
pulse
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(ii) Use the resulling hyetograph pulse diagram and follow the procedure indicated
m Sec. 3.19.1
Thus the procedure is exactly same as in the determination of grindex except for
the fact that the storm hyetograph is appropriately modified by deducting /.

HNDEX FOR PRACTICAL USE  The grindex for a cawchment, during a siorm,
depends in general upon the soil tvpe, vegetal cover, initial moisture condition, sterm
duration and intensity. To obtain complete information on the interrelationship be-
tween these factors, a detailed expensive study of the catchment 15 necessary. As such,
for practical use in the estimation of flood magnitudes due to eritical storms a simpli-
fied relationship for g-index is adopted. As the maximum flood peaks are invariably
produced due o long storms and usually in the wel season, the inilial losses are as-
sumed to be negligibly small. Further, only the soil type and rainfall are found to be
critical in the estimaie of the @-index for maximum food producing storms.

On the basis of rainfall and runoff corrclations, CWC! has found the following
relationships for the estimation of g-index for Nood producing storms and soil condi-
tions prevalent in India

R=al™ {3.30)
fF—R
LAY
where £ = runefl in ¢m from a 24-h rainfall of intensity J emvh and = a coetficient
which depends upon the soil type as indicated in Table 3.13. In estimating the maxi-
mum [loods for design purposes, in the absence of any other data, a @-index value of
010 emvh can be assumed.

{3.31}

Table 313 Variation of Coefficient @in Eq. 3.30

5L Na. Type of Soil Coelficient
l. Sandy soils and sandy loam 017 10 025
P Coastal alluvium and silty loam 025 1o (.34
B Red =oils, clavey loam, grey and brown alluvinm 0.42
4, Black—cotton and clayey soils (.42 1o (.46
i Hilly snils 0,46 1 (.50
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I Revision CJUESTIONS I

3.1 Discuss briefly the vanous abstractions from precipitation.

32 Explam brielly the evaporation process,

A3 Discuss the lactors that aflect the evaporation fom a water body.

34 Descnbe a commonly used evaporimeter.

35 Explam the encrgy hudget method of estimeating evaporation from a lake.

3.6 Discuss the importance of evaporation control of reservoirs and possible methods of
achieving the s,

3.7  Descnbe the faciors allecting evapolranspiralion process.

38 List the various data needed (o use Penman's equation for estimating the potential
evapoiranspiration from a given anea

3.9 Describe briefly (a) Reference crop evapotranspiration and (b) Actual evapotrans-piration.

3.10 Explain briefly the infiliranion process and the resulting soil maisture zones in the soil,

A1 Discuss the laciors allecting the infiliration capacity ol an area.

3.12 Descnbe the commonly used procedures for determining the mfilration characteristics
of a plot ol land. Explain clearly the relative advaniages and disadvantages of the enu-
merated methods,

313 Descenbe various models adopted to represent the vanation of infiliration capacity with time,

304 Explain a procedure o litting Horton's infiltration equation Tor experimental data from
a given plot.

115 Distinguish hetween
(a) Infiltration capacity and miilteation rate (b) Actual and potential evapotranspiration
¢y Field capacity and permanent wilting poimt {dy Depression storage and interception

= ProBLEMS I

31  Culculate the evaporation mec from an open water soutce, 1 the net radiation is 300 W/m’
and the air temperature is 30° C. Assume value of zero for sensible heat, ground heat tlox,
heat stored in water boady and adveeted energy. The density of water at 30° O = 9% kg.-'mj'.
[Himt: Calculane [atent heat of vapounsation £ by the formula:

L=2501 - 2.37 T (kVkg), where T = temperature in *C.)

3.2 Aclass A pan was set up adjacent to a lake. The depth of water in the pan at the hegin-
ning of a certain week was 193 mm. In that week there was a rainfall of 43 mm and 13
mm ol water was removed [rom the pan o keep the water level within the specilied
depth range. 11 the depth of the water in the pan at the end of the week was 190 nm
caleulate the pan evaporation, Uking a suilable pan coefTicient estimate the lake evapo-
rabion 1 thal week,

3.3 Areservoir has an average area of 50 km? over an year. The normal annual rainfall at the
place 15 120 cm and the class A pan evaporation 15 240 ¢cm, Assuming the land flooded
by the reservoir has a runoff coefficient of (0.4, estinkie the net annual increase or de-
crease in the streamflow as a result of the reservoir.

34 Avareservoir in the neighbourhood of Dethi the following climatic data were observed.
Estitnate the mean monthly and annueal evaporation [rom the reservoir using Meyer s

Tormila,
Month Temp. Relative humidity Wind velocity at 2 m
°C) (%) above GL (km/h)
Jan 12.5 H5 4.0
Feh 15.8 B2 514
Mfar 20,7 i | A
{Cianerel. )
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{(Conid.]
Apr 210 48 54
Mfay 30 41 T8
Jun 335 52 10.0
Jul 36 18 B.0
Aug 29.0 i o
Sep 282 2 5.0
Ot 288 ok 4.0
Moy 189 17 kX
Dec 13.7 73 4.1

For the lake m Prob, 3.4, estimate the evaporation m the month of June by (a) Penman
formula and (b) Thamthwaile equation by assuming that the lake evaporation 15 the
same as PET, given latitude = 28 W and elevation = 230 m above MEL. Mean observed
sunshine = 9 hiday.

A reservoir had an average surface area of 20 km” during June 1982, In that month the
mean rate of inflow = 10 s, outflow = 15 m*/s, monthly rainfall = 10 cm and change
in storage = 16 million m’, Assuming the seepage losses 1o he |8 cm, estimate the
evaporation in that maonth,

For an area in South India (latimde = 12° M), the mean monthly temperatures are given,

Manth June July Aug Sep et
Temp (5C) 3.5 31.0 300 200 28.0

Calculate the seasonal consumptive use of water for the rice crop m the season June 16
0 October 13, by using the Blaney Criddle formiula.

A catchment area near Mysore is at latitude 127 18" M and at an elevation of 770 n. The
mean monthly temperatures are given below.

Month  Jam Feb Mar Apr May Jun Jul Aup Sep Ot Nov Dec

Plean

monthly

temp.

[ 225 M3 270 2RO 2.0 250 235 MO0 240 25 230 225

Calcuolate the monthly and annual PET for this catchment vsing the Thomthwaite fonmula,
A wheat field has maximum available moisture of 12 em. 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 = 020 and crop factor
K= 065,

Results of an inlilirometer tesi on a soil are given below. Delermine the Horlon's inlil-
tratiom capagcily eguation for this soil.

Time since start in (h} 025 WAl 075 1000 125 15500 1.75 240
Infiltration eapacity memb 5.6 320 2,10 1.50 120 L1000 L0 LD

Results of an infiltrometer test on & soil are given below, Determine the best values of
the parametens of Horton's infiliration capacily equation for this soil,
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Time since start ] 1 15 200 LN 46l fill bk 10
in minuies
Cumulative 2.5 37T 522 KB TE4 CEDS O 101B 1126 1233

inlilteation i min

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

Titme since start

in minutes 3 10 15 20 K4 40 60 12 150
Cumulative
mililtration 0 mm 100 18y 250 310 420 510 660 1000 1205

Dreterming the parameters of (1) Kestiakov's equation, (i) Green-Ampl eguation, and
{iii) Philips equation

Destermine the best values of the parameters o Homon's infiliration capacity equation
for the following data pertaiming o nAltration tests on a sol wsing dovble ting
infiltrometer,

Time since star 3 0 15 25 40 el T30 o 110 3230
in minutes
Cumulative
infiltration immm ~ 21.0 360 470 369 o638 6.8 748 793 RET092.0

Faor the miilraton data set pven below, establish (a) Kostiakoy's eguation, (b)) Philips
eqquation, amdd (¢ Green—Ampl eguation.

Time since

start in

minutes 10 20 gL S0 BN 120 160 200 280 360
Cumulative

Infiltration

if 11T 9% IR0 250 3RO 550 760 940 11000 137.0 1630

Following table gives the values of a field study of infilration using flooding type
infilirometer, {a) For this data plot the curves of (i) infiltration capacity ;l’,, {mrtwh) we L
{h) on a log log paper and obiain the equation of the besi 1it line, and (i) Cumuolative
nfiliration (mm} 7, vy time (h) on a semi-log paper and obtam the equation of the hest
fit lines, (h) Establish Horton's infilirtion capacity aquation for this soil.

Time since start in minutes 2 Iy 30 &b Q0 120 240 360
Cumulative Infiliration
incm 70 200 335 37K 305 410 430 450

The imfiliration capacity of a calchment is represented by Horlon's equation as

f, =05+ 1.20%

whm'e_;'f', 15 in emvh and £ is in howrs. Assuming the infiltration 1o take place at capacity
rales in a storm of 4 hours duration, estimate the average rate of infilieation for the
duration of the storm.

The infiltration process al capacity rates ma soil is described by Kostiakow's equation as
F,=13.04" where I\, is cumulative infiltration in cm and ¢ is time in hours. Estimate the
infiltration capacity at (ip 2.0 h and (i1) 3.0'h from the start of infiltration.
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38 The mass curve of an isolated storm i a 500 ha walershed 15 a5 Tollows:

Time from start (h) i 2 4 f A I 12 14 16 18
Cumulative ramfall
(ch) i 08 26 28 41 73 0% 11.% 124 126

[ the dirl::l::ll munedT produced by the storm is measured at the outlet of the walershed as
{1340 Mm”, estimaie the ¢-index of the storm and duration of raindfall cxcess,
3.19 The mass curve of an isolated storm over a watershed s given below,

Time lrom 0 BEss 1.0 s 200 BEESS 3.0 BS540 5 5.0
slari (h)

Cummulative

ramnfall {cm} 0 025 050 110 Lel 2600 3150 570 650 T30 7.70

[I"the storm produced a direct runoflof 3.5 cm at the outlet of the watershed, estimate the
grindax of the storm and duration of rainfall excess.

120 Ina 140-min storm the (ollowing rates of rainfall were ohserved in successive 20-min
iniesrvals; 6.0, G0, TR0, 150, 2.0, 20 and 12,0 mmeh, Assuming the gondex value as
L0 mmh and an initial loss of 0.8 mm, determine the total rminfall, net runoft and
W-index for the storm,

3.21 The mass curve of rainfall of duration 100 min is given below. [ the catchment had an
initial loss of 0.6 cm and a gindex of 1.6 con'h, calculate the total surface runoft from
the catchment.

Time from starl af rainfall (min) 0 i 41 i) B 106
Cuommulative raindall {cm) 0 0.5 1.2 26 33 i {5

3.2 Anisolated 3-h storm occurmed over & basin in the fallowing fashion:

o ol catchment g-index (em'h) Rainfall {em)
area 1st hour 2nd hour Ard hour
20 1,04 (.8 2.3 1.5
A0 075 0.7 2.1 1.0
i) .50 1.0 2.5 (L5

Estmnate the murmdlT from the catchment <ue 1o the storm,

: OpJECTIVE QUESTIONS :

3.1 Ife, and ¢, are the saturated vapour pressures of the water surface and air respectively,
the: Dalion’s law for evaporation £, in unil me s given by £, =

(@) (e, e, b Ke e, c) Kieg, &) (dy Kie, +e)
3.2 The average pan coefTicient for the standard US Weather Burean class A pan is
(a) (.85 {h) 0.70 () 0.90 (dy 0.20

3.3 A canal is B0 km long and has an average surface width of 13 m. If the evaporation
measured in a class A pan is 0.5 emdday, the volume of water evaporated s month of
30 days is {in m’)
(ah 12600 (b IR0 (o) 1ROO00 (dy 126000

34 The 151 standard pan evaporimeter is the
(a) same as the US class A pan
by has an average pan cocfficient value of 0.60
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(ch has less evaporation than a LIS class A pan
idy has more evaporation than a US class A pan,
The chemical that is found to be most suitable as water evaporation inhibitor is

(ap ethyl alcohal {6y methyl alcahol
(ch ety aleohaol () bty aleahal,
Wind spead is measured with

(a) awind vane {b) a heliometer
() Stevenson box () anemomeler

T1 thee wirecl velocity at a height of 2 m above ground 5 5.0 kmph, its valoe at a height ol
9 m ahove ground can be expected o be in kme'h shout

[a) 9.0 (b 6.2 (=) 2.3 idy 10.6
Evapotranspiration s confined

(a) todavlight hours (b} night-ime only

(e} land surfaces only {d) none of these.

Lyvsimeter is used [0 measure

(@) infiltration (b} evaporalion (¢} evapolranspiration  (d) vapour prassure.
The highest value of annual evapotranspiration in India is al Rajkot, Gujarat. Here the
anmmual PET 15 about

(ap 150 em (h) 150 mm (€} 210 em (e 3140 em,
[nterception losscs

(a) include evaporation, through Dow and stemilow

(b} consisis of only evaporation loss

(e} includes evaporation and transpiration losses

iy consists of only stemilow.

The infilration capacity of a soil was measurad under fairly idemtical general conditions
by & Mooding vype infilirometer as f and by a rainfal] simelator as £, One can expect
(@) f=1 0 f=f (©) fi<f (d} no fixed pattern,

A watershed 600 ha in area experienced a rainfall of uniform intensity 2.0 cm'h for
duration of & hours, If the resulting surface munofT is measured as 0.6 Mm®, the average
infiltration capacity during the storm is

(ay 1.5 ch () 0.75 cmh i) 10env'h (dy 2.0 cm'h

[ a small catchment the inliltration rate was observed o be 10 cm/h al the beginning of
ihe rain amnd il decreased exponentially to an eguilibrivm value of 1.0 convh at the end of
9 howrs ol main. Iz total of 18 em of water infillered dunng 9 hours interval, the valoe ol
the decay constant £, in Horon's infiltration equation in (& Iy units i

(a) 0.1 (h) 0.5 el 1.0 (dy 2.0

In Horton''s imfltration cquation fitted to data from a soil, the initial infiliration capacity
is 10 mm/h, final mfiltration capacity is 5 mm'h and the exponential decay constant is
0.5 h ', Assuming the infiliration takes place at capacity rates, the total infiliration depth
for a uniform storm of duration ¥ hours is

{ay 40 num () 60 mm fc) 8 mm (d} 90 mm

The rainfall on live successive days on a calchiment was 2,6, 2 5 and 3 em. Iithe grindex
for the storm can be assumed 1o be 3 emday, the wotal direct ranalT frome the catchment is
(a) 20 cm (b 1l em () 1Mem (d} 22¢m

A f-h storm had & em of rainfall and the resulting mmaff was 3.0 cm. IF the g-index
rermnains at the same value the mmofT due to 12 em of reinfall in @ hin the catchment is
(&) 9.0 cm (h) 4.3 cm (c) flcm (dy T.5cm

For a bazin, in a given period Ar, there is no change in the groundwater and soil water
status. 10 P = precipitation, /£ = wital runoll, £ = Evapoleanspiration and AS © increase in
the surlace wailer siorage in the basin, the hvdrological water budpet equation siates
(a) P=R-FE2AS (h) B=P+E-AY (¢} P=R+E-AS (d) WNoneof thess
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Chapter

STREAMFLOW
MEASUREMENT

4.1 INTRODUCTION

Streamilow representing the runolT phase of the hydrologic ¢vele is the most impor-
tant basic data for hydrologic studics. 1t was seen in the previous chapters that precipi-
lation, evaporation and evapottanspitation are all difficult 1o measere 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 parl of the hydrologic cyele that can be measured aceuralely,

A stream can be defined as a flow channel into which the surface runoft from a
specified basin drains, Generally, there 15 considerable exchange of waler belween a
stream and the underground water. Streamflow is measured in units of discharge (m’/
) occurring at a specified time and constitutes histovical data, The measurement of
discharge in a stream forms an impoctant branch of Hvdrometry, the seience and practice
of water measurement. This chapter deals with enly the salient streamflow measuremaent
lechnigues o provide an appreciation of this important aspect of engineering hydrology,
Excellent treatises” = ** and a bibliography” arc available on the theory and practice
of streamflow measurement and these are recommended for further details.

Streamflow measurement technigues can be broadly classitied into two cate-gories
as {i) dircet determination and (if) indireet determination. Under each category there
are a host of methods, the imporiant ones are listed below:

|. Dircct determination of stream discharge:

ta) Area-velocity methods, ib) Dilution technigues,
() Electromagnetic method, and (d) Ullrasonic method.

2. Indirect determination of streamflow:

() Hydswlic struciures, such as weirs, flumes and gated structures, and
ih) Slope-area method.

Barring a few exceptional cases, continuous measurement of stream discharge is
very difficult. As a rule, direel measurement of discharge is o very tme-consuming
and costly procedure. Hence, a two step procedure is followed. First, the discharge in
a eiven stream is related 1o the elevation of the waler surface (Stage) through a series
of careful measurcments. In the next step the stage of the stream is observed routinely
in & relatively inexpensive manner and the discharge is estimated by using the previously
determined stape-discharge relationship. The observation of the stage is casy,
inexpensive, and if desired, continuous readings can also be obtained, This method of
discharge determination of streams is adoped universally,
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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 wo the MSL.

MamUAL GALUGES

SraFF GavsE  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. 11 is fixed rigidly w a structure, such as an abutment, picr, wall, cte. The
staff may be vertical or inclined with clearly and aceurately graduated permanent
markings. The markings are distinctive, easy 10 read lrom a distance and are similar 1o
those on a surveying staff. Sometimes, it may not be passible to read the entire range
of water-surface elevations of a stream by a single gauge and in such cases the gauge
15 built in sections al different lecations. Such gauges are called sectional gouges
{Fig, 4.1). When installing sectional gauges, care must be taken to provide an overlap
between various gauees and o refier all the sections 1o the same common datum,

L ]

-— Abutment

(a) Vertical staff gauge {b) Sactional staff gauge
Fig. 4.1 Staff Gauge

WIRE GALKGE 11 isa gauge used 1o measure the waler-surface elevation from above

the surface such as from a bridge or similar structure. In this a weight is lowered by o
reel o touch the water surface. A mechanical counter measures the rotation of the
wheel which is proportional 1o the length of the wire paid oul. The operating range of
this kind of gauge is about 23 m.

AUTOMATIC STAGE RECORDERS

The staff pauge and wire gauge described carlier are manual gauges, While they are
simple and inexpensive, they have to be read at frequent intervals to define the varia-
ton of stage with time accurately, Aulomatic stage recorders overcome this basic
objcction of manual statf gauges and find considerable use in stream-flow measure-
menl practice, Two typical automatic stage recorders are described below,

FLOATGAUGE RECORDER  The Float-operated stage recorder is the most com-
mon type of automatic stage recorder inusc. In this, a float operating in a stilling well
is balanced by mcans of a counterweight over the pulley of a recorder. Displacement
of the foat due w the rising or lewering of the waler-surface elevation causes an
angular displacement of the pulley and hence of the inpul shaft of the recorder,
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