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PREFACE TO THE SECOND EDITION

In this new Edition, two more Chapters are included, i.e.,

Chapter 17:Instantaneous Unit Hydrograph (IUH) with Clark and Nash Models illus-
trated with Workedout Examples from field data.

Chapter 18:Cloud Seeding, the technique and operation being profusely illustrated with
actual case histories in India and Russia.

Also, some more illustrative Field Examples are included under Infiltration, Storm Cor-
relation, Gumbel’s and Regional Flood Frequency.

All, with a good print, sketches being neatly redrawn.

Comments are always welcome and will be incorporated in the succeeding editions.

H.M. Raghunath



THIS PAGE IS
BLANK




(vii)

PREFACE TO THE FIrRsT EDITION

Hydrology is a long continuing hydroscience and much work done in this field in the past,
particularly in India, was of empirical nature related to development of empirical formulae,
tables and curves for yield and flood of river basins applicable to the particular region in which
they were evolved by investigators like Binnie, Barlow, Beale and Whiting, Strange, Ryves,
Dicken, Inglis, Lacey, Kanwar Sain and Karpov, etc.

In this book, there is a departure from empiricism and the emphasis is on the collection
of data and analysis of the hydrological factors involved and promote hydrological design on
sound principles and understanding of the science, for conservation and utilisation of water
resources. Hydrological designs may be made by deterministic, probabilistic and stochastic ap-
proaches but what is more important is a ‘matured judgement’ to understand and avoid what is
termed as ‘unusual meteorological combination’.

The book is written in a lucid style in the metric system of units and a large number of
hydrological design problems are worked out at the end of each article to illustrate the princi-
ples of analysis and the design procedure. Problems for assignment are given at the end of each
Chapter along with the objective type and intelligence questions. A list of references is included
at the end for supplementary reading. The book is profusely illustrated with sketches and is not
bulky.

The text has been so brought to give confidence and competence for the reader to sit for
a professional examination in the subject or enable him to take up independent field work as a
hydrologist of a River basin or sub-basin.

The text is divided into Fundamental and Advanced topics and Appendices to fit the
semester-hours (duration) and the level at which the course is taught.

Degree and Post-degree students, research scholars and professionals in the fields of
Civil and Agricultural Engineering, Geology and Earth Sciences, find this book useful.

Suggestions for improving the book are always welcome and will be incorporated in the
next edition.

H.M. Raghunath
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Chapter 1

INTRODUCTION

Hydrology is a branch of Earth Science. The importance of hydrology in the assessment,
development, utilisation and management of the water resources, of any region is being in-
creasingly realised at all levels. It was in view of this that the United Nations proclaimed the
period of 1965-1974 as the International Hydrological Decade during which, intensive efforts
in hydrologic education research, development of analytical techniques and collection of hy-
drological information on a global basis, were promoted in Universities, Research Institutions,
and Government Organisations.

1.1 WORLD’S WATER RESOURCES

The World’s total water resources are estimated at 1.36 x 108 M ha-m. Of these global water
resources, about 97.2% is salt water mainly in oceans, and only 2.8% is available as fresh
water at any time on the planet earth. Out of this 2.8% of fresh water, about 2.2% is available
as surface water and 0.6% as ground water. Even out of this 2.2% of surface water, 2.15% is
fresh water in glaciers and icecaps and only of the order of 0.01% is available in lakes and
streams, the remaining 0.04% being in other forms. Out of 0.6% of stored ground water, only
about 0.25% can be economically extracted with the present drilling technology (the remain-
ing being at greater depths). It can be said that the ground water potential of the Ganga Basin
is roughly about forty times the flow of water in the river Ganga.

1.2 WATER RESOURCES OF INDIA

The important rivers of India are shown in Fig. 1.1 and their approximate water potentials are
given below:

SL. no. River basin Wa;;; iZf‘;Ztial
West flowing rivers like Narmada and Tapti 30.55
2. East flowing rivers like Mahanadi, Godavari,
Krishna, Cauvery and Pennar 35.56
The Ganges and its tributaries 55.01
Indus and its tributaries 7.95
The River Brahmaputra 59.07
Total 188.14
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Bangla Desh

Burma

Arabian
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) Sri Lanka

Indian Ocean

Fig. 1.1 River basins of India

The rivers of north India are perennial (i.e., the water in sufficient quantity flows in
them throughout the year) since they receive the snow melt runoff in summer. Rivers of penin-
sular India (south India) receive only runoff due to rainfall and have a good flow only during
monsoons; many of them are either dry or have negligible flow during most of the remaining
part of the year.

The average annual rainfall (a.a.r.) of India is around 114 cm. The isohyetal map of
India (i.e., isohyets or lines joining all places having the same a.a.r.) is shown in Fig. 2.8. Based
on this a.a.r., Dr. K.L. Rao has estimated the following data.
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Sli. no. Item Approximate volume
(M ha-m)

1. Annual rainfall over the entire country 370
2. Evaporation loss @ §1 of item (1) above 123
3. Runoff (from rainfall) in rivers 167
4. Seepage into subsoil by balance (1)—{(2) + (3)} 80
5. Water absorbed in top soil layers, i.e., contribution

to soil moisture 43
6. Recharge into ground water (from rainfall) (4)—(5) 37
7. Annual ground water recharge from rainfall and seepage

from canals and irrigation systems (approximate) 45
8. Ground water that can be economically extracted from

the present drilling technology @ 60% of item (7) 27
9. Present utilisation of ground water @ 50% of item (8) 13.5
10. Available ground water for further exploitation and

utilisation 13.5

The geographical area of the country (India) is 3.28 Mkm? and the annual runoff
(from rainfall) is 167 M ha-m (or 167 x 10* Mm3), which is approximately two-and half-times
of the Mississippi-Missouri river Basin, which is almost equal in area to the whole of India.
Due to limitations of terrain, non-availability of suitable storage sites, short period of occur-
rence of rains, etc. the surface water resources that can be utilised has been estimated as
only 67 M ha-m. The total arable land in India is estimated to be 1.47 Mkm?2 which is 45%
of the total geographical area against 10% for USSR and 25% for USA. India has a great
potential for agriculture and water resources utilisation. A case history of the ‘Flood Hydrol-
ogy of Tapti Basin’ is given below for illustration.

1.3 HYDROLOGICAL STUDY OF TAPTI BASIN (CENTRAL INDIA)

Tapti is one of the two large rivers in central India which flows west-ward (the other one being
river Narmada) and discharge into the Arabian Sea. Tapti takes its origin in Multai Hills in
the Gavilgadh hill ranges of Satpura mountain in Madhya Pradesh, Fig. 1.2. Tapti is the most
significant flood-menacing river as far as the state of Gujarat is concerned.

The River Tapti is 720 km long and runs generally to west through Madhya Pradesh
(208 km), Maharashtra (323 km) and Gujarat (189 km) states joining the Arabian Sea in the
Gulf of Cambay approximately 20 km west of the city of Surat. The river course according to
the topographical features of its run can be divided into four sections as follows:
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1. Section
2. Length (km)

3. Terrain

I
240

Dense forests;
hill ranges hug
the river banks,
Rocky bed and
steep banks as
the river

II
288

Several large
tributaries join
on both sides.
Rich fertile
plains of east and
west Khandesh

II1
80

Hilly tract cov-
ered with for-
ests, Number of
rapids between
Kamalapur and
Kakrapur a dis-

v
112

Low flat alluvial
plains of Gujarat.
River meanders
past towns of
Kathor and Surat.
Numerous rapids

passes through districts of tance of 32 km. near towns of
Satpura moun- Maharastra At Kakrapurthe  Mandvi and Kadod
tain ranges river falls by
7.5 m; beyond
Kakrapur the
river widens to
about 900 m
4. Catchment 1000 (above 15000
area (km?) Burhanpur)
5. Averagebedslope 2.16 0.52 0.56 0.35
in the reach (m/
km)
6. a.a.r. (cm) 75-150 50-75 (heavy 150 100-150

rainfall in Ghat
catchment of
Girna river

=~ 150 cm)

The catchment areas of the river Tapti above Burhanpur and Bhusaval are 81800 and
31350 km?, respectively. The catchment area of the river before it enters the Gujarat state is
about 57000 km?2, while the catchment at Surat is 61800 km?2. Thus, most of the catchment can
be called hilly with good gradients. The important tributaries, their catchment areas and the
length of their run are given below:

Tributary Catchment River at confluence
area (km?) (km)
Purna 17920 282
Waghur 2352 312
Girna 9720 340
Bori 2344 386
Anar 1350 382
Panjhra 2860 400
Buray 1038 424
Gomai 1263 481
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The river Purna has the biggest catchment. The river Girna has its upper catchment in
the eastern slopes of Sahyadri mountains and joins Tapti at its 300th km, only 400 km up-
stream of Surat city. Due to heavy rainfall of = 150 cm in Ghats, this tributary influences the
floods in the Tapti to a great extent.

The River Tapti drains a vast catchment of 62200 km?, of which 27600 km? are situated
in Madhya Pradesh, 32100 km? in Maharashtra, and 2500 km? in Gujarat. The average an-
nual rainfall over the catchment is 78.8 cm, the maximum being 203 cm. More than 95% of the
annual rainfall occurs during the south-west monsoon from mid-June to mid-October. The
isohyetal map of normal rainfall during monsoon period is shown in Fig. 1.3. The average
annual runoff and 75% dependable yield at Ukai is assessed to be 1.73 and 1.26 M ha-m,
respectively.

T T T T T T T
73° 74° 75° 76° 77° 78° 79°
° Alirajpur S
22 S - 1000 22¢
. Rajpipla K.hagdgva 5 - N0
o A — \ 1000 & & ) 80
SIS e _ AL -
~
-7 Nagpur
., - tl (’\
210 QQQQ o > Tale SEA on / 21°
= P XS ‘ < * Chandor
N 4 I
Q
7
« S o <
(] 6\
c X’QQ AN %0 ° Nekkar \(_/'\
—20“.5 50 76‘6\00 200
g Nasik o . Aurangabad
<
73° 74° 750 76° 77° 78° 79°
1 1 1 1 1 1 1

Fig. 1.3 Normal monsoon isohyets of Tapti basin

The map of the Tapti basin and its sub-basins are shown in Fig. 1.2. The shape of the
catchment is elongated and becomes narrow as it enters Gujarat. Some catchment character-
istics are given below:

(i) Area of the basin A = 62200 km?
(ii) Perimeter of the basin P = 1840 km
(iii) Length of the thalweg of the mainstream L, = 720 km
A 62200
Lb 720
(v) To find the compactness coefficient of the basin:

(iv) Average width of the basin W, = = 86.5 km

Radius (R) of the equivalent area is given by
nR? = 62200 km?

f22
R= 6 nOO =142 km
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Circumference of the equivalent circular area
=2nR = 21t x 142 = 886 km
Compactness coefficient of the basin

W, A 62200
L, I} 720*
Sometimes, the reciprocal of this taken as the coefficient of shape of the basin (= 8.3).

.. . ) 2R 2x142

(viz) Elongation ratio E, = I, o0 =

Narmada and Tapti catchments, which are adjacent are often hit by storms caused by
depression originating both from the Arabian Sea and the Bay of Bengal, which cause heavy
rains resulting in high floods. The tracks of the monsoon depressions that caused heavy rains*
(25.96 cm) during August 4-6, 1968 are shown in Fig. 1.4. The Tapti catchment being not di-
rectly affected by the tracks of these storms but falling in the south-westen sector of storms,

(vi) From factor Ff =

30°

Narmada
catchment

Storm track

Tapti
catchment

[20°
Arabian
sea
[15°
[10°
65° 70° 75° 80° 85° 90°

l l l l l l
Fig. 1.4 Storm track of August 1968

gets a well-distributed rainfall over its entire catchment except its extreme western end, where
a steep isohyetal gradient exists due to the influence of the western Ghats. Many times the
depressions move along the river courses synchronising with the movement of floods. This
phenomenon causes devastating floods. The river widens out at the lower reach. Low tides
come as far as Surat and high tides travel very much upstream. Many times high tides and
tidal waves due to storms, synchronise with floods resulting in devastation. Particularly near
the Gulf, the water becomes a vast sheet of water extending from Narmada to Mindhola, a

*The highest flood peak of R. Tapti in 1968 was 42,500 cumec, while of R. Narmada was 58,000 cumec
in 1968 and 69,400 cumec in 1970.
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distance of about 72 km. Therefore a proper flood warning system and raised platforms would
be necessary. The city of Surat lies between elevations +21 and +32 m. The river spills over its
banks at two places above Surat, i.e., at Dholanpardi above the National Highway and
Nanavaracha. These spills are obstructed by high embankments of railways, roads and canals
causing interruptions in these services and damages to lands and property due to inundation
of floods. The city of Surat and the surrounding fertile delta are quite low and are vulnerable
to floods.

The highest ever flood seems to have occurred in 1837; most of the heavy floods have
occurred in August and September. The recent high floods in 1959 and 1968 were catastrophic
and brought untold damages to industry, commerce and normal life of the city of Surat. An
assessment of the damages caused by these floods are given below.

Sl. Flood in  No. of villages = Human Cattle Damage to Houses damaged

no. the year affected casualty loss standing or destroyed
crops (ha.)

1. 1959 194 79 554 30460 14815

2. 1968 505 112 7649 38540 30606

The ‘depth-duration’ and the ‘depth-area-duration’ curves for the heavy storms during
August 4-6, 1968 (3 days) are shown in Fig. 1.5 and Fig. 2.15. The weighted maximum rainfall
depth for the Tapti basin up to Ukai for 1, 2, and 3 days are 11.43, 22.38, and 25.96 cm,
respectively.

The maximum representative dew point of Tapti basin during the storm period (Aug 4-6,
1968), after reducing to the reference level of 1000 mb, was 29.8 °C and the persisting repre-
sentative dew point for the storm was 26.7 °C. The moisture adjustment factor (MAF), which is
the ratio of maximum precipitable water at the storm location to the precipitable water available
during the storm period, was derived with respect to the standard level of 500 mb (by refer-
ence to the diagram given by Robert D. Fletcher of US Weather Bureau as

Depth of maximum precipitable water (1000 mb to 500 mb)

MAF =
Depth of storm precipitable water (1000 mb to 500 mb)
_ 98 mm _1.93
80 mm

The storm of August 4-6, 1968 was ‘increased by 23% to arrive at the maximum prob-
able storm (MPS) of 31.8 cm, assuming the same mechanical efficiency. This MPS with mini-
mum infiltration losses and the rainfall excesses (net rainfall or runoff) rearranged during
successive 6-hour intervals, was applied to the ordinates of the 6-hour design unit hydrograph
(derived from the 1968 flood hydrograph at Kakrapar weir at Ukai) to obtain the design flood
hydrograph, the peak of which gave the maximum probable flood (MPF) of 59800 cumec (see
example 8.4). The highest flood peak observed during 1876-1968 (93 years) was 42500 cumec
in August 1968 (Fig. 1.6). The standard project flood (SPF) recommended by the Central Wa-
ter and Power Commission (CWPC), New Delhi for the design of Ukai dam was around 48200
cumec and the design flood adopted was 49500 cumec. The MPF recommended by CWPC was
also 59800 cumec.



INTRODUCTION 11
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Fig. 1.5 Depth-duration curves for heavy-rain storms of Tapti basin

For the 3-day storm of 1968, the rainfall of 25.96 cm has resulted in a surface runoff of

11.68

25.96

this flood, there was a wind storm of 80 km/hr blowing over the city of Surat. There was
simultaneous high tide in the river. There was heavy storm concentration in the lower catch-
ment. The total loss due to the devastating floods of 1968 was around Rs. 100 lakhs.

In Chapter 15, the magnitudes and return periods (recurrence intervals) of the high
floods are determined by the deterministic, probabilistic and stochastic approaches using the
annual flood data of the lower Tapti river at Ukai for the 30-years period from 1939 to 1968.
The Gumbel’s method, based on the theory of extreme values gives a 100-year flood of 49210
cumec and hence this method can be safely adopted in the estimation of design flood for the
purpose of safe design of hydraulic structures, while the stochastic approach may give a suit-
able value of MPF.

11.68 cm, thus giving a coefficient of runoff of = 0.43 for the whole catchment. During

1.4 HYDROLOGY AND HYDROLOGIC CYCLE

Hydrology is the science, which deals with the occurrence, distribution and disposal of water
on the planet earth; it is the science which deals with the various phases of the hydrologic
cycle.
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Fig. 1.6 Flood hydrographs of river Tapti at Ukai

Hydrologic cycle is the water transfer cycle, which occurs continuously in nature; the
three important phases of the hydrologic cycle are: (a) Evaporation and evapotranspiration ()
precipitation and (c¢) runoff and is shown in Fig. 1.7. The globe has one-third land and two-
thirds ocean. Evaporation from the surfaces of ponds, lakes, reservoirs. ocean surfaces, etc.
and transpiration from surface vegetation i.e., from plant leaves of cropped land and forests,
etc. take place. These vapours rise to the sky and are condensed at higher altitudes by conden-
sation nuclei and form clouds, resulting in droplet growth. The clouds melt and sometimes
burst resulting in precipitation of different forms like rain, snow, hail, sleet, mist, dew and
frost. A part of this precipitation flows over the land called runoff and part infilters into the
soil which builds up the ground water table. The surface runoff joins the streams and the
water is stored in reservoirs. A portion of surface runoff and ground water flows back to ocean.
Again evaporation starts from the surfaces of lakes, reservoirs and ocean, and the cycle re-
peats. Of these three phases of the hydrologic cycle, namely, evaporation, precipitation and
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runoff, it is the ‘runoff phase’, which is important to a civil engineer since he is concerned with
the storage of surface runoff in tanks and reservoirs for the purposes of irrigation, municipal
water supply hydroelectric power etc.

Snow
storage

o Transpi
ration'

Impervious formation

111111]

Fig. 1.7 The hydrologic cycle

1.5 FORMS OF PRECIPITATION

Drizzle — a light steady rain in fine drops (0.5 mm) and intensity <1 mm/hr
Rain — the condensed water vapour of the atmosphere falling in drops
(>0.5 mm, maximum size—6 mm) from the clouds.

Glaze — freezing of drizzle or rain when they come in contact with cold objects.

Sleet — frozen rain drops while falling through air at subfreezing tempera-
ture.

Snow — ice crystals resulting from sublimation (i.e., water vapour condenses
to ice)

Snow flakes — ice crystals fused together.

Hail — small lumps of ice (>5 mm in diameter) formed by alternate freezing

and melting, when they are carried up and down in highly turbulent
air currents.

Dew — moisture condensed from the atmosphere in small drops upon cool
surfaces.
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Frost — a feathery deposit of ice formed on the ground or on the surface of
exposed objects by dew or water vapour that has frozen

Fog — a thin cloud of varying size formed at the surface of the earth by
condensation of atmospheric vapour (interfering with visibility)

Mist — a very thin fog

1.6 SCOPE OF HYDROLOGY

The study of hydrology helps us to know
(i) the maximum probable flood that may occur at a given site and its frequency; this is
required for the safe design of drains and culverts, dams and reservoirs, channels
and other flood control structures.

(ii) the water yield from a basin—its occurence, quantity and frequency, etc; this is
necessary for the design of dams, municipal water supply, water power, river navi-
gation, etc.

(tit) the ground water development for which a knowledge of the hydrogeology of the
area, i.e., of the formation soil, recharge facilities like streams and reservoirs, rain-
fall pattern, climate, cropping pattern, etc. are required.

(tv) the maximum intensity of storm and its frequency for the design of a drainage project
in the area.

1.7 HYDROLOGICAL DATA

For the analysis and design of any hydrologic project adequate data and length of records are
necessary. A hydrologist is often posed with lack of adequate data. The basic hydrological data
required are:
(i) Climatological data
(ii) Hydrometeorological data like temperature, wind velocity, humidity, etc.
(ii1) Precipitation records
(tv) Stream-flow records
(v) Seasonal fluctuation of ground water table or piezometric heads
(vi) Evaporation data
(vii) Cropping pattern, crops and their consumptive use
(viii) Water quality data of surface streams and ground water
(ix) Geomorphologic studies of the basin, like area, shape and slope of the basin, mean
and median elevation, mean temperature (as well as highest and lowest tempera-
ture recorded) and other physiographic characteristics of the basin; stream density
and drainage density; tanks and reservoirs
(x) Hydrometeorological characteristics of basin:
(i) a.a.r., long term precipitation, space average over the basin using isohyets and
several other methods (Rainbird, 1968)
(1) Depth-area-duration (DAD) curves for critical storms (station equipped with
self-recording raingauges).



INTRODUCTION 15

(ii1) Isohyetal maps—Isohyets may be drawn for long-term average, annual and
monthly precipitation for individual years and months

(iv) Cropping pattern—crops and their seasons
(v) Daily, monthly and annual evaporation from water surfaces in the basin
(vi) Water balance studies of the basin

(vit) Chronic problems in the basin due to a flood-menacing river (like Tapti or Tapi
in central India) or siltmenacing river (like Tungabhadra in Karnataka)

(vit) Soil conservation and methods of flood control

1.8 HYDROLOGIC EQUATION

The hydrologic equation is simply the statement of the law of conservation of matter and is
given by

I=0+AS .(1.1)
where I = inflow
O = outflow

AS = change in storage
This equation states that during a given period, the total inflow into a given area must
equal the total outflow from the area plus the change is storage. While solving this equation,
the ground water is considered as an integral part of the surface water and it is the subsurface
inflow and outflow that pose problems in the water balance studies of a basin.

I Choose the correct statement/s in the following:
1 The hydrological cycle
(7) has beginning but does not end
(i1) has both beginning and end
(iit) occurs continuously in nature
(iv) is a water transfer cycle
(v) has three phases—precipitation, evaporation and runoff
2 Hydrology deals with
(i) occurrence of water and formation of snow
(ii) movement of water on earth and water vapour in atmosphere
(ii1) occurrence of floods and droughts
(iv) consumptive use of crops and crop planning
(v) prevention of drought
(iv) the hydrologic cycle
3 Hydrologic studies are made
(i) to determine MPF
(ii) to determine design flood for spillways and bridges
(ii7) to asses the ground water potential of a basin
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(iv) for the preparation of land drainage schemes
(v) to determine the hydro-power potential

(iv) for irrigation and crop planning

(vit) for all the above

4 The hydrologic equation states that

(1) the inflow into the basin is equal to the outflow from the basin at any instant
(i) the difference between inflow and outflow is the storage

(it7) subsurface inflow is equal to the subsurface outflow

(iv) the water balance over the basin = X inflow — X outflow

II Match the items in ‘A’ with items in ‘B’

A B
() Runoff (a) Deals with hydrologic cycle
(i) Snow, hail (b) Water transfer cycle
(ii1) Hydrology (c) Important phase of hydrologic cycle
(tv) Hydrologic cycle (d) Forms of precipitation
(v) Evaporation, precipitation and runoff (e) Law of conservation of matter
(vi) Hydrologic equation () Three phases of hydrologic cycle
( Qu ESTIONS)

1 Explain the hydraulic cycle in nature with the help of a neat sketch, indicating its various phases.

What are the basic data required for hydrological studies? Name the agencies from which the
data can be obtained?

3 What is the function of hydrology in water resources development? What are the basic hydrological
requirements for a river basin development?

4 Explain ‘hydrologic equation’.



Chapter 2

PRECIPITATION

The precipitation in the country (India) is mainly in the form of rain fall though there is
appreciable snowfall at high altitudes in the Himalayan range and most of the rivers in north
India are perennial since they receive snow-melt in summer (when there is no rainfall).

2.1 TYPES OF PRECIPITATION

The precipitation may be due to

(z) Thermal convection (convectional precipitation)—This type of precipiation is in the
form of local whirling thunder storms and is typical of the tropics. The air close to the warm
earth gets heated and rises due to its low density, cools adiabatically to form a cauliflower
shaped cloud, which finally bursts into a thunder storm. When accompanied by destructive
winds, they are called ‘tornados’.

(i) Conflict between two air masses (frontal precipitation)—When two air masses due
to contrasting temperatures and densities clash with each other, condensation and precipita-
tion occur at the surface of contact, Fig. 2.1. This surface of contact is called a ‘front’ or ‘frontal
surface’. If a cold air mass drives out a warm air mass’ it is called a ‘cold front’ and if a warm air
mass replaces the retreating cold air mass, it is called a ‘warm front’. On the other hand, if the
two air masses are drawn simultaneously towards a low pressure area, the front developed is
stationary and is called a ‘stationary front’. Cold front causes intense precipitation on com-
paratively small areas, while the precipitation due to warm front is less intense but is spread
over a comparatively larger area. Cold fronts move faster than warm fronts and usually over-
take them, the frontal surfaces of cold and warm air sliding against each other. This phenom-
enon is called ‘occlusion’ and the resulting frontal surface is called an ‘occluded front’.

(i) Orographic lifting (orographic precipitation)—The mechanical lifting of moist air
over mountain barriers, causes heavy precipitation on the windward side (Fig. 2.2). For exam-
ple Cherrapunji in the Himalayan range and Agumbe in the western Ghats of south India get
very heavy orographic precipitation of 1250 cm and 900 cm (average annual rainfall), respec-
tively.

(iv) Cyclonic (cyclonic precipitation)—This type of precipitation is due to lifting of moist
air converging into a low pressure belt, i.e., due to pressure differences created by the unequal
heating of the earth’s surface. Here the winds blow spirally inward counterclockwise in the
northern hemisphere and clockwise in the southern hemisphere. There are two main types of
cyclones—tropical cyclone (also called hurricane or typhoon) of comparatively small diameter
of 300-1500 km causing high wind velocity and heavy precipitation, and the extra-tropical
cyclone of large diameter up to 3000 km causing wide spread frontal type precipitation.

17
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Fig. 2.2 Orographic precipitation

2.2 MEASUREMENT OF PRECIPITATION

Rainfall may be measured by a network of rain gauges which may either be of non-recording or

recording type.
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Fig. 2.3 Symon’s rain gauge
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The non-recording rain gauge used in India is the Symon’s rain gauge (Fig. 2.3). It con-
sists of a funnel with a circular rim of 12.7 cm diameter and a glass bottle as a receiver. The
cylindrical metal casing is fixed vertically to the masonry foundation with the level rim 30.5
cm above the ground surface. The rain falling into the funnel is collected in the receiver and is
measured in a special measuring glass graduated in mm of rainfall; when full it can measure
1.25 cm of rain.

The rainfall is measured every day at 08.30 hours IST. During heavy rains, it must be
measured three or four times in the day, lest the receiver fill and overflow, but the last meas-
urement should be at 08.30 hours IST and the sum total of all the measurements during the
previous 24 hours entered as the rainfall of the day in the register. Usually, rainfall measure-
ments are made at 08.30 hr IST and sometimes at 17.30 hr IST also. Thus the non-recording or
the Symon’s rain gauge gives only the total depth of rainfall for the previous 24 hours (i.e.,
daily rainfall) and does not give the intensity and duration of rainfall during different time
intervals of the day.

It is often desirable to protect the gauge from being damaged by cattle and for this
purpose a barbed wire fence may be erected around it.

Recording Rain Gauge

This is also called self-recording, automatic or integrating rain gauge. This type of rain gauge
Figs. 2.4, 2.5 and 2.6, has an automatic mechanical arrangement consisting of a clockwork, a
drum with a graph paper fixed around it and a pencil point, which draws the mass curve of
rainfall Fig. 2.7. From this mass curve, the depth of rainfall in a given time, the rate or inten-
sity of rainfall at any instant during a storm, time of onset and cessation of rainfall, can be
determined. The gauge is installed on a concrete or masonry platform 45 cm square in the
observatory enclosure by the side of the ordinary rain gauge at a distance of 2-3 m from it. The
gauge is so installed that the rim of the funnel is horizontal and at a height of exactly 75 cm
above ground surface. The self-recording rain gauge is generally used in conjunction with an
ordinary rain gauge exposed close by, for use as standard, by means of which the readings of
the recording rain gauge can be checked and if necessary adjusted.

30 cm

> -
Receiving
Receiver funnel
'¢— Metal cover
— Funnel
—— Tipping bucket — Catch
\~~"~"= To recording bucket
™~ device
— Spring
balance
Revolving drum o
) (chart mounted) H
Measuring tube B
Clock mechanism — — Pen
AXNT AXS RN T 7RRN 2= s

Fig. 2.4 Tipping bucket gauge Fig. 2.5 Weighing type rain gauge
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There are three types of recording rain gauges—tipping bucket gauge, weighing gauge
and float gauge.

Tipping bucket rain gauge. This consists of a cylindrical receiver 30 cm diameter
with a funnel inside (Fig. 2.4). Just below the funnel a pair of tipping buckets is pivoted such
that when one of the bucket receives a rainfall of 0.25 mm it tips and empties into a tank
below, while the other bucket takes its position and the process is repeated. The tipping of the
bucket actuates on electric circuit which causes a pen to move on a chart wrapped round a
drum which revolves by a clock mechanism. This type cannot record snow.

Weighing type rain gauge. In this type of rain-gauge, when a certain weight of rain-
fall is collected in a tank, which rests on a spring-lever balance, it makes a pen to move on a
chart wrapped round a clockdriven drum (Fig. 2.5). The rotation of the drum sets the time
scale while the vertical motion of the pen records the cumulative precipitation.

Float type rain gauge. In this type, as the rain is collected in a float chamber, the float
moves up which makes a pen to move on a chart wrapped round a clock driven drum (Fig. 2.6).
When the float chamber fills up, the water siphons out automatically through a siphon tube
kept in an interconnected siphon chamber. The clockwork revolves the drum once in 24 hours.
The clock mechanism needs rewinding once in a week when the chart wrapped round the
drum is also replaced. This type of gauge is used by IMD.

|¢———203 cm——»]
’ | [«— Ring
—— Funnel
750 ¢m ¢— Base cover
e Revolving drum
Filter :fr : 7 (Clock-driven)
---|d iEe= Chart mounted
HIHFHH, Pen
— Clock mechanism
gE=
! < Float chamber
Syphon Ll
Syphon Float
chamber
'— Base
GL. v| |
XN 7%XN

Fig. 2.6 Float type rain gauge

The weighing and float type rain gauges can store a moderate snow fall which the op-
erator can weigh or melt and record the equivalent depth of rain. The snow can be melted in
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the gauge itself (as it gets collected there) by a heating system fitted to it or by placing in the
gauge certain chemicals such as Calcium Chloride, ethylene glycol, etc.

Curve traced by pen of

self-recording rain gauge / Pe(?irfgt?gzes
20 20
[ T T T \ I/[/W T T ]
Total T15 n N N 7 25¢
rainfall 10 \\ 30
(cm) 4 5[ <354
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0 1 2 3 4 5 6 7 8
Time (days) —»

Fig. 2.7 Mass curve of rainfall

Isohyet .
£ incm S
Q/Y (normal annual) 2 Lanka

Indian ocean

Fig. 2.8 Isohyetal map of India

Automatic-radio-reporting rain-gauge
This type of raingauge is used in mountainous areas, which are not easily accessible to collect
the rainfall data manually. As in the tipping bucket gauge, when the buckets fill and tip, they
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give electric pulses equal in number to the mm of rainfall collected which are coded into mes-
sages and impressed on a transmitter during broadcast. At the receiving station, these coded
signals are picked up by UHF receiver. This type of raingauge was installed at the Koyna
hydro-electric project in June 1966 by IMD, Poona and is working satisfactorily.

2.3 RADARS

The application of radars in the study of storm mechanics, i.e. the areal extent, orientation and
movement of rain storms, is of great use. The radar signals reflected by the rain are helpful in
determining the magnitude of storm precipitation and its areal distribution. This method is
usually used to supplement data obtained from a network of rain gauges. The IMD has a well
established radar network for the detection of thunder storms and six cyclone warning radars,
on the east cost at Chennai, Kolkata, Paradeep, Vishakapatnam, Machalipatnam and Karaikal.
See the picture given on facing page.

Location of rain-gauges—Rain-gauges must be so located as to avoid exposure to wind
effect or interception by trees or buildings nearby.

The best location may be an open plane ground like an airport.
The rainfall records are maintained by one or more of the following departments:
Indian Meteorological Department (IMD)
Public Works Department (PWD)
Agricultural Department
Revenue Department
Forest Department, etc.

2.4 RAIN-GAUGE DENSITY

The following figures give a guideline as to the number of rain-gauges to be erected in a
given area or what is termed as ‘rain-gauge density’

Area Rain-gauge density
Plains 1 in 520 km?
Elevated regions 1 in 260-390 km?
Hilly and very heavy 1 in 130 Km? preferably with 10% of the
rainfall areas rain-gauge stations equipped with the self

recording type
In India, on an average, there is 1 rain-gauge station for every 500 km?, while in more
developed countries, it is 1 stn. for 100 km?.

The length of record (i.e., the number of years) neeeded to obtain a stable frequency
distribution of rainfall may be recommended as follows:

Catchment layout: Islands Shore Plain Mountainous
areas regions
No. of years: 30 40 40 50

The mean of yearly rainfall observed for a period of 35 consecutive years is called the
average annual rainfall (a.a.r.) as used in India. The a.a.r. of a place depends upon: (i) distance
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from the ocean, (ii) direction of the prevailing winds, (iii) the mean annual temperature, (iv)
altitude of the place, and (v) its topography. The ratio of rainfall in a particular year to the
a.a.r. is called the ‘index of wetness’. There may be wet (good), dry (bad or difficult) and normal
(average) years as the rainfall is greater, less than, or equal to a.a.r., respectively. For example,
an index of wetness of 60% in a particular year indicates a rainfall deficiency of 40%.

A picture of the cyclonic storm as seen by the satellite at 3:30 p.m. showing a dense
cloud mass over northern Tamil Nadu and southern Andhra Pradesh

A line joining the places having the same a.a.r. is called an ‘isohyet’; see the isohyetal
map of India Fig. 2.8, -

If the a.a.r. < 40 cm, it is arid climate, 40 to 75 ¢cm semi-arid climate and > 75 cm humid
climate. In an arid climate, a drought is a normal state of affairs, and while calculating runoff
from an arid catchment each fall of rain has to be considered as a separate unit. In a semi-arid
climate, a drought occurs at least once a year except in abnormal years, and in a humid or
standard climate, a drought does not occur in ordinary years. All these three classes of climate
are found in India (see also Chapter 12).

2.5 ESTIMATES OF MISSING DATA AND ADJUSTMENT OF RECORDS

For frequency analysis of rainfall data, a sufficiently long record is required. It may so happen
that a particular rain-gauge is not operative for part of a month or so (since it is broken or for
some other reason), when it becomes necessary to supplement the missing record by one of the
following methods:
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(i) Station-year method—In this method, the records of two or more stations are com-
bined into one long record provided station records are independent and the areas in which the
stations are located are climatologically the same. The missing record at a station in a particu-
lar year may be found by the ratio of averages or by graphical comparison. For example, in a
certain year the total rainfall of station A is 75 cm and for the neighbouring station B, there is
no record. But if the a.a.r. at A and B are 70 cm and 80 cm, respectively, the missing year’s
rainfall at B (say, Py) can be found by simple proportion as:

75 Py
0 >80 Py =85.7Tcm
This result may again be checked with reference to another neighbouring station C.
(i) By simple proportion (normal ratio method)-This method is illustrated by the fol-
lowing example.
Example 2.1 Rain-gauge station D was inoperative for part of a month during which a storm
occured. The storm rainfall recorded in the three surrounding stations A, B and C were 8.5, 6.7
and 9.0 cm, respectively. If the a.a.r for the stations are 75, 84, 70 and 90 cm, respectively,
estimate the storm rainfall at station D.
Solution By equating the ratios of storm rainfall to the a.a.r. at each station, the storm rain-
fall at station D (P,) is estimated as
85 67 90 Py
75 84 70 90
1[85 6.7 9.0
The average value of P, = 3 [75 x 90 + 84 x 90 + 70 X 90} =9.65 cm
(tit) Double-mass analysis—The trend of the rainfall records at a station may slightly
change after some years due to a change in the environment (or exposure) of a station either
due to coming of a new building, fence, planting of trees or cutting of forest nearby, which
affect the catch of the gauge due to change in the wind pattern or exposure. The consistency of
records at the station in question (say, X) is tested by a double mass curve by plottting the
cumulative annual (or seasonal) rainfall at station X against the concurrent cumulative values
of mean annual (or seasonal) rainfall for a group of surrounding stations, for the number of
years of record (Fig. 2.9). From the plot, the year in which a change in regime (or environment)
has occurred is indicated by the change in slope of the straight line plot. The rainfall records
of the station x are adjusted by multiplying the recorded values of rainfall by the ratio of slopes
of the straight lines before and after change in environment.

Example 2.2 The annual rainfall at station X and the average annual rainfall at 18 surround-
ing stations are given below. Check the consistency of the record at station X and determine the
year in which a change in regime has occurred. State how you are going to adjust the records
for the change in regime. Determine the a.a.r. for the period 1952-1970 for the changed regime.

Annual rainfall (cm)
Year Stn. X 18-stn. average
1952 30.5 22.8
1953 38.9 35.0
1954 43.7 30.2
1955 32.2 27.4

(contd.)...



PRECIPITATION 25

1956 27.4 25.2
1957 32.0 28.2
1958 49.3 36.1
1959 28.4 18.4
1960 24.6 25.1
1961 21.8 23.6
1962 28.2 33.3
1963 17.3 23.4
1964 22.3 36.0
1965 28.4 31.2
1966 24.1 23.1
1967 26.9 23.4
1968 20.6 23.1
1969 29.5 33.2
1970 28.4 26.4

Solution

Cumulative Annual rainfall (cm)

Year Stn. X 18-stn. average
1952 30.5 22.8
1953 69.4 57.8
1954 113.1 88.0
1955 145.3 115.4
1956 172.7 140.6
1957 204.7 168.8
1958 254.0 204.9
1959 282.4 233.3
1960 307.0 258.4
1961 328.8 282.0
1962 357.0 315.3
1963 374.3 338.7
1964 396.6 374.7
1965 425.0 405.9
1966 449.1 429.0
1967 476.0 452.4
1968 496.6 475.5
1969 526.1 508.7
1970 554.5 535.1

The above cumulative rainfalls are plotted as shown in Fig. 2.9. It can be seen from the
figure that there is a distinct change in slope in the year 1958, which indicates that a change in
regime (exposure) has occurred in the year 1958. To make the records prior to 1958 comparable
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with those after change in regime has occurred, the earlier records have to be adjusted by
multiplying by the ratio of slopes m,/m, i.e., 0.9/1.25.
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Fig. 2.9 Double mass analysis Example 2.2

Cumulative rainfall 1958-1970
=554.5 - 204.7 =349.8 cm
Cumulative rainfall 1952-1957
adjusted for changed environment
0.9

= 204. = 147.
04.7 x 195 7.6 cm
Cumulative rainfall 1952-1970
(for the current environment) =497.4 cm
a.a.r. adjusted for the current regime
= M = 26.2 cm.
19 years

2.6 MEAN AREAL DEPTH OF PRECIPITATION (P, )

Point rainfall—It is the rainfall at a single station. For small areas less than 50 km?, point
rainfall may be taken as the average depth over the area. In large areas, there will be a net-
work of rain-gauge stations. As the rainfall over a large area is not uniform, the average depth
of rainfall over the area is determined by one of the following three methods:

(1) Arithmetic average method—It is obtained by simply averaging arithmetically the
amounts of rainfall at the individual rain-gauge stations in the area, i.e.,
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P
== (2.1)

ave
n
where P = average depth of rainfall over the area
2P, = sum of rainfall amounts at individual rain-gauge stations
n = number of rain-gauge stations in the area

This method is fast and simple and yields good estimates in flat country if the gauges
are uniformly distributed and the rainfall at different stations do not vary very widely from
the mean. These limitations can be partially overcome if topographic influences and aerial
representativity are considered in the selection of gauge sites.

(1) Thiessen polygon method—This method attempts to allow for non-uniform distribu-
tion of gauges by providing a weighting factor for each gauge. The stations are plotted on a
base map and are connected by straight lines. Perpendicular bisectors are drawn to the straight
lines, joining adjacent stations to form polygons, known as Thiessen polygons (Fig. 2.10). Each
polygon area is assumed to be influenced by the raingauge station inside it, i.e., if P, P,, P, ....
are the rainfalls at the individual stations, and A, A,, A,, .... are the areas of the polygons
surrounding these stations, (influence areas) respectively, the average depth of rainfall for the
entire basin is given by

p AP
ave ZAI
where YA, = A = total area of the basin.
The results obtained are usually more accurate than those obtained by simple arithme-
tic averaging. The gauges should be properly located over the catchment to get regular shaped
polygons. However, one of the serious limitations of the Thiessen method is its non-flexibility

since a new Thiessen diagram has to be constructed every time if there is a change in the
raingauge network.

..(2.2)

(ii1) The isohyetal method—In this method, the point rainfalls are plotted on a suitable
base map and the lines of equal rainfall (isohyets) are drawn giving consideration to orographic
effects and storm morphology, Fig. 2.11. The average rainfall between the succesive isohyets
taken as the average of the two isohyetal values are weighted with the area between the
isohyets, added up and divided by the total area which gives the average depth of rainfall over
the entire basin, i.e.,

TA) P,
P = ...(2.3)
ave 2A172
where A, , = area between the two successive isohyets P, and P,
P, +P
P — 1 2
1-2 9

YA, , =A = total area of the basin.
This method if analysed properly gives the best results.

Example 2.3 Point rainfalls due to a storm at several rain-gauge stations in a basin are
shown in Fig. 2.10. Determine the mean areal depth of rainfall over the basin by the three
methods.
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Basin boundary

Thiessen
polygons

Fig. 2.10 Thiessen polygon method, Example 2.3

Solution (i) Arithmetic average method

2P,
~1_ 1331cm = 8.87 cm
ave n 15 stn.

2P, = sum of the 15 station rainfalls.

(i) Thiessen polygon method—The Thiessen polygons are constructed as shown in
Fig. 2.10 and the polygonal areas are planimetered and the mean areal depth of rainfall is
worked out below:

Station Rainfall Area of influen- Product (2) x (3) Mean areal
recorded, P, tial polygon, A, AP, depth of
(cm) (km?) (km?-cm) rainfall
1 2 3 4 5
A 8.8 570 5016
B 7.6 920 6992
C 10.8 720 7776
D 9.2 620 5704
E 13.8 520 7176
F 10.4 550 5720
G 8.5 400 3400 AP,
H 10.5 650 6825 Pave= 34
1
I 11.2 500 5600 66714
J 9.5 350 3325 = 77180
K 7.8 520 4056 - 9.30 cm
L 5.2 250 1300
M 5.6 350 1960

(contd.)...



PRECIPITATION 29

N 6.8 100 680

(0] 7.4 160 1184
Total 1331 cm 7180 km? 66714 km?2-cm
n=15 =3P, =34, AP,

(ii1) Isohyetal method—The isohyets are drawn as shown in Fig. 2.11 and the mean
areal depth of rainfall is worked out below:

Zone Isohyets Mean isohyetal Area between Product Mean areal

(cm) value, P, , isohyets, A, , (3) x (4) depth of

(cm) (km?) (km?2-cm,) rainfall

(cm)
1 2 3 4 5 6

I <6 5.4 410 2214 P, =
11 6-8 7 900 6300 YA 9P o

111 8-10 9 2850 25650 YA o
v 10-12 11 1750 19250 66754

\Y% >12 12.8 720 9220 = 7180
VI <8 7.5 550 4120 =930 cm

Total 7180 km? 66754 km2-cm
=¥A., =2A 5P,

Example 2.3 (a) The area shown in Fig. P (2.3a) is composed of a square plus an equilateral
triangular plot of side 10 km. The annual precipitations at the rain-gauge stations located at
the four corners and centre of the square plot and apex of the traingular plot are indicated in
figure. Find the mean precipitation over the area by Thiessen polygon method, and compare
with the arithmetic mean.

Solution The Thiessen polygon is constructed by drawing perpendicular bisectors to the lines
joining the rain-gauge stations as shown in Fig. P (2.3a). The weighted mean precipitation is
computed in the following table:

Area of square plot = 10 x 10 = 100 km?

10 10
Area of inner square plot = NGl X Nl 50 km?
Difference = 50 km?

Area of each corner triangle in the square plot = 28 = 12.5 km?

3 area of the equilateral triangular plot = 1 (3 x 10 x 10 sin 60)

25

- - 2
=73 " 14.4 km
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FO
___________ . 7.9cm

Basin boundary

Fig. 2.11 Isohyetal method, Example 2.3

Influence areas

A (46 cm) 10 km B (65 cm)

/

'(777\\\\624: L7
_____________________ o)
D (80 cm) 10 km C (76 cm)
Fig. P(2.32)
Station Area, A (km2) Precipitation AxP P,
P (cm) (km?2-cm) (cm)
A (12.5 + 14.4) 46 1238
=26.9
B 12.5 65 813

(contd.)...
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C 12.5 76 950 ﬁ
’ T A

D 12.5 + 14.4 80 2152 = 9517

(12.5 + 14.4) =~ 1432

=26.9 = 66.3 cm
E 50 70 3500
F 14.4 60 864
n==6 YA =143.2 P = 397 YA.P. = 9517
=100 + 253
as a check
Arithmetic mean = E = y =66.17 cm
n

which compares fairly with the weighted mean.

2.7 OPTIMUM RAIN-GAUGE NETWORK DESIGN

The aim of the optimum rain-gauge network design is to obtain all quantitative data averages
and extremes that define the statistical distribution of the hydrometeorological elements, with
sufficient accuracy for practical purposes. When the mean areal depth of rainfall is calculated
by the simple arithmetic average, the optimum number of rain-gauge stations to be estab-
lished in a given basin is given by the equation (IS, 1968)

2
N = (&] ..(2.4)
p

where IV = optimum number of raingauge stations to be established in the basin
C, = Coefficient of variation of the rainfall of the existing rain gauge stations (say, n)

p = desired degree of percentage error in the estimate of the average depth of rainfall
over the basin.

The number of additional rain-gauge stations (N—-n) should be distributed in the differ-
ent zones (caused by isohyets) in proportion to their areas, i.e., depending upon the spatial
distribution of the existing rain-gauge stations and the variability of the rainfall over the
basin.

Saturated Newtork Design

If the project is very important, the rainfall has to be estimated with great accuracy; then a
network of rain-gauge stations should be so set up that any addition of rain-gauge stations will
not appreciably alter the average depth of rainfall estimated. Such a network is referred to as
a saturated network.

Example 2.4 For the basin shown in Fig. 2.12, the normal annual rainfall depths recorded
and the isohyetals are given. Determine the optimum number of rain-gauge stations to be estab-
lished in the basin if it is desired to limit the error in the mean value of rainfall to 10%. Indicate
how you are going to distribute the additional rain-gauge stations required, if any. What is the
percentage accuracy of the existing network in the estimation of the average depth of rainfall
over the basin ¢
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Solution
Station Normal annual Difference (Difference)? Statistical parameters
rainfall, x (cm) (x-Xx) (x— x)? x,0,C,
_ Xx 464
A 88 —-4.8 23.0 X =""="F"
n 5
B 104 11.2 125.4 =92.8 cm

(x — %)2
C 138 45.2 2040.0 o= —=
n-1
3767.4
D 78 148 219.0 = 5-1 =307

E 56 -36.8 1360.0
=5 Sx = 464 S — x)%=23767.4 C _0_307 100
"= - o xr= el vTx 928"
=33.1%
56 cm
%
%

Fig. 2.12 Isohyetal map, Example 2.4

Note: x = Arithmetic mean, ¢ = standard deviation.
The optimum number of rain-gauge stations to limit the error in the mean value of

rainfall to p = 10%.
2 2
N=- (C_J :(@) 1
p 10



PRECIPITATION 33

Additional rain-gauge stations to be established= N —n=11-5=6
The additional six raingauge stations have to be distributed in proportion to the areas
between the isohyetals as shown below:

Zone 1 I 17 v \%4 \%4 Total
Area (Km?) 410 900 2850 1750 720 550 7180
Area, as decimal 0.06 0.12 0.40 0.24 0.10 0.08 1.00
N x Area in
decimal (N = 11) 0.66 1.32 4.4 2.64 1.1 0.88
Rounded as 1 1 4 3 1 1 11
Rain-gauges existing 1 1 1 1 1 - 5
Additional rain
gauges — — 3 2 — 1 6

These additional rain-gauges have to be spatially distributed between the different
isohyetals after considering the relative distances between rain-gauge stations, their accessi-
bility, personnel required for making observations, discharge sites, etc.

The percentage error p in the estimation of average depth of rainfall in the existing
network,

C
p= '_Zv\/' , putting N = n
.1
P= & = 14.8%

J5

Or, the percentage accuracy = 85.2%

2.8 DEPTH-AREA-DURATION (DAD) CURVES

Rainfall rarely occurs uniformly over a large area; variations in intensity and total depth of
fall occur from the centres to the peripheries of storms. From Fig. 2.13 it can be seen that the
average depth of rainfall decreases from the maximum as the area considered increases. The
average depths of rainfall are plotted against the areas up to the encompassing isohyets. It
may be necessary in some cases to study alternative isohyetal maps to establish maximum 1-
day, 2-day, 3 day (even up to 5-day) rainfall for various sizes of areas. If there are adequate
self-recording stations, the incremental isohyetal maps can be prepared for the selected (or
standard) durations of storms, i.e., 6, 12, 18, 24, 30, 42, 48 hours etc.

Step-by-step procedure for drawing DAD curves:
(i) Determine the day of greatest average rainfall, consecutive two days of greatest
average rainfall, and like that, up to consecutive five days.
(i) Plot a map of maximum 1-day rainfall and construct isohyets; similarly prepare
isohyetal maps for each of 2, 3, 4 and 5-day rainfall separately.
(i1) The isohyetal map, say, for maximum 1-day rainfall, is divided into zones to repre-
sent the principal storm (rainfall) centres.
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(tv) Starting with the storm centre in each zone, the area enclosed by each isohyet is
planimetered.
(v) The area between the two isohyets multiplied by the average of the two isohyetal
values gives the incremental volume of rainfall.
(vi) The incremental volume added with the previous accumulated volume gives the
total volume of rainfall.
(vit) The total volume of rainfall divided by the total area upto the encompassing isohyet
gives the average depth of rainfall over that area.
(viii) The computations are made for each zone and the zonal values are then combined
for areas enclosed by the common (or extending) isohyets.
(ix) The highest average depths for various areas are plotted and a smooth curve is
drawn. This is DAD curve for maximum 1-day rainfall.
(x) Similarly, DAD curves for other standard durations (of maximum 2, 3, 4 day etc. or
6, 12, 18, 24 hours etc.) of rainfall are prepared.
Example 2.5 An isohyetal pattern of critical consecutive 4-day storm is shown in Fig. 2.13.
Prepare the DAD curve.

® Rain-gauge stations

centres

Fig. 2.13 Isohyetal pattern of a 4-day storm, Example 2.5
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Solution Computations to draw the DAD curves for a 4-day storm are made in Table 2.1.

Table 2.1.Computation of DAD curve (4-day critical storm)

Storm  Encom Area Isohyetal Average Area Incremen- Total Average
centre  passing  enclosed range isohyetal between tal volume volume  depth
isohyet (km?) (cm) value isohyets (cm.km?)  (cm.km?) (8) = (3)
(cm) (1000) (cm) (km?) (1000) (1000) (cm)
(1000)
1 2 3 4 5 6 7 8 9
A 50 0.5 > 50 say, 55 0.5 27.5 27.5 55
40 4 40-50 45 3.5 157.5 185.0 46.25
35 7 35-40 37.5 3 112.5 297.5 42.5
30 29 30-35 32.5 22 715.0 1012.5 34.91
B 35 2 > 35 say, 37.5 2 75.0 75.0 37.5
30 9.5 30-35 32.5 7.5 244.0 319.0 33.6
A 25 82 25-30 27.5 43.5 1196.2 2527.8 30.8
122 20-25 22.5 40 900 3427.8 28.1
15 156 15-20 17.5 34 595 4022.8 25.8
236 10-15 12.5 80 1000 5022.8 21.3

Plot ‘col. (9) vs. col. (3) to get the DAD curve for the maximum 4-day critical storm, as

shown in Fig. 2.14.

60

w
o

Average depth cm —»
N
o

=
o

0 T R T T B I I
0 40 80 120 160 200

2
Area in (1000 km ) —»

I I
240 280

Fig. 2.14 DAD-curve for 4-day storm, Example 2.5

Isohyetal patterns are drawn for the maximum 1-day, 2-day, 3-day and 4-day (consecu-
tive) critical rainstorms that occurred during 13 to 16th July 1944 in the Narmada and Tapti
catchments and the DAD curves are prepared as shown in Fig. 2.15. The characteristics of
heavy rainstorms that have occurred during the period 1930-68 in the Narmada and Tapti
basins are given below:
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Storm area (1000 km )

(a) Narmada basin

Storm area (1000 km )
(b) Tapti basin

Fig. 2.15 DAD-curves for Narmada & Tapti Basin for rainstorm of 4-6 August 1968

Maximum depth of rainfall (cm)

Year River basin

1-day 2-day 3-day 4-day
13-16 Narmada 8.3 14.6 18.8 22.9
July Tapti 6.3 9.9 11.2 15.2
1944
4-6 Narmada 7.6 14.5 174
August Tapti 11.1 19.0 21.1
1968
8-9 Narmada 8.8 11.9
September Tapti 4.7 7.5
1961
21-24 Narmada 4.1 7.4 10.4 12.9
September Tapti 10.9 14.7 18.0 20.0
1945
17 Narmada 3.8
August Tapti 10.4
1944

2.9 GRAPHICAL REPRESENTATION OF RAINFALL

The variation of rainfall with respect to time may be shown graphically by (i) a hyetograph,

and (if) a mass curve.
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A hyetograph is a bar graph showing the intensity of rainfall with respect to time
(Fig. 2.16) and is useful in determining the maximum intensities of rainfall during a particu-
lar storm as is required in land drainage and design of culverts.

16—

14~
12.0 cm/hr

12 -

10 210-min. storm
8.5

4.5

4.0
4r35—— 3.0

Intensity of rainfall i (cm/hr)

0 | | | | | |
0 30 60 90 120 150 180 210

Time t (min)

Fig. 2.16 Hyetograph

A mass curve of rainfall (or precipitation) is a plot of cumulative depth of rainfall against
time (Fig. 2.17). From the mass curve, the total depth of rainfall and intensity of rainfall at any
instant of time can be found. The amount of rainfall for any increment of time is the difference
between the ordinates at the beginning and end of the time increments, and the intensity of
rainfall at any time is the slope of the mass curve (i.e., i = AP/At) at that time. A mass curve of
rainfall is always a rising curve and may have some horizontal sections which indicates peri-
ods of no rainfall. The mass curve for the design storm is generally obtained by maximising the
mass curves of the severe storms in the basin.

7_

6

Intensity, i = Mass curve of

AP precipitation

Cumulative rainfall P, cm

| | | | | | | | |
0
12AM 4 8 12PM 4 8 12AM 4 8 12PM

Time t, hr

Fig. 2.17 Mass curve of rainfall
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2.10 ANALYSIS OF RAINFALL DATA

Rainfall during a year or season (or a number of years) consists of several storms. The charac-
teristics of a rainstorm are (i) intensity (cm/hr), (ii) duration (min, hr, or days), (iit) frequency
(once in 5 years or once in 10, 20, 40, 60 or 100 years), and (iv) areal extent (i.e., area over
which it is distributed).

Correlation of rainfall records—Suppose a number of years of rainfall records observed
on recording and non-recording rain-gauges for a river basin are available; then it is possible
to correlate (i) the intensity and duration of storms, and (ii) the intensity, duration and fre-
quency of storms.

If there are storms of different intensities and of various durations, then a relation may
be obtained by plotting the intensities (i, cm/hr) against durations (¢, min, or hr) of the respec-
tive storms either on the natural graph paper, or on a double log (log-log) paper, Fig. 2.18(a)
and relations of the form given below may be obtained

a
(@) i= i+b A.N. Talbot’s formula ...(2.5)
(for ¢ = 5-120 min)
k
b)) i= o ...(2.6)
(¢c) 1=kt .(2.7)

where ¢ = duration of rainfall or its part, a, b, k, n and x are constants for a given region. Since
x is usually negative Eqs. (2.6) and (2.7) are same and are applicable for durations ¢ > 2 hr. By
taking logarithms on both sides of Eq. (2.7),
logi=1logk +xlogt

which is in the form of a straight line, i.e., if i and ¢ are plotted on a log-log paper, the slope, of
the straight line plot gives the constant x and the constant % can be determined as i = £ when
t = 1. Hence, the fitting equation for the rainfall data of the form of Eq. (2.7) can be determined
and similarly of the form of Eqgs. (2.5) and (2.6).

On the other hand, if there are rainfall records for 30 to 40 years, the various storms
during the period of record may be arranged in the descending order of their magnitude (of
maximum depth or intensity). When arranged like this in the descending order, if there are a
total number of n items and the order number or rank of any particular storm (maximum
depth or intensity) is m, then the recurrence interval T (also known as the return period) of the
storm magnitude is given by one of the following equations:

(a) California method (1923), T = 2~ ..(2.8)
m
(b) Hazen’s method (1930), T = n ] ...(2.9)
9
(¢) Kimball’s method, (Weibull, 1939) 7= 21 (2.10)
m

and the frequency F (expressed as per cent of time) of that storm magnitude (having recur-
rence interval T) is given by
1
F = T x 100% ..(2.11)
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Natural paper

Log-log paper

i=kt'
dy

—X = ==

dx

Intensity i (cm/hr)—»

Intensity i (cm/hr)

Time t (min or hr) — Time t (min or hr)

(a) Correlation of intensity and duration of storms

x =log 2
1

Natural

Intensity i (cm/hr)

' T=1 N
+ A : High intensity for short duration
I
.
1

Intensity i (cm/hr)

B : Low intensity for long duratign
1

Time t (min or hr) Time t (min or hr)

(b) Correlation of intensity, duration and frequency of storms
Fig. 2.18 Correlation of storm characteristics

Values of precipitation plotted against the percentages of time give the ‘frquency curve’.
All the three methods given above give very close results especially in the central part of the
curve and particularly if the number of items is large.

Recurrence interval is the average number of years during which a storm of given mag-
nitude (maximum depth or intensity) may be expected to occur once, i.e., may be equalled or
exceeded. Frequency F is the percentage of years during which a storm of given magnitude
may be equalled or exceeded. For example if a storm of a given magnitude is expected to occur
once in 20 years, then its recurrence interval T = 20 yr, and its frequency (probability of
exceedence) F' = (1/20) 100 = 5%, i.e., frequency is the reciprocal (percent) of the recurrence
interval.

The probability that a T-year strom (and frequency F =% X 100%) may not occur in

any series of N years is
Py =01~ N ...(2.12)
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and that it may occur is
Py =1-(1-FY ...(2.12a)
where P, = probability of occurrence of a T-year storm in N-years.
The probability of a 20-year storm (i.e., T'= 20, F' = 5%) will not occur in the next 10 years

is (1 -0.05)1% = 0.6 or 60% and the probability that the storm will occur (i.e., will be equalled or
exceeded) in the next 10 years is 1 — 0.6 = 0.4 or 40% (percent chance).

See art. 8.5 (Encounter Probability), and Ex. 8.6 (a) and (b) (put storm depth instead of
flood).

If the intensity-duration curves are plotted for various storms, for different recurrence
intervals, then a relation may be obtained of the form

. kT*
L=

e ... Sherman ...(2.13)
where &, x and e are constants.

‘7 vs. t’ plotted on a natural graph paper for storms of different recurrence intervals
yields curves of the form shown in Fig. 2.18 (b), while on a log-log paper yields straight line
plots. By taking logarithms on both sides of Eq. (2.13),

logi=(0ogk +xlogT)—elogt
which plots a straight line; 2 = i, when T and ¢ are equal to 1. Writing for two values of T (for
the same ¢) :
logi, =(logk +xlog T))—elogt
log i, = (logk +xlog T,) —elogt
Subtracting,  logi; —log i, = x (log T, — log T,

Alogi
or, A log T
x = charge in log i per log-cycle of T (for the same value of t)
Again writing for two values of ¢ (for the same T):
logi, =(logk +xlog T)—elogt,
log i, = (log k& +xlog T) —e log t,
Subtracting log i, —log i, = —e(log ¢, —log t,)
log i
or = Jogt
Alogi
or e = —slope = Aloo £ log ¢

e = change in log i per log cycle of t (for the same value of T).

The lines obtained for different frequencies (i.e., T values) may be taken as roughly
parallel for a particular basin though there may be variation in the slope ‘e’. Suppose, if a 1-
year recurrence interval line is required, draw a line parallel to 10—year line, such that the
distance between them is the same as that between 5-year and 50-year line; similarly a 100-
year line can be drawn parallel to the 10-year line keeping the same distance (i.e., distance per
log cycle of T). The value of i where the 1-year line intersects the unit time ordinate (i.e., t = 1
min, say) gives the value of k. Thus all the constants of Eq. (2.13) can be determined from the
log-log plot of ‘i vs. ¢ for different values of T, which requires a long record of rainfall data.
Such a long record, will not usually be available for the specific design area and hence it
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becomes necessary to apply the intensity duration curves of some nearby rain gauge stations
and adjust for the local differences in climate due to difference in elevation, etc. Generally,
high intensity precipitations can be expected only for short durations, and higher the intensity
of storm, the lesser is its frequency.

The highest recorded intensities are of the order of 3.5 cm in a minute, 20 cm in 20 min
and highest observed point annual rainfall of 26 m at Cherrapunji in Assam (India). It has
been observed that usually greater the intensity of rainfall, shorter the duration for which the
rainfall continues. For example, for upper Jhelum canals (India) maximum intensities are
17.8 and 6.3 cm/hr for storms of 15 and 60 min respectively.

Example 2.5 (a) In a Certain water shed, the rainfall mass curves were available for 30 (n)
consecutive years. The most severe storms for each year were picked up and arranged in the
descending order (rank m). The mass curve for storms for three years are given below. Establish

X

T
a relation of the form i = e by plotting on log-log graph paper.

Time(min) 5 10 15 30 60 90 120

Accumulated

depth (mm)

form =1 9 12 14 17 22 25 30

form =3 7 9 11 14 17 21 23

for m =10 4 5 6 8 11 13 14

Solution
. . n+1

Time ¢ (min) 5 10 15 30 60 90 120 T-yr = "

Intensity

i (mm/hr)
9 12

form=1 — x 60 — x60 56 34 22 16.6 15 30+1 =30 yr
5 10 1
=108 =172

f =3 z 60 i><60 44 28 14 14 11.5 80+ 1: 10

or m = 5 X 10 . 3 yr
=84 =54
4 5 30+1

= —x60 — x 60 =

for m = 10 5 10 24 16 11 8.7 7 10 3yr

=48 =30

The intensity-duration curves (lines) are plotted on log-log paper (Fig. 2.18 (¢)), which
yield straight lines nearby parallel. A straight line for 7' = 1 — yr is drawn parallel to the line
T = 10-yr at a distance equal to that between T'= 30—yr and T = 3-yr. From the graph at T'= 1-
yr and ¢ = 1 min, £ = 103.

The slope of the lines, say for T = 30-yr is equal to the change in log i per log cycle of #,
i.e., for £ = 10 min and 100 min, slope = log 68 —log 17 = 1.8325 — 1.2304 = 0.6021 = 0.6 =e.
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Fig. 2.18. (c) Intensity-duration relationship, (Ex. 2.5 (a))

At ¢t = 10 min, the change in logi per log cycle of 7}, i.e., between T = 3—yr and 30—yr lines
(on the same vertical), log 68 — log 31 = 1.8325 — 1.4914 = 0.3411 = 0.34 = x.
Hence, the intensity-duration relationship for the watershed can be established as

. 104 703
L= £06
For illustration, for the most severe storm (m = 1, T'= 30—yr), at ¢ = 60 min, i.e., after 1

hr of commencement of storm,
103 (30)°34
= (60)°¢
which is very near to the observed value of 22 mm/hr.
A more general Intensity-Duration—Frequency (IDF) relationship is of the form

= 28 mm/hr

KT~

i = m,iin cm/hr, ¢ in min, T yr.

Sherman
where K, x, a and n are constants for a given catchment. The rainfall records for about 30 to 50
years of different intensities and durations on a basin can be analysed with their computed
recurrence interval (7). They can be plotted giving trial values of ‘a’ for the lines of best fit as
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shown in Fig. 2.18 (b). The values of ¢ and n may be different for different lines of recurrence
interval.

The constants can also be obtained by multiple regression model based on the principle
of least squares and solutions can be obtained by computer-based numerical analysis; confi-
dence intervals for the predictions can be developed.

Extreme point rainfall values of different durations and recurrence interval (return
period) have been evaluated by IMD and the ‘isopluvial maps’ (lines connecting equal depths
of rainfall) for the country prepared.

Example 2.5 (b) A small water shed consists of 2 km? of forest area (c = 0.1), 1.2 km? of culti-
vated area (c = 0.2) and 1 km? under grass cover (c = 0.35). A water course falls by 20 m in a
length of 2 km. The IDF relation for the area may be taken as

80 T°*
il=————% ,lLincmlhr, t in min and T yr
(t +12)%8 Y
Estimate the peak rate of runoff for a 25 yr frequency.

Solution Time of concentration (in hr)

t,=0.06628 LO-77 S-0-385, Kirpich’s formula, L in km
90 ) 03%
= 0.06628 x 20-77 (mj = 0.667 hr x 60 = 40 min.
i =i, when ¢ = ¢_in the given IDF relation
- 80x25%2 ok
i, = —(40+ 12)0.5 =21.1c T
Qpeak =278 Ci,A, rational formula, CA=ZXCA,

=278%x21.1x(0.1x2+02x%x1.2+0.35%x1)=46.4 cumec

2.11 MEAN AND MEDIAN

The sum of all the items in a set divided by the number of items gives the mean value,
i.e.,

s ...(2.10)
n

X =
where x = the mean value

>x = sum of all the items

n = total number of items.

The magnitude of the item in a set such that half of the total number of items are larger
and half are smaller is called the median. The apparent median for the curve in Fig. 2.21 is the
ordinate corresponding to 50% of the years. The mean may be unduly influenced by a few large
or small values, which are not truly representative of the samples (items), whereas the median
is influenced mainly by the magnitude of the main part of intermediate values.

To find the median, the items are arranged in the ascending order; if the number of
items is odd, the middle item gives the median; if the number of items is even, the average of
the central two items gives the median.
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Example 2.6 The annual rainfall at a place for a period of 10 years from 1961 to 1970 are
respectively 30.3, 41.0, 33.5, 34.0, 33.3, 36.2, 33.6, 30.2, 35.5, 36.3. Determine the mean and
median values of annual rainfall for the place.

Xx
Solution (i) Mean x = P (30.3 + 41.0 + 33.5 + 34.0 + 33.3 + 36.2
+33.6 + 30.2 + 35.5 + 36.3)/10

10
(ii) Median: Arrange the samples in the ascending order 30.2, 30.3 33.3, 33.5, 33.6, 34.0,
35.5, 36.2, 36.3, 41.0
No. of items = 10, i.e., even
33.6 +34.0

Median = — 5 - 33.8 cm

Note the difference between the mean and the median values. If 11 years of record, say
1960 to 1970, had been given, the median would have been the sixth item (central value) when
arranged in the ascending order.
Example 2.7 The following are the rain gauge observations during a storm. Construct: (a)
mass curve of precipitation, (b) hyetograph, (¢c) maximum intensity-duration curve and develop
a formula, and (d) maximum depth-duration curve.

Time since commencement Accumulated
of storm rainfall
(min) (cm)
5 0.1
10 0.2
15 0.8
20 1.5
25 1.8
30 2.0
35 2.5
40 2.7
45 2.9
50 3.1

Solution (a) Mass curve of precipitation. The plot of ‘accumulated rainfall (cm) vs. time
(min)’ gives the ‘mass curve of rainfall’ Fig. 2.19 (a).

(b) Hyetograph. The intensity of rainfall at successive 5 min interval is calculated and a
bar-graph of ‘i (cm/hr) vs. ¢ (min)’ is constructed; this depicts the variation of the intensity of
rainfall with respect to time and is called the ‘hyetograph; 2.19 (b).
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Time, t Accumulated A P in time Intensity,
(min) rainfall At =5 min ._ AP
1= Az x 60
(cm) (cm) (cm/hr)
5 0.1 0.1 1.2
10 0.2 0.1 1.2
15 0.8 0.6 7.2
20 1.5 0.7 8.4
25 1.8 0.3 3.6
30 2.0 0.2 2.4
35 2.5 0.5 6.0
40 2.7 0.2 2.4
45 2.9 0.2 2.4
50 3.1 0.2 2.4
3.5
3.0F
S 25F
ES]
$20F
o
= mass curve traced by
€ 15F AP self-recording rain gauge
g Bt 50-min st
5 10f At |ap min storm
o At
0.5F
O 1 1 1 1 1 1 1 1 1 1 ]
0 5 10 15 20 25 30 35 40 45 50 55 60
Time t (min)
(a) Mass curve of precipitation
10
8.4 cm/hr .
~8l 79 50-min storm
E 6.0 Area under the curve
S6ér : gives total precipitation (cm)
4t 3.6
E 2.4 2.4 cm/hr
£ 2r1.2cmihr
0 1 1 1 1 1 ]

1 1 1 1 1
0 5 10 15 20 25 30 35 40 45 50
Time t (min)

(b) Hyetograph
Fig. 2.19 Graphs from recording rain-gauge data, Example 2.7

(¢) Maximum depth—duration curve. By inspection of time (¢) and accumulated rainfall
(cm) the maximum rainfall depths during 5, 10, 15, 20, 25, 30, 35, 40, 45 and 50 min durations
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are 0.7, 1.3, 1.6, 1.8, 2.3, 2.5, 2.7, 2.9, 3.0 and 3.1 cm respectively. The plot of the maximum
rainfall depths against different durations on a log-log paper gives the maximum depth-dura-
tion curve, which is a straight line, Fig. 2.20 (a).

10— 7 7 [ N I N [ T 1T 111410
80— — 8
60— Log-log paper -6
40— 4
30|~ a. Maximum depth-duration curve 3
20 —2

-15

=
a1
| KI
x~
I
0o =
33 J
a1
X0
no
'8
I
w
~
[6)]

1

Intensity i (cm/hr)
=
o
Maximum depth (cm)

8 0.8
6 0.6
5

4 0.4
3 b. Maximum intensity-duration curve 0.3
21— —0.2

1.5 —0.15
1 1 | 1 [ | 1 | 1 I 11 111lgq
1 15 2 3 456 810 15 20 30 40 60 80100

Time t (min)
Fig. 2.20 Maximum depth-duration & intensity-duration curves (Example 2.7)

(d) Maximum intensity-duration curve. Corresponding to the maximum depths obtained

AP
in (c) above, the corresponding maximum intensities can be obtained AL x 60, 1i.e.,8.4,7.8,6.4,

5.4,5.52,5.0,4.63, 4.35, 4.0 and 3.72 cm/hr, respectively. The plot of the maximum intensities
against the different duration on a log-log paper gives the maximum intensity-duration curve
which is a straight line, Fig. 2.20 (b).

The equation for the maximum itensity duration curve is of the form

i =kt*
Slope of the straight line plot,
dy 0.75cm
~%= gx = 2.00cm - 0370

k=17cm/hr  when ¢ = 1 min
Hence, the formula becomes

17

i = a7
t0'375

which can now be verified as
t =10 min, i = 7.2 cm/hr
t =40 min, i = 4.25 cm/hr
which agree with the observed data



PRECIPITATION 47

Example 2.8 The annual rainfall at a place for a period of 21 years is given below. Draw the
rainfall frequency curve and determine :

(a) the rainfall of 5-year and 20-year recurrence, interval

(b) the rainfall which occurs 50% of the times

(c) the rainfall of probability of 0.75

(d) the probability of occurrence of rainfall of 75 cm and its recurrence interval.

Year Rainfall Year Rainfall

(em) (cm)
1950 50 1961 56
1951 60 1962 52
1952 40 1963 42
1953 27 1964 38
1954 30 1965 27
1955 38 1966 40
1956 70 1967 100
1957 60 1968 90
1958 35 1969 44
1959 55 1970 33
1960 40

Solution Arrange the yearly rainfall in the descending order of magnitude as given below. If
a particular rainfall occurs in more than one year, m = no. of times exceeded + no. of times
equalled.

Year Rainfall Rank (m) Frequency
P (cm) (no. of times > P) F= % 100%
n+
1967 100 1 4.6
1968 90 2 9.1
1956 70 3 13.6
1951, 1957 60 5 22.7
1961 56 6 27.3
1959 55 7 31.8
1962 52 8 36.4
1950 50 9 40.9
1969 43 10 45.5
1963 42 11 50.0
1952, 1960
1966 } 40 14 63.7
1955, 1964 38 16 72.8
1958 35 17 77.3
1970 33 18 81.8
1954 30 19 86.4
1953, 1965 27 21 95.5
Total Xx = 1026 n=21
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Draw the graph of ‘P vs. F” on a semi-log paper which gives the rainfall frequency curve,
Fig. 2.21. From the frequency-curve, the required values can be obtained as

1 100 .
(@) T=5-yr,F=— x100=— =20% for which P = 64 cm.
T 5
1 .
T=20-yr, F = 20 % 100 = 5% for which P = 97.5 cm
Recurrence interval T-yr
100 50 25 20 10 5 2 1
T I I I T T TTTI '8 )'/r ! I T T TTTT T
: 1
L Semi-log paper : i _
! 1
y ! 1
1001 975cm, N . .
| A
90|~ of 4 .
: 1
1
— I —
80 _75cm e . i Frequency
€ : I curve
S 70 I | 1
& __6f1_C_I'T_'I ________ 4--————————-- Lo
8 60— _
£
©
= 50| 488Cm o o ldcmeo ) ) -
2 |_422em . ! i
c
g 40 ! —
32cm i o
0T [ *.""* """" ? S : -
i R i
1 1 1
201 | A f N
1 1 1 1
10+ i P _
1124% 370 | 2N
0 [ I T "2 CNL LM |
1 15 2 3 4567810 15 20 30 405060 80100

Frequency F % (SP)
Fig. 2.21 Rainfall frequency curve (Example 2.8)

(b) For F = 50%, P = 42.2 em which is the median value, and the mean value
>x 1026

x =7:T =48.8 cm

which has a frequency of 37%.
(c) For a probability of 0.75 F = 75% for which P = 32 em

1 100
(d)ForP=75cm,F=12.4%,T=f ><100=?'4 =8yr

and its probability of occurrence = 0.124

2.12 MOVING AVERAGES CURVE

If the rainfall at a place over a number of years is plotted as a bar graph it will not show any
trends or cyclic patterns in the rainfall due to wide variations in the consecutive years. In
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order to depict a general trend in the rainfall pattern, the averages of three or five consecutive
years are found out progressively by moving the group averaged, one year at a time. In Fig.
2.22, the 21-years of rainfall records at a place given in Example 2.8 are shown. The first five
years of record are averaged as (50 + 60 + 40 + 27 + 30)/5 = 207/5 = 41.4 cm and this average is
plotted at the mid-point of the group. The next point is obtained by omitting the first and
averaging the 2 to 6 years of record, again plotting the average i.e., (207 — 50 + 38)/5 = 39 cm at
the midpoint of this group, and so on as shown in Fig. 2.22. Thus, a 5-year moving mean curve
is obtained in which the wide variations in the consecutive years are smoothed out. A 3-year or
5-year moving mean curve is useful in identifying the long term trends or patterns in the
rainfall at a place.

=
o
o
I
|

80— 5-year moving mean curve trend line
60 \

40+

Precipitation P (cm)

TSN M SN O~ 0D TSN M SN O~ 0D
OWWwLWwLWwLwLWwLww © © © © OV OV OV oo

1950
1960
1970

Years

Fig. 2.22 Trends from moving mean curves (Example 2.8)

The same techniques may be applied to other hydrometeorogical parameters like tem-
perature, hours of bright sunshine, wind speeds, cloud cover, etc.

2.13 DESIGN STORM AND PMP

For the safe design of structures even a 50-year or 100-year precipitation may be inadequate
due to the unusual meteorological combinations resulting in very high precipitation. The most
critical features of several past storms are often combined, for a given frequency of occurrence,
into a single design storm (hypothetical) for the purpose of design of important structures. The
probable maximum precipitation (PMP) for a given region is the precipitation resulting from
the most critical meteorogical combinations that are considered probable of occurrence. This
concept of PMP is very important in estimating the maximum probable flood in the safe design
of flood control structures, spillways for dams, etc. PMP can be estimated by maximising the
different parameters like wind velocity, humidity etc. of an observed severe storm over the
basin. When sufficient data of storms for a given basin is not available, PMP can be estimated
from a severe storm on the adjacent basin and storm transposition.

2.14 SNOW PACK AND SNOW MELT

Snow melts due to heat from the atmosphere, from the warm rainfall and by radiation. On the
basis of measurement of snow depth and water equivalent (or density) of snow at grid stations
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along the snow courses, the water storage in the snow (i.e., the available snow melt) can be
determined from the formula.

d,=Gd, .(2.11)
where d = depth of water storage in the snow
d, = depth of snow cover
G, = water equivalent (density) of snow

Water equivalent or snow density is the ratio of the volume of melt water from a sample
of snow to the initial volume of the snow sample. An average density of 0.1 for freshly fallen
snow is often assumed; however the longer the snow remains on the ground, the denser it
becomes due to packing, alternate thawing and freezing, condensation and the presence of
absorbed rainfall and melt water. Snow density will be about 0.1 at the beginning of winter
and about 0.3 at the end of winter, i.e., at the beginning of thaw. The density of snow varies
with depth and so samples must be taken at various horizons in a snow pack for determining
the water equivalent. This is usually done by a sampling tube. Snowfall may be measured
directly by an ordinary rain gauge fitted with a heating system, or by a simple snow stake, if
there is no drifting and density is determined simultaneously.

Snow surveys are made by dividing the basin into rectangular grids and determining
the snow depths and densities at depths at the grid stations. From the water equivalents thus
obtained at individual stations, the average water equivalent of the snow pack over the entire
basin can be derived by the same method used for determining the mean areal depth of rainfall.
In India, snow surveys are generally conducted in the beginning of summer, i.e., in March or
April, when snow starts melting. Many of the perennial rivers in north India are fed by snow-
melt from the Himalayan range in summer. In the Himalayan range, one-tenth of the depth of
snow is added to the depth of rainfall, as a thumb rule, to obtain the total precipitation.

Also see Appendix-A.

QuizZ 1l
I Match the items in ‘A’ with items in ‘B
A B
(i) Cyclone (a) Optimum rain-gauge network
(i) Frontal surface (b) Intensity of storm
(ii1) Rain-gauge (c) Can not record snow
(zv) Double mass curve (d) 11in 500 km?
(v) Tipping bucket gauge (e) Mean areal depth of precipitation
(vi) Recording rain-gauge () Western Ghats (of Peninsular India)
(vit) Orographic precipitation (g) Covergence of storm
(viit) Thiessen network (h) Surface of contact between warm and

cold air masses
(ix) Raingauge density (i) Air port

(x) Coefficient of variation, C, (j) Change of regime of rain-gauge station
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IT Fill up the blanks in the following:

(i) Rain-gauges are erected...... over the ground surface with their rim at .... cm above ground
surface

(i1) The three principal agencies, which maintain rain-gauges and make observations in Karnataka
are: (@) ....... ) ........ and (¢) ......

(ii1) Rain-gauge readings are taken every day at .... hr IST

(iv) In coastal areas of Karnataka one rain-gauge should be erected for every
years (consecutive) of record are required for statistical analysis.

(v) An index of wetness of 40% in a certain area indicates a
. %.

IIT Say ‘True’ or ‘False’; if false, give the correct statement:
(i) Rain-gauges are erected perpendicular to the ground surface on which they are installed.
(i) Cyclonic precipitation is due to convergence of storms towards a low pressure belt.
(i17) In hilly and heavy rainfall areas at least 10% of the rain-gauges should be of self-recording
type.
(iv) As the area increases, the average depth of precipitation increases for a particular storm.

(v) Generally, high intensity precipitation can be expected only for short durations, and higher
the intensity, lesser is its frequency.

..... year with a rainfall deflciency of

(vi) The coefficient of variation for annual precipitation data is equal to the standard deviation of
the indices of wetness.

(vii) A mass curve of rainfall need not always be a rising curve.
(viit) The longer the snow remains on the ground, the less dense it becomes.
(ix) The intensity of storm is an inverse function of its duration. (false: i, iv, vii, viii)
IV Choose the correct statement/s in the following:
1 Precipitation includes

(z) rainfall (i1) snow melt
(i1) hail storm (iv) stream flow
(v) mist and fog (vi) frost

(vii) all the above
2 In a cold front
() cold air mass drives out a warm air mass
(it) warm air mass replaces the retreating cold air mass
(i) cold air and warm air masses are drawn simultaneously towards a low pressure area
(iv) the cold and warm air masses are stationary
3 Cyclonic precipitation is due to

(i) orographic lifting (it) ocean nearby
(iti) convergence of storms towards a low pressure belt
(iv) divergence of storms (v) thermal convection

(vi) conflict between cold and warm air masses
4 A self-recording rain-gauge

(i) records by hourly depth of rain (it) records the snow melt
(iti) records the cumulative depth of rainfall
(iv) records the rainfall intensity (v) records the onset and cessation of rainfall

(vi) records the cloud cover
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5 A double mass analysis is made
(i) to find the missing rainfall at a station in a particular area
(it) to detect any change in exposure of a station
(ii1) to adjust the record at a station to the changed environment
(iv) to compute the a.a.r. consistent with the changed environment
(v) for all the above purposes
6 Isohyetal method gives accurate mean areal depth of rainfall
(i) in a plain country
(i1) in a gently sloping basin
(it7) in an undulating country
(iv) in places of known storm movement
(v) in a basin consisting of plains and hills
(vi) when there are optimum number of rain-gauge stations
(vii) when the precipitation includes snowmelt

(1-exept iv; 2—1 ; 3—iii ; 4—iii, v ; 5—ii, iii, (v ; 6-iii, iV, V)

QUESTIONS

1 What factors you consider in selecting a site for a rain-gauge station?
(a) Distinguish between recording and non-recording rain-gauges, giving examples of such gauges
used in India.
(b) Which are the agencies that usually maintain rain-gauges and make observations in your
State? At what time or times in the day is the rainfall recorded?
3 What are the different forms of precipitation ? Which of them are of significance to a civil engi-
neer ?

4 (a) Explain: (i) a method for estimating the missing rainfall data at a station in a basin.

(it) a method for testing the consistency of rainfall records at a station and necessary
adjustment.

(b) A 3-hour storm occurred at a place and the precipitations in the neighbouring rain-gauge
stations P, @ and R were measured as 3.8, 4.1 and 4.5 cm, respectively. The precipitation in
the neighbouring station S could not be measured since the rain-gauge bottle was broken.
The normal precipitation in the four stations P, @, R and S as per IMD Bulletin were 45, 48,
53 and 50 cm, respectively. Estimate the storm precipitation at station S. (4.246 cm)

5 (a) Define ‘rain-gauge density’ and explain how you would determine the optimum number of
rain-gauges to be erected in a given basin.

(b) In a certain river basin there are six rain-gauge stations, the normal annual rainfall depths
at the stations being 42.4, 53.6, 67.8, 78.5, 82.7 and 95.5 cm, respectively. Determine the
optimum number of rain-gauge stations to be established in the basin if it is desired to limit
the error in the mean value of rainfall over the catchment to 10% and indicate how you
distribute them, (7

6 For the basin shown in Fig. P 2.23, the normal annual rainfall depths recorded and the isohyetals
are given. Determine the optimum number of rain-gauge stations to be established in the basin
if it is desired to limit the error in the mean value of rainfall to 10%. Indicate how you are going
to distribute the additional rain-gauge stations required if any. What is the percentage accuracy
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of the exixting network in the estimation of the average depth of rainfall over the basin. The
area between the isohyetals are given below :

Zone: I I I v \% VI Total
Area (Km?2): 63 278 389 220 55 33 1038
(16—1, 1, 4, 2, 0, 1; 85.2%)

Fig. P2.23 Isohyetal map

7 (a) Explain three methods of determining the mean areal depth of precipitation over a basin
covered by several rain-gauge stations.

(b) Find the mean precipitation for the area shown in Fig. P 2.24 by Thiessen polygon method.

The area is composed of a square plus an equilateral triangular plot of side 2 km. Rainfall

readings are in cm at the various stations indicated. (32.33 cm)
A 2 km o8
M —mmm————m oo cm
L7 10cem ?
//’ 1 N /// :
- 1
rL\(:((/\// : \\\ /// :
// 1 \\ // 1
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® Rain gauge stations

Fig. P2.24 Rain-gauge network
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8 Thiessen polygons and isohyetal map are given in Fig. P 2.25 and P 2.26, respectively, for differ-
ent drainage basins. Areas and precipitation values are tabulated. Compute the average precipi-
tation over the basins.

Station Thiessen polygon Precipitation
area (cm)
(km?)
A 170 9.3
B 164 10.5
C 156 10.9
D 150 12.2
E 116 13.5
F 36 14.0
G 124 14.2
H 42 12.8
Area of basin = 958 km?
Zone Area (km?)

I 56

II 192

111 420

1AY 244

A\ 44

VI 58

Area of basin = 1014 km?

Polygonal areas

. /— Basin boundary

Fig. P2.25 Thiessen polygons
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Fig. P2.26 Isohyetal map

®-Rain gauge
stations

9 About 20 years of rainfall records (from both recording and non-recording rain-gauge stations)

10

are available. Exemplify with neat diagrams, giving typical formulae, how you correlate
(i) intensity and duration of storms
(it) intensity, duration and frequency of stoms

The annual rainfall at a place for a period of 30 years is given below. Draw the rainfall frequency

curve and determine

(a) rainfalls of 5-yr, 10-yr and 20-yr recurrence interval
(b) the rainfall of probability 0.75

(c) the probability of occurence of rainfall > 35 cm

Year Rainfall Year Rainfall
(ecm) (cm)
1951 31.6 1966 36.2
1952 30.1 1967 33.6
1953 29.8 1968 30.2
1954 39.9 1969 35.5
1955 37.8 1970 36.3
1956 31.3 1971 36.4
1957 30.7 1972 30.7
1958 38.0 1973 33.4
1959 35.7 1974 40.4
1960 32.9 1975 35.4
1961 30.3 1976 33.7
1962 41.0 1977 30.1
1963 33.5 1978 31.7
1964 34.0 1979 33.4
1965 33.3 1980 30.2
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11. The values of annual precipitation (cm/year) at a rain-gauge station in chronological sequence
from 1966 to 1977 are given below : Estimate the maximum and minimum values of precipita-
tion which has a recurrence interval of 5 years.

36.5 29.0 56.2 82.0 27.8 23.4

71.2 48.3 31.4 18.1 29.0 65.6
Hint for P arrange P’s in the descending order when m is the no. of times P is equalled or
exceeded; for P_, arrange P’s in the ascending order when m is the no. of times equal to or less
than P; use any of the three methods; from the graph, find P, . for T, = 5-yr.

12 Annual precipitation at rain-gauge station X and the average annual precipitation at 20 sur-
rounding rain-gauge stations are given below. Examine the consistency of data at station X.
Indicate at what year a change in regime has occurred and how you are going to make the
necessary adjustments.

Annual Ave. ann. Annual Ave. ann.
infall rainfall of rainfall at rainfall of
v, rainfa Y.
ear at stn. X 20 stns. ear stn. X 20 stns.

(cm) (cm) (ecm) (cm)
1962 30.5 22.8 1972 28.2 33.3
1963 38.9 35.0 1973 17.3 23.4
1964 43.7 30.2 1974 22.3 36.0
1965 32.2 27.4 1975 28.4 31.2
1966 27.4 25.2 1976 241 23.1
1967 32.0 28.2 1977 26.9 23.4
1968 49.3 36.1 1978 20.6 23.1
1969 28.4 28.4 1979 29.5 33.2
1970 24.6 25.1 1980 28.4 26.4
1971 21.8 23.6

13 Define ‘water equivalent of snow’ and explain how you estimate the snow melt?

14 Discuss the analysis of rainfall data with respect to time, space, frequency and intensity.

15 Explain areal and temporal distribution pattern of a typical storm over a catchment.

16 What is rain-gauge density? How does it affect the accuracy of rainfall measurements?

17 (a) What is meant by ‘frequency of rainfall’ and ‘recurrence interval’?

(b) A rainfall of certain high intensity is expected to occur once in 20 years. What is its chance of
occurrence in any year ? What is the probability that it may occur in the next 12 years, and it
may not occur in the next 8 years. (5%, 46%, 66.4%)

18 Distinguish between snow, hail and rain. Explain the melting process of snow and the method of
measuring snow fall depth.

19 Estimate the intensity of a storm; which lasted for 60 min; constants in Talbot’s formula: a = 260,
b =15, apply. (3.47 cm/hr)

20 The following are the modified data for a typical design storm of the Tapti river Basin in western

India. Develop a formula for the intensity duration relationship.

Time (hr): 1 2 3 6 12 24 48
Accumulated
rainfall (mm): 25 42 58 92 143 221 341
[i = t%_i mm/hr]
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21 Using rational method, rainfall intensity-duration curves and the data given in Fig. P 2.27 com-
pute the diameter of the outfall sewer. The length of lines, drainage areas, and inlet times are
marked in Fig. P 2.27 (a). Assume:

(i) Run-off coefficient for the entire area = 0.30
(it) Velocity of flow in sewers flowing full = 0.75 m/sec
(iti) 5-year average frequency curve may be used, Fig. P 2.27 (b),
(iv) Hydraulic elements for circular pipes flowing full are given in Table 2.2.

Table 2.2 Hydraulic elements for a circular pipe flowing full

Discharge Diameter Slope of Pipe Velocity
(Ips) (mm) (m/m) (m/sec)
400 450 0.025 2.7
600 525 0.020 2.8
690 1050 0.00055 0.75
1500 1350 0.001 1.55
2000 1450 0.001 1.20

[690 lps, 0.75 m/s, 1 m laid at 1 in 1800]

Most remote

5 )
@ A=0.016km point
Inlet time =5 min
200
EE] Manhole 1 £175
£ 150 5 ;
5125 LT ! —y(laar E’:\Ve.l relque=ncy!
‘@ — 10-year ave! frequency,
< 100 ——t——1—
g = _5-year ave. frequency
= NN
8 50 —
c — e
‘T 25 T
Manhole 2 o

"1'?; ;':;]e B %0510 20 30 40 50 60 70 80 90 100110120
- Duration of rainfall, min

180 m (b) Rainfall intensity-duration curves for
computation of storm water runoff

2
@ A =0.024 km Manhole 3
Inlet time = 8 min D)

_/ Discharge

(a) Watershed system

Fig. P2.27 Storm water drainage project

22 Explain step by step the procedure you would adopt to prepare the depth area-duration curves
for a particular storm, for a basin having a number of rain-gauges, most of which are recording.

23 The isohyets for a 2-day storm on a basin of 1038.3 km? are shown in Fig. P 2.28 and the area
between the isohyets as planimetered are given below. Draw the depth-area-duration curve for
the basin.
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Zone Area (km2)
I 63.4
II 278.0
III 389.0
1AY 220.0
A\ 55.2
VI 32.7
Total 1038.3

Fig. P2.28 Isohyetal map

24 Write short notes on:
(a) Isohyet (indicate the annual isohyet of your place)
(b) A.A.R. (give the a.a.r. of your place)
(¢) Orographic precipitation (give example)
(d) Depth-area-duration curve
(e) Double-mass curve
() Cold and warm fronts
(g) Occlusion
(h) Cyclones and anticyclones
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25

26

(i) PMP

(/) Arid, semi-arid and humid regions

(k) Rain-gauge density and its effect on the accuracy of rainfall data

Severe Storms during 30 years over a basin gave the following maximum depths of precipitation:

Duration (min): 5 10 15 30 60 90 120
Max. pptn. (mm): 9 12 14 17 22 25 30
. . . . . . 285
Develop a formula for the intensity-duration relationship. I=—6 mm/hr|.
£0-

The mass curve of precipitation resulted from the storm of 14 August 1983 gave the following
results:

Time hr: 22.00 22.05 22.10 22.15 22.20 22.25 22.30 22.35 22.40 22.45 22.50

Depth mm: 0 10.2 20.8 33.0 47.2 558 64.0 776 788 854 914

For the storm construct a hyetograph and draw the maximum-intensity-duration curve.
(IES—1984)



Chapter 3

WATER LOSSES

The hydrologic equation states that
Rainfall-Losses = Runoff ..(3.1)

In the previous chapter we studied precipitation and its measurement. The various
water losses that occur in nature are enumerated below. If these losses are deducted from the
rainfall, the surface runoff can be obtained.

3.1 WATER LOSSES

(i) Interception loss-due to surface vegetation, i.e., held by plant leaves.
(i) Evaporation:
(a) from water surface, i.e., reservoirs, lakes, ponds, river channels, etc.

(b) from soil surface, appreciably when the ground water table is very near the soil
surface.

(zi1) Transpiration—from plant leaves.
(tv) Evapotranspiration for consumptive use—from irrigated or cropped land.
(v) Infiltration—into the soil at the ground surface.

(vi) Watershed leakage—ground water movement from one basin to another or into the
sea.

The various water losses are discussed below:

Interception loss—The precipitation intercepted by foliage (plant leaves, forests) and
buildings and returned to atmosphere (by evaporation from plant leaves) without reaching the
ground surface is called interception loss. Interception loss is high in the beginning of storms
and gradually decreases; the loss is of the order of 0.5 to 2 mm per shower and it is greater in
the case of light showers than when rain is continuous. Fig. 3.1 shows the Horton’s mean curve
of interception loss for different showers.

Effective rain = Rainfall — Interception loss

3.2 EVAPORATION

Evaporation from free water surfaces and soil are of great importance in hydro-meterological
studies.

Evaporation from water surfaces (Lake evaporation)

The factors affecting evaporation are air and water temperature, relative humidity,
wind velocity, surface area (exposed), barometric pressure and salinity of the water, the last

60
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two having a minor effect. The rate of evaporation is a function of the differences in vapour

pressure at the water surface and in the atmosphere, and the Dalton’s law of evaporation is
given by

E=K(e,—e,) ...(3.2)
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Fig. 3.1 Interception loss (Horton)

where E = daily evaporation

e, = saturated vapour pressure at the temperature of water

e, = vapour pressure of the air (about 2 m above)

K = a constant.

i.e., the Dalton’s law states that the evaporation is proportional to the difference in vapour
pressures e, and e,. A more general form of the Eq. (3.2) is given by

E=K (e, —e,) (a+dV) ...(3.3)
where K, a, b = constants and V = wind velocity.

Higher the temperature and wind velocity, greater is the evaporation, while greater the
humidity and dissolved salts, smaller is the evaporation. The annual evaporation from irriga-
tion tanks in south India is of the order of 160 to 180 cm, the highest evaporation being in the
summer months of April and May. The monthly evaporation from Krishnarajasagara reser-
voir (near Mysore, south India) is given below:

Month Evaporation Month Evaporation

(ecm) (cm)
January 11.9 July 11.9
February 10.2 August 11.9
March 12.7 September 11.9
April 17.8 October 15.1
May 20.3 November 11.9
June 15.1 December 11.9
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Methods of Estimating Lake Evaporation
Evaporation from water surfaces can be determined from the following methods :
(i) The storage equation
P+IiOg=E+OiS ..(3.4)
where P = Precipitation
I = surface inflow
o = subsurface inflow or outflow
E = evaporation
O = surface outflow
S = change in surface water storage
(i1) Auxiliary pans like land pans, floating pans, colarado sunken pans, etc.
(zi1) Evaporation formula like that of Dalton’s law
(tv) Humidity and wind velocity gradients
(v) The energy budget—this method involves too many hydrometeorological factors
(variables) with too much sophisticated instrumentation and hence it is a specialist
approach
(vi) The water budget—similar to (i)

(vii) Combination of aerodynamic and energy balance equations—Penman’s equation (in-
volves too many variables)

3.3 EVAPORATION PANS

() Floating pans (made of GI) of 90 cm square and 45 ¢cm deep are mounted on a raft
floating in water. The volume of water lost due to evaporation in the pan is determined by
knowing the volume of water required to bring the level of water up to the original mark daily
and after making allowance for rainfall, if there has been any.

(i) Land pan. Evaporation pans are installed in the vicinity of the reservoir or lake to
determine the lake evaporation. The IMD Land pan shown in Fig. 3.2 is 122 cm diameter and

o——122emda——F—» Pointgauge
2 stilling well, .2 Cm dia
oy SR I T ) ’
0.9-mm thick eSS SooSoooooooo - 3| —=- 25.5 cm, land pan
copper sheet Water 19 cm

25em BT S - == _
GL 4 => o | y10cm, wooden cribs

Za)

Fig. 3.2 IMD land pan

25.5 cm deep, made of unpainted GI; and set on wood grillage 10 cm above ground to permit
circulation of air under the pan. The pan has a stilling well, vernier point gauge, a thermometer
with clip and may be covered with a wire screen. The amount of water lost by evaporation from
the pan can be directly measured by the point gauge. Readings are taken twice daily at 08.30
and 17.30 hours I.S.T. The air temperature is determined by reading a dry bulb thermometer
kept in the Stevenson’s screen erected in the same enclosure of the pan. A totalising anemometer
is normally mounted at the level of the instrument to provide the wind speed information
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required. Allowance has to be made for rainfall, if there has been any. Water is added to the
pan from a graduated cylinder to bring the water level to the original mark, i.e., 5 cm below the
top of the pan. Experiments have shown that the unscreened pan evaporation is 1.144 times
that of the screened one.

(ii1) Colarado sunken pan. This is 92 cm square and 42-92 cm deep and is sunk in the
ground such that only 5-15 c¢m depth projects above the ground surface and thus the water
level is maintained almost at the ground level. The evaporation is measured by a point gauge.

Pan coefficient—Evaporation pan data cannot be applied to free water surfaces di-
rectly but must be adjusted for the differences in physical and climatological factors. For ex-
ample, a lake is larger and deeper and may be exposed to different wind speed, as compared to
a pan. The small volume of water in the metallic pan is greatly affected by temperature fluc-
tuations in the air or by solar raditions in contrast with large bodies of water (in the reservoir)
with little temperature fluctuations. Thus the pan evaporation data have to be corrected to
obtain the actual evaporation from water surfaces of lakes and reservoirs, i.e., by multiplying
by a coefficient called pan coefficient and is defined as

Lake evaporation

Pan coefficient = ...(3.5)

Pan evaporation
and the experimental values for pan coefficients range from 0.67 to 0.82 with an average of 0.7.

Example 3.1 The following are the monthly pan evaporation data (Jan.-Dec.) at
Krishnarajasagara in a certain year in cm.

16.7, 14.3, 17.8, 25.0, 28.6, 21.4
16.7, 16.7, 16.7, 21.4, 16.7, 16.7

The water spread area in a lake nearby in the beginning of January in that year was
2.80 km? and at the end of December it was measured as 2.55 km?. Calculate the loss of water
due to evaporation in that year. Assume a pan coefficient of 0.7.

Solution Mean water spread area of lake

A= % (A +A, + JAA,)), cone formula
= % (2.80 + 2.55 + ,/2.80 x 2.55 )
= 2.673 km?
Annual loss of water due to evaporation (adding up the monthly values)
= 228.7 cm
Annual volume of water lost due to evaporation
228.7

- 6
=(2.673 x 10°) x 100 % 0.7

=4.29 x 10® m?3 or 4.29 Mm?

Example 3.1 (a) Compute the daily evaporation from a Class A pan if the amounts of water
added to bring the level to the fixed point are as follows:

Day: 1 2 3 4 5 6 7
Rainfall (mm): 14 6 12 8 0 5 6
Water -5 3 0 0 7 4 3

added (mm): (removed)
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What is the evaporation loss of water in this week from a lake (surface area = 640 ha) in
the vicinity, assuming a pan coefficient of 0.75¢

+ water added

Solution Pan evaporation, E , mm = Rainfall or
— water removed
Day: 1 2 3 4 5 6 7
E; 14-5 6+3 12 8 7 5+4 6+3
(mm): =9 =9 =9 =9

7
Pan evaporation in the week = 2 E, =63 mm
1

E;
Pan coefficient 0.75="pg"
p

Lake evaporation during the week E,
=63 x 0.75 = 47.25 mm
47.25

1000

Example 3.1 (b) The total observed runoff volume during a storm of 6-hr duration with a
uniform intensity of 156 mm/hr is 21.6 Mm?. If the area of the basin is 300 km?, find the average
infiltration rate and the runoff coefficient for the basin.

Solution (i) Infiltration loss Fp = Rainfall (P) — Runoff (R)

Water lost from the lake =A.E, =640 x =30.24 ha.m ~ 0.3 Mm3

6 3
=15x6—%x1000
300 x 10 m
=90-72 =18 mm
F, 18 mm
foe™ 7 " 6nr - omm/r

(1) Yield=CAP
90
1000

21.6 x 106 m3 = C(300 x 108 m?)
C=0.8
Piche Evaporimeter

It is usually kept suspended in a Stevenson screen. It consists of a disc of filter paper kept
constantly saturated with water from a graduated glass tube Fig. 3.3. The loss of water from
the tube over a known period gives the average rate of evaporation. Though it is a simple
instrument, the readings obtained are often more erratic than those from standard pans.

Measures to Reduce Lake Evaporation

The following are some of the recommended measures to reduce evaporation from water sur-
faces :

(i) Storage reservoirs of more depth and less surface area, i.e., by choosing a cross
section of the reservoir like a deep gorge Fig. 3.4 ; while the surface water is exposed to tem-
perature gradients the deeper waters are cool; from this standpoint a large reservoir is prefer-
able to a number of small reservoirs (while it is the reverse from the point of flood control).
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Fig. 3.4 Reservoir in a deep gorge

(i) By growing tall trees like Causerina on the windward side of the reservoirs to act as
wind breakers.

(ii1) By spraying certain chemicals or fatty acids and formation of films. By spreading a
manomolecular layer of acetyl alcohol (hexadecanol) C,;H,,OH over the reservoir surface (from
boats)—a film is formed on the surface which is only 0.015 micron (approx.) in thickness. It is
a polar compound and it has great affinity for water on one side (hydrophylic) and repels water
on the other side (hydrophobic). The film will only allow precipitation from the top into it but
will not allow water molecules to escape from it. This method is readly effective when the wind
velocities are less. If the wind velocity is more, it will sweep the film off the water surface and
deposit it on the bank. However the film is pervious to O, and CO,. About 2.2 kg (22 N) of
acetyl alcohol is required to cover an area of 1 ha of reservoir surface. It is best suited for small
and medium size reservoirs.

(iv) By allowing flow of water, temperature is reduced and evaporation is reduced; i.e.,
by designing the outlet works so that the warmer surface water can be released.

(v) By removing the water loving weeds and plants like Phreatophytes from the periph-
ery of the reservoir.
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(vi) By straightening the stream-channels the exposed area of the water surface (along
the length) is reduced and hence evaporation is reduced.
(vii) By providing mechanical coverings like thin polythene sheets to small agricultural
ponds and lakes.
(viii) By developing undergound reservoirs, since the evaporation from a ground water
table is very much less than the evaporation from a water surface.
(ix) If the reservoir is surrounded by huge trees and forest, the evaporation loss will be
less due to cooller environment.

3.4 SOIL EVAPORATION

The evaporation from a wet soil surface immediately after rain or escape of water molecules
with more resistance when the water table lies within a metre from the ground is called soil
evaporation. This, expressed as a percentage of evaporation from free water surface is called
evaporation opportunity.

Actual evaporation from the land

(soil) at a given time % 100 ...(3.6)

Evaporation opportunity =
P PP Y Evaporation from an equivalent

water surface
Soil evaporation will continue at a high rate for some time after the cessation of rainfall,
then decreases as the ground surface starts drying, until a constant rate is reached which is
dependent on the depth of the water table and nature of the soil in addition to meteorological
conditions.

Measurement of soil evaporation can be done with tanks (lysimeters) filled with earth
and with the surface almost flush with the ground Fig. 3.5. To measure the evaporation from
a soil whose surface is within the capillary fringe, tanks equipped to maintain the water table
at any desired elevation may be used. The soil evaporation is determined by weighing the
tanks at stated intervals and knowing the amount of water that was added in the interim.

Evaporation from

soil surface —>T T T Soil surface inside
= * N

.. 41— Filled with soil

T~ Level of GWT

7N

i Tank>21mx1mx15m
: dimensions

Fig. 3.5 Lysimeter for soil evaporation

3.5 UNSATURATED FLOW

Soil moisture in the unsaturated zone moves under the influence of the gravitational force and
the force due to the difference in capillary potential. The capillary flow is given by Darcy’s law.
Q=K A ..(3.7)

_AZ Ak

i= 7 + 7 ..3.7a)
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where @ = capillary flow
K, = coefficient of unsaturated permeability
i = sum of the gradients of capillary potential and gravitational force
A = area of cross section of capillary flow
AZ = difference in elevation of the two points A and B (if the flow is from A to B).
Ah = difference in capillary potential of the two points A and B
[ = length of travel

when the capillary potential becomes greater than the gravitational potential there is upward
movement of soil moisture resulting in loss of water due to soil evaporation. When the flow is
upward, the gravitational component of 7’ must be subtracted from the capillary potential
component. For horizontal flow the gravitational component is zero. For downward flow the
two motivating forces act in the same direction. The coefficient of unsaturated permeability
increases as the soil moisture increases.

3.6 TRANSPIRATION

Tanspiration is the process by which the water vapour escapes from the living plant leaves
and enters the atmosphere. Various methods are devised by botanists for the measurement of
transpiration and one of the widely used methods is by phytometer. It consists of a closed
water tight tank with sufficient soil for plant growth with only the plant exposed; water is
applied artificially till the plant growth is complete. The equipment is weighed in the begin-
ning (W,) and at the end of the experiment (W,). Water applied during the growth (w) is meas-
ured and the water consumed by transpiration (W,) is obtained as
W, =W, +w) - W, ...(3.8)
The experimental values (from the protected growth of the plant in the laboratory) have
to be multiplied by a coefficient to obtain the possible field results.

Transpiration ratio is the ratio of the weight of water absorbed (through the root sys-
tem), conveyed through and transpired from a plant during the growing season to the weight
of the dry matter produced exclusive of roots.

weight of water transpired

Transpiration ratio = ...(3.9)

weight of dry matter produced
For the weight of dry matter produced, sometimes, the useful crop such as grains of
wheat, gram, etc. are weighed. The values of transpiration ratio for different crops vary from
300 to 800 and for rice it varies from 600 to 800 the average being 700.
Evaporation losses are high in arid regions where water is impounded while transpira-
tion is the major water loss in humid regions.

3.7 EVAPOTRANSPIRATION

Evapotranspiration (E,) or consumptive use (U) is the total water lost from a cropped (or irri-
gated) land due to evaporation from the soil and transpiration by the plants or used by the
plants in building up of plant tissue. Potential evapotranspiration (Ept) is the evapotranspiration
from the short green vegetation when the roots are supplied with unlimited water covering
the soil. It is usually expressed as a depth (cm, mm) over the area.
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Estimation of Evapotranspiration
The following are some of the methods of estimating evapotranspiration:
(1) Tanks and lysimeter experiments

(ii) Field experimental plots

(zi1) Installation of sunken (colarado) tanks

(iv) Evapotranspiration equations as developed by Lowry-Johnson, Penman,
Thornthwaite, Blaney-Criddle, etc.

(v) Evaporation index method, i.e., from pan evaporation data as developed by
Hargreaves and Christiansen.

For detailed discussions of the above methods reference may be made to the author’s
companion volume on ‘Ground Water’ published by Wiley Eastern Limited, New Delhi, 1981.
However, two well known methods are discussed here.

(i) Blaney-Criddle method. This method is used throughout the world for the consump-
tive use determinations and is given by :

ktp . .

U=x 100 in FPS units ...(3.10)
4,

and U=x W in metric units ...(3.10 @)
U=xkf=Kzf=KF ...(3.10 b)

ip . )
=700 in FPS units ...(3.10 ¢)

4.6t + 813

f= % in metric units ...(3.10d)

where U = seasonal consumptive use (inches in FPS units and cm in metric units)
t = mean monthly temperature (°F in FPS units and °C in metric units)
p = monthly percentage of hours of bright sunshine (of the year)
k = monthly consumptive use coefficient determined from experimental data
f = monthly consumptive use factor
K, F = seasonal values of consumptive use coefficient and factor, respectively
> refers for the summation for all the months of the growing season.

Example 3.2 Determine the evapotranspiration and irrigation requirement for wheat, if the
water application efficiency is 65% and the consumptive use coefficient for the growing season
is 0.8 from the following data :

Month Mean monthly Monthly percentage Effective rainfall
temp (°C) of sunshine (hours) (cm)
November 18 7.20 2.6
December 15 7.15 2.8
January 13.5 7.30 3.5
February 14.5 7.10 2.0
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Solution
Month Mean monthly Monthly % of Effective rainfall Monthly con-
temp. (°C) sunshine (hours) (cm) sumptive use
t p P, factor
f= p4.6t +81.3)
100
Nov. 18 7.20 2.6 11.82
Dec. 15 7.15 2.8 10.74
Jan. 13.5 7.30 3.5 10.48
Feb. 14.5 7.10 2.0 10.50
3P, = 10.9 Sf = 43.54

Seasonal consumptive use, U=KZXf

=0.8 x 43.54
=34.83 cm
Field irrigation requirement,
U-3XP
FIR. = —=* ..(3.11)
n;
where n; = water application efficiency
F.LR. = Field irrigation requirement
34.83 - 10.90
FIR. = o065 - 36.9 cm

(ii) Evaporation Index method. Analysis of data on consumptive use indicate a high
degree of correlation between pan evaporation values and consumptive use. The relationship
between the evapotranspiration (E,) and pan evaporation (Ep) is usually expressed as

E,=kE, ...(3.12)
where & is a coefficient (i.e., E/E ratio) and is found to vary according to the stage of growth of
the crop. The values of % for different crops at 5% increments of the crop growing season are
presented by G.H. Hargreaves.

Example 3.3 Assuming a growing season of 4 months December-March for wheat, determine
the consumptive use of wheat in the month of January if the pan evaporation for the month is
9.5 cm. Take the consumptive use coefficient at 40%, stage growth of the crop as 0.52.

Solution E, = kEp
The crop season is December to March i.e., 120 days. By middle of Jaunary the number

47
of days of growth is 47, i.e., 190 = 0.40 or 40% stage growth of the crop has reached and % for

this stage is 0.52 and E for the month of January is 9.5 cm.
: E,=0.52 x 9.5 =4.94 cm
The daily consumptive use for the month of January
_494x10

31 = 1.6 mm/day
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Factors Affecting Evapotranspiration
From the above equations it can be seen that the following factors affect the evapotranspiration:
(1) Climatological factors like percentage sunshine hours, wind speed, mean monthly
temperature and humidity.
(i) Crop factors like the type of crop and the percentage growing season.
(zit) The moisture level in the soil.

3.8 HYDROMETEOROLOGY

Hydrometeorology is the science which deals with the movement of water and water vapour in
the atmosphere. A typical hydro-meteorological set-up at Regional Agricultural Research Sta-
tion, Aduturai, Thanjavur District, Tamil Nadu is given below:

(z) Wind vane with cardinal points NSE & W mounted on a masonry pillar.

(i) Cup Counter anemometer (three cups) mounted on a masonry pillar.

(zi1) Rain gauge with inner can fixed on a masonry platform. Top of rain gauge was 30
cm above ground level.

(iv) Sunshine recorder mounted on masonry pillar. The number of sunshine hours per
day are recorded on a strip of cardboard, a spherical magnifying glass burning a hole in the
middle of the cardboard strip whenever the sun is out.

(v) Stevenson’s Screen. Double louvred, holding maximum and minimum thermometers
and Dry and Wet Bulb thermometers; and PICHE Evaporimeter kept suspended.

(vi) Assmann Hygrometer with hand driven aspiration fan and insulated thermometers;
wooden framework erected on the ground for keeping the hygrometer at different heights.

(vii) Dew gauge. Stand with four exposure brackets (two on either side) with chocolate
coloured blocks of wood and book of dew scale standards.

(viii) Soil Temperature thermometers with stems bent—3 numbers embedded at 5, 15
and 30 cm in the soil.

(ix) IMD Land pan with stilling well and Vernier Hook gauge placed on a wooden frame
work 10 cm in depth. The pan is covered with a wire screen (chicken wire).

All the measurements are taken twice a day at 07-12 and 14-12 hours IST in the station.

3.9 INFILTRATION

Water entering the soil at the ground surface is called infiltration. It replenishes the soil mois-
ture deficiency and the excess moves downward by the force of gravity called deep seepage or
percolation and builds up the ground water table. The maximum rate at which the soil in any
given condition is capable of absorbing water is called its infiltration capacity (fp ). Infiltration
() often begins at a high rate (20 to 25 cm/hr) and decreases to a fairly steady state rate (f,) as
the rain continues, called the ultimate fp (= 1.25 to 2.0 c;m/hr) (Fig. 3.6). The infiltration rate ()
at any time ¢ is given by Horton’s equation.

f=f.+( —f)e™ ..(3.13)

_fO_fc
k= F

c

..(3.13 a)
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where [ = initial rate of infiltration capacity
f, = final constant rate of infiltration at saturation
k = a constant depending primarily upon soil and vegetation
e = base of the Napierian logarithm
F_ = shaded area in Fig. 3.6
t = time from beginning of the storm

8—

7_

(o))

i~ f, = initial infiltration rate

Infiltration curve (Horton):

Infiltration rate (cm/hr)
5

3 —kt fo—f
f=f,+(f,-f)e k=-S5
2 Fo
1 L LTT 5
t f Shaded area = F, f.| = final constant rate
0 I i A I I I I I 1 y
0 2 4 6 8 10 12 14 16 18 20 22

Time t (min)
Fig. 3.6 Infiltration Curve (Horton)

The infiltration takes place at capacity rates only when the intensity of rainfall equals
or exceeds fp sie., = fp when i > fp ; but when i < fp < fp and the actual infiltration rates are
approximately equal to the rainfall rates.

The infiltration depends upon the intensity and duration of rainfall, weather (tempera-
ture), soil characteristics, vegetal cover, land use, initial soil moisture content (initial wet-
ness), entrapped air and depth of the ground water table. The vegetal cover provides protec-
tion against rain drop impact and helps to increase infiltration.

Methods of Determining Infiltration
The methods of determining infiltration are:
(@) Infiltrometers
(1) Observation in pits and ponds
(zit) Placing a catch basin below a laboratory sample
(tv) Artificial rain simulators
(v) Hydrograph analysis
(@) Double-ring infiltrometer. A double ring infiltrometer is shown in Fig. 3.7. The two
rings (22.5 to 90 cm diameter) are driven into the ground by a driving plate and hammer, to
penetrate into the soil uniformly without tilt or undue disturbance of the soil surface to a
depth of 15 cm. After driving is over, any disturbed soil adjacent to the sides tamped with a
metal tamper. Point gauges are fixed in the centre of the rings and in the annular space be-
tween the two rings. Water is poured into the rings to maintain the desired depth (2.5 to 15 cm
with a minimum of 5 mm) and the water added to maintain the original constant depth at
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regular time intervals (after the commencement of the experiment) of 5, 10, 15, 20, 30, 40, 60
min, etc. up to a period of atleast 6 hours is noted and the results are plotted as infiltration
rate in cm/hr versus time in minutes as shown in Fig. 3.8. The purpose of the outer tube is to
eliminate to some extent the edge effect of the surrounding drier soil and to prevent the water
within the inner space from spreading over a larger area after penetrating below the bottom of

the ring.
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Fig. 3.7 Double ring infiltrometer
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Fig. 3.8 Typical infiltration curve
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Tube infiltrometer. This consists of a single tube about 22.5 em diameter and 45 to 60 cm
long which is driven into the ground atleast to a depth up to which the water percolates during
the experiment and thus no lateral spreading of water can occur (Fig. 3.9). The water added
into the tube at regular time intervals to maintain a constant depth is noted from which the
infiltration curve can be drawn.

|25 cm dia—»]
kS \v4 3 Const. depth of water
15em —————=%—
Gs v | Ve £8cm
7% <
Soil
< Tube
55 cm

VVvVVvyYVYY
Infiltrating water

Fig. 3.9 Tube infiltrometer

Example 3.4 For a given basin, the following are the infiltration capacity rates at various time
intervals after the beginning of the storm. Make a plot of the f-curve and establish an equation
of the form developed by Horton. Also determine the total rain and the excess rain (runoff).

Time Precipitation rate Infiltration capacity
(min) (cm/hr) (cm/hr)
1 5.0 3.9
2 5.0 3.4
3 5.0 3.1
4 5.0 2.7
5 5.0 2.5
6 7.5 2.3
8 7.5 2.0
10 7.5 1.8
12 7.5 1.54
14 7.5 1.43
16 2.5 1.36
18 2.5 1.31
20 2.5 1.28
22 2.5 1.25
24 2.5 1.23
26 2.5 1.22
28 2.5 1.20
30 2.5 1.20
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Solution The precipitation and infiltration rates versus time are plotted as shown in Fig. 3.10.
In the Hortons equation, the Horton’s constant

k= fO B fc
FC
10 Scale : f sq. unit = 1em omin=2 cm
60 min 3
9 Rainfall P = 68.75 sq. units
Area under

= 8r Rainfall i = 7.5 cm/hr f-curve Fy = 26.5 sq. units
<
ET Tr Runoff P =P -F,
ZE 6 | Projected =68.75-26.5
Kl /._ = 42.25 sq. units
_% o 5 i=5cm/hr Shaded
- & ﬂi—fo = 4.5 cm/hr|Runoff, P area F. = 8.25 sq. units
>5 4 3.3
228 e = .
G i f-curve:|f=1.2 + em
o= i=
2 3 i=2.5cm/hr
- - f

2

4 V-~ L LT
1 ! ! Infiltration loss (under f-curve) fci 1.2 cm/hr
0 : | | :t | f | | | | | | | | | | |
012 4 6 t8 10 12 14 16 18 20 22 24 26 28 30

Time t (min)
Fig. 3.10 Infiltration loss and net rain (Example 3.4)

From Fig. 3.10, shaded area
F, =4.25 sq. units

Lem X 2 min 1
=8.25 60 min = 8.25 x 30

=0.275 cm
B (4.5-1.2) cm/hr
- 0.275 cm

=12 hr!

The Hortons equation is
=1+ (fy—flet =12+ (4.5 - 1.2)e 1%

f12ﬁ
—-+912t

is the equation for the infiltration capacity curve (f-curve) for the basin, where f'is in cm/hr and
tin hr.

. 10 1
For example, for £ = 10 min = 60 6 hr

=12+ m = 1.7 cm/hr, which is very near compared

to the observed value of 1.8 cm/hr.

1
Total rain P = 68.75 sq. units = 68.75 x 30 ° 2.29 cm
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Excess rain P, = P — Fp
= 68.75 — 26.5 = 42.25 sq. units

1
=42.25 x 30 = 1.41 cm

1
Total infiltration Fp = 26.5 x 30 = 0.88 cm

The total infiltration loss F_ can also be determined by intergrating the Hortons equa-
tion for the duration of the storm.

¢ 30/60 3.3
Fp= J.o fdt—J.o (l2+el_2t) dt

33 30/60
=12t + —mi|
—12e 0

30 3.3 3.3
= [lzx%—w}_[o_ 12e°}

3.3
=0.6+—- (1— i)

12 2°

3.3 1
—06+ 33 (1- )

12 408
= 0.88 cm
P net — P - Fp
=2.29-0.88
=141 cm
which compares with the value obtained earlier.
0.88 cm
1/2 hr
To determine the Horton’s constant by drawing a semi-log plot of t vs. (f - f):
The Horton’s equation is

Ave. infiltration loss f, = 1.76 cm/hr

_ P _
ave — ¢ -

F=f+ (=™
- log (f—1,) =log (f, — f,) — kt log e
Solving for ¢,
log (fo — fo) _log(f 1)
kloge - kloge

1
kloge
Hence, from a plot of ¢ vs. (f— f,) on a semi-log paper (¢ to linear scale), the constants in the
Horton’s equation can be determined.

From the given data, f, = 1.2 cm/hr and the values of (f - £,) for different time intervals

from the beginning are: 2.7, 2.2, 1.9, 1.5, 1.3, 1.1, 0.8, 0.6, 0.46, 0.32, 0.22, 0.16, 0.12, 0.05, 0.04,
0.02, 0.0 cm/hr, respectively ; (note: 3.9 — 1.2 = 2.7 em/hr and like that for other readings).

These values are plotted against time on a semi-log paper as shown in Fig. 3.11.

which is in the form of a straight line y = mx + ¢ in which y = ¢, x = log (f - f,), m = —
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1
kloge

From Fig. 3.11, m=-0.1933 = —

. 1
"~ 0.1933x0.434

0.01 0.1 1
36 T T [ [ TTTTI T 1 T T 111 T T [ [ TTTTI

32

log e = 0.434 =12 hr!

=
o

Semi-log paper

28

24
20
16

12 ~0.1933x0.434

Time t, min to linear scale

_ 1
8 =12 hr

- LY f —f =3.3
4 i 1 \‘i{ 0
[ N I I O I I O IO R ! L1 N

0 ~
0.01 .02 .03 .04 .06 .080.1 .2 3 4 6 810 2 3 456 810

Value of (f-f,) to log scale (cm/hr)

o

=~
o
®
N I T T T T A

—

Fig. 3.11 Semi-log plot for infiltration constants (Example 3.4)
Also from the graph, when ¢ = 0,
f—1.,=33=f,—f, (since f=f, whent = 0)
fo=3.3+12=4.5 cm/hr
Hence, the Hortons equation is of the form
f=12+(4.5—-1.2) 12

or f=12+ el_.2t
where fis in em/hr and ¢ in hr.
5 10 15
Total rain P = —+T7H5X—+25x—
otal rain 5 x 60 60 60
= 2.29 cm

Infiltration loss F, = 0.88 cm
Excess rain (runoff), P , =P — Fp
=2.29-0.88
=141 cm
which compares with the value obtained earlier.

(ii) Observation from infiltration pits and ponds. By noting the depression in the level
of water in the pits and ponds and deducting the loss due to evaporation, an idea about the
infiltration rates in such soils can be obtained.

(zi1) By placing a catch basin called a lysimeter under a laboratory sample or at some

depth below the land surface, the infiltrating water can be measured and the infiltration rate
in the soil can be obtained.
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(iv) Artificial rain simulators on a small area of land of 0.1 to 50 m2, water is applied by
artificial showers at a uniform rate. The resulting surface runoff is measured and the infiltra-
tion capacity of the soil is determined.

(v) Hydrograph analysis. By knowing accurately the varying intensities of rainfall dur-
ing a storm and the continuous record of the resulting runoff, the infiltration capacity can be
determined and is discussed in the next chapter.

Example 3.4 (a) For a small catchment, the infiltration rate at the beginning of rain was
observed to be 90 mm/hr and decreased exponentially to a constant rate of 8 mm/hr after

1 1
25 hr. The total infiltration during 25 hr was 50 mm. Develop the Horton’s equation for the

o . . 1
infiltration rate at any time t < 2— hr.

2
: _fo-fc __90-8 1
Solution k= F. T 50-8x25 " 2.73 hr
Horton’s eqn.: f=Ff.+{y—1le™ =8+ (90 —8)e 273!
or f=8+82e27t fin mm/hr, ¢ in hr.

Example 3.5 A 24-hour storm occurred over a catchment of 1.8 km? area and the total rainfall
observed was 10 cm. An infiltration capacity curve prepared had the initial infiltration capac-
ity of 1 em/hr and attained a constant value of 0.3 cm/hr after 15 hours of rainfall with a
Horton’s constant k = 5 hrL. An IMD pan installed in the catchment indicated a decrease of 0.6
cm in the water level (after allowing for rainfall) during 24 hours of its operation. Other losses
were found to be negligible. Determine the runoff from the catchment. Assume a pan coefficient
of 0.7.

24 24
i - _ —kt _ _ -5t
Solution Fy= [C[f+ - foe™] dt [ [os+@o-03e™] ar
07 24
=0.3t + —5t:|
—be 0
0.7 0.7
- |02t T | -|o- 23]
0.7 1 1
=7.2+? —elw =7.34 cm
Runoff =P — Fp —E=10-7.34-(0.60 x 0.7)
=2.24 cm
Volume of runoff from the catchment
= 2—24 (1.8 x 10%) = 40320 m3
100 OV m

Example 3.5 (a) In a double ring infiltrometer test, a constant depth of 100 mm was restored
at every time interval the level dropped as given below:

Time (min) 0 5 10 15 25 45 60 75 90 110 130
Depth of water (mm) 100 83 87 90 85 78 8 8 8 80 80

(i) Establish the infiltration equation of the form developed by Horton.

(i) Obtain the equation for cumulative infiltration of the form (a) F = at™ (b) F = at™ + b.
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Solution
Depth to water
Surface (mm)
Time t (min) | Before After Depth of Infiltration Cumulative | f, = 60 mm/hr
filling filling | infiltration rate infiltration f—f, mmihr
d (mm) f:AitXGO F=3d mm
(mm/hr)

0 100 — 0 fo 0 —

5 83 100 17 1?7 x 60 = 204 17 144

10 87 100 13 10-5 * 60 = 156 30 96

10

15 90 100 10 1510 X 60 =120 40 60

25 85 100 15 90 55 30

45 78 100 22 66 77 6

60 85 100 15 60 =f, 92 0

75 85 100 15 60 107 0

90 85 100 15 60 122 0
110 80 100 20 60 142 0
130 80 100 20 60 162 0

(i) (a) Plot on natural graph paper, t vs. f, Fig. 3.11(a)

Horton’s equation f=f, + (f, —f.,) e

Horton’s constant & =

fo = 300 mm/hr, f, = 60 mm/hr

F, = shaded area

50 min

= 6 sq. units x

=50 mm

60 min

x 10 min

fo—f. _ 300-60

F, 50

c

=4.8 hr!

240

=60+ —J&
f + o L8

where fis in mm/hr, ¢ in hr.
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Time t (min) —»

(b) Plot on semi-log paper ‘¢ vs. log (f—£.)’, Fig. (3.11 b).

Infiltration rate f (mm/hr) —»

400

300

200

—h

Natural graph paper

\ f, =300 mm/hr

240

250 Lin hr
e

Horton: f = 60 +

100
A
50 f. = 60 mm/hr
0 Lo | I I I I I I I [ v | I I I
0 10 20 30 40 50 60 70 80 90 100 110 120 130 140
Time t (min) ———»
Fig. 3.11 (a) Horton’s infiltration curve
1 10 100
50 — )
Semi-log paper
40 — N\
A
Slope 27.5 min/60 hr 1
30 — m=— =_
100 kloge
B 275 Logl—omm/hr
min -1
. k=4.8hr
20—
. PP
10— 1 Log-cycle t=0
| f—f,=240="f,—f!
0 L [ R L [ I | I
1 15 2 3 4 6 8 10 20 30 50 70 100 200 ™300 600 1000

(f-1.) (mm/hr) —»
Fig. 3.11 (b) Horton’s infiltration constants (k, f,)

f=t.+ (-1
log (f—f,) =log (fy—f,) — kt loge
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;o Jog(fo 1) log(f—fe)
kloge kloge
i.e., of the form, y = ¢ + mx
1 27.
Slope m = — .2 5/60 k =4.8 hr!
kloge 1
at t=0,f-f,=240=f,~f,
fo = 240 + 60 = 300 mm/hr
240
=60+ —=
RS
(ii) Cumulative infiltration curve
(a) F = at", kostiakov
Plot ‘¢ vs. F” on log-log paper, Fig. 3.11 (c).
log F=loga+nlogt
ie., y = ¢ + mx form, yields a straight line,
when t=1,a=F=5.8
1 10 100 1000
300 300
200 — Log-log paper 200
150 — 150
T 100 100
80 F=58t""+1 80
T 60 60
E s 50
('
c 401 40
2
‘_g 30 — 30
£
£ 20 —20
]
O 15 P ]
10 - — 10
8 . —8
. F=581t=1 I
g/i( =aorab ] g
4 | T Y T L N I T 1 S T A S A I 6 D
1 2 3 5 7 10 15 20 30 40 60 80100 200 400 700 1000
Time t (min) —»
Fig. 3.11(c) Cumulative infiltration plot
F;
also, log =X =n log ;—1

2

2
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i.e.,

)

5.8
Tryb=1,a=T =5.8

say t = 25 min,

also

i.e.,

f

F_(4)
F2 t2

192 _ (100’
27 10
n = 0.69, also from the plot, Fig. 3.11 (¢)
F = 5.8 969
dF
- -0.31
f a7 5.8 x 0.69 ¢
4
f= 031

F=at"+b

£

F,
n = 0.69 = slope from the plot
when t=1, F =ab = 5.8, from the plot, Fig. 3.11 (¢)

f

t

dr
dt
S

0.31

log F =log ab + n log ¢,
_|Aa
=%

>

jﬂ

yields straight line plot, Fig. 3.11 (c)

F=58¢6941

F=58(25%694+1=55mm

= 5.8 x 0.69 #7032

att =25 min, f=148 mm/min or 86 mm/hr

which are very near the observed values; otherwise a second trial value of b is necessary.

3.10 INFILTRATION INDICES

The infiltration curve expresses the rate of infiltration (cm/hr) as a function of time. The area
between the rainfall graph and the infiltration curve represents the rainfall excess, while the
area under the infiltration curve gives the loss of rainfall due to infiltration. The rate of loss is
greatest in the early part of the storm, but it may be rather uniform particularly with wet soil
conditions from antecedent rainfall.

Estimates of runoff volume from large areas are sometimes made by the use of infiltra-
tion indices, which assume a constant average infiltration rate during a storm, although in
actual practice the infiltration will be varying with time. This is also due to different states of
wetness of the soil after the commencement of the rainfall. There are three types of infiltration

indices:



82 HYDROLOGY

(i) ¢-index (z7) W-index (iii) f, -index

() ¢-index—The ¢-index is defined as that rate of rainfall above which the rainfall
volume equals the runoff volume. The ¢-index is relatively simple and all losses due to infiltra-
tion, interception and depression storage (i.e., storage in pits and ponds) are accounted for;
hence,

basin recharge ...(3.14)

-index =
¢-index duration of rainfall

provided i > ¢ throughout the storm. The bar graph showing the time distribution of rainfall,
storm loss and rainfall excess (net rain or storm runoff) is called a hyetograph, Fig. 3.12. Thus,
the ¢-index divides the rainfall into net rain and storm loss.

12—

‘(— Rainfall, P

Runoff, P,

[y
o
I

[e]
I

P — Storm loss = P

b 2. A,

net

Rainfall intensity i (cm/hr)
~ O
I I

N
T
1
I
!
s
1
n |
g !
3 1
2
.
o
(]
(7]

¢-index
| |

o
(<

0 20 40 60 80 100 120 140 160
Time t (min)

Fig. 3.12 Infiltration loss by o¢-index

(1) W-index—The W-index is the average infiltration rate during the time rainfall in-
tensity exceeds the infiltration capacity rate, i.e.,
W-index = Q = P-Q-8 ...(3.15)
tR tR
where P = total rainfall
@ = surface runoff
S = effective surface retention
tp = duration of storm during which i > /)
Fp = total infiltration
The W-index attempts to allow for depression storage, short rainless periods during a
storm and eliminates all rain periods during which i < fp . Thus, the W-index is essentially
equal to the ¢-index minus the average rate of retention by interception and depression storage,
te, W<o.
Information on infiltration can be used to estimate the runoff coefficient C in computing
the surface runoff as a percentage of rainfall i.e.,
®@=CP ...(3.16)
i-w

C= ; ...(3.16 a)

(iii) f,,,-index—In this method, an average infiltration loss is assumed throughout the
storm, for the period ¢ > f.
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Example 3.6 The rates of rainfall for the sucessive 30 min period of a 3-hour storm are:

1.6, 3.6, 5.0, 2.8, 2.2, 1.0 cm/hr. The corresponding surface runoff is estimated to be 3.6 cm.
Establish the ¢-index. Also determine the W-index.

Solution Construct the hyetograph as shown in Fig. 3.13 (a)

Xi-ot=P and thus it follows

net’

[(36—0)+ (50— 0)+ (28— 0) + (22— 0)] % _36
¢ = 1.6 cm/hr

30
P=(16+36+50+28+22+10) ; =81cm
P-Q 81-36

IR
Suppose the same 3-hour storm had a different pattern as shown in Fig. 3.13 (b) produc-
ing the same total rainfall of 8.1 cm. To obtain the same runoff of 3.6 cm (shaded area), the
¢-index can be worked out as 1.82 cm/hr. Hence, it may be seen that a single determination of
¢0-index is of limited value and many such determinations have to be made and averaged,
before the index is used. The determination of ¢-index for a catchment is a trial and error
procedure.

W-index = = 1.5 cm/hr

6~ & Total rain = 8.1 cm 6 b. Total rain = 8.1 cm
5.0 cm/hr 5 cm/hr
51 51
= = 4 <«— Storm pattern
€ 41 36 < 4t different from a
< - /#+—— Runoff = 3.6 cm 5 — Runoff = 3.6 cm
23k 2.8 = 3L
3 3 - ? 3 / 2.5
Q ' c
£ 2f16 % g2k [ 7 //_// 44444
44444444444444444444444 _4_14.64_ - 1
1+ = 1 Loss 0.7 =1.82
W, =15cm/hr Loss ¢cmllh?' _I ¢ cm/hr
0 v I I I I i J 0 I I I I I J
0 30 60 90 120 150 180 0 30 60 90 120 150 180
Time t (min) Time t (min)

Fig. 3.13 ¢-Index computations

3.11 SUPRA RAIN TECHNIQUE

Due to complex conditions antecedent and during the rain, and complex catchment character-
istics, the use of infiltration method is usually limited to small areas with well-established
values of infiltration.

The rainfall in excess of a particular value of ¢-index for the entire pattern of storm
rainfall is called supra rain. Allowance for areal variation of rainfall and f-capacity is made by
dividing into sub areas in the case of large areas. The mean hourly net rains over the whole
catchment can be obtained as

z“‘41 P, net-1

net-mean Tl ...(3.17)
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where A, A,, ... are the sub-areas.

P . 15 Py 9 - are the net rains in the sub areas

X A, = A = total area of the catchment

When a large number of sub-areas are involved the hourly net rains over the whole
catchment can be derived by constructing a supra-rain-curve, in which the supra-rain is plot-
ted against hypothetical values of the ¢-index, Fig. 3.15. The supra-rain-curve thus obtained is
valid only for that particular storm from which it is derived. For other storms, new supra rain
curves must be prepared. The supra-rain technique is illustrated in the following two exam-
ples.

Example 3.7 Hourly rainfalls of 2.5, 6, and 3 cm occur over a 20-ha area consisting 4 ha of
0 =5 cm/hr, 10 ha of ¢ = 3 em/hr, and 6 ha of ¢ = 1 cm/hr. Derive hourly values of net rain.

_ 4(0)+10(0) + 6(25 - 1)

Solution 1st hour: = =0.45 cm
(P =925 cm) net-mean 20
2nd hour: _4(6-5+106-3)+6(6-1 3.20
(P=6cm) net-mean ~ 20 =92 cm
3rd hour: 4(0)+10(0)+6(3—-1)
(P=3cm) Pnet—mean = 20 =0.60 cm

Total net rain for the 3-hour storm = 4.25 em

Example 3.8 The successive hourly rains of a 10-hour storm are: 2.5, 6.3, 10, 12, 8, 5, 3, 1.5, 1
cm. Using the supra-rain-curve technique, determine the total net rain and its time distribu-
tion for a 20-hr area consisting of 4 ha of ¢ = 5 cm/hr, 10 ha of ¢ = 3 cm/hr and 6 ha of
o =1 cm/lhr.

Solution For ¢ = 1 cm/hr, P, (supra-rain) from the hyetograph—Fig. 3.14 is 41 cm. Similarly,
for$=0.5,2,3,4,5,6,7,8,9 and 10 cm, P_, (supra-rain) values are 47, 33.5, 26, 21, 16, 12, 9,
6, 4 and 2 cm, respectively. With these values, the supra-rain-curve is plotted as shown in
Fig. 3.15. The supra-rain for the 20-ha area can be obtained by weighing for the sub-areas as
follows:

Sub-area ¢-index Sub-areal supra-rain A /A Product (3) x (4)
A, (cm/hr) P, (decimal) (cm)
(ha) (cm)
1 2 3 4 5
4 5 16 0.2 3.2
10 3 26 0.5 13.0
6 1 41 0.3 12.3
A =20ha Total net rain
over basin = 28.5 cm

Corresponding to this supra-rain of 28.5 cm, the mean effective ¢-index for the entire 20
ha, from Fig. 3.15, is 2.6 cm/hr. Application of ¢ = 2.6 cm/hr to the values of hourly rainfalls of
the 10-hr storm. Fig. 3.13 gives the values of hourly net rain as 0, 3.4, 0.4, 7.4,9.4,5.4,0.4,0
and 0 cm, respectively, giving a total of 28.8 cm.



WATER LOSSES 85

Now, by working as in example 3.7, the hourly net rains are obtained in Table 3.1, which
also gives a total net rain of 28.80 cm, though the hourly net rains are slightly different from
those obtained from the supra-rain-curve technique. Thus, the supra-rain-curve technique
yields somewhat eroneous values for hourly net rains as compared with those derived by ap-
plying Eq. (3.17), though the total net rain for a given storm is the same by both techniques.
However, this loss in accuracy may be justified by the time saved, especially when a large
number of sub-areas are involved.

16 -

14~

12k 12 cm/hr

10

Rainfall i (cm/hr)
[e¢]
T
o]

3
vy 0=26 cm/hr

0 1 1 1 1 1 1 1 1 1 ¢ =1 cm/hr
0 1 2 3 4 5 6 7 8 9 10* 11

Time t (hr)

Fig. 3.14 Hyetograph (Example 3.8)

50

40

Supra rain curve

w
o
T

N
o
T

Supra rain P, (cm/hr)

o 1 2 3 4 5 6 7 8 9 10 11 12
¢ (cm/hr)

Fig. 3.15 Supra Rain Curve (Example 3.8)
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3.12 WATERSHED LEAKAGE

The rain water after infiltering into the ground may percolate through the subsoil and build
up the ground water table (GWT). This ground water through the water bearing strata may
flow into the adjacent basin or directly into the sea if the water bearing strata outcrops into
the sea. This is called watershed leakage. There may be even accretion of ground water into the
basin from another nearby or remote basin if there is hydraulic interconnection through a
water bearing strata. It is this subsurface, inflow or outflow that poses problem in the water
balance studies of the basin.

3.13 WATER BALANCE

The input items into a basin are essentially precipitation (P) and subsurface inflow (G,) while
the water losses are evaporation (E), evapotranspiration (E,) and subsurface outflow (G,). The
balance goes to recharge ground water (G,), increase the soil moisture (SMA) and as surface
runoff (streamflow, R).

The water balance equation can be written as
P+G =E+E, +G,+SMA+G,+R

A case history of the water balance studies of the Krishna River basin, south India, is as
follows:

Water Balance Study of Krishna River Basin

The Krishna river Basin lies between the latitudes 13° 0’ N and 19° 30" N and longitudes
73°23’ E and 80°30” E, with a drainage area of 258948 km? and total length 1400 km in south
India. The hydrometeorological studies and water balance of the basin was made by
Subramanyam et al. (1980) employing the book keeping technique of Thornthwaite. 60 Sta-
tions were used for studying the rainfall patterns of the basin both on an annual basis and in
different seasons. Estimation of the water losses from the basin by evapotranspiration was
made by using Thornthwaite’s formula* for 21 stations in the basin for which the temperature
data were available. The monthly normal water balance for the whole year for the Krishna
River basin is given in Table 3.2, prepared by using the water balances of individual stations
representative of the different sections of the basin (Fig. 3.16).

The water balance study shows that the water need (1375 mm) is higher than the water
supply by precipitation (1134 mm), though an amount of 182 mm of water is recorded as rain-
fall excess (stream flow plus ground water storage (in underground formations)), on account of
concentration of rainfall from June to October compared to the lower values of water need
during these months.

*Thornthwaite formula: Ept = ct*, mm/month, where ¢ = mean monthly temperature, °C; ¢, a are
constants depending upon the climatic conditions of the area, latitude and the month, for specific crops.
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Fig. 3.16 Water balance of Krishna river basin (after Subramanyam et al. 1980)

Water deficiency (SMD) obtained from the water balance studies indicates the amount
of water needed for supplemental irrigations in agricultural operations, adjustment of crop
calendar (so that harvest will precede drought) and crop rotation to improve the soil structure
and increase the soil moisture storage capacity. Crop yields can increase if the moisture defi-
ciency could be avoided.

Table 3.2 Water balance for Krishna river basin (Fig. 3.16)

E, P E, SMU  SMD SMA

Month (mm) (mm) (mm) =E-P = Ept_El =P- Ept—(R +G,) R+ G,

(mm) (mm) (mm) (mm)
Jan 86 6 45 39 41 — —
Feb 88 4 31 27 57 — —
Mar 118 9 30 21 88 — —

Contd.
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April 167 32 46 14 121 — —
May 155 57 63 6 92 — —
June 152 165 152 — — 13 —
July 90 294 90 — — 178 26
Aug 125 233 125 — — — 108
Sept 114 159 114 — — — 45
Oct 120 123 120 — — — 3
Nov 88 45 84 39 4 — —
Dec 72 7 52 45 20 — —
Total 1375 1134 952 191 423 191 182

Note: Ept = potential evapotranspiration when there is unlimited water in the root zone, i.e., P > Ept.
P = precipitation (mm/month)
E, = actual evapotranspiration (mm/month) limited to the availability of water by precipitation
and soil moisture stored; E, < Ept
SMU = Soil moisture utilisation (mm/month) from storage
SMD = Soil moisture deficit (mm/month) = E,-E,
SMA = Soil moisture accretion (mm/month) when P > Ept
R + G, = Rainfall excess (stream flow + Ground water accretion) (mm/month)

=P- Ept—SMA; after soil recharge = P—E,

QuIZ 1l

I Choose the correct statement/s in the following:
1 The various water losses are
() the subsurface outflow from the basin
(it) evaporation from ground water (when the GWT is very near the ground surface)
(ii1) soil evaporation
(iv) interception by plant leaves and buildings
(v) evaporation from soil and transpiration from plant leaves in an irrigated land
(vi) all the above
2 Interception loss is
(i) more towards the end of a storm
(i) more at the beginning of a storm
(i17) uniform throughout the storm
(iv) high in the beginning of storm and gradually decreases
3 Evaporation from water surface
() is proportional to the deficit of vapour pressure
(i) increases with temperature

(ii1) increases with humidity
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(iv) increases with the exposed area
(v) increases if there is salinity or pollution
(vi) decreases with wind velocity
(vit) increases when a film of acetyl alcohol is spread over the surface
(viiz) is high in arid region
4 Evapotranspiration depends upon

(i) hours of bright sunshine (i) wind speed
(iit) temperature (iv) humidity

(v) type of crop (vi) season of crop
(vii) stage of growth for a given crop (viit) moisture level in the soil
(ix) method of irrigation (x) all the above factors

5 Infiltration occurs at capacity rate

(i) if there had been antecedent rainfall

(i1) if the intensity of rainfall is lower than the capacity rate

(i17) if the intensity of rainfall is higher than the capacity rate

(iv) if the rainfall intensity is equal to the capacity rate

(v) during a first flash storm following summer

(vi) due to watershed leakage

(1. except 1; 2.1, v, 3.1, 11 v, viit ; 4.x; 5. iii, iv, v)

II Match items in ‘A’ with itemts in ‘B’ (more than one item in B may fit)

A B
(i) Evaporation (a) Irrigated Land
(i7) Infiltration rate (b) Plant leaves

(i1i) Evaporation opportunity (¢) Humid day

(iv) Low evaporation (d) ¢-index
(v) Evapotranspiration (e) Soil evaporation
(vi) Transpiration () Rate of entry of rain water into soil

(g) Dalton’s law

(h) Land pan

(i) Float pan

(/) Blaney-Criddle formula
IIT Say ‘true’ or ‘false’; if false, give the correct statement:

() Land pan can be placed directly over the land, in the vicinity of a lake or reservoir, to measure
pan evaporation.

(it) Evaporation is significant in arid regions, while transpiration is significant in humid regions.
(it7) Evaporation is less on a humid day.
(iv) Evapotranspiration is often used synonymously with the consumptive use.
(v) Potential evapotranspiration is the evapotranspiration from a cropped land under limited
water supply to the roots.
(vi) Measurement of transpiration losses can only be made on small laboratory samples.
(vii) The value of ¢-index depends only on the soil and is independent of the storm pattern.
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(viti) For the same storm of the same duration, total rain and runoff (net rain), there may be
different ¢-indices for the different storm patterns (i.e., for different time distribution of rain-
fall).

(ix) Supra-rain-curve technique yields exact values for hourly and total net rains.

(false: i, v, vii, ix)

(QUESTIONS)

1 (a) Explain briefly the evaporation process. What are the factors that influence the process of
evaporation ?

(b) Suggest a method of estimating evaporation from a storage reservoir.
(c) Recommend measures to reduce reservoir evaporation.
2 (a) Evaporation is less on a humid day; why ?

(b) The following were the monthly evaporation data in cm in certain year (Jan.-Dec.) in the
vicinity of a lake:

15.7 14.1 16.9 24.0 27.5 21.4
15.7 16.2 16.2 20.5 15.7 15.4
The water spread area in the lake in the beginning of January was 3.2 km? and at the end of
December 2.6 km?2. Calculate the loss of water in million m?3 due to evaporation in that year.
Assume a pan coefficient of 0.71.

3 (a) Explain the difference among: evaporation, transpiration and evapotranspiration. Bring out
their significance (to a more or less degree) (i) in arid region, and (ii) in humid region.

(b) Is evapotranspiration same as consumptive use? What are the factors, which affect
evapotranspiration ?

4 (a) Can evapotranspiration be estimated from pan evaporation data? Explain.

(b) For a particular place in the month of November, the percentage sunshine hours is 7.2 and
the mean temperature is 18°C. If the consumptive use coefficient for the crop is 0.7 for that
month, find the consumptive use of the crop in mm/day. (2.76 mm/day)

5 (a) Explain any one method of determining the evapotranspiration of a crop. Is it constant for
the entire crop season of that crop? If not, why?

(b) Determine the consumptive use of wheat in the month of December if the pan evaporation for
the month is 8.5 cm. Assume the growing season from November to February and consump-
tive use coefficient at 40% stage growth as 0.52. (1.47 mm/day)

6 (a) Enumerate the various water losses.

(b) What are the factors, which affect infiltration? Explain any one method of determining the
infiltration capacity of a soil surface.

7 (a) Sketch a typical curve of infiltration and give its equation. Explain with a neat sketch how
you can get such a curve for a portion of area of a river basin.

(b) A basin has 1/3 portion rocky, 1/3 portion cultivated and 1/3 portion fallow land. How do you
proceed to determine the net rain (excess rain) for the entire basin?

8 For a given basin, the following are the infiltration capacity rates at various time intervals after
the beginning of the storm. Make a plot of the f-curve and establish an equation of the form

developed by Horton for infiltration curve. Also determine the total rain and the axcess rain
(runoff).
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Time Precipitation Infiltration capacity
(min) (cm/hr) (cm/hr)

1 5.0 4.3
2 5.0 3.9
3 5.0 3.5
4 5.0 3.2
5 6.5 3.0
6 7.5 2.8
8 7.5 2.4
10 7.5 2.2
12 7.5 2.1
14 7.5 2.0
16 2.5 1.9
18 2.5 1.85
20 2.5 1.8
22 2.5 1.8

10

11

12

13

(a) What are the methods available to measure infiltration ?

(b) For a drainage basin having a number of recording raingauges, the precipitation record for
each station and the total runoff from the basin are available for a series of major and minor
storms. Describe clearly how you would determine the minimum infiltration index for the
basin.

The infiltration capacity of an area at different intervals of time is given below. Find an equation
for the infiltration capacity curve in the exponential form:

Time: (hr) 0 0.25 0.5 0.75 1.00 1.25 1.50 1.75 2.00
Infiltration

capacit: 104 5.6 3.2 2.1 1.5 1.2 1.1 1.0 1.0
(cm/hr)

(a) Give the correct statement:

Infiltration is at capacity rates when the rainfall intensity

(i) is less than the infiltration rate of the soil.

(it) is more than the infiltration capacity of the soil.

(b) Differentiate between : infiltration rate and infiltration capacity.

(c) The rate of rainfall for the successive 30 min period of a 3-hour storm are: 1.6, 3.6, 5.0, 2.8,
2.2, 1.0 cm/hr. The corresponding surface runoff is estimated to be 3.6 cm. Establish the
¢-index. Also determine the W-index.

The rates of rainfall for sucessive 30 min period of 210 min storm are: 3.5, 4.0, 12.0, 8.5, 4.5, 4.5
and 3.0 cm/hr. Assuming the ¢-index of 3.5 cm/hr, find out the net rainfall in c¢m, the total rain-

fall and the value of W-index. (8 ecm, 20 cm, 3.43 cm/hr)
The average rainfall over 45 ha of watershed for a particular storm was as follows:
Time (hr): 0 1 2 3 4 5 6 7

Rainfall (cm): 0 0.5 1.0 3.25 2.5 1.5 0.5 0
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The volume of runoff from this storm was determined as 2.25 ha-m. Establish the ¢-index.
(0.81 cm/hr)
14 An infiltration capacity curve prepared for a catchment indicated an initial infiltration capacity
of 2.5 cm/hr and attains a constant value of 0.5 cm/hr after 10 hours of rainfall with the Horton’s
constant £ = 6 day . Determine the total infiltration loss.

15 Determine the runoff from a catchment of area 1.8 km? over which 8 cm of rainfall occurred
during 1-day storm. An infiltration capacity curve prepared indicated an initial infiltration ca-
pacity of 10 mm/hr and attained a constant value of 3 mm/hr after 16 hours of rainfall, with the
Horton’s constant 2 = 5 hr1. A floating pan installed in the catchment indicated a decrease of 6
mm in water level on that day.

16 Successive hourly rainfalls of 1.5, 5 and 3 cm occur over a 25 ha area consisting of 5 ha of ¢ = 4
cm/hr, 12 ha of ¢ = 3 cm/hr and 8 ha of ¢ = 1 em/hr. Derive the net rain in the sucessive hours.

(0.16, 2.44, 0.64 cm)

17 A 3-hour storm occurs over a 60 km? area. From the following data, determine the net storm rain

for the whole area and its hourly distribution.

Sub-area o—-index Hourly rain (cm)
2
(k) (cm/hr) Ist hr 2nd hr 3rd hr
15 2.0 1.5 5.0 1.0
20 3.2 1.5 5.0 1.0
25 1.2 1.6 5.5 1.5

(3.436 cm ; 0.17, 3.141, 0.125 cm)

18 The successive hourly rains of a 8-hour storm are: 1.5, 5, 2.6, 8, 10, 6, 3, 1 cm. Using the supra-
rain-curve technique, determine the net rain in successive hours and the total rain for a 30 ha
area consisting of 6 ha of ¢ = 3 cm/hr, 16 ha of ¢ = 2 em/hr and 8 ha of ¢ = 1 cm/hr.

19 Write short notes on:

(i) Pan coefficient (i) ¢-index
(ii1) Evaporation opportunity (iv) Supra rain
(v) Lysimeters (vi) Phytometers
(vii) Soil evaporation (viit) Water shed leakage

(ix) Dalton’s law of evaporation
20 Distinguish between
(i) ¢-index and W-index (ii) Land pan and Infiltrometer
(i17) Infiltration capacity and Infiltration rate
(iv) Evaporation and Transpiration (v) Phytometer and Lysimeter
21 The following are the data obtained in an infiltration test.
(i) Make a plot of f-curve and establish an equation of the form developed by Horton.

(i1) Plot the cumulative infiltration curve (i.e., cumulative infiltration Fp vs. time ¢) and obtain
its equation of the form Fp = at* + b,where a, b and o are constant.

[Hint Plot Fp (em) vs. t (min), with ¢ on x-axis, on log-log paper]
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Double Ring Infiltrometer Tests Results
Elapsed time Reading to water surface
(min) Before filling After filling
(ecm) (cm)
0 — 10
5 8.3 10
10 8.7 10
15 9.0 10
25 8.5 10
45 7.8 10
60 8.5 10
75 8.5 10
90 8.5 10
110 8.0 10
130 8.0 10
Ans. f —6+— 2 R _057:97 106
> lem/hr exp (6;,) > I'p - :

22 The following are the data for the first crop of rise (kuruvai) in the Cauvery delta at Thanjavur,

south India.

Growing season: June 16 to Oct. 15

Month Mean Sunshine Consumptive Effective
temp. hours use coeffi- rainfall
(°C) (%) cient (cm)
June 31.0 8.60 1.15 9.2
July 30.8 8.82 1.30 10.2
Aug. 30.0 8.75 1.25 11.4
Sept. 29.5 8.26 1.10 9.4
Oct. 28.1 8.33 0.90 3.5

Determine: (a) peak consumptive use in mm/day

(b) seasonal consumptive use

(c) the total irrigation requirement assuming an irrigation efficiency of 70%
(Ans. 8.25 mm, 88.2 cm, 72.6 cm)

23 Hourly rainfalls of three storms given below yield runoff of 14, 23 and 18.5 mm, respectively.
Determine the ¢-index for the catchment:

Hour
Storm-1 (mm)
Storm-2 (mm)

Storm-3 (mm)

1

3
4
2

2

8
9
6

11
15

4
4
12
10

5 6
12 3
5
5 4 [4.1 mm]
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24.

25.

A constant water level of 110 mm is maintained in an infiltration ring test by adding water
frequently as it drops down as:

Time (min) 0 5 10 15 25 45 60 75 90 110 130
since start:

Water level: 110 93 100 101 95 88 95 95 95 90 90
(mm)

Develop an infiltration equation of the Horton’s type. Draw the infiltration capacity and cumula-
tive infiltration curves. [f = 60 + 180 %, mm/hr]
A 1% hr storm of intensity 25 mm/hr occurs over a basin for which the Horton’s equation is

established as f = 6 + 16 e 2. Determine the depth of infiltration in the first 45 min and the
average infiltration rate for the first 75 min. Is it the same as W-index ?

(Ans. 10.7 mm, 12 mm/hr; yes = > /)

ave

¢ F
Note. F = J;) fde,f,. = e if i > f throughout the duration of storm, f, = W..



Chapter 4

RUNOFF

4.1 COMPONENTS OF STREAM FLOW

When a storm occurs, a portion of rainfall infiltrates into the ground and some portion
may evaporate. The rest flows as a thin sheet of water over the land surface which is termed as
overland flow. If there is a relatively impermeable stratum in the subsoil, the infiltrating
water moves laterally in the surface soil and joins the stream flow, which is termed as underflow
(subsurface flow) or interflow, Fig. 4.1. If there is no impeding layer in the subsoil the infiltrat-
ing water percolates into the ground as deep seepage and builds up the ground water table
(GWT or phreatic surface). The ground water may also contribute to the stream flow, if the
GWT is higher than the water surface level of the stream, creating a hydraulic gradient to-
wards the stream. Low soil permeability favours overland flow. While all the three types of
flow contribute to the stream flow, it is the overland flow, which reaches first the stream
channel, the interflow being slower reaches after a few hours and the ground water flow being
the slowest reaches the stream channel after some days. The term direct runoff is used to
include the overland flow and the interflow. If the snow melt contributes to the stream flow it
can be included with the direct runoff (from rainfall).

[LLL

Precipitation, P

¢ ¢ Interception

loss

S = Surface detention
= Sheet of water

Infiltration

444444444444 - v ] Direct surface G.S.
ATY. runoff @ & @

Impeding layer AN

Fig. 4.1 Disposal of rain water

96
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Direct surface flow can be analysed for relatively large drainage areas by the unit
hydrograph method and for smaller areas by overland flow analysis. The direct runoff results
from the occurrence of an immediately preceding storm while the ground water contribution,
which takes days or months to reach the stream, in all probability has no direct relation with
the immediately preceding storm. The ground water flow into the stream would have contin-
ued even if there had been no storm immediately preceding. It is for this reason it is termed as
base flow in hydrograph analysis.

When the overland flow starts (due to a storm) some flowing water is held in puddles,
pits and small ponds; this water stored is called depression storage. The volume of water in
transit in the overland flow which has not yet reached the stream channel is called surface
detention or detention storage. The portion of runoff in a rising flood in a stream, which is
absorbed by the permeable boundaries of the stream above the normal phreatic surface is
called bank storage, Fig. 4.2.

GS _

% River or stream /f
l High water level

4 v 9 Storage in permeable

Bank /.0, TTTEEEETTTT banks during floods
storage

Fig. 4.2 Bank storage

4.2 CATCHMENT CHARACTERISTICS

The entire area of a river basin whose surface runoff (due to a storm) drains into the river in
the basin is considered as a hydrologic unit and is called drainage basin, watershed or catchment
area of the river flowing (Fig. 4.3). The boundary line, along a topographic ridge, separating

Water shed, or
~drainage basin, or } A=L,x W,
Basin catchment area
bou_nc_jam A =nr
or divide .

MP
Discharge
site

Q (cumec)

Remote ¥ __| el
fringe of .
catchment AN e L Equivalent circzular area

Sl -7 A=nr
Circumference = 24/7A

Fig. 4.3 Drainage basin characteristics
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two adjacent drainage basins is called drainage divide. The single point or location at which all
surface drainage from a basin comes together or concentrates as outflow from the basin in the
stream channel is called concentration point or measuring point, since the stream outflow is
usually measured at this point. The time required for the rain falling at the most distant point
in a drainage area (i.e., on the fringe of the catchment) to reach the concentration point is
called the concentration time. This is a very significant variable since only such storms of
duration greater than the time of concentration will be able to produce runoff from the entire
catchment area and cause high intensity floods.

The characteristics of the drainage net may be physically described by:

(z) the number of streams (t7) the length of streams

(ii1) stream density (iv) drainage density

The stream density of a drainage basin is expressed as the number of streams per square
kilometre.

N

stream density, D = AS ..(4.1)

where N, =number of streams
A = area of the basin
Drainage density is expressed as the total length of all stream channels (perennial and
intermittent) per unit area of the basin and serves as an index of the areal channel develop-
ment of the basin

S

Drainage density, D, = A ...(4.2)

where L, = total length of all stream channels in the basin.

Drainage density varies inversely as the length of overland flow and indicates the drain-
age effeciency of the basin. A high value indicates a well-developed network and torrential
runoff causing intense floods while a low value indicates moderate runoff and high permeabil-
ity of the terrain.

total fall of the longest water course

A lope =
verage stream slope length of the longest water course

Horton has suggested a method of determining the slope of large drainage areas, i.e.,
the area is subdivided into a number of square grids of equal size. The number of contours
crossed by each subdividing line is counted and the lengths of the grid lines are scaled. Then
the slope of the basin is given by

15(CI) N,
== ...(4.3)
where S = slope of the basin
CI = contour interval
N, = number of contours crossed by all the subdividing lines

¥ L = total length of the subdividing lines

The boundary line along a topographic ridge, separating two adjacent drainage basins
is called the drainage divide. The line of the ground water table from which the water table
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slopes downward away from the line on both sides, is called the ground water divide. The
shape of a drainage basin can generally be expressed by:

() form factor (ii) compactness coefficient

Form factor, Ff= % = AQ ...(4.4)
L, L,
A=W,.L,

where W, = axial width of basin
L, = axial length of basin, i.e., the distance from the measuring point (MP) to the most
remote point on the basin.

b
C t fficient, C = ..(4.5
ompactness coefficient, C, = > TrA )

where P, = perimeter of the basin
2./mA = circumference of circular area, which equals the area of the basin.
If R is the radius of an equivalent circular area,

A = nR?, R=.[|=
T

A
Circumference of the equivalent circular area = 2nR = 27 \/: = 2.TA

The compactness coefficient is independent of the the size of the catchment and is de-
pendent only on the slope.

A fan-shaped catchment produces greater flood intensity since all the tributaries are
nearly of the same length and hence the time of concentration is nearly the same and is less,
whereas in the fern-shaped catchments, the time of concentration is more and the discharge is
distributed over a long period (Fig. 4.4).

Remote fringe
of catchment

Less concentration time

causes intense floods More concentration

7 Discharge time
Qv site 1 Discharge
Qv site
(a) Fan shaped (b) Fern (leaf) shaped

Fig. 4.4 Fan-and fern-shaped catchments
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Schumm S.A. (1956) used an ‘elongation ratio (E,), defined as the ratio of the diameter
of a circle of the same area as the basin to the maximum basin length; the values range from
0.4 to 1.0.

Miller V.C. (1953) used a dimensionless ‘circularity ratio (C,)’, defined as the ratio of the
basin area to the area of a circle having the same perimeter as the basin; the values range from
0.2 t0 0.8.

The drainage basin characteristics influence the time lag of the unit hydrograph and
peak flow (Taylor and Scwartz, 1952).

Example 4.1 The contour map of a basin is subdivided into a number of square grids of equal
size by drawing horizontal and vertical lines as shown in Fig. P4.1. The contour interval is
25 m.

Q&
Vert. grid Q)QQ /\66\ @
lines —&A|__<__ o) & L
g /"/ \/‘(\ o o2 (,)QQ &
) T e &
< g o
¥

7 i

Horz. ~ \/\

grid Iines\w I} / :,
Contour —p

intersection\S/‘\A / ( ™ ] X

1 _ -

\\\\L al \\

Basin boundary\j///q \\/i\"/

Contour =

lines

Fig. P4.1 Horton’s grid for basin slope

The number of contour intersections by vertical lines is 75 and by horizontal lines 126.
The total length of the vertical grid segments (after multiplying by the scale) is 53260 m and of
the horizontal grid segments 556250 m. Determine the mean slope of the basin.
Solution Slope in the vertical direction
_N.xC.I. 75x25

S, Sv " 53260 - 0.0352 m/m
Slope in the horizontal direction
N, xC.I. 126x25
S, = X = 55250 = 0.0570 m/m

Mean slope of the basin
S, +S, 0.0352+0.0570
2 2
Also, from the Hortons equation,
15(C.I) N, 1.5x25(75+126)
- XL (53260+55250)

Example 4.2 A basin has an area of 26560 km?, perimeter 965 km and length of the thalweg
230 km. Determine: (i) form factor, (ii) compactness coefficient, (iii) elongation ratio, and (iv)
circularity ratio.

S = = 0.0461 m/m or 4.61%

= 0.0695 or 6.95%
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An inverted factor will give 2
(ii) Compactness Coefficient C,
Radius R of an equivalent circular area is given by

26560 = tR? - R=919km
P, 965
=t =2
= ok 2mo19) - %7
2R _2(919)

(iii) Elongation ratio E = L, " 230

(iv) Circularity ratio C,
Radius R’ of a circle of an equivalent perimeter as the basin is given by
2nR’ = 965 R’ =153.5 km
A 26560
"7 nR? m(1535)2

C =0.358

4.3 MEAN AND MEDIAN ELEVATION

The mean elevation is determined as the weighted average of elevations between two adjacent
contours.

The mean elevation of a drainage basin is given by
Xa; 2
z,=——
b7 Xa,

where  z, = mean elevation of the drainage basin

...(4.6)

a,,a, = areas between the successive contours of the basin
2, 2, = mean elevations between the two successive contours
X a, = A = area of the basin

800 T T T T T T T 1

700 N.oyyil river basin_
Coimbatore, S-India

600 -

500 - Area-elevn. curve

Mean EI. 358 m

€ 400t -
§ 350m ___ o TO .
g 3001 !
o i
Y200 A
1
1

100+ i —
1

0 I I I [ G I I

1
0O 10 20 30 40 50 60 70 80 90 100
(%) Area above various elevations

Fig. 4.5 Hypsometric curve (Example 4.2)
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The median elevation is the elevation at 50% area of the catchment and is determined
from the area-elevation curve. The area elevation curve is obtained by plotting the contour
elevation against area or percent of area, above or below that elevation, Fig. 4.5. The area-
elevation curve is also called the hypsometric curve for the basin and is illustrated in the
following example.

Example 4.3 The areas between different contour elevations for the Noyyil River basin,
Coimbatore (south India) are given below. Determine the mean and the median elevation for
the basin.

Contour elevations Area between contours
(m) (km?)
< 225 181
225-300 723
300-375 1144
375-450 814
450-525 216
525-600 46
>600 140
Solution
Table 4.1 Computation of mean elevation of basin.
Mean elevation Area Product Mean
Contour between between a,z, elevation
elevation contours, z, contours, a, 2) x (3)
(m) (m) (km?) (km?-m) (m)
1 2 3 4 5
<225 200 181 36200
>
225-300 262.5 723 190000 L = —1F1
Ya,
300-375 337.5 1144 386000
375-450 412.5 814 335500 = 1169940
i : 3264
450-525 487.5 216 105400 =358 m
525-600 562.5 46 25840
>600 650 140 91000
3264 1169940
=Xa; =A =Xa,z,
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Table 4.2 Computation of median elevation of basin.

Contour Area between Percentage of % of total area
elevations contours, a, total area over given

(m) (km?) (%) lower limit

<225 181 5.5 100.0
225-300 723 22.1 94.5
300-375 1144 35.1 72.4
375-450 814 25.0 37.3
450-525 216 6.6 12.3
525-600 46 1.4 5.7

<600 140 4.3 4.3

A = 3264

The hypsometric curve is obtained by plotting the contour elevation (lower limit) against
the corresponding percent of total area, Fig. 4.5; the median elevation for 50% of total area is
read from the curve as 350 m, while the mean elevation is 358 m (Table 4.1).

4.4 CLASSIFICATION OF STREAMS

Streams may be classified as:

() Influent and Effluent streams

(ii) Intermittent and perennial streams

(@) Influent and Effluent streams. If the GWT is below the bed of the stream, the seep-
age from the stream feeds the ground-water resulting in the build up of water mound (Fig. 4.6).
Such streams are called influent streams. Irrigation channels function as influent streams and
many rivers which cross desert areas do so. Such streams will dry up completely in rainless
period and are called ephemeral streams. The ephemeral streams, generally seen in arid re-
gions, which flow only for a few hours after the rainfall, are of no use for conventional
hydropower. However, they can occasionally be used in pure pumped storage schemes, where
the actual consumption of water is only marginal.

Stream feeds ground water

- r High water level M

GWT

Fig. 4.6 Influent streams



104 HYDROLOGY

When the GWT is above water surface elevation in the stream, the ground water feeds
the stream, Fig. 4.7. Such streams are called effluent streams. The base flow of surface streams
is the effluent seepage from the drainage basin. Most of the perennial streams are mainly

effluent streams.
W Bank-storage
High WaterW
G%‘ A G W.T.
-=:
TN Qv FLOW water Ievet&’/y—

Ground water flow AR I Ground water feeds

the stream (Base flow)

Fig. 4.7 Effluent streams

(ii) Intermittent and perennial streams. If the GWT lies above the bed of the stream
during the wet season but drops below the bed during the dry season, the stream flows during
wet season (due to surface runoff and ground water contribution) but becomes dry during dry
seasons. Such streams are called intermittent streams.

While in the case of perennial streams, even in the most severe droughts, the GWT
never drops below the bed of the stream and therefore they flow throughout the year. For
power development a perennial stream is the best; power can also be generated from intermit-
tent streams by providing adequate storage facilities.

4.5 ISOCHRONES

The lines joining all points in a basin of some key time elements in a storm, such as
beginning of precipitation, are called isochrones (Fig. 4.8). They are the time contours and
represent lines of equal travel time and they are helpful in deriving hydrographs.

, 23.00 hr /22.00 hr +—5—

Direction of
storm movement

, 21.00 hr

, 20.00 hr

Fig. 4.8 Isochrones

4.6 FACTORS AFFECTING RUNOFF

The various factors, which affect the runoff from a drainage basin depend upon the
following characteristics:
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Type or nature of storm and
season

Intensity

Duration

Areal extent (distribution)
Frequency

Antecedent precipitation
Direction of storm movement

(i) Storm characteristics

Temperature
Humidity

Wind velocity,
Pressure variation

(ii) Meteorological characteristics

Size

Shape

Slope

Altitude (elevation)
Topography

(1ii) Basin characteristics Geology (type of soil)
Land use /vegetation
Orientation

Type of drainage net
Proximity to ocean and mountain
ranges

Depressions

Pools and ponds/lakes

Stream

Channels

(iv) Storage characteristics Check dams (in gullies)

Upstream reservoir /or tanks

Flood plains, swamps

Ground water storage in pervious
deposits (aquifers)

Low intensity storms over longer spells contribute to ground water storage and produce
relatively less runoff. A high intensity storm or smaller area covered by it increases the runoff
since the losses like infiltration and evaporation are less. If there is a succession of storms, the
runoff will increase due to initial wetness of the soil due to antecedent rainfall. Rain during
summer season will produce less runoff, while that during winter will produce more.

Greater humidity decreases evaporation. The pressure distribution in the atmosphere
helps the movement of storms. Snow storage and specially the frozen ground greatly increase
the runoff.

Peak runoff (if expressed as cumec/km?) decreases as the catchment area increases due
to higher time of concentration. A fan-shaped catchment produces greater flood intensity than
a fern-shaped catchment.

Steep rocky catchments with less vegetation will produce more runoff compared to flat
tracts with more vegetations. If the vegetation is thick greater is the absorption of water, so
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less runoff. If the direction of the storm producing rain is down the stream receiving the sur-
face flow, it will produce greater flood discharge than when it is up the stream. If the catch-
ment is located on the orographic side (windward side) of the mountains, it receives greater
precipitation and hence gives a greater runoff. If it is on the leeward side, it gets less precipi-
tation and so less runoff. Similarly, catchments located at higher altitude will receive more
precipitation and yield greater runoff. The land use pattern—arable land, grass land, forest or
cultivated area, greately affect runoff.

The storage in channels and depressions (valley storage) will reduce the flood magni-
tude. Upstream reservoirs, lakes and tanks will moderate the flood magnitudes due to their
storage effects. For drainage basins having previous deposits, large ground water storage may
be created, which may also contribute to the stream flow in the form of delayed runoff.

4.7 ESTIMATION OF RUNOFF

Runoff is that balance of rain water, which flows or runs over the natural ground surface after
losses by evaporation, interception and infiltration.

The yield of a catchment (usually means annual yield) is the net quantity of water
available for storage, after all losses, for the purposes of water resources utilisation and plan-
ning, like irrigation, water supply, etc.

Maximum flood discharge. It is the discharge in times of flooding of the catchment area,
i.e., when the intensity of rainfall is greatest and the condition of the catchment regarding
humidity is also favourable for an appreciable runoff.

Runoff Estimation
The runoff from rainfall may be estimated by the following methods:
(i) Empirical formulae, curves and tables
(i) Infiltration method
(zi1) Rational method
(tv) Overland flow hydrograph
(v) Unit hydrograph method
(vi) Coaxial Graphical Correlation and API (See art. 13.4 and Ex. 13.3 in Chapter 13)
The above methods are discussed as follows :

(i) Empirical formulae, curves and tables. Several empirical formulae, curves and tables
relating to the rainfall and runoff have been developed as follows:
Usually, R=aP+5b ..(4.7)
sometimes, R=aP" ...(4.8)
where R = runoff, P = rainfall, a, b, and n, are constants. Eq. (4.7) gives a straight line plot on
natural graph paper while Eq. (4.8) gives an exponential curve on natural graph paper, Fig. 4.9 a
and a straight line plot on log-log paper Fig. 4.9 b; the constants can be obtained from the
straight line plots as shown in Fig. 4.9. Also see Chapter 13, and Ex. 13.4 with Computer
Program—~C.
For example, C.C. Inglis’ formula for Bombay—Deccan catchments (Ghat areas)

R =0.85P + 30.5 ...(4.9)
(P-178)P

and for plains R= ~omd ...(4.10)
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Fig. 4.9 Rainfall-Runoff correlation
Lacey’s formula for Indo-Gangetic plain
R P (4.11)
- 3048 (F e
1+ 522
P \S

where F'is a monsoon duration factor varying between 0.5 to 1.5 and S is the catchment factor
depending upon the slope and varies from 0.25 for flat areas to 3.45 for hilly areas

A.N. Khosla’s formula for north India

T

R=P—ﬁ ...(4.12)
Formulae for some of the drainage basins in India:
Ganga basin R =2.14 p064 ...(4.13)
Yamuna basin (Delhi) R=0.14 P11 ..(4.14)
Rihand basin (U.P.) R=P—1.17 P08 ...(4.15)
Chambal basin (Rajasthan) R = 120P — 4945 ...(4.16)
Tawa basin (M.P.) R =90.5P — 4800 ..(4.17)
Tapti basin (Gujarat) R = 435P — 17200 ...(4.18)

In the above formulae, R is the average annual runoff in ¢cm, P is the average annual
rainfall in cm, T is the mean annual temperature in °C for the entire drainage basin.

In addition to the above, several investigators have presented the rainfall-runoff rela-
tionships in the form of curves and tables such as

(a) Binnie’s percentages (tables) for catchments in Madhya Pradesh
(b) Strange’s curves and tables for Bombay-Deccan catchments
(c) Barlow’s tables for runoff coefficients in UP

Reference may be made to some of the Indian irrigation text-books, for the details and
utility of the above curves and tables.
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The yield of a catchment can be simply worked out by taking about 75 to 80% of the
a.a.r. and assuming a suitable runoff coefficient.

The rainfall of an average bad year = % to 3 of the a.a.r., which may be taken for runoff

computation. Further improvement over the a.a.r. is the dependable rainfall. The available
annual rainfall records for about 35 years are arranged in the descending order and the rainfall
of 75% dependability, i.e., of the 27th year from the top is taken for runoff computation.*
Several empirical formulae have also been developed for estimating the maximum rate
of runoff or Maximum Flood Discharge (MFQ) and these are given under Chapter—8 on Floods.
(ii) Infiltration Method. By deducting the infiltration loss, i.e., the area under the infil-
tration curve, from the total precipitation or by the use of infiltration indices, which are al-
ready discussed. These methods are largely empirical and the derived values are applicable
only when the rainfall characteristics and the initial soil moisture conditions are identical to
those for which these are derived.
(iii) Rational Method. A rational approach is to obtain the yield of a catchment by as-
suming a suitable runoff coefficient.
Yield = CAP ...(4.19)
where A = area of catchment
P = precipitation
C = runoff coefficient
The value of the runoff coefficient C varies depending upon the soil type, vegetation
geology etc. and the following Table 4.3 given by Richards may be taken as a guide.

Table 4.3 Runoff coefficients for various types of catchments

Type of catchment Value of C
Rocky and impermeable 0.8-1.0
Slightly permeable, bare 0.6-0.8
Cultivated or covered with vegetation 0.4-0.6
Cultivated absorbent soil 0.3-0.4
Sandy soil 0.2-0.3
Heavy forest 0.1-0.2

In the rational method, the drainage area is divided into a number of sub-areas and
with the known times of concentration for different subareas the runoff contribution from
each area is determined. The choice of the value of the runoff coefficient C for the different
sub-areas is an important factor in the runoff computation by this method. This method of
dividing the area into different zones by drawing lines of time contour, i.e., isochrones, is
illustrated in the following example.

*Frequency F' = % x 100 .. 75% = % x 100 .. m=27
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Example 4.3 A 4-hour rain of average intensity 1 cm/hr falls over the fern leaf type catchment
as shown in Fig. 4.10. The time of concentration from the lines AA, BB, CC and DD are 1, 2, 3
and 4 hours, respectively, to the site 0 where the discharge measurements are made. The values
of the runoff coefficient C are 0.5, 0.6, and 0.7 for the 1st, 2nd and 3rd hours of rainfail respec-
tively and attains a constant value of 0.8 after 3 hours. Determine the discharge at site 0.

Basin o Isochrones
boundary —-7‘/._\ L Catchment

Qr f o~ area

I . I S~

= [ [ ~._ <
< |' e y < FAEN
: 1] 1N S
: .I_IP AU I t II "E T Q
1 : 50ha '~ 30ha o 1 o~

i 40 ha ! | T ;

,‘ ' \ R 20 ha 0
\ \ \ (e /

\ \ \ \ ’

\ \ \ \ V)

[aly ‘\ \\ \\ z

N \ \ \ -7
N \ \ L S -
< \ N -
S el A= > <
. 0

Discharge
site

Fig. 4.10 Time of concentration method of runoff computation (Example 4.3)

Solution The discharge computations are made in Table 4.4.

Example 4.4 The following data are collected for a proposed tank in the Deccan plains of south

India:
Catchment area = 1200 ha
a.a.r. =90 cm
Intensity of rainfall of duration 1 hr
and frequency 35 years =5 cmlhr
Average runoff cofficient for the
whole catchment =20%

Tank gets filled =1 é times in a year

Difference between the maximum

water level (MWL) and full tank
level (FTL)

Determine
(a) the yield of the catchment and the capacity of the tank
(b) the area of rice crop that can be irrigated from the tank

=0.6m

(c) the duties of water assumed and the discharge at the head to the distributary

(d) the length of clear overfall weir near one flank.

Solution A.A.R. is available only in 50% of the years. To ensure filler of the tank in deficient

years dependable rainfall = 75% of a.a.r.
=0.75x 90 = 67.5 cm or 0.675 m.

Corresponding to this rain (P) of 75% dependability, the runoff (R) can be found from

Eq. (4.10).
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R (P-178)P _ (675-17.8)675
254 254
Since the runoff coefficient C = 20% (given)

R=CP=0.20 x 67.5=13.5 cm
which compares well with the value obtained above by applying the empirical formula for the
region.

Yield from the catchment = CAP = 0.2 x 1200 x 0.675 = 162 ha-m
Since the tank gets filled 11 times in a year,
162

Capacity of the tank = 15 - 108 ha-m

(b) Assuming loss of water due to evaporation and seepage as 10% in the tank and 20%
in the distributary

Water available at the field outlet = 162 (1 — 0.3) = 113.4 ha-m

For rice crop assuming U = 88 cm, crop period B = 120 days

U _ss8
Nirrgn 0.7
=126 cm or 1.26 m = 1.26 ha-m/ha

Area of rice crop that can be irrigated

=13.2 cm

Field irrigation requirement A =

1 —
(c) Tank duty =

196 - 0.555 ha/ha-m of annual storage (i.e., yield)

(1-0.3) 10% m?
1.26 x 10* m?/ha

Note: 162 x 0.555 = 90 ha
Flow duty (D) as ha/cumec on field can be obtained from equal volumes

For 1 Mm3: = 55.5 ha/Mm? of annual storage

3
1™ (B days x 86400 sec) = (D x 10* m?) Am
sec

8.64 B 8.64 x 120 days
A 1.26 m

D= = 823 ha/cumec

90
Discharge at field outlet = 823 = 0.1093 cumec

Discharge at the head of the distributary, i.e., tank outlet

= 0.1093/0.80 = 0.137 cumec = 137 lps
(d) Length of the clear overfall weir (L):
Using the rational formula for the maximum rate of runoff

Q=CiA=0.2
Weir formula is @ = CLH??

5
5 o
100 (60 x 60) (1200 x10) = 33.3 cumec
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Head over the weir H = MWL — FTL = 0.6 m, L = length of the weir
Assuming a weir coefficient C of 1.84, the weir formula becomes
33.3=1.84 L (0.6)%2

- L=39m

Note. This example helps to distinguish between the hydrologic design and the hydraulic design.
The hydrologic design consists of arriving at the minimum rate of runoff (yield) and maximum rate of
runoff (flood) from a catchment, while the hydraulic design helps to design the storage capacity of the
tank, the tank outlet, the outlet on the field, the design of the distributary (as open channel) and the
length of the clear overfall weir and other apurtenances (from the principles of hydraulic engineering).
Similarly hydrologic studies are made to arrive at the design flood for a spillway or bridge, and the
hydraulic design consists of computing the length of spillway (for a desired head over the spillway) or
calculating HFL, afflux and lineal water way for bridge openings, etc.

(iv) Overland Flow Hydrograph. Overland flow occurs as a thin sheet of water over the
ground surface (soon after a storm starts), joins a stream channel, and then flows in the chan-
nel to the concentration point. Overland flow is relatively slow and is the dominant type of
flow in the case of very small areas such as air ports, municipal block areas and flow from
broad surfaces into storm drains and gutters. But in the case of large drainage areas, the
length of overland flow is so short in comparison with the channel flow distance (before reaching
the concentration point) that the total concentration time is mainly a function of channel velocity.

Overland flow is essentially a uniform flow over the surface (Fig. 4.11) as developed by

C.F. Izzard (1948). The Reynolds number
Vd q

R=—=2 ..(4.20)
\% \%

where V = velocity of flow
d = uniform depth of flow
v = kinematic viscosity of water
q = discharge per unit width

*
/O'Oe
\ ZFg=0 per unitwidth

P,—P,+wsinoa -1, (Ax.1) =0

Fig. 4.11 Laminar overland flow analysis (after C.F. Izzard, 1948)
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Experiments indicate that the overland flow can be assumed to be laminar if B, < 1000
and turbulent if R, > 1000 with a transition region of uncertainity in the vicinity of R, = 1000.
Izzard suggested that for rectangular drainage areas, laminar flow can be assumed if the

product i, x [ + 400, where i_ is the net rainfall in cm/hr and [ is the length of overland flow
in metres. Finite difference methods, based upon the method of characteristics have also been
used to develop overland flow hydrographs.

(v) Unit Hydrograph Method. The hydrograph of direct surface discharge measured at
the outlet of drainage area, which produces a unit depth of direct runoff (i.e., a P_ of 1 cm over
the entire area of the catchment) resulting from a unit storm of specified duration (called unit
period) is called a unit hydrograph of that duration. The unit hydrograph method was first
proposed by L.K. Sherman in 1932. The area under the hydrograph represents a direct runoff
of 1 cm, Fig. 4.12.

%‘E t, = duration of storm (i = 1/t, cm/hr)
g5 cg of P, o
i=Tg P et = Net storm rain of 1 cm
{1 Time t (hn)—»
I
[
t1 | Basinlag (hr)
11
> <2_ | ¢ ! Ly Peak, Q,,
(Y I
T[o
n i
£ | flection point
£ — Inflection poin
g time of
=g concentration Unit hydrograph
s «
[8]
2
a
Area under the
curve = runoff
volume of 1-cm depth
over catchment
(0]

fe— T. »|

Runoff duration (hr)
Time t (hr) —»

Fig. 4.12 Unit hydrograph

The theory of unit hydrograph is based on the following assumptions:
(i) The net rainfall is of uniform intensity within its duration (i.e., unit period).
(i) The net rainfall uniformly occurs over the entire area of the drainage basin.

(ii) For a given drainage basin, the base period of the hydrographs of direct runoff cor-
responding to net rains of different intensities but same unit duration, is constant.

(iv) The ordinates of direct runoff hydrographs due to net rains of different intensities
(but same unit duration) are proportional.

(v) A unit hydrograph reflects all the physical characteristicts of the basin.
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Application of the Unit Hydrograph. First a unit hydrograph of suitable unit duration is
derived from an observed flood hydrograph for the drainage basin due to a known storm (storm
loss and net rain). The unit hydrograph so derived can be applied for any other storm (of the
same duration but producing different net rain) occurring on the basin and the resulting flood
hydrographs can be obtained.

The details of the derivation of unit hydrographs and their application, given a unit
hydrograph of one duration to derive a unit hydrograph of some other duration, and derivation
of unit hydrographs for meteorologically homogeneous catchments (i.e., from basin
characteristics like shape, size, slope etc. when the stream-outflows are not gauged) are given
in Chapter—5.

Example 4.5 A small watershed consists of 1.5 km? of cultivated area (c = 0.2), 2.5 km? under
forest (¢ = 0.1) and 1 km? under grass cover (c = 0.35). There is a fall of 20 m in a watercourse of

t+12)%°°
Estimate the peak rate of runoff for a 25-year frequency.

length 2 km. The I-D-F relation for the area is given by I = Iin cm/hr, T-yr, t-min.

Solution Time of concentration (Kirpich’s formula—modified)
t,~0.02 L%8 S04 ¢ in min, L in metres

90 04
= 0.02 (2000)°8 () =55 min =¢

2000
80 x 25%2
= 7(55+ 1205 = 18.6 cm/hr
Q=CIA=2781(XC;A)=2.78x18.6(1.5x0.2+25x0.1+1x0.35)
= 46.5 Cumec

I Match the items in ‘A’ with the items in ‘B’

A B
(i) Isochrone (a) C.F. Izzard
(i) Runoff coefficient (b) Topographic ridge
(iit) Unit hydrograph (c) Arid region
(iv) Compactness coefficient (d) Perennial streams
(v) Effluent streams (e) Shape of drainage basin
(vi) Ephemeral streams () 1 cm of runoff
(vii) Drainage divide (g) Yield of catchment
(viii) Overland flow hydrograph (h) Time-contours of commencement of storm

II Say ‘true’ or ‘false’ if false, give the correct statement.
(1) Direct runoff is the sum of overland flow and interflow.

(i) In a perennial stream the ground water table is always below the bed of the stream while the
ground water table is always above the bed in an ephemeral stream.
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(i17) Bank storage is the portion of runoff stored in the permeable banks of a stream due to a
rising flood.

(iv) The drainage density varies directly as the length of overland flow and indicates the drain-
age efficiency of the basin.

(v) Quick intense floods occur more in fern-shaped catchments than in fan-shaped catchments.

(vi) For the same intensity of rainfall, the flood discharge from a relatively small catchment is
higher than that from a relatively large catchment.

(vii) Vegetation tends to increase the runoff from the catchment. (false: ii, iv, v, vii)

IIT Choose the correct statement/s in the following:
1 Maximum surface runoff is favoured due to
(i) presence of forest area
(77) a flash storm
(i17) presence of a recharge area, which replenishes the ground water storage
(iv) leaf-shaped catchment
(v) fan-shaped catchment
(vi) storm movement opposite to the stream flow
(vii) humid climate
(viit) improved land management
2 An influent stream is due to
(i) a river crossing a desert area
(i) effluent seepage from the basin
(iti) ground water table being above the stream bed
(iv) base flow
(v) direct surface runoff

(vi) being ephemeral in nature (1—-it, v, vii; 2—i, v, VL)

(QUESTIONS)

Name three forms in which water is stored on a catchment.
What is meant by ‘the water balance of a catchment’?
Dicuss the various factors, which affect the runoff from a basin.

W N =

(a) What are the methods of estimating runoff from a catchment?
(b) Give three empirical formulae applicable to particular regions in India.

9]

How do you determine the yield from a catchment and arrive at the capacity of a tank?

(=7

Differentiate: Runoff, yield and maximum flood discharge.

7 Determine the yield of the catchment and the capacity of the tank from the following data:
Catchment area = 20 km?

a.a.r. =80 cm

Tank gets filled: 2 times in a year

1
Runoff coefficient = 5 (average for the catchment) (2, 4, 1.2 Mm?)
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10

11

12

13

Explain the terms: catchment area and drainage divide.

An irrigation tank has a catchment area of 30 km? and receives an annual rainfall of 90 cm.
Assuming that 10% of the rainfall flows as ‘runoff’ from the catchment, calculate the area that
can be brought under paddy cultivation under the tank. Assume that the tank fills one and a half
times in a year and the water requirement of paddy (duty) is 100 ha-cm. (40.5 ha)

(a) Explain how the following physical characteristics of a catchment can be determined?

(i) Mean elevation

(i1) Mean slope

(b) Krishna River basin has an area of 258948 km? and length 1400 km. Calculate the form
factor and elongation ratio. (0.132, 0.41)

Explain the terms: Catchment area, Drainage divide, and Ground water divide. An irrigation
tank has a catchment area of 30 km? and the a.a.r. is 90 cm. Assuming that only 20% of the
dependable rainfall is the runoff available. Calculate the capacity of the tank assuming that it
fills one and a half times in a year.

Assuming a total depth of irrigation water for rice crop for 120 days as 1.25 m and 30% losses,
what area of rice crop can come under the tank?

Work out the tank duty, field duty and the discharge required at the tank outlet.

What is the length of the clear overfall weir to dispose of flood waters, assuming an intensity of
5 cm/hr of 35-year frequency. (270 ha-m, 227 ha, 56 ha/Mm?, 828 ha/cumec, 343 Ips, 97.5 m)

A catchment has a perimeter of 1020 km and an area of 38520 km?2. Calculate the compactness
coefficient.

Write short notes on
(i) Isochrones (it) Ephemeral streams
(ii7) Time of concentration (iv) Overland flow hydrograph
(v) Runoff cycle (vi) Valley storage
(vii) Bank storage
Distinguish between
(i) Overland flow and interflow (#7) Influent and effluent streams
(ii1) Detention storage and depression storage
(iv) Drainage density and drainage divide
(v) Form factor and compactness coefficient of a catchment
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HYDROGRAPHS

5.1 HYDROGRAPH COMPONENTS

A hydrograph is a graph showing discharge (i.e., stream flow at the concentration point)
versus time. The various components of a natural hydrograph are shown in Fig. 5.1. At the
beginning, there is only base flow (i.e., the ground water contribution to the stream) gradually
depleting in an exponential form. After the storm commences, the initial losses like intercep-
tion and infiltration are met and then the surface flow begins. The hydrograph gradually rises

A Effective duration
}q_q of net rain
I?amfall‘,j/_ Hyetograph
[l

Net rain, P,

C.gof Rt P.et = P — Losses

Rainfall
intensity i (cm/hr)

/ f-curve
tration loss -~ (loss rate) R

1 ] T >
i¢———1 Time t (hr or min)
1 I I

{1 Basinlag ' N days after peak——

‘4—3— t, Peak flow .

A L
Crest N(days) = ﬁ(emplrlcal)

depletion curve extrapolated

i
: i
1 ! "
1 ! "
1 i i 2
T ! ! ! A= Area of basin (km )
1
1 ! "
- " i Time of Inflection i
© ! ! concentration point |
. — |
5 " Total runoff hygrograph (TRH)
° : o of stream-flow = (D) + 2)
=2 ! Rising @ \ I
s ! limb _ K Recession limb or
2 i Direct surface curve (or falling limb)
a ! runoff volume . !
! =P x A
| net Ground water
1
1
1

Point

N days after peak

GW depletion curve

(2 Ground water contribution
of stream flow (base flow B.F.)

ground water table contributes more

Time t (hr or days) ———»

Fig. 5.1 Components of streamflow hydrograph
117
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and reaches its peak value after a time t, (called lag time or basin lag) meaured from the
controid of the hyetograph of net rain. Thereafter it declines and there is a change of slope at
the inflection point, i.e., there has been, inflow of the rain up to this point and after this there
is gradual withdrawal of catchment storage. By this time the ground water table has been
built up by the infiltrating and percolating water, and now the ground water contributes more
into the stream flow than at the beginning of storm, but thereafter the GWT declines and the
hydrograph again goes on depleting in the exponential form called the ground water depletion
curve or the recession curve. If a second storm occurs now, again the hydrograph starts rising
till it reaches the new peak and then falls and the ground water recession begins, Fig. 5.2.

Storm 1. Storm 2 Storm 3

@: Phett %: Phet? Phec’
Loss Loss Loss

3 peaks due to
3-storms in
succession

Intensity
i (cm/hr)

Recession
lines

Discharge Q (cumec)

______________________

Estimated base flow

Time t (hr or days)
Fig. 5.2 Hydrograph with multiple peaks

Thus, in actual streams gauged, the hydrograph may have a single peak or multiple
peaks according to the complexity of storms. For flood analysis and derivation of unit
hydrograph, a single peaked hydrograph is preferred. A complex hydrograph, however, can be
resolved into simple hydrographs by drawing hypothetical recession lines as shown in Fig. 5.2.

It has been found from many hydrographs that the ground water depletion curves for a
given drainage basin are nearly the same and hence it is termed as the normal ground water
depletion curve. It has been found that such curves, or at least their segments, follow a simple
inverse exponential function of the elapsed time of the form.

Q,=Q, K™ ..(6.1)
where @, = discharge at start of period
Q, = discharge at end of time ¢
K, = recession constant
As @, is the derivations of storage with respect to time,
-dS,=Q,dt
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S,=- [ Qat=-[ @K dt

X
S=—2_ o [a=l (5.2)
log, K, log a
Hence, the discharge at any time is proportional to the water remaining in storage i.e.,
Q& So
Q =S, (5.2 a)

Taking logarithms on both sides of Eq. (5.1)
log @, =log @, —tlog K,
which is in the straight line form y = mx + ¢ with y =log @,, x = ¢, and m = — log K,. The value
of K, can be determined by plotting the recession data i.e., @, vs. ¢ on a semi-log paper, taking
care to select periods of little or no direct runoff; see Example 17.3.

I a. Semi-log plot of continuous

GE’ @ a discharge hydrograph
318
Ll n

|8

[ -

2

<

<

[S]

@

[a)

Time t (hr or days) (natural scale)
3 b. Semi-log plot of
master depletion curve

o Lower ends of curves
=2 are tangential to a
o

- Maste_r { common line

depletion curve )
(semi-log plot) % /
Time t (hr or days) (natural scale)

’g Master depletion

I curve (natural scale)

g

(o4 )

o c. Master depletion

% curve drawn to linear scale
S

2

s}

Time t (hr or days)

Fig. 5.3 Composite ground water depletion curve
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If a continuous stream flow record is available for a number of years, the hydrograph
can be plotted on a semi-log paper, i.e., log @ vs. ¢, Fig. 5.3. Starting with the lowest recession
flow line, a line is drawn tangential to the lower portion on a tracing paper. This tangent line
is progressively extended by moving the tracing-paper towards the origin with the abscissae
coincident, such that the line is tangential to the lower portion of the successive depletion
curves of increasing magnitude. This common line is the log plot of the master depletion curve,
which is then converted to linear vertical scale and is called the composite ground water depletion
curve.

A composite ground water depletion curve can be constructed from the recession graphs
resulting from a number of storms. The various segments of the recession graphs are shifted
with respect to the time axis until they appear to match and then, an average or composite
curve is drawn through them as shown in Fig. 5.4.

12

Storm recession curves

moved (to match) w.r.t.
\ . .

N\ time-axis
\

10~

Discharge Q (cumec 10 or 100)

1
3 6 9 12 15 18 21 24 27
Time t (hr or days)

Fig. 5.4 Composite depletion curve

5.2 SEPARATION OF STREAMFLOW COMPONENTS

Barnes (1940) proposed that the stream flow components may be separated by plotting the
hydrograph on a semi-log paper (Fig. 5.5). The tail end of the hydrograph plots as a straight
line, i.e., ground water recession (CD). If this straight line plot is extended backwards up to the
point E directly under the inflection point I and line BE drawn, the area under BEC represents
the ground water contribution to the stream flow. If the ordinates of this area are deducted
from the ordinates of the total hydrograph and replotted, the hydrograph of surface runoff and
interflow (subsurface flow) is obtained, which plots as a straight line (HG) at the tail end. By
extending this line backwards up to the point L directly under I and drawing the line FL, the
area under FLG gives the interflow component. By deducting the ordinates of this from the
ordinates of the hydrograph of surface runoff and interflow, the hydrograph of surface runoff
is replotted whose tail end again, may plot as a straight line representing the surface recession
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or channel storage. The slopes of the straight line plots at the tail ends of the separated
hydrographs give the respective recession constants.

Example 5.1 The mean daily streamflow data from a drainage basin is given below. It is known
that the recession limb of the discharge hydrograph has components of channel storage, interflow
and base flow. Find the values of the recession coefficients for each of the three components.

Date Mean daily discharge Date Mean daily discharge
(cumec) (cumec)
1978, Oct. 4 278 1978, Oct. 14 179
5 265 15 167
6 5350 16 157
7 8150 17 147
8 6580 18 139
9 1540 19 131
10 505 20 123
11 280 21 117
12 219 22 111
13 195 23 105
24 100

Also determine

(a) ground water storage on October 14, 1978.

(b) ground water storage and stream flow on October 30, 1978, assuming no rainfall

during the period.

Solution The discharge hydrograph is drawn on a semi-log paper and the flow components
are separated by the method proposed by Bernes as shown in Fig. 5.5. The recession coeffi-
cients (K)) for the three components of base flow (ground water contribution), interflow and
channel storage are computed as 1.059, 2.104 and 4.645, respectively.

(a) Ground water storage (S;) on October 14, 1978 when the ground water depletion
starts.

g - Qy _ 179x86400 m?/day
0" log, % log, 1.06/day

r

(b) Stream flow on October 30, 1978, i.e., after 16 days
Q=Q K"
Q16 days = 179 (1.06)716 = 71.6 cumec
Ground water storage (S,) on October 30, 1978 can be determined from

=2.75 x 108 m3

@ _S
Q S
Q
or St=Son—;

16

7
816 days = (275 x 109 720 = 1.10 x 10° m?
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Fig. 5.5 Separation of streamflow components (after Barnes, 1940)

5.3 HYDROGRAPH SEPARATION

For the derivation of unit hydrograph, the base flow has to be separated from the total runoff
hydrograph (i.e., from the hydrograph of the gauged stream flow). Some of the well-known
base flow separation procedures are given below, Fig. 5.6.

(1) Simply by drawing a line AC tangential to both the limbs at their lower portion.
This method is very simple but is approximate and can be used only for preliminary estimates.

(i) Extending the recession curve existing prior to the occurrence of the storm up to the
point D directly under the peak of the hydrograph and then drawing a straight line DE, where
E is a point on the hydrograph N days after the peak, and N (in days) is given by

N =0.83 A%2 ...(56.3)
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Peak ., N days
B

N (days) = 0.84 A% (empirical)
2
A = Drainage area (km )

Four separation procedures

Discharge Q (cumec)

Point of
I W E (N days after peak)

Recession

"~ -.-" Ground water contribution
! to stream (base flow)

Time t (hr or days)

Fig. 5.6 Hydrograph separation

where A = area of the drainage basin, km? and the size of the areas of the drainage basin as a
guide for the values of N are given below :

Area of drainage basin (km?) 250 1250 5000 12500 25000
Time after peak, N (days) 2 3 4 5 6

(zi1) Simply by drawing a straight line AE, from the point of rise to the point E, on the
hydrograph, N days after the peak.

(iv) Construct a line AFG by projecting backwards the ground water recession curve
after the storm, to a point F directly under the inflection point of the falling limb and sketch an
arbitrary rising line from the point of rise of the hydrograph to connect with the projected base
flow recession. This type of separation is preferred where the ground water storage is rela-
tively large and reaches the stream fairly repidly, as in lime-stone terrains.

Many a time a straight line AE meets the requirements for practical purposes. Location
of the point E is where the slope of the recession curve changes abruptly, and as a rough guide
E is N days after the peak. In all the above four separation procedures, the area below the line
constructed represents the base flow, i.e., the ground water contribution to stream flow. Any
further refinement in the base flow separation procedure may not be needed, since the base
flow forms a very insignificant part of high floods. In fact, very often, a constant value of base
flow is assumed.

In Fig. 5.7, ADE is the assumed base flow. Actually, when the water level in the stream
rises due to floods, the stream feeds the ground water and the permeable boundaries (called
bank storage, Fig. 5.8) and this is termed as negative base flow. But actually the variation in
base flow may be much less than indicated in Fig. 5.7 depending on the permeability of the
boundaries and the gradient of the phreatic surface. The resulting variation will be a slight dip
from the extrapolated depletion curve, followed by a gradual rise to a higher level than the
initial value as the flood recedes as shown in Fig. 5.9.
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Fig. 5.7 Negative baseflow
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Sh-—o ’

Base flow‘ ' jr\ Extrapolated
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Fig. 5.9 Actual baseflow variation

5.4 UNIT HYDROGRAPH

The unit hydrograph is defined as the hydrograph of storm runoff resulting from an isolated
rainfall of some unit duration occurring uniformly over the entire area of the catchment, pro-
duces a unit volume (i.e., 1 cm) of runoff.

Derivation of the unit hydrographs. The following steps are adopted to derive a unit
hydrogaph from an observed flood hydrograph (Fig. 5.10).
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Fig. 5.10 Derivation of a unit hydrograph (Example 5.1)

(1) Select from the records isolated (single-peaked) intense storms, which occurring
uniformly over the catchment have produced flood hydrographs with appreciable runoff (>1

cm, say, 8 to 16 cm). The unit period selected should be such that the excess rainfall (i.e., P

)

net

occurs fairly uniformly over the entire drainage basin. Larger unit periods are required for
larger basins. The unit periods may be in the range of 15-30% of the ‘peak time’ period, i.e., the
time from the beginning of surface runoff to the peak, and the typical unit periods may be 3, 6,
8, 12 hours. (The time of concentration may be a little longer than the peak time).
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The unit storm is a storm of such duration that the period of surface runoff is not much
less for any other storm of shorter duration.

(ii) Select a flood hydrograph, which has resulted from a unit storm chosen in item (i)
above.

(ii1) Separate the base flow from the total runoff (by the well-known base flow separa-
tion procedures).

(iv) From the ordinates of the total runoff hydrograph (at regular time intervals) deduct
the corresponding ordinates of base flow, to obtain the ordinates of direct runoff.

(v) Divide the volume of direct runoff by the area of the drainage basin to obtain the net
precipitation depth over the basin.

(vi) Divide each of the ordinates of direct runoff by the net precipitation depth to obtain
the ordinates of the unit hydrograph.

(vii) Plot the ordinates of the unit hydrograph against time since the beginning of direct
runoff. This will give the unit hydrograph for the basin, for the duration of the unit storm
(producing the flood hydrograph) selected in item (i) above.

In unit hydrograph derivation, such storms should be selected for which reliable rain-
fall and runoff data are available. The net rain graph (hyetograph of excess rain) should be
determined by deducting the storm loss and adjusting such that the total volume of net storm
rain is equal to the total volume of direct surface runoff. The unit hydrograph derived, which,
when applied to the known net rain data, should yield the known direct runoff hydrograph.

The steps given above for the derivation of unit hydrograph can be formulated as fol-
lows (exemplified in Fig. 5.10).

P =P —Losses ...(5.4)
2Q;t

or P = % . Q,=DRO (5.4a)
TRO—BFO = DRO ...(5.40)

DRO
= UGO ..(5.4¢)

Pnet
where P = total rainfall

= net precipitation (from hyetograph) or direct runoff as equivalent depth
over the basin.

net

Losses = due to infiltration (Fp), etc.
A = area of the drainage basin
@, DRO = direct runoff ordinate
TRO = total runoff ordinate
t = time interval between successive direct runoff ordinates
BFO = base flow ordinate
Elements of unit hydrograph. The various elements of a unit hydrograph are shown in
Fig. 5.11.
Base width (7)—The period of direct surface runoff (due to a unit storm) of the unit
hydrograph is called the time base or the base width.
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Fig. 5.11 Elements of unit hydrograph

Unit storm—The strom of unit duration (i.e., duration of the unit hydrograph) regard-
less of its intensity is called unit storm.

Unit period—The time duration of the unit storm (i.e., the duration of the unit
hydrograph) is called unit period.

Lag time (tp)—The time from the centre of a unit storm to the peak discharge of the
corresponding unit hydrograph is called lag time.

Recession time (T')—The duration of the direct surface runoff after the end of the excess
or net rainfall, is called recession time in hydrograph analysis.

Propositions of the Unit Hydrograph
The following are the basic propositions of the unit hydrograph:

(@) Same runoff duration. For all unit storms of different intensities, the period of sur-
face runoff (i.e., time base, base width or base period) is approximately the same, although
they produce different runoff volumes (Fig. 5.12 (a)).

(ii) Proportional ordinates. For unit storms of different intensities, the ordinates of the
hydrograph at any given time, are in the same proportion as the rainfall intensities
(Fig. 5.12 (a)).

(ii1) Principle of superposition. If there is a continuous storm and/or isolated storms of
uniform intensity net rain, they may be divided into unit storms and hydrographs of runoff for

each storm obtained, and the ordinates added with the appropriate time lag to get the com-
bined hydrograph (Fig. 5.12 (b)).
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(b) Principle of superposition
Fig. 5.12 Propositions of unit hydrograph

(iv) Same distribution percentages. If the total period of surface runoff (i.e., time base or
base width) is divided into equal time intervals the percentage of surface runoff that occurs
during each of these periods will be same for all unit storms of different intensities (Fig. 5.13).
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Limitation of the Unit Hydrograph. Certain limitations are inherent in the unit
hydrograph theory. The runoff hydrograph reflects the combined effects of rainfall factors,
loss factors and physiographic factors. The design storm continuing for several unit periods
may not have the same areal distribution for each time increment. Storm movements also
affect the proportions of the unit hydrograph if the basin is large. Hence, the unit hydrograph
can not be applied for basins larger than 5000 km?. For basins larger than 5000 km?2, unit
hydrographs for the principal sub-areas or sub-basins are developed and the hydrographs of
runoff determined for each sub-area. These hydrographs are then combined, through flood
routing procedure, to get the resulting hydrograph at the required section.

Derivation of Unit Hydrograph

Example 5.1 (a) The runoff data at a stream gauging station for a flood are given below. The
drainage area is 40 km?. The duration of rainfall is 3 hours. Derive the 3-hour unit hydrograph
for the basin and plot the same.
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Date Time Discharge Remarks
(hr) (cumec)
1-3-1970 2 50
47
75
11 120
14 225
17 290 < Peak
20 270
23 145
2-3-1970 2 110
90
80
11 70
14 60
17 55
20 51
23 50

State the peak of the unit hydrograph you derive.
Solution See Table 5.1.

5.5 UNIT HYDROGRAPH FROM COMPLEX STORMS

Unit hydrographs from complex storms, involving varying intensities of rain can be obtained
by considering the complex storm as successive unit storms of different intensities and the
runoff hydrograph (due to complex storm) as the result of superposition of the successive
storm hydrographs. The ordinates of each storm hydrograph are obtained as ‘the storm inten-
sity times the corresponding ordinate of the unit hydrograph’ as shown in Fig. 5.14. The unit
hydrograph ordinates u,, u,, ... are thus obtained by writing a series of equations for each of
the ordinates @, @, .... of the runoff hydrograph (due to complex storm) and successively
solving them. In Fig. 5.14,

_ . _9
Q, = xu, LUy =T
_ . _9
Qy = XUy + YU, i Uy =1
_ . _9
Qg = XUy + YU, + 2U, - Ug =1

and so on. Thus, the ¢ ~hour unit graph ordinates can be determined. Although the method is
straight forward, errors will creep in due to the assumptions on the intensity and duration of
rainfall and deduction of an assumed base flow; many trials are required to get a reasonable
unit graph.
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Table 5.1 Derivation of the 3-hour unit hydrograph. Example 5.1

Date Time TRO! BFO? DRO? UGO* Time®
(hr) (cumec) (cumec) (3)-(4) (5)+P,, from begin-
(cumec) (cumec) ning of
surface run
off (hr)
1 2 3 4 5 6 7
1-3-1970 2 50 50 — — —
5 47 47 0 0 0
8 75 46 29 1.09 3
11 120 45 75 2.82 6
14 225 45 180 6.77 9
17 290 45 245 9.23 12
20 270 46 224 8.44 15
23 145 48 97 3.65 18
2-3-1970 2 110 50 60 2.26 21
5 90 53 37 1.39 24
8 80 54 26 0.98 27
11 70 57 13 0.49 30
14 60 60 0 0 33
17 55 55 —
20 51 51 —
23 50 50 —
> DRO = 986 cumec

ITRO—Total runoff ordinate = gauged discharge of stream

2BFO—Base flow ordiante read from graph separation line shown in Fig. 5.10 (a). N = 0.83 A%2
= 0.89(40)%2 = 1.73 days = 1.73 x 24 = 41.4 hr from peak, which is seen not applicable here; hence an
arbitrary separation line is sketched.

3DRO—Direct runoff ordinate = TRO—B.F.O.

4UGO—Unit hydrograph ordinate

XDRO.t 986(3 x 60 x 60)m®
A 40 x 10° m?

DRO
= P s Pret =

net

=0.266 m = 26.6 cm
5Time from beginning of direct surface runoff is at 5 hr on 1-3-1970, which is reckoned 0 hr for
unit hydrograph. The time base for unit hydrograph is 33 hours.
The 3-hour unit hydrogryph is plotted in Fig. 5.10 (b) to a different vertical scale and its peak is
9.23 cumec.
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Fig. 5.14 Derivation of unit hydrograph from multi-period storms

Example 5.2 The stream flows due to three successive storms of 2.9, 4.9 and 3.9 cm of 6 hours
duration each on a basin are given below. The area of the basin is 118.8 km?. Assuming a
constant base flow of 20 cumec, derive a 6-hour unit hydrograph for the basin. An average
storm loss of 0.15 cm/hr can be assumed.

Time (hr): 0 3 6 9 12 15 18 21 24 27 30 33
Flow (cumec): 20 50 92 140 199 202 204 144 84.5 455 29 20

Solution Let the 6-hour unit hydrograph ordinates be u, u,, u,, ug, u,, ....,u,at0, 3,6, 12, ...,
21 hours, respectively. The direct runoff ordinates due to the three successive storms (of 6
hours duration each) are obtained by deducting the base of flow of 20 cumec from the stream-
flows at the corresponding time intervals as shown in Table 5.2. The net storm rains are ob-
tained by deducting the average storm loss as

0-6hr:x=29-0.15x6=2cm
6-12hr:y=4.9-0.15x6 =4 cm
12-18 hr:2=3.9-0.15x6 =3 cm

The equations can be easily arrived by entering in a tabular column and successively
solving them. The 6-hr unit hydrograph ordinates are obtained in the last column; of course
the ordinates are at 3-hr intervals since the streamflows are recorded at 3-hr intervals. The



133

HYDROGRAPHS

"09WIND UT 918 SUWN]0I JYJO0 [[B ‘UWnjod 4sI1y 9y} Jdooxr,,

U0 g=2zUwW =AU g =%,

aA0qe 0="n 0% — 0g = ‘ng tng e
PoALIOp OO g¢="n 0Z — 6% = °ng Ing 0g
10§ 309U gg="n 0g — G'GY = “ng + ‘ny fng tny L3
0TI =n% 0Z — G'¥8 = 'ng + 9ny "ng Iny 74
0="'n 0Z — ¥¥T = éng + “ny + ‘ng fug “ny tng tn 1%
g="n 0% — $0g = °ng + 'ny + °ng eng "ny Ing 9n 8T
gg="n 0% — 0% = 'ng + “ny + “ng Ing Eny, ng n cT
gL ="n 0% — 66T =0 + °ny + 'ng 0 eny Tng "n 41
og = n 0Z — 0T = 'ny + fng — Iny, fng En 6
9¢ = °n 0% — 36 = °ng — 0 eng &n 9
gr="n 0g — 0G = 'ng — — Ing In €
0="n 02—02=0 — — 0 0="n 0
09N 4Y-9 z2x 09N £x 09N xx 0D 1Y)
uoynjog 049 —0Y.L = 04 1719, wL0gs pug wa0gs pug - wiios ST +09N awg,

uonnnbyy

%01 oNP O4d

'%'G ordurexy ‘urrojs xofdwrod e woay yderSoIpAy jun Inoy-9 B Jo UO)BALIS(] B'C O[qelL,




134 HYDROLOGY

last four equations in the table serve to check some of the UGO’s derived. Another check for
the UGO’s derived is that the area under the UG should give a runoff volume equivalent to
lcm, e,

ut . . .
A= 1 cm, in consistent units
Yu = sum of the UGO’s = 110 cumec
110 (3 x 60 x 60)
5 =0.01m,or 1 cm
118.8x 10

Hence, the UGO’s derived are correct and is plotted in Fig. 5.15 (b).

The UGO’s can also be derived by the method of least squares (Snyder, 1955) by writing
the direct runoff ordinate () as

Q=a+bx, +byxy+byxs+..+bx, ...(5.5)

where a = 0 theoretically, b, = u,, and x,, x,, x,,... are the rainfall excesses (P ) in successive
periods. In the least square technique, data from a number of flood events, for which values of
Q; and x; are established, are used to develop a set of average values of b, (= u;) and the unit
hydrograph derived. The method is more elegant but laborious.

5 _ P e due to 3 storms
2g
L e
S o ém 4.cm 3 cm%
4—6 hr »j¢—6-hr—»j¢—6-hr—»|
200 — — 220
180 — — 200
a. observed
160 hydrograph due 180
e to 18-hr storm
g L0 (ws=6hruco) |10
£
31201 — 140 £
o 8
& 100 — —120 »
2 z
S 80— —100 =
8 g
S 60 —80 9
n %)
40 — — 60
20 N, — 40
=}
<
0 20
Constant base flow = 20 cumec
0

0O 3 6 9 12 15 18 21 24 27 30 33
Time t (hr)

Fig. 5.15 (a) Derivation of 6-hr UG from 18-hr complex storm hydrograph (Example 5.2)
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0 y y *3
0 3 6 9 12 15 18 21
Time t (hr)

Fig. 5.15 (b) 6-hr unit hydrograph (derived) (Example 5.2)

Matrix method for unit hydrograph derivation from complex storm

In matrix notation

PU=Q
pl 0 0 0 0 0 ul ql
p, pr 0 0 0O Ug 92
ps p, pp 0 0 0 us qs
h P= U= =
where 0 ps ppb P 00 Uy @ qy
0 0 p; p, 00 0 gs
0 0 0 p; 0O 0 Qs

By deducting base flow from the stream flow hydrograph @ is known, and with the
known rainfall excess P, the unit hydrograph U can be computed as

U=P'@Q
The inverse for the precipitation matrix (P-!) exists only if it is a square matrix with a
non-vanishing determinant. However, by the use of the transpose of the precipitation matrix,
(PT), a square matrix is obtained as

PT PU = PTQ
and the unit hydrograph matrix is obtained as
U = (PT py! PTQ
Usually, the solution of the unit hydrograph matrix is performed on a digital computer

(Newton, 1967). Most computer installations have packaged programmes to work with large
systems and for determining the inverse and transpose of matrices.

Also, the number of streamflow hydrograph ordinates (n) is given by
n=j+i-1
where j = number of UGO
i = number of periods of rainfall
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In Example 5.2, n = 12 ordinates at 3-hr interval (DRO of the first and last being zero) ;
i = 6 periods of 3-hr interval (= 3 x 2), then

n=j+i-1;, 12=7+6-1
Jj=7U0GO
Thus, the unit hydrograph consists of 7 ordinates at 3-hr intervals (of course, u, = 0, and
u; =0).
As an assignment, the student is advised first to become well versed with the matrix

algebra and then apply the matrix method to derive the 6-hr UGO at 3-hr interval from the
streamflow data given in Example 5.2.

Average Unit Hydrograph. 1t is better if several unit graphs are derived for different
isolated (single peaked) uniform intensity storms. If the durations of storms are different, the
unit hydrographs may be altered to the same duration (sect .... or art .....). From several unit
hydrographs for the same duration, so obtained, an average unit hydrograph can be sketched
by computing the average of the peak flows and times to peak and sketching a median line,
(Fig. 5.16), so that the area under the graph is equal to a runoff volume of 1 cm.

__—P=1lcm
> Average peak given by:
Qps TR - Q,= Qp1 * Qpa * Qs
P 2 1
QpyF-=zzzzzz22057 o 3
LN t+t, +t
R '7{' DI tpeak = ~—5— § :
AVAVINRC
@) / oy Median line sketched so that area
i 2 1 _ .
LY under curve = 1 cm runoff, gives t-hr
- I/ Lo \ average unit hydrograph
] I \
£ Y/ B A
) / : ! :: \\\
o L/ \
o / P )\ @D,@ & Q:t-hrUG's
3 / Coo \ obtained from different
3 g A \\ duration storms
a , Coio N
/ pobo
' [ "
L
e N—
4—tpeak—’|
—t—P
——t———P
< tl

Time base T of ave. UG
Time t (hr) —»

Fig. 5.16 Average unit hydrograph

Alteration of Unit Hydrograph Duration. It becomes necessary, in computation of
flood hydrographs, that the duration of the unit graph available should be altered to suit the
duration of the design storm (to be used for obtaining the flood hydrograph). Two cases arise:
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Case (i) Changing a Short Duration Unit Hydrograph to Longer Duration. If the desired
long duration of the unit graph is an even multiple of the short, say a 3-hour unit graph is
given and a 6-hour unit graph is required. Assume two consecutive unit storms, producing a
net rain of 1 cm each. Draw the two unit hydrographs, the second unit graph being lagged by
3 hours. Draw now the combined hydrograph by superposition. This combined hydrograph
will now produce 2 ¢m in 6 hours. To obtain the 6-hour unit graph divide the ordinates of the
combined hydrograph by 2, Fig. 5.17. It can be observed that this 6-hour unit graph derived
has a longer time base by 3 hours than the 3-hour unit graph, because of a lower intensity
storm for a longer time.

Example 5.3 The following are the ordinates of a 3-hour unit hydrgraph. Derive the ordinates
of a 6-hour unit hydrograph and plot the same.

Time (hr) 3-hr UGO Time (hr) 3-hr UGO
(cumec) (cumec)
0 0 15 9.4
3 1.5 18 4.6
6 4.5 21 2.3
9 8.6 24 0.8
12 12.0
Solution

Table 5.3 Derivation of the 6-hour unit hydrograph. (Example 5.3)

3-hr 3-hr Total 6-hr
Time UGO UGO 2 +(3) UGO
(hr) (cumec) (logged) (cumec) ) +2
(cumec) (cumec)
1 2 3 4 5
0 0 0 0
3 1.5 0 1.5 0.7
6 4.5 1.5 6.0 3.0
9 8.6 4.5 13.1 6.5
12 12.0 8.6 20.6 10.3
15 94 12.0 21.4 10.7
18 4.6 9.4 14.0 7.0
21 2.3 4.6 6.9 34
24 0.8 2.3 3.1 1.5
27 0.8 0.8 04
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The 6-hour unit graph derived as above is shown in Fig. 5.17.

Intensity i
(cm/hr)

lem _1cm, Py
m«z unit storms
3hr!3hr

18—

16 Combined hydrograph
B (2 cmin 6 hr)

3-hr UG's lagged by 3 hr

10 / \ 6-hr UG (1 cmin 6 hr)

/ \ (comb. hyd. ord. + 2)

Discharge Q (cumec)

1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
:
1
12
:
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
)

| | | | | | [N
6 9 12 15 18 21 24 27

Time t (hr)

oz
0

44 ~
3

Fig. 5.17 Changing a short duration UG to a long multiple duration

Case (it) Changing a Long Duration Unit Hydrograph to a Shorter Duration by S-curve
Technique

5.6 S-CURVE METHOD

S-curve or the summation curve is the hydrograph of direct surface discharge that
would result from a continuous succession of unit storms producing 1 cm in ¢ ~hr (Fig. 5.18). If
the time base of the unit hydrograph is T hr, it reaches constant outflow (®,) at T' hr, since 1 cm
of net rain on the catchment is being supplied and removed every ¢, hour and only 77, unit
graphs are necessary to produce an S-curve and develop constant outflow given by,

278 A
Q, =

t
where @, = constant outflow (cumec)

...(5.6)

r

t, = duration of the unit graph (hr)
A = area of the basin (km?)
Given a ¢ -hour unit graph, to derive a ¢ -hour unit graph (¢, >¢ )—Shift the S-curve by
the required duration ¢,” along the time axis. The graphical difference between the ordinates of
the two S-curves, i.e., the shaded area in Fig. 5.18 represents the runoff due to ¢, hours rain at
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an intensity of 1/£, cm/hr, i.e., runoff of ¢/t cm in ¢’ hours. To obtain a runoff of 1 cm in ¢’
hours (i.e., t’-hour UG), multiply the ordinates of the S-curve difference by ¢/t . This tech-
nique may be used to alter the duration of the given unit hydrograph to a shorter or longer
duration. The longer duration need not necessarily be a multiple of short.

Time t (hr) —»

£
IS
>
%HIJ Successive unit storms of P, =1 cm
c I
= - 1 1 1 1 1 1 .
cmjlf cmjV cmﬂf cm% cm47 cmj] To obtain t, — hr UG
[t P { it — Pl { Dl { PP :
480 multiply the S-curve
440 difference by t/t;
B = < S < N A
400 h %—CUI’VE h A - N 3 \\\ \\\ \\\
\ \ \
ol OTOYEPN ™ \ NN
T Lagged \ % NN
5 320 S-curve RS \ VoA AN
g 280 _(Iag%e_d r?r))/ gjlgli’ve,\‘\ \‘\ \‘\ \ N\ \\ Constant outflow ,
3 L ifierence Y 4———Unit hydrographs in | 2.78 A(km
£ 240 1l 1 \ < -\ Q.=
o = ‘ ', succession produce NN t, (hr)
o 200 ‘(zonsta'nt OutﬂOV\(, Qe Cumec | Cumec
S 160~ % \ 5 NN
3 AN K \ R N
— N N
a 120 \ \\ \ o
\ N N
80 B \\\\ \\\ \\\ \\\ \\\ X
40— \\\ \\\ \\\ \\‘\ \\\\.
0 2y4 T T B T S N TSI e SN U Annrt
[—t'—>» 8 10 12 14 16 18 20 22 24
0 Lagged 6

Fig. 5.18 Changing the duration of UG by S-curve technique (Example 5.5)

Example 5.4 The ordinates of a 4-hour unit hydrograph for a particular basin are given be-
low. Derive the ordinates of (i) the S-curve hydrograph, and (ii) the 2-hour unit hydrograph,
and plot them, area of the basin is 630 km?.

Time Discharge Time Discharge
(hr) (cumec) (hr) (cumec)
0 0 14 70
2 25 16 30
4 100 18 20
6 160 20 6
8 190 22 1.5
10 170 24 0
12 110

Solution See Table 5.4
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Example 5.5 The ordinates of a 4-hour unit hydrograph for a particular basin are given be-
low. Determine the ordinates of the S-curve hydrograph and therefrom the ordinates of the 6-

hour unit hydrograph.

Time 4-hr UGO Time 4-hr UGO
(hr) (cumec) (hr) (cumec)
0 0 12 110
2 25 14 70
4 100 16 30
6 160 18 20
8 190 20 6
10 170 22 1.5

24 0

Solution See Table 5.5.
Table 5.5 Derivation of the 6-hour UG for the basin (Example 5.5)

Time 4-hour S-curvel S-curve lagged? S-curve 6-hr
(hr) UGO additions ordinates C-curve difference UGO
(cumec) (cumec) (cumec) (cumec) (cumec) (cumec)
2 +(3) 4) - (5) (6) x 4/6
1 2 3 4 5 6 7
0 0 - — 0 — 0 0
2 25 — — 25 — 25 16.7
4 100 +— 0 100 — 100 66.7
6 160 +— 25 185 0 185 123.3
8 190 100 290 25 265 176.7
10 170 185 355 100 255 170.0
12 110 290 400 185 215 143.3
14 70 355 425 290 135 90.0
16 30 400 430 355 75 50.0
18 20 425 445 400 45 30.0
20 6 430 436 425 11 7.3
22 1.5 445 446.6 430 16.5 11.0
24 0 436 436 445 -9 - 6.0

1—Start the operation shown with 0 cumec after t, = 4 hr.

2—Lag the S—curve ordinates by t,! = 6 hr.

Plot col (4) vs. col (1) to get S-curve hydrograph and col (7) vs. col (1) to get 6-hr unit hydrograph

as shown in Fig. 5.19.
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5.7 BERNARD’S DISTRIBUTION GRAPH

The distribution graph, introduced by Bernard in 1935, shows the percentages of total unit
hydrograph, which occur during successive, arbitrarily chosen, uniform time increments,
Fig. 5.20. It is an important concept of the unit hydrograph theory that all unit storms, regard-
less of their intensity, produce nearly identical distribution graphs.

The procedure of deriving the distribution graph is first to separate the base flow from
the total runoff; the surface runoff obtained is divided into convenient time units, and the
average rate of surface runoff during each interval is determined.

If the rainfall-runoff data for a short duration fairly uniform storm is known, the dura-
tion of net rainfall is taken as the unit period and the distribution percentages are computed
directly. But if there are multiple storms of different intensities producing different net rains
during successive unit periods, a trial and error procedure of applying the distribution per-
centages is followed, till the direct surface runoff during successive time intervals corresponds
to the computed values. Once a distribution graph is derived for a drainage basin, any ex-
pected volume of surface runoff from the basin can be converted into a discharge hydrograph.
By drawing a smooth curve along the steps of the distribution graph to give equal areas, a unit
hydrograph may be obtained as shown in Fig. 5.20.

Example 5.6 Analysis of the runoff records for a one day unit storm over a basin yields the
following data:

480 —
40= e T
P Y
400 o
3 SSS-
T 360 |- A—B=65ms A y S-curve hydrograph
AN -
< 320 , S-curve lagged by ty = 2 hr
e .
E ’ S-curve difference = - x treminty —hr
8 280 |- /:B area tf Q _ 2.78 (630)
L , o= T
(o4 a intr i - :
o 240 S Togetlcminty,ie., t/-hr UG: . = 437 cumec
g / i Multiply the S-curve difference by ——
8 200 Lo t/
O 160 | RN 4-hr UG (given) €., T Lemint'-hr
/ N T
120 - /I t A 2-hr UG (Derived)-Example 5.4
Kby \ 6-hr UG (Derived)-Example 5.5
80 / 4
,/ =65 x > N
40 - /" =130 cumec N
0 RN 2R L1 v
0 2 4 6 8 10 12 14 16 18 20 22 24 26
e tenf Time t (hr) —»

=2hrlag
Fig. 5.19 Derivation of 2-hr & 6-hr UG from a 4-hr UG (Example 5.4 & 5.5)

Total stream flow at concentration point on successive days are 19.6, 62.4, 151.3, 133.0,
89.5, 63.1, 43.5, 28.6, and 19.6 cumec.

Estimated base flow during the corresponding period on successive days are 19.6, 22.4,
25.3, 28.0, 28.0, 27.5, 25.6, 22.5 and 19.6 cumec.
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Determine the distribution graph percentages.

On the same basin (area = 2850 km?) there was rainfall of 7 cm/day on July 15 and 10
cmlday on July 18 of a certain year. Assuming an average storm loss of 2 cm/day, estimate the
value of peak surface runoff in cumec and the date of its occurrence.

Table 5.6 Derivation of distribution percentages

Day since DRO on Percentage

beginning of mid-day of Remarks

direct runoff (cumec) >DRO
1 2 3 4
1 18 4.5 E x 100

402

2 96 24
3 120 30
4 82 20
5 47 12
6 25 6
7 12 3
8 2 0.5

8 equal time > DRO = 402 Total = 100.0

(i.e., a day) intervals

>0
% % Poet = X CM
2 Phet =1cm
aiiagl
I~ \Unit period 0
25% Distribution % = —— x 100
- 30,
| 19.5%
y _‘f +ve & —ve areas should balance
GEJ’ L 16/ (area under bar graph = area under UG)
s Y t.—h, UG
[ —
% / 0 20/:/\ Distribution percentages
T L 4 same for all unit storms
S 05 9%
s | 7%/ O &\ | «—— Distribution graph
S /T Og 5.5%
0 3%
0 7
2%/ lz l l 0 1%
0y 1 \ AN A A v | v 0%

OOQGGGGGQI

Time base T divided into 10 unit periods N

Ll >

Unit periods

Fig. 5.20 Distribution graph (after Bernard, 1935)
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Solution The total runoff hydrograph and estimated base flow are drawn in Fig. 5.21 and the
direct runoff ordiantes on successive mid-days are determined as DRO = TRO — BFO and the
percentages of direct runoff on successive days computed in Table 5.6. Column (3) gives the distri-
bution percentages, and the derived distribution graph for 1-day unit storms is shown in Fig. 5.22.

160~
150 -
140
130
120+

110 Streamflow hydrograph

=
o
o
T

R N

Mid-ordinates (cumec)

=

80— 82

70

1
Direct surface :
runoff |
\o47

60 -

Discharge Q (cumec) —p

50

g g
(92}
N
(6]

20

0k Base flow

0 | | | | | | | | | | | |
0 1 2 3 4 5 6 7 8 9 10 11

Time t (days) —»

Fig. 5.21 Stream flow hydrograph (Example 5.6)
36

28 -

24

Distribution
20
20 percentages

12

12 -

% of total surface runoff

1 1 1 1 1 1
0 1 2 3 4 5 6 7 8
1-day unit periods

Fig. 5.22 Derived distribution graph (Example 5.6)
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1000 -
- 892 cumec (peak flood)
I
I
800 - !
g !
@ L Runoff hydrograph
§ i a due to 2-storms on
o
= 600f i July 15 & 18
o i
S L 1
@ |
(5] I
£ 400t i
> I
(] I
g T |
3 |
200} i
|
i i
0 1 1 1 1 1 : 1 1

1 1 1
0 1 2 3 4 5 6 7 8 9 10 11 12
July 15 16 17 18 19 20 21 22 23 24 25 26

Days (date)
Fig. 5.23 Runoff Hydrograph (Example 5.6)

Applying the distribution percentages computed in col. (3) above the direct surface dis-
charge on successive days due to the two storms (lagged by 3 days) is computed in Table 5.7

12 108
1 cm/day = X 850 <10 = 330 cumec
100 24 x60x60

The peak surface runoff is 892 cumec and occurs on July 20 of the year. The flood
hydrograph is shown in Fig. 5.23.

Example 5.7 Analysis of rainfall and runoff records for a certain storm over a basin (of area
3210 km?) gave the following data:

Rainfall for successive 2 hr periods: 2.5, 6.5 and 4.5 cm/hr.
An average loss of 1.5 cm/hr can be assumed.

Direct surface discharge at the concentration point for successive 2-hr periods: 446, 4015,
1382, 25000, 20520, 10260, 4900 and 1338 cumec.

Derive the unit hydrograph in the form of distribution percentages on the basis 2-hr unit
periods.

Solution The rainfall may be considered for three unit periods of 2 hr each, then from Fig. 5.24,

Tpep = ta + T, (5.7)
T=t +T, (5.7 a)
T=t +Thp—tg

=2+8%x2-3x2 ...(B.7b)

T=12 hr
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The base width is 12 hr or 6 unit periods. As a first trial, try a set of six distribution
percentages of 10, 20, 40, 15, 10, 5 which total 100%. The direct surface discharge can be

converted into cm/hr as

1 _ 3210x10°
1 cm/hr = X = 8920 cumec
100 60 x 60
> 5 cr}n/hr
L
E 222k /4 @/ Loss rate 1.5 cm/hr
l—t t t !
f —Pie th "‘ r_;!< Tr—’i
I
- t, = unit duration
tg = rainfall duration
B T, = recession time
I
~ L Combined hydrograph due
] to 3-unit stroms 1,2 & 3
% L 3 Hydrograph dueI to 3-unit storms
~ ]
g - Duration of'direct surface
=2 runoff, Togg = tg + T,
5 L R
S L 2 N
? Base time, T =t +T,
a2 D
e I R Sl
]
B i
]
1 1 1 1 1 | 1 .
———T——» | :
< | T > !
|< T gl
< Tpsr =:
Time t (hr)

Distribution %

Fig. 5.24 Combined hydrograph (Example 5.7)
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Fig. 5.25 Derivation of distribution percentages (Example 5.7)
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and the direct surface runoff for successive 2-hr periods are 0.05, 0.45, 1.55, 2.80, 2.30, 1.15,
0.55, and 0.15 cm/hr. The first trial hydrograph computed in Table 5.8 is shown by dashed
lines in Fig. 5.25 for comparison and selection of the distribution percentages for the second
trial. The first percentage affects the first 3 unit periods, the second percentage affects the
2nd, 3rd and 4th unit periods and like that. Since the first trial hydrograph gives higher val-
ues (than gauged) for the first three unit periods, a lower percentage of 5 (instead of 10%) is
tried. Similarly, the other percentages are adjusted till the computed discharge values agree
with the gauged values. Thus, the second trial distribution percentages are 5, 20, 40, 20, 10, 5
which total 100 and are final and the distribution graph thus derived is shown in Fig. 5.26. In
most cases, more trials are required to obtain the desired degree of accuracy.

Also see Appendix—G.
60—

50—

a0k 40

30

2ol 20 20

% of total direct
surface runoff

10f 10

5 5
0 | | | | 1

0 1 2 3 4 5 6
2-hr unit periods

Fig. 5.26 Derived distribution graph (Example 5.7)

5.8 INSTANTANEOUS UNIT HYDROGRAPH

The difficulty of using a unit hydrograph of a known duration has been obviated by the devel-
opment of the instantaneous unit hydrograph (IUH). The IUH is a hydrograph of runoff re-
sulting from the instantaneous application of 1 em net rain on the drainage basin. The IUH in
conjunction with the design storm can be used to obtain the design flood by using a convolution
integral. The IUH was first proposed by Clark in 1945. The IUH can be developed either
directly from the observed data or by adopting conceptual models [see Chapter—16 & 17 for
Methods of Determining IUH].

5.9 SYNTHETIC UNIT HYDROGRAPHS

In India, only a small number of streams are gauged (i.e., streamflows due to single and mul-
tiple storms, are measured). There are many drainage basins (catchments) for which no
streamflow records are available and unit hydrographs may be required for such basins. In
such cases, hydrographs may be synthesised directly from other catchments, which are
hydrologically and meteorologically homogeneous, or indirectly from other catchments through
the application of empirical relationship. Methods for synthesising hydrographs for ungauged
areas have been developed from time to time by Bernard, Clark, McCarthy and Snyder. The
best known approach is due to Snyder (1938). Snyder analysed a large number of hydrographs
from drainage basins in the Applachian Mountain region in USA ranging in the area from 25
to 25000 km? and selected the three parameters for the development of unit hydrograph, namely,
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base width (7)), peak discharge (Qp) and lag time (basin lag, tp), Fig. 5.27, and proposed the
following empirical formulae for the three parameters:

; — 0.3
Lag time, t,= C,(LL,) ...(5.8)
. . ¢
standard duration of net rain, t, = 5E ...(5.9)
£
> g Unit duration
2 AL
g, +«—>» P =1lcm
= - L Centre of P,
i b
! Basin lag =55 Snyder
t ! 0.3
—>Er :u—tp—w: t,=Cy(LLey)
Qub-mmom o Peak flow _~ A
. i Q=Coi
: p
1
o | T~5 tp hr
& Synthetic
% unit hydrograph
o vy 5.6
o o W Tos "
g 0 Area under p
5 I} curve =1cm . h
2 runoff volume = —1osf
[a] o q
2 Q
0 _ p 2
(=} %= cumec/km
v Vv
| Base time T (days or hr) |
B

Time t (hr)
Fig. 5.27 Synthetic unit hydrograph parameters

For this standard duration of net rain,

A
peak flow, Qp = Cp E ...(5.10)
. . tp
time base in days, T=3+3 24 ...(6.11)
2 : Qp
peak flow per km? of basin, 4= ...(5.12)

Snyder proposed subsequently an expression to allow for some variation in the basin lag
with variation in the net rain duration, i.e., if the actual duration of the storm is not equal to ¢,

given by Eq. (5.9) but is ¢/, then

’

t,—t
—— (5.1
1 (5.13)

t =t +
pr p
where ¢ = basin lag for a storm duration of ¢/, and ¢, is used instead of ¢ in Egs. (5.10),
(5.11) and (5.12).

In the above equations,

t, = lag time (basin lag), hr
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c.C,

empirical constants (C, = 0.2 to 2.2, Cp ~ 2 to 6.5, the values depending on the
basin characteristics and units)
A = area of the catchment (km?)
L = length of the longest water course, i.e., of the mainstream from the gauging
station (outlet or measuring point) to its upstream boundary limit of the basin,
(km) (Fig. 5.28)
L, = length along the main stream from the gauging station (outlet) to a point on the
stream opposite the areal centre of gravity (centroid) of the basin

/ Basin boundary

Basin lag (Snyder)

/ ~. 03
// \\\ tpz Cy (L.Lca)
i T~ .
| Area of —~ < Basinslope, S
Upstream ) . N
| boundary e centroid basin A, km N Gauging
1 00

; N Stn.
| of rlve\rl\‘,&\e( ¥

s

River

" (outlet)

Centroid of
basin

S —— e —__—-7 Linsley, etal.

Taylor & Schwarz t,=¢ ( L-Lca)

C,= -2 a=Constant

S

n

Fig. 5.28 Basin characteristics (Snyder)

Snyder considered that the shape of the unit hydrograph is likely to be affected by the
basin characteristics like area, topography, shape of the slope, drainage density and channel
storage. He dealt with the size and shape of basin by measuring the length of the mainstream
channel. The coefficient C, reflects the size, shape and slope of the basin.

Linsley, Kohler and Paulhus gave an expression for the lag time in terms of the basin
characteristics (see Fig. 5.31) as

LL,\"
t,=C, (—“] ..(5.14)

JS
where S = basin slope, and the values of n and C,, when L, L , were measured in miles are
n=0.38
C, = 1.2, for mountainous region
= 0.72, for foot hill areas
= 0.35, for valley areas

Taylor and Scwarz found from an analysis of 20 drainage basins of size 50-4000 km? in
the north and middle Atlantic States in USA that (when L and L_, were measured in miles)

C - % .(5.15)
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Time base in hr, T=5 (tp, + %) ...(5.16)

te, T=5xt ...(5.16 a)

The usual procedure for developing a synthetic unit hydrograph for a basin for which

the streamflow records are not available is to collect the data for the basin like A, L, L , and to

get the coefficients, C, and Cp from adjacent basins whose streams are gauged and which are

hydrometeorologically homogeneous. From these the three parameters, i.e., the time to peak,

the peakflow and the time base are determined from the Snyder’s empirical equations, and the

unit hydrograph can be sketched so that the area under the curve is equal to a runoff volume

of 1 em. Empirical formulae have been developed by the US Army Corps of Engineers (1959)

for the widths of W, and W, of the hydrograph in hours at 50% and 75% height of the peak
flow ordinate, respectively, (see Fig. 5.29) as

peak

5.6
Wy =—70s ...(5.17)
dp
321 Wy, (5.18)
75 = 108 7R el
q, 175
10
8
6
—
c 4
=< 3
®
2 o}
% OO/[/@ \!(/fb@'
° PG
& 1 s o,
o 08 )
=
m 06 N
% <
3 04
S 03 >
§ 02 g
a
0.10
0.08
0.07
0203 04 081 23 4 6 810 20 3040 6080 100

Widths Wy, & W (hr)
Fig. 5.29 Widths W,, and W_, for synthetic UG (US Army, 1959)

A still better shape of the unit hydrograph can be sketched with these widths (Fig. 5.27).
The base time T given by Eq. (5.11) gives a minimum of 3 days even for very small basins and
is in much excess of delay attributable to channel storage. In such cases, the author feels T'
given by Eq. (5.16 @¢) may be adopted and the unit hydrograph sketched such that the area
under the curve gives a runoff volume of 1 cm.

Synthetic unit hydrographs for a few basins in India have been developed by CWPC.

Example 5.8 The following are the ordinates of the 9-hour unit hydrograph for the entire
catchment of the river Damodar up to Tenughat dam site:

Time (hr): 0 9 18 27 36 45 54 63 72 81 90
Discharge (cumec): 0 69 1000 210 118 74 46 26 13 4 0
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and the catchment characteristics are
A =4480 km? L = 318 km, L, = 198 km
Derive a 3-hour unit hydrograph for the catchment area of river Damodar up to the head
of Tenughat reservoir, given the catchment characteristics as:
A =3780 km? L =284 km, L, = 184 km
Use Snyder’s approach with necessary modifications for the shape of the hydrograph.
Solution The 9-hr UG is plotted in Fig. 5.30 and from that t,=13.5 hr

t
t,=9hr, —p:ﬁ—246hr¢t of 9 hr
55 55
=9hr, ¢, =13.5 hr and ¢, has to be determined

t. —t,

or =l T 4
9-1,/55

135=1¢,+ —
t,=11.8 hr

t,=C, (LL,)?
11.8 = C, (318 x 198)°3

C,=0.43
A
Peak flow, Qp = Cp —
1000 =C ﬂ
P 135

C =3.01, say, 3
The constants of C =0.43 and C = 3 can now be applied for the catchment area up to
the head of the Tenughat reservoir, whlch is meteorologically and hydrologically similar.

t,= C,(LL,,)"3=0.43 (284 x 184)*3 = 11.24 hr
4

5—"5 = L% = 2.04 hr # ¢, of 3 hr (duration of the required UG)
t/=3hr, ¢t =2.04hr and t, has to be determined.
t o=t 4Tl qq94, 37204
pr p

t, = 11.48 hr, say, 11.5 hr

A 3780

Peak flow @, =C, — 0 =3 x 115 = 987 cumec

Time to peak from the begmmng of r1s1ng limb

t 3
peate = b + 5 = 115+ =13 hr

Time base (Snyder’s) T (days) =3 + 3 ( j 11 5) = 4.44 days or 106.5 hr
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This is too long a runoff duration and hence to be modified as

T(hr)=5xt ,, =5x 13 = 65 hr
To obtain the widths of the 3-hr UG at 50% and 75% of the peak ordinate :
q,= Q—Z = % = 0.261 cumec/km?
50 = ( q;?.os = (0'22']6_;)1.08 =23.8 hr
Wis = (qi')zlz.los = (0'23(;21)11.08 =13.6 hr = %

These widths also seem to be too long and a 3-hr UG can now be sketched using the

parameters @ = 987 cumec, ¢ peak
equal to a runoff volume of 1 ¢cm, as shown in Fig. 5.30.

= 13 hr and T = 65 hr such that the area under the UG is

é |9 hr
> 5 -
22 Phet=1cm
C |
g I —}‘}1? 13.5—>|
- _- Pnet

;|__55 3 hr
h
100£0>!<_ el 41000 cumec peak
987 flow
900 |_cumec
eak hr UG for th tire basi
| flow 9-hr or the entire basin

800 W a upto Tenughat dam site

700
S 600
IS
2 5001 Vi
g Synthetic unit hydrograph (3-hr)
% 400 — (constants: C; = 0.86, C, = 3) for
8 . .
S 300F basin upto head of reservoir
a

200

Area under
100 UG=1cm
runoff volume
0 1 1 1 1 I 1

0 9 18 27 36 45 54 63 72 81
[¢———Basetime T=65hr
Time t (hr)

Fig. 5.30 Synthetic unit hydrograph derived (Example 5.8)

5.10 TRANSPOSING UNIT HYDROGRAPHS
From Eq. (5.14)

90
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LL
logt, =logC, +nlo ca
gp gt 1 g \/g
—
y = c+ m x

Hence, a plot of t,vs. LL on log-log paper from data from basins of similar hydrologic

Js

C . . . . . LL
characteristics gives a straight-line relationship (Fig. 5.31). The constant C, = t, when ﬁ

=1, and the slope of the straight line gives n. It may be observed that for basins having differ-
ent hydrologic characteristics the straight lines obtained are nearly parallel, i.e., the values of
C, varies depending upon the slope of the basin (as can be seen from Eq. 5.15) but the value of
n is almost same.

1 10 100 1000
128_ T T TTTTT T T TTTT1 T T TTTTg 100
60 F @ — for mountainoys region .
~ @ — for foot hill aregs @ -
aor ® — for valleys ]
30 @ -
n
20 ty = ( Lo " ! _
- Is )
£
=10 — 10
g 8 =
e 8 ]
(%]
Log-I
8 4 og-log paper |
3 Determination —
2 of C,& n from h
data of gauged basins
1 ISI/'f’IIIII | [N | L L 1LIllllg
! g,/G 4 6 8qp 20 3040 60 100 200 400 1000
| -7 LLca 2
A 23 —== km

5
Fig. 5.31 Basin lag vs. basin characteristics

From a plot of q, vs. t,, or from dimensionless hydrographs from gauged basins, the
peak flow and the shape of the unit hydrograph for ungauged basins can be estimated pro-
vided they are hydrometeorologically the same. The dimensionless unit hydrographs elimi-
nates the effect of basin size and much of the effect of basin shape. Hence, it is a useful means
for comparison of unit hydrographs of basins of different sizes and shapes or those resulting
from different storm patterns. It can be derived from a unit hydrograph by reducing its time
and discharge scales by dividing by t, and Qp, respectively. By averaging a number of
dimensionless unit hydrographs of drainage areas, a representative dimensionless graph can
be synthesized for a particular hydrological basin. A unit hydrograph for an ungauged basin,
hydrologically similar, can be obtained directly from this dimensionless graph by multiplying
by the appropriate values of t, (obtained from log-log plot) and Qp (from a plot of q, vs. tp).
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Example 5.9 For the 9-hr UG given for the entire catchment of the river Damodar in Example
5.8, derive a dimensionless unit hydrograph.

Solution From example 5.8, t,= 11.8 hr, Qp = 1000 cumec, and hence the following computa-
tion can be made:

ti: 0 0.763 1525 2.29 3.05 3.82 458 534 610 6.87 7.63

p
g: 0 0.069 1 0.21 0.118 0.074 0.046 0.026 0.013 0.004 0
p

The dimensionless unit hydrograph is plotted as shown in Fig. 5.32.

10

0.8 Dimensionless
unit hydrograph

0 | | | | |
0 1 2 3 4 5 6 7 8

) —»

Fig. 5.32 Dimensionless unit hydrograph

The US Soil Conservation Service (1971), using many hydrographs from drainage areas
of varying sizes and different geographical locations, has developed a dimensionless unit
hydrograph and has developed the following formulae.

; t, +0.133¢, 0.208 AQ
= - an =
peak 1.7 T e
where t. = time of concentration (hr)
tear = time to peak discharge from beginning (hr)

t, . .
=3 +1,, where ¢ is lag time

q,= peak discharge (cumec)
A = drainage area (km?)
@ = quantity of runoff, which is 1 mm for the unit hydrograph
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Most hydrologists assume ¢, as the time from the end of rainfall excess (P, ) to the point
of inflection on the falling limb of the hydrograph; ¢ ., can be determined from ¢ or lag time ¢,
(basin lag) for the required ¢, -hr UG. From ¢ peak and known drainage area q_ can be determined.
Once ¢ peak and ¢ are obtained, ‘¢ vs. ¢’ can be computed from the data of the dimensionless unit

hydrograph and the UG can be sketched.

Example 5.9 (a) Construct a 4-hr UH for a drainage basin of 200 km? and lag time 10 hr by
the SCS method, given (pk = peak):

t

— 0.5 1 2 3 4 5
tpk
Q : 0.4 1 0.32 0.075 0.018 0.004
Qp
) ¢, 4
Solution = o2t t,= 9t 10 =12 hr
536 A 5.36x200 t
) Q,= = a = 89.33 cumec, which occurs at — =1
Epk 12 ok
or t=tpk=12hr
t
({iI) At — =05 ort=0.5x12=6 hr, Q =0.40r @ =04 x 89.33 = 35.732 cumec
pk QP
t
@ii) At — =2 ort=2x12=24 hr, 2 =0.32 or @ = 0.32 x 89.33 = 28.6 cumec
tpk QP
t
(Iv) At T 3 ort=3x 12 =36 hr, g =0.075, or @ = 0.075 x 89.33 = 6.7 cumec
pk p

Time base T'=5 by, = 5x12=60hr; W, = W_/1.75
With this, a 4-hr UH can be sketched.

5.11 APPLICATION OF UNIT HYDROGRAPH

The application of unit hydrograph consists of two aspects:
(2) From a unit hydrograph of a known duration to obtain a unit hydrograph of the
desired duration, either by the S-curve method or by the principle of superposition.

(1) From the unit hydrograph so derived, to obtain the flood hydrograph corresponding
to a single storm or multiple storms. For design purposes, a design storm is assumed, which
with the help of unit hydrograph, gives a design flood hydrograph.

While the first aspect is already given, the second aspect is illustrated in the following
example.

Example 5.10 The 3-hr unit hydrograph ordinates for a basin are given below. There
was a storm, which commenced on July 15 at 16.00 hr and continued up to 22.00 hr, which was
followed by another storm on July 16 at 4.00 hr which lasted up to 7.00 hr. It was noted from
the mass curves of self-recording raingauge that the amount of rainfall on July 15 was 5.75 cm
from 16.00 to 19.00 hr and 3.75 cm from 19.00 to 22.00 hr, and on July 16, 4.45 cm from 4.00 to
7.00 hr. Assuming an average loss of 0.25 cm/hr and 0.15 cm/hr for the two storms, respectively,
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and a constant base flow of 10 cumec, determine the stream flow hydrograph and state the time
of occurrence of peak flood.
Time (hr): 0 3 6 9 12 15 18 21 24 27
UGO (cumec): 0 1.5 4.5 8.6 12.0 9.4 4.6 2.3 0.8 0

Solution Since the duration of the UG is 3 hr, the 6-hr storm (16.00 to 22.00 hr) can be
considered as 2-unit storm producing a net rain of 5.75 — 0.25 x 3 = 5 cm in the first 3-hr period
and a net rain of 3.75 — 0.25 x 3 = 3 cm in the next 3-hr period. The unit hydrograph ordinates
are multiplied by the net rain of each period lagged by 3 hr. Similarly, another unit storm
lagged by 12 hr (4.00 to 7.00 hr next day) produces a net rain of 4.45 — 0.15 x 3 = 4 cm which is
multiplied by the UGO and written in col (5) (lagged by 12 hr from the beginning), Table 5.9.
The rainfall excesses due to the three storms are added up to get the total direct surface
discharge ordinates. To this, the base flow ordinates (BFO = 10 cumec, constant) are added to
get the total discharge ordinates (stream flow).

The flood hydrograph due to the 3 unit storms on the basin is obtained by plotting col (8)
vs. col. (1) (Fig. 5.33). This example illustrates the utility of the unit hydrograph in deriving
flood hydrographs due to a single storm or multiple storms occurring on the basin.

6-hr storm split into
2-unit periods

5cm Pret
%@m B
Loss Loss
0.25 cm/hr%/o.ﬁ cm/hr

Intensity
i (cm/hr)

20

[ V-
N
/
/
/
//
/

100 3 hr;3 hr | shr Peak flood of 99 cumec
i ; "\ on July 16, 07.00 hr
90 i b
I I I
T : 1 1
80~ Lo
— I I
b 70 | )' i Streamflow hydrograph
£ | N ©+@+Q@+ BF
o o N
o 60 | S vlh® R
S sob o 7
£ | I; udo TN 2
X SN !
2 o | AN
pd ANV4
30 | *3 x UGO Y\,
: ,/ : /// \\\\\\
I 4 I y N
1
! 1
! 1

\

- ~>~o
-7 S~

10F=--

Base flow = 10 cumec (constant)
0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 I

16 19 22001 4 7 10 13 16 19 220lo1 4 7
—July15—ple—— July 16— ple——July 17

Date & Time t (hr) —»

Fig. 5.33 Application of UG to obtain stream flow hydrograph (Example 5.10)
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Example 5.11 The design storm of a water shed has the depths of rainfall of 4.9 and 3.9 cm for
the consecutive 1-hr periods. The 1-hr UG can be approximated by a triangle of base 6 hr with
a peak of 50 cumec occurring after 2 hr from the beginning. Compute the flood hydrograph
assuming an average loss rate of 9 mm/hr and constant base flow of 10 cumec. What is the area
of water shed and its coefficient of runoff?

Solution (i) The flood hydrograph due to the two consecutive hourly storms is computed in
Table 5.10, Fig. P5.34.

(i1) Area of water shed—To produce 1-cm net rain over the entire water shed (A km?).
Volume of water over basin = Area of UG (triangle)

1
6y — =1
(Ax10)100—2(6x60x60)50

from which, A = 54 km?
(iii) Coefficient of runoff ¢ = &= 49-09+(39-09)
P 49+39

Table 5.10 Computation of design flood hydrograph (Example 5.11)

= 0.795

Time UGO* DRO due to rain- Total BF TRO Remarks
(hr) (cumec) fall excess (cumec) (cumec) (cumec) (cumec)
4.9-0.9 3.9-0.9
=4cm =3cm

1 0 0 — 0 10 10

2 25 100 0 100 10 110

3 50 200 75 275 10 285

4 37.5 150 150 300 10 310 « Peak flood®

5 25 100 112.5 212.5 10 222.5

6 12.5 50 75 125 10 135

7 0 0 37.5 37.5 10 47.5

8 — — 0 0 10 10

*QOrdinates by proportion in the triangular UG. —Peak flood of 310 cumec, after 4 hr from the
commencement of the storm.

Peak

a
o
I

N
o
I

1-hr UG

Q (cumec)

w
S
T
50

Area =1 cm runoff

N
o
I

._\
o o
I
- [¢——25
w¢+——375

» +—25
o 4125

Time (hr)

Fig. 5.34 (Example 5.11)
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Example 5.12 Storm rainfalls of 3.2, 8.2 and 5.2 cm occur during three successive hours over
an area of 45 km?2. The storm loss rate is 1.2 cm/hr. The distribution percentages of successive
hours are 5, 20, 40, 20, 10 and 5. Determine the streamflows for successive hours assuming a
constant base flow of 10 cumec. State the peak flow and when it is expected; the precipitation
started at 04.00 hr, on June 4, 1982.

Solution The computation of stream flow hydrograph from the distribution percentages due
to net rainfall in three successive hours (i.e., from a complex storm) over an area of 45 km? is
made in Table 5.11.
Example 5.13 The successive three-hourly ordinates of a 6-hr UG for a particular basin are 0,
15, 36, 30, 17.5, 8.5, 3, 0 cumec, respectively. The flood peak observed due to a 6-hr storm was
150 cumec. Assuming a costant base flow of 6 cumec and an average storm loss of 6 mm/hr,
determine the depth of storm rainfall and the streamflow at successive 3 hr interval.
Solution DRO peak = Flood peak — BF

= 150 — 6 = 144 cumec

DRO 144
_ peak _ _
Fo= TG =36 tem

peak

Depth of storm rainfall,
P=P . +losses=4+0.6x6="7.6cm.
DRO =UGO x P_; DRO + BF = TRO

Hence, multiplying the given UGO by 4 cm and adding 6 cumec, the stream flow ordi-
nates at successive 3-hr intervals are: 6, 66, 150, 126, 76, 40, 18, 6 cumec, respectively.

I Match the items in ‘A’ with items in ‘B’

A B
() Ground water depletion (a) Unit storm
(i) Unit hydrograph (b) Flood hydrograph
(Zir) TRO (¢) Bernard
(iv) UGO (d) Synthetic unit hydrograph
(v) Unit duration (e) S-curve hydrograph
(vi) Change of unit duration () (TRO - BFO) + P,
(vii) Distribution percentages (g) UGO x P, + BFO
(viii) Design storm (h) 1 ecm of runoff
(ix) Ungauged stream (i) Base flow recession curve

II Say ‘true’ or ‘false’, if false, give the correct statement.
(7) Unit hydrographs should be used for basins, larger than 5000 km?.
(i) Larger unit periods are required for larger basins.

(ii1) If the peak of the unit hydrograph is 25 cumec, then the peak of the hydrograph producing 8
cm of runoff is 215 cumec, assuming a constant base flow of 15 cumec.
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(iv) The base flow of surface streams is the effluent seepage from the drainage basin.

(v) The ground water depletion curves are not of the same pattern for all the storms in a drain-
age basin.

(vi) When dealing with small streams, a hydrograph of instantaneous flow should be constructed,
wherever possible.

(vii) The best unit duration is about one-fourth of the basin lag.
(viit) The period of surface runoff is different for unit storms of different intensity.

(ix) If the period of surface runoff is divided into equal time intervals, the percentage of surface
runoff that occurs during each of these intervals will be different for unit storms of different
intensities.

(x) The hydrograph of runoff for a basin reflects the combined physical characteristics of the
basin including infiltration, surface detention and storage.

(xi) The inflection point signifies gradual withdrawal of catchment storage.

(xii) The unit storm is of such duration that the period of surface runoff is much less for any other
storm of shorter duration.

(xiii) The shape of the hydrograph of runoff will be affected by:
() the duration of the storm
(zi) areal distribution of the storm

(i) the intensity of the storm (false: i, v, viit, ix, xii)

IIT Fill up the blanks correctly:

(i) The 3-hour unit hydrograph gives a net rain of ..... cm on the entire basin, for the rainfall
duration of .... hours.

(i) To convert a unit hydrograph of a known duration to some other required duration ... tech-
nique is adopted.

(Zi1) The three basic propositions of the unit hydrograph theory are:

(270 IR hydrograph is constructed to serve as a unit hydrograph for a basin whose stream is
not gauged.

(v) The ground water contribution to the discharge in a stream is called .....
(vi) If the seepage from the stream builds up a ground water mound, such a stream is called

IV Choose the correct statement/s in the following:
1 A 4-hr unit (1 cm) hydrograph means
() the duration of rainfall is 4 hours.
(i7) the intensity of rainfall over the entire catchment is 2.5 mm/hr constant.
(Zi7) 1 cm depth of rainfall over the entire catchment.
(iv) 1 cm depth of rainfall excess over the entire catchment.

(v) a hydrograph resulting from the instantaneous application of 1 ¢cm rainfall excess over the
basin.
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(vi) that the stream flow is for 4 hours.
(vii) that the volume of direct surface runoff in the stream is 10* A m3 (A = area of basin in km?).
(vii) all the above.

2 Given a 4-hr unit (1 cm) hydrograph (UG), for any storm of 4-hr duration producing x cm of
rainfall excess

(i) the peak of direct runoff hydrograph (DRH) is x times the peak of UG.
(i1) the duration of direct surface runoff (DSR) is the same as that of UG.

(ii7) if the duration of DSR in DRH and UG are divided into 8 unit periods, the percentage of DSR
in the corresponding unit periods in both, is the same.

(iv) the ratio of the corresponding ordinates in each unit period of DRH and UG is x.
(v) all the above relations.
3 A S-curve hydrograph derived from a 4-hr UG (time base T = 24 hr) for a 640 km? basin
(i) is the result of six 4-hr unit storms occurring in succession over the basin.
(i) produces a constant outflow 445 cumec after 24 hours.
(it7) the constant outflow of 445 cumec is produced after 6 hours.
(iv) the shape of the curve in the first 24 hours is in the form of letter S.
(v) all the above items.
4 A synthetic unit hydrograph is developed
(i) for a basin whose stream is gauged.
(it) for a basin over which no raingauge and stream gauge stations are established.

(i17) by measuring the mainstream lengths like L and L_, and area of the basin.

ca’
(iv) by computing the basin slope.
(v) by taking certain constants from another basin, which is hydrometeorologically homogeneous.
(vi) for a basin having a raingauge network but with no stream gauging station
(viti) from items (ii7) (v) and (vi) above.
5 The shape of the hydrograph is effected by
(i) non-uniform areal distribution of rainfall.
(ii) varying rainfall intensity.
(it7) shape of the basin.
(iv) direction of storm movement.
(v) all the above factors.

6 Given a 3-hr UG, the stream flow hydrograph due to a 6-hr storm producing 7 cm of rainfall
excess, can be derived by
(i) multiplying the 3-hr UGO by 7 and adding base flow, if any.

(it) deriving a 6-hr UG, from the 3-hr UG, multiplying the 6-hr UGO by 7 and then adding base
flow, if any.

(i17) multiplying the 6-hr UGO (derived from the 3-hr UGO) by 7 and deducting the base flow, if
any.

(iv) if the storm had uniformly produced 3 cm in the first 3 hr and 4 ¢cm in the next 3 hr, multiply-
ing the 3-hr UGO by 3 and then by 4, adding the DRO’s lagged by 3 hr, and then adding base
flow, if any. (1-i, ii, iv, vii; 2—v; 3—except iii, 4—vi, vii; 5-v; 6-except iii)
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( QUESTIONS)

1 (a) Define hydrograph. Draw a single-peaked hydrograph and indicate its various components.
(b) State the significance of the inflection point on the recession side of the hydrograph.

2 It is ascertained that various factors affect the shape of the flood hydrograph. What are those
factors? Grouping the above under rainfall factors, loss factors and physiographic factors, indi-
cate how all these affect the shape of the hydrograph.

3 Describe with the help of a neat sketch any three methods of separation of base flow from the
hydrograph of runoff (i.e., stream flow hydrograph) indicating the situations under which you
advocate them.

4 (a) What are the three basic propositions of the unit hydrograph theory ?

(b) The following are the ordinates of the hydrograph of flow from a catchment area of 780 km?
due to a 6-hour rainfall. Derive the ordinates for 6-hour unit hydrograph for the basin and
state its peak.

Date Time from beginning Discharge Remarks
of rainfall (cumec)
(hr)

1-3-1980 6 40
12 64

18 215

2-3-1980 0 360

405 —— Peak

12 350

18 270

3-3-1980 0 205
6 145

12 100

18 70

4-3-1980 0 50
6 42

5 (a) What do you understand by ‘a 6-hour unit hydrograph’?

(b) A steady 6-hour rainfall with an intensity of 4 cm/hr produces a peak discharge of 560 cumec.
The average storm loss can be assumed as 1 cm/hr and base flow 20 cumec. What is the peak
discharge of the unit hydrograph and its duration? On the same basin, determine the peak
discharge from a 6-hour rainfall at an intensity of 3.5 cm/hr assuming an average loss rate of
1.5 cm/hr and base flow of 15 cumec. (30 cumec, 6-hr; 375 cumec)

6 (a) Explain the use of the unit hydrograph in the construction of the flood hydrgraph resulting
from two or more periods of rainfall.
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(b) The following are the ordinates of 3-hour unit hydrograph:

Time 3-hr UGO Time 3-hr UGO
(hr) (cumec) (hr) (cumec)
0 0 15 9.4
3 1.5 18 4.6
6 4.5 21 2.3
9 8.6 24 0.8
12 12.0 27 0

Derive the flood hydrograph due to a 6-hour storm producing a total rainfall 4.5 cm in the first

three hours and 3.5 cm in the next three hours. Assume an average infiltration loss of 0.5 c/hr

and a constant base flow of 3 cumec. State the peak flood in the stream and after how many

hours it will occur since the commencement of storm. Also state the basin lag (time lag).

(a) What is an instantaneous unity hydrograph?

(b) Given below are the streamflows from a catchment area of 20 km? due to a storm of 1-hour
duration. Find the surface runoff hydrograph ordinates from an effective rainfall (net rain) of
6 cm and of duration 1 hour. Assume a constant base flow of 15 cumec.

Time (hr): 0 1 2 3 4 5 6 7 8 9 10
Stream flow (cumec): 15 25 50 55 48 35 30 27 24 20 15
(a) What are the limitations of unit hydrograph?

(b) The stream flows due to three successive storms of 3.5, 4.5 and 2.5 ¢m of 6 hours duration
each on a basin are given below. The area of the basin is 45.4 km?. Assuming a constant base
flow of 10 cumec, and an average storm loss of 0.25 cm/hr, derive the ordinates of a 6-hour
unit hydrograph for the basin.

Time (hr): 0 3 6 9 12 15 18
Stream flow (cumec): 10 14 18 32 46 54 58
Time (hr): 21 24 27 30 33 36 39
Stream flow (cumec): 49 36 25 17 12 11 10

0,2,4,8,12,9,4,2,1,0)
The ordinates of a 3-hr UG are given in problem 6 (). Derive the flood hydrograph due to a 3-hr

storm, producing a rainfall excess (net rain) of 4 cm. The base flow is estimated to be 3 cumec
and may be assumed constant. 3,9, 21, 374, 51, 40.6, 21.4, 12.2, 6.2, 3 cumec)

(a) Define ‘a S-curve hydrograph’ giving a neat sketch, and state its use.

(b) The ordinates of a 12-hour unit hydrograph are given below. Compute a 6-hour unit hydrograph
ordinates and plot: (i) the S-curve and (it) the 6-hour UG

Time (hr): 0 6 12 18 24 30 36 42 48 54 60 66 72

12-hr UGO (cumec): 0 1 4 8 16 19 15 12 8 5 3 2 1

The ordinates of a 4-hour unit hydrograph are given below. Derive the ordinates of a 8-hour unit
hydrograph by the S-curve method or otherwise.
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12

13

14

15

Time 4-hr UGO Time 4-hr UGO
(hr) (cumec) (hr) (cumec)
0 0 24 103
4 24 28 64
8 82 32 36
12 159 36 17
16 184 40 6
20 151 44 0

The ordinates of a 6-hour UG are given below. Derive the ordiantes of a 12-hour UG without
resorting to the S-curve technique.

Time (hr): 0 6 12 18 24 30 36 42 48 54 60
6-hr UGO (cumec): 0 5 13 30 35 32 20 14 8 4 0

The ordinates of a 3-hour UG are given in problem 6 (b). Derive the ordinates of a 6-hour UG and
state its peak.

(a) Explain ‘synthetic unit hydrograph’.
(b) A drainage basin has an area of 1700 km?.
Construct a 6-hour unit hydrograph, the data is given below:
Length of the longest water course = 82 km
Length along the main water course from the
gauging station to a point opposite the centriod
of the basin = 48 km

From another catchment, which is meteoro logically and hydrologically homogeneous, the
constants obtained: C, =12, Cp =5

(14.5 hr, 587 cumec, 4.9 days; 18, 10 hr)
The following are the ordinates of a 6-hr UG for a basin:

Time (hr): 0 6 12 18 24 30 36 42 48
6-hr UGO (cumec): 0 20 56 98 127 147 156 154 140
Time (hr): 54 60 66 72 78 84 90 96
6-hr UGO (cumec): 122 107 93 78 65 52 41 30
Time (hr): 102 108 114 120 126 132 138 144
6-hr UGO (cumec): 20.7 14.5 10 6.7 4.5 2.2 1.1 0

Details of the gauged basin:
A =3230 km? L = 150 km, L, = 76 km

Another basin which is meteorologically and hydrologically similar has the following details.
A = 2430 km?, L = 140 km, L., =75 km and the basin is not gauged.

Derive a 6-hour synthetic-unit hydrograph for the ungauged basin.
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16 Synder’s method has been applied for the construction of synthetic-unit hydrograph for a sub-
catchment of Ramganga basin at Kalagarh in U.P., north India and the following data apply:

(a) For the whole Ramganga catchment:

Area of catchment = 3100 km?

Peak of 24-hour design unit hydrograph = 782 cumec

Time to peak (from the beginning of rising limb) = 33 hours

Time hase =4 days
L=1575km

L. =7795 km} measured from the index map
ca — .

(b) For the sub-catchment of Ramaganga:
Area of catchment = 323.5 km?
L =32 km
L, =24.96 km
Construct a 8-hour synthetic unit hydrograph for the sub-catchment of Ramganga.
(C,=0.93, Cp =5.29, ¢, =8.59 hr
Qp =199.3 cumec, T = 97.7 hr or 62.95 hr
Wy =9.43 hr, W, = 5.4 hr)
17 A drainage basin has an area of 3800 km?2. Determine: (i) lag period, (ii) peak discharge, and (iii)
base period, of a 9-hour unit hydrograph from the following data:
L =320 km, L_, = 200 km, C, = 0.9, Cp =4.0
18 Storm rainfalls of 3, 7.5 and 5.5 cm occur during the three successive hours over a 30 km? area.
The loss rate can be assumed as 1.5 cm/hr on an average. The distribution percentages for suc-
cessive hours are 5, 20, 40, 20, 10 and 5. Determine the stream flows for successive hours assum-
ing a constant base flow of 20 cumec, state its peak and when it is expected.

(26, 25, 70, 187, 311, 266, 143, 78, 37 cumec)

19 The design storm over a water shed has depths of rainfall of 4,6, 3.6 and 5.6 cm in successive 1-hr
periods. The 1-hr UG can be approximated by a trainagle of base of 9 hr with a peak of 50 cumec
occuring after 2 hr from the beginning. Compute the flood hydrograph assuming an average loss
rate of 6 mm/hr and constant flow of 5 cumec. What is the area of water shed and its coefficient
of runoff?

20 Distinguish between:
(i) a hydrograph and a hyetograph
(i1) lag time and recession time
(iti) a concentration curve and a recession curve
21 Write short notes on:
(i) Meteorological homogeneity
(i1) Ground water depletion curve
(i1i) Bernard’s distribution graph
22 During a draught spell in a basin, the stream flow was 90 cumec after 10 days without rain, and
40 cumec after 30 days without rain. Derive the equation of the ground water depletion (reces-

sion) curve. What is the streamflow after 100 days without rain? What is the change in ground
water storage from 10 to 100 days without rain?
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23

24

A 3-hr UG for a basin can be approximated by a triangle of base 24 hr and peak (apex) of 50
cumec occuring after 8 hr from the beginning. A 4-hr storm occurred over the basin with an
intensity of 2.6 cm/hr. Assuming an average loss rate of 6 mm/hr and a constant base flow of 6
cumec, determine the streamflow at 4, 8 and 16 hr, respectively from the beginning. What is the
area of the drainage basin? Also determine the coefficient of runoff of the basin.

. - W
Hint C = ; (156, 306, 156 cumec; 216 km?; 0.8)

The flood at the Pampanga river at San Anton, Philippines during October 4-10, 1964 is given in
Table 1. The watershed area is 2851 km2. The hourly rainfall data measured by the recording
raingauges at Cabanatuan is given in Table 2.

() Plot the distribution of hourly rainfall as a histogram
(1) Compute the ¢—index
(i11) Verify whether the computed value is correct by using the histogram

Table 1 Daily runoff data of Pampanga river

Stream flow Base flow
Date (cumec) (cumec)
October 1964, 4 325 325
5 364 315
6 502 290
7 452 277
8 470 263
9 465 252
10 240 240
Table 2 Hourly rainfall data at Cabanatuan
Date Hour Rainfall Date Hour Rainfall
(mm) (mm)
October 5, October 6 17 17.2
1964 9 14.3 18 2.0
10 8.0 19 0.9
11 7.2 20 1.5
12N 3.8
13 2.0
14 1.3
October 6, 4 1.0
5 0
6 0.8 year
7 0
8 13.9

(Ans. 73.9 — 48.0 = 25.9 mm, 6.94 mm/hr))
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25

26

27

28

29

Storm rainfalls of 4.5 and 8 cm occurred over an area of 3750 km? on July 10 and 11, respectively
in a certain year. The loss rate can be assumed as 2.5 and 2 cm for the two days, respectively.
The distribution percentage for the successive days are 20, 40, 15, 12, 8, 4 and 1. Determine the
streamflows for the successive days in cumec, assuming a base flow of 40 cumec for the first 2
days, 80 cumec for the next 2 days, 60 cumec for further 2 days and 40 cumec for the subsequent
days. State the peak flood and the date of its occurence.
The flood water level (river stage H) since commencement of a 4-hr storm on a 2200 km? basin is
given below. Derive and sketch a 4-hr UH (unit is 1 ¢cm), assuming a constant base flow of 9
cumec.
Time (hr): 0 2 4 6 8 10 12 14 16 18 20 22
Stage, H(m): 05 30 45 46 43 33 28 22 19 12 10 05
Stage-discharge relation : @ = 100 (H-0.2)2, @ in cumec.

(Ans. P_, = 2.86 cm; UHO: 0, 271, 644, 674, 585, 333, 233, 166, 98, 32, 19, 0, cumec)
Using the lag time of the SUH obtained in problem 16, for the sub-catchment of Ramganga
(A = 323.5 km?) develop a 8 hr—UG by SCS method, given (pk = peak) :

LA 05 1 2 3 4 5

Eor

QQ: 0.4 1 0.32 0.075 0.018 0.004
P

In a stream the base flow is observed to be 30 cumec on July 14, and 23 cumec on July 23.
Estimate the base flow on August 10, and ground water storage on July 14 and August 10.

(Ans. @ (28 days) = 13.5 cumec; 88, 40 Mm?)

An agricultural watershed was urbanised over a period of 30 years. The rainfall loss was
9 mm/hr before urbanisation, which dropped to 4 mm/hr after urbanisation. The 1-hr UG (unit
1 cm) of this watershed can be assumed as a triangle of base 12 hr and height 160 cumec after 4
hr before urbanisation and of base 8 hr and height 240 cumec after 3 hr, after urbanisation.

(a) Determine the area of the watershed.

(b) Draw the flood hydrograph after urbanisation for a storm of intensity 19 mm/hr for 1 hr and
29 mm/hr in the next hour. Assume a uniform loss rate and a constant base flow of 10 cumec.

(c) Compute the coefficient of runoff before and after urbanisation.
(Ans. A = 346 km?, C = 0.67, 0.83]
Note The triangular areas of both the UG’s are same.



Chapter 6

STREAM GAUGING

6.1 METHODS OF MEASURING STREAM FLOW

The most satisfactory determination of the runoff from a catchment is by measuring the
discharge of the stream draining it, which is termed as stream gauging. A gauging station is
the place or section on a stream where discharge measurements are made. Some of the usual
methods of stream gauging are given below:

(a) Venturiflumes or standing wave flumes (critical depth meter) for small channels.

(b) Weirs or anicuts: @ = CLH?? ..(6.1)
where @ = stream discharge, C = coefficient of weir, L = length of weir (or anicut), H = head
(depth of flow) over the weircrest

(c) Slope-area method: @ = AV ...(6.2)
V=CJRS —Chezy ...(6.2 a)
1
V= - R%38Y2  _Manning ..(6.2b)
1 A
W (V= = PU6 _4a
Chezy’s C = n RYS, =p ..(6.2 ¢)

where C = Chezy’s constant

N = Manning’s coefficient of roughness

R = hydraulic mean radius

A = cross-sectional area of flow

P = wetted perimeter

S = water surface slope (= bed slope)

The cross-sectional area A is obtained by taking soundings below the water level at
intervals of, say, 6 m and plotting the profile of the cross-section and drawing the high flood
level or water surface level.

The water surface slope is determined by means of gauges placed at the ends of the
reach, say 1 km upstream of the gauging station and 1 km downstream of the gauging station
(in a straight reach; if AZ is the difference in water levels in a length L of the reach, then

S = AR The slope may also be determined by means of flood marks on either side and their

subsequent levelling.

171
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Careful notes on the nature of bed and banks, vegetation etc. should be made and if
possible a photograph may be taken. From this, the constants C (Chezy’s) and n (Manning’s)
can be found from the Tables.

The slope-area method is often used to estimate peak floods where no gauging station
exists.

(d) Contracted area methods:

The drop in water surface in contracted sections as in bridge openings (see Fig. 6.15),
canal falls etc. is measured and the discharge is approximately given by

Q=C,A, 28 (Ah+h,) ...(6.3)
where C, = coefficient of discharge
A, = area of the most contracted section
Ah = difference in water surface between the upstream and down stream ends (of the
pier)
h, = head due to the velocity of approach.

(e) Sluiceways, spillways and power conduits. The flow through any of the outlets in a
dam or the sum of the flows through these gives the discharge at any time.

() Salt-concentration method. The discharge is determined by introducing a chemical,
generally common salt, at a known constant rate into flowing water and determining the quan-
tity of chemical in the stream at a section downstream sufficiently distant to ensure thorough
mixing of the chemical with water. The discharge.

Q:
Ca—C

where ¢ = quantity of solution injected (cc/sec)
¢ = amount of salt in dosing solution (gm/cc)

¢, = concentration of salt originally (before dosing) in the stream (gm/cc)

¢, = concentration of salt in the sample downstream (gm/cc)

This method is best suited for turbulent waters as the turbulence helps in thorough
mixing of the chemical; this is a costly process.

(g) Area-velocity methods: Q=AV

The area of cross-section of flow may be determined by sounding and plotting the profile.
The mean velocity of flow (V) may be determined by making velocity measurements. The velocity
distribution in a cross-section and in a vertical in a stream are shown in Fig. 6.1 (a) and (b) and
as such the methods of velocity measurements are as follows:

c—cy

...(6.4)

Floats {surface } measure surface velocity v,;

sub-surface V =0.850,
Velocity measurements from { Velocity rods measure mean velocity, V ...(6.5)
Pigmy o
Current meter { Propeller } '¢aSure mean velocity ina
. strip of cross-section by
Price
(i) one point method V = v, ...(6.6 a)

(ii) two points method V = Yo2d * Vosd

(d = mean depth in the strip) ...(6.6 b)
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Water Surface velocity
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Fig. 6.1 Horizontal and vertical velocity profiles in a stream

Surface floats—consist of wooden discs 7-15 cm diameter (Fig. 6.2 a). The time (¢) taken
by float to travel a certain distance (L) is meaured and the surface velocity v, and mean veloc-
ity V are calculated as v, = L/t and V = 0.85 v,. The reach of the river for float measurements
should be straight and uniform and least surface disturbances. The float travel is affected by
winds, waves and eddies and sometimes a subsurface or a double float consisting of a metallic
hollow cylindrical weighted submerged float attached by means of a thin string to a surface
float is used, Fig. 6.2 a.

Surface floats Subsurface Velocity
float rod
i Water surface
T —=====- I_I —————
N_~ \___1 T==== I
Wire
taut %
>—>—> 0.94d d
Flow direction
Weighted Lead
River bed —y we|ght
a. Types of floats

River bank — @ Pole rope @ |_T_|

| ! ! I

| | | !

> < —— Float run—

Flow 1 1 1 |

| | | !

7 —L ! :Wi T
Starting line Ii—l I—A—I Fixed Ii—l
of float reference gauge

b. Float run
Fig. 6.2 Velocity determination by floats

Velocity rods consist of a wooden rod, square or round in section (= 3-5 cm size). It is
weighted at the bottom by means of lead or cast iron rings to immerse it to a depth of 0.94d,
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where d is the depth of stream, to give the mean velocity of flow (V). The rods are so weighted
that they float nearly vertical with about 3—5 cm projecting above the water surface, so that
they can be seen floating. A number of rods are required to suit the varying depths of cross-
section.

At the beginning of the gauge run, a surface or rod float is released at the centre of a
compartment (Fig. 6.2 b). The time taken for the float to reach the end of the gauge run (of the
same compartment) is noted. Knowing the length of the gauge run, the velocity of flow is
determined.

6.2 CURRENT METER GAUGINGS

The current meter is an instrument, which has a rotating element which when placed in flow-
ing water, the speed of revolutions has a definite relation with the velocity of flow past the
element. There are three types of current meters—(i) pigmy current meter, whose cup vane
assmbly is about 5 cm in diameter and is used for measuring velocities in streams of depth 15
cm or less, (it) the cup type, which consists of a wheel with conical cups revolving on a vertical
axis, and (iii) the screw or propeller type consisting of vanes revolving on a horizontal axis.
Price, Ellis, Ottwatt meters are of vertical axis type while Off and Haskel, Amslar, Ott and
Aerofoil meters are of horizontal axis type. The Price meter is regarded as a universal meter
and is equipped with a pentahead, a device for indicating every fifth revolution. The meter
may be used for velocities from 1 to 4.5 m/sec in depths of 1-15 m from a boat, bridge, cable or
wading. A counter weight (stream lined) is fixed below the meter to prevent it from swaying,
Fig. 6.3.

<4—— Suspension
cable

Rod
Connection

Tail vane to ear phone

Flow

¥~

Funnels on
vertical axis

Counter weight

Fig. 6.3 Price current meter

Rating of the Current Meter
The relationship between the revolutions per second (IV, rps) of the meter and the velocity of
flow past the meter (v, m/sec) has to be first established, or if the rating equation is given by
the maker, it has to be verified. This process of calibration of the meter is called rating of the
current meter. The rating equation is of the form

v=aN +b ..(6.7)

where a and b are constants (determined from rating of the current meter).
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The rating is done in a masonry tank of approximate dimensions 90 m x 2.4 m x 2.1 m,
Fig. 6.4. The meter is towed in still water in the tank either by a pushing trolley (from which
the meter is suspended) by men specially trained for the purpose or by an electric motor to
move the trolley at a constant speed on a track by the side of the tank, the distances being
painted in m and c¢m in enamel on the track. A metronome adjusted to give ticks at every 2, 3,
4,5,6,7,8, 10 sec is kept on the trolley. The men pushing the trolley would have been trained
to put paces uniformly to synchronise with the ticking of the metronome. When motorised
speeds are adjusted to give different velocities. A cantilever beam is fixed to the trolley such
that the projecting end is at the centre of the rating tank from which the meter is hung from a
suspension rod. The meter should be immersed about 1 m below the water surface during
rating. The observer sits in the trolley, notes the time and distance traversed by the trolley for
a fixed number of revolutions made by the meter (say, 10-100 depending on the speed). This
operation is repeated for different pushing velocities of the trolley. A current meter rating
curve is drawn as ‘pushing velocity vs. rps’, which plots a straight line and the constants ¢ and
b are determined as shown in Fig. 6.5.

Moving trolley

/— Rating tank: 90 x 2.4 x 2.1 m

A Current meter
—>  owed Still water
4 Hanger

Current meter
towed in still water

Moving trolley
Metronome

Distances painted

a. Plan b. Cross section

Fig. 6.4 Current meter rating tank

— _ distance towed (m)
[&] -—
.8 time (sec)
o =
=& or = Speed of motor
£73
o5
¢ 9 :
o F Rating curve
c
£5 v=aN+Db
8o
a €
b = intercept

Rev/sec of meter (N)

Fig. 6.5 Current meter rating curve
Stage-Discharge-Rating Curve
Once the rating equation of the current meter is known, actual stream gauging can be done
from bridges, cradle, boat or launch. The cross section of the stream at the gauging site is

divided into elemental strips of equal width & and the current meter is lowered to a depth of
0.6 d below water surface in shallow depths (one-point method) and to depths of 0.2d and 0.8d
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(two-points method) in deep waters, at the centre of each strip, Fig. 6.6. The mean depth (d) at
the centre of each strip is determined by sounding. The revolutions made by the meter in a
known time at the appropriate depths are noted by an ear phone (connected through a wire to
the penta or monocounter of the meter and the other to a dry cell) from which the velocities at
the appropriate depths are determined from the rating equation, Eq. (6.7).

Hand propeller

/ﬂ\ Pulley steel cable
Crab \

N Pulley Pulley

winch ;
Cable '.'.'.'.'.'.'.'.'.'.'.'
drum ’1@\6 Steel trestle F " Cable car
Left bank _

N

Right bank

Anchor
Masonry
foundation
Stream bed Current
Elemental strips Current meter meter positions
of width (b) lowered at 0 8d AQ (Strip) = (b.d) Vad t Vg
Depth (d) ’ ' 2
by sounding Q=2 AQ or

AQ (end strips) = (b.d) vy

Fig. 6.6 Current meter gauging

It may be noted that the mean velocity is taken as that at 0.6d below water surface in
shallow water (one-point method), and as the average of the velocities at 0.2d and 0.8d below
the water surface (two-point method) in deep waters, as can be seen from the velocity distribu-
tion in a vertical in a stream section, Fig. 6.1 (b). The discharge in each elemental strip is
determined and the discharge in the stream is the sum of the discharges in all the elemental
strips.

There are two methods of determining the discharge in each elemental strip:

(1) Mid-section method. In this method, the vertical in which the velocity measure-
ments are made (by one-point or two-points method) is taken as the middle of the strip, and
the water depth (d) in the vertical (determined by sounding) is taken as the mean depth of the
strip, Fig. 6.7 (a). If b is the width of strip (usually same for all strips) then the discharge in the
elemental strip is given by

AQ = (bd) v ¢, in shallow strips ...(6.8)
AQ = (bd) x W in deep water strips ...(6.8 a)
stream discharge, Q=IAQ ...(6.8 b)

In this method, the discharge in the two-triangular bits near the ends are not included
in the discharge computation.
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As or AM & N not

included in
computation of
discharge
meter Vortiais 1
locations erticals for ) Vgt Vg
mean depth and AQ (Strip) = (b.d) =——%——
mean velocity or
= (b.d) vgq

a. Mid-section method

Mean sections

of strips Strips 1-7 AQ (Strip) = (b.dp,) Vi,
d,+d V, + V.
Q=54Q Un= =5 V= Z 5

(for strip 3)
b. Mean-section method

Fig. 6.7 Mid-section and Mean-section methods

(i) Mean-section method. In this method, the elemental strip is taken between two ver-
ticals and the mean depth is taken as the average of the depths in the two verticals (deter-
mined by sounding). The width of the strip is distance b between the two verticals. The velocity
in the strip is taken as the average of the mean velocity determined in the two verticals (by
one-point or two-points method), Fig. 6.7 (b). The discharge in the elemental strip is given by

d, +d, V1+V2j
Q=b( B ]( 9 ..(6.9)

V., V, determined as v, 4, in shallow strip

Vo.2d T Vo.84
2
Stream discharge, QR =ZAQ ...(6.9b)
The mean section method is considered to be slightly more accurate, but the mid-section

method is faster and is generally used.

and in deep water strip ..(6.9a)

Example 6.1 The following data were collected for a stream at a gauging station. Compute the
discharge.
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Distance from depth, d Immersion of current meter
one end of (m) below water surface
water surface at 0.6d at 0.2d at 0.8d
(m) Rev. Sec. Rev. Sec. Rev. Sec.
3 1.4 12 50
6 3.3 38 52 23 55
9 5.0 40 58 30 54
12 9.0 48 60 34 58
15 5.4 34 52 30 50
18 3.8 35 52 30 54
21 1.8 18 50

Rating equation of current meter: v = 0.3 N + 0.05, N = rps, v = velocity, (m/sec), Rev.-Revolutions, Sec-
time in seconds.

Solution The discharge in each strip, AQ = (bd) V, where V is the average velocity in each
strip, Fig. 6.8. In the first and the last strips (near the banks) where the depth is shallow,

+
V =v, ., andin the other five intermediate strips (with deep water), V = w. Width of

each strip, b = 3 m, mean depth of strip = d, and the total discharge, @ = £ AQ = 20.6 cumec,
as computed in Table 6.1.

Not considered

41.4

Meter location Meter location

at0.6d at 0.6d
Meter locations ) ]
at 0.2d & 0.8d Vmean in vertical
in vertical (V0 24 Vosa) O Voed

Q= ZAQ Z(bd)Vmean

Fig. 6.8 Discharge computation (Example 6.1)

6.3 STAGE-DISCHARGE-RATING CURVE

A river is gauged by current meter throughout the rainy season (for about 3 months) at different
stages (water levels) of the river. The water stage can be read on the enamel painted staff
gauges (gauge posts) erected at different levels at a gauging station Fig. 6.9; it may be noted
that corresponding graduation of gauge posts at two locations are fixed at the same level. A
curve is drawn by plotting ‘stream discharge ‘@ vs. gauge height 2’ which is called the ‘stage-
discharge rating curve’ as shown in Fig. 6.10. From this rating curve, the stream discharge
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corresponding to staff gauge readings taken throughout the year/s can be obtained, as long as
the section of the stream at or near the gauging site has not materially altered. Periodical
gaugings (say, once in three years) are conducted to verify the rating curve, or to revise the
rating curve if any change in section has been noticed.

Staff gauges

5 7.5
(enamel pamteN

5.0
Staff reading / 5m0

High water level — (Gauge height, h)

Flow Q (cumec) 25 /f-----% :
m

Stream

River bed bank

O~a

Fig. 6.9 Gauge posts on river bank

771 7177Tm T T TTIT1 T T 11T
8 -
6 - Log-log paper _
4_ p—
3 Stage-discharge |
rating curve
£ 20 ) B
=
%1'3 —  Staff guage reading|0.7 m ]
< ;{ ______ R e =
3 6 | .
s L i 7
O 4 ! .
3 ! —
2k \ . .
) 1 Discharge
i 20 cumec
01 | [N R L1yl

|
8 10 20 30 50 70 100 200 400 600 1000
Stream discharge, Q (cumec)

L 111
1 2 34 6

Fig. 6.10 Stage-discharge rating curve

For a continuous record of water stage (gauge heights or readings) during floods, an
Automatic Water Stage Recorder (AWLR) is installed inside a gauge well on one of the banks
of the stream at the gauging site, connected to the stream at different levels by pipes, Fig. 6.11.
A steel wire rope with a float at one end and a counter weight at the other passes over a pulley
connected to a cylindrical drum over which a chart is wrapped. The rise and fall of the float
with the water level causes rotation of the drum while a clock mechanism moves a pen axially
along the drum, thus producing a water stage hydrograph. The time scale on the graph is
usually so chosen as to cover a week’s period. Thus, a continuous record of the river stage with
the time is obtained. The water level in well is not subject to fluctuations caused by wind or
waves.

If the river is subject to scour, the well should be sufficiently deep and the zero of the
gauge should be sufficiently below the bed, so that the water surface will not come below the
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bottom of the well or below the zero gauge reading due to scour of the river bed. Thus, the
gauge height (gauge reading) corresponding to zero discharge varies according to the degree of
scour or deposition but is always a positive number ().

Drum with
chart-mounted
clock mechanism

L4—Float counter

weight
Pipe connection River
Gﬂa(l)ue?te . & High water levelyy o v W
Gauge Lo
e I

Zero of
gauge -

0.00 )
Maximum probable scour

of stream bed

Fig. 6.11 River stage recorder

Extension of Stage-Discharge Rating Curve

If h, is the gauge reading corresponding to zero-discharge and 4 is the gauge reading when the
discharge is @, the gauge height is (h — h) for this discharge @. The relation between stream
discharge and gauge height can be expressed as

Q=K (h—-hyy ...(6.10)
where K and n are the constants for any stream gauging station.
= log (h—h
log@ = log K +n log (A —hy) .(6.10 @)
y c m

X

Hence, the plot of @ vs. (h — h) on a lag-lag paper gives a straight line whose slope is n
and K = @ when (2 — h) = 1, Fig. 6.12.

Usually the value of A is not known and the observations made are values of @ corre-
sponding to gauge readings /. Then, A is determined by assuming trial values; for example for
assumed value of 4, = 1.2, the discharge rating curve is concave upward and for a value of 2, =
0.6 the curve is concave downward; for some intermediate value A, = 0.9, it is a straightline
plot and can be extended to higher stages once the value of %, is determined, the scale of
(h — h,) may be replaced by gauge reading 4, since h = (h — h) + 0.9, to facilitate direct reading
of stream discharge for any observed gauge reading 4. It is customary to plot the rating curve
with @ as abscissa and % as ordinate, Fig. 6.10.

Adjustment of Stage-Discharge Rating Curve

When discharge measurements are made during both rising and falling stages and also
at constant stage, the points joining the rising and falling stages plot a loop due to channel
storage and variation of water surface slope as a flood wave moves along the stream, Fig. 6.13.
A smooth discharge curve is then drawn along the median line passing through or near the
points that were obtained at constant stage. Whenever stream gauging is conducted for deter-
mining or checking the discharge-rating curve, the gauge reading and time are recorded at the
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beginning and at the end of the gauging to calculate the rate of change in stage. Curves-
relating percentage correction to discharge and rate of change in stage can be obtained from
continuous discharge measurement during rising, falling and constant stages of the river.

Gauge reading h (m)—»
1.0 1.1 12 141619 2.9 49 6.9 109 20.9 409

10001 T 1 111 T 1 T 11T T T TT1TH
800 h ha

600
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Fig. 6.12 Extension of stage-discharge-rating curve (Example 6.2)

Correction has to be applied for the discharge obtained from the rating curve during a
rising or falling stage i.e., during a flood. For this purpose, an auxiliary gauge is established
some distance upstream or downstream from the main gauge (Fig. 6.14). If @, is the discharge
when Ah is the difference of gauge readings between the main and auxiliary gauges during
normal flow, and @, is the discharge when Ah is the difference of the two gauges during a

rising or falling stage then
Q, (an)\'
- ..(6.11)

Q ~ | Ahg
where the exponent n = 0.5, since Q varies as the square root of the energy gradient, which in
turn varies with AA, the distance between the gauges being constant.
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Fig. 6.13 Adjustment of flow rating curve
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I I '{“"‘ ————————————— ] Water surface
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Fig. 6.14 Auxiliary gauge for flow adjustment

From Eq. (6.11) the actual discharge @, during a rising or falling stage can be deter-
mined. The distance between the two gauges should be such that A4 is at least 0.3 m, to avoid
observational errors.

6.4 SELECTION OF SITE FOR A STREAM GAUGING STATION

The following factors have to be considered in selecting a site for a stream gauging station.
(i) The section should be straight and uniform for a length of about 10 to 20 times the
width of the stream.
(i) The bed and banks of the stream should be firm and stable so as to ensure consist-
ency of area-discharge relationship, i.e., the cross section should not be subjected to change by
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silting or scouring, during different stages of flow; a smooth rock, shingle or clay bed is favour-
able, while a fine sandy bed is unfavourable.

(ii) The bed and banks should be free from vegetal growth, boulders or other obstruc-
tions like bridge piers, etc.

(iv) There should be no larger overflow section at flood stage. The best cross section is
one with V-shape, so that there is sufficient depth for immersing the current meter without
being affected by the bed roughness of the stream.

(v) The part of the reach having the most regular transverse section and steady flow
with the current normal to the metering section and velocities in the range of 0.3—1.2 m/sec
should be selected.

(vi) To ensure consistency between stage and discharge, there should be a good control
section far downstream of the gauging site. This control may be in the form of steep rapids,
large rocky boulders, restricted passages, crest of weirs or anicuts etc.

(vii) The sites above the confluence of rivers are best avoided if the flow is affected by
back water conditions due to the varying discharges in the tributaries.

(viii) The stream gauging station should be easily accessible.
Example 6.2 The stream discharges for various stages at a particular section were observed to
be as follows. Obtain an equation for the stage-discharge relationship and determine the dis-
charge for a stage of 4.9 m and 12 m.

Stage (m) 1.81 2.00 2.30 2.90 3.70 4.50
Discharge (cumec) 1.00 1.50 2.55 5.60 11.70 20.20
Stage (m) 5.40 6.10 7.30 7.70 8.10

Discharge (cumec) 32.50 44.50 70.0 80.0 90.0

Solution The relation between the stage (h) and discharge (@) of the stream can be assumed
of the form
® = K (h — a)", (similar to Eq. (6.10)
where K, a and n are the constants. Plot @ vs. (A — a) on a lag-lag paper assuming a value for
the constant @ = 0.6 m (say); the curve obtained is concave downwards, Fig. 6.12. Now assume
a value a = 1.2 m (say) and the curve obtained is concave upward. Now try an intermediate
value a = 0.9 m, which plots a straight line and represents the stage discharge relationship.
The slope of this straight line gives the value of the exponent n = 2.2, and from the graph for
h—-—a=1,Q =12 = K. Now the constants are determined and the equation for the stage-
discharge relationship is
Q=12 (h -0.9)%2

It may be noted that the value of a = 0.9, which gives a straight line plot is the gauge
reading for zero discharge. Now the abscissa of (A — a) may be replaced by the gauge reading
(stage) h, by adding the value of ‘a’ to (A — a) values. For example the (2 —a) values 0of 0.1, 1, 2,
4, 6, 8 and 10 may be replaced by the A values of 1, 1.9, 2.9, 4.9, 6.9, 8.9 and 10.9 respectively.
Now for any gauge reading (stage) &, the discharge @ can be directly read from the graph and
the stage discharge curve can be extended. From the graph, Fig. 6.12,

for h = 4.9 m, @ = 25.3 cumec
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and for A = 12.0 m, @ = 240 cumec
which can be verified by the stage-discharge equation obtained as
forh=49m, @ =12 (4.9-0.9)22 = 25.3 cumec
forh=12m, @ = 1.2 (12 — 0.9)>2 = 240 cumec

Note The equation for the stage-discharge relation can also be obtained by ‘Linear Regression’
by assuming trial values of ‘@’ and computer-based numberical analysis. See chapter—13.

Example 6.3 The following data were obtained by stream gauging of a river:

Main gauge staff reading (m) 12.00 12.00
Auxiliary gauge staff reading (m) 11.65 11.02
Discharge (cumec) 9.50 15.20

what should be the discharge when the main gauge reads 12 m and the auxiliary gauge reads
11.37 m?

Solution Ahy=12.00 -11.65 = 0.35 m
Ah,=12.00-11.02=0.98 m

Q, (Ah ”]520_(098T
Eq. (6.10): oo Ma | 222222
e (610 Q | ah ) 950 (035
n = 0.5125

Agaln when the auxiliary gauge reads 11.37 m,
Ah,=12.00-11.37=0.63 m

Q 063 0.5125
9502(035)
Q, = 12.85 cumec

Example 6.4 A bridge has to be constructed over a river, which receives flow from three branches
above the site. Compute the maximum flood discharge at the bridge site from the following
data:

Branch 1 has a bridge:

Width of natural water way 324.0 m
Lineal water way under the bridge
(with C; = 0.95 for rounded entry) 262.5m
Depth upstream of bridge 4.6 m
Depth downstream of bridge 2.8m
Branch 2 has a catchment area of 4125 km?
Ryve’s C =10
Branch 3 levelling of cross section (c/s) data:
Distance from BM (m) 0 11 24 52 67 79 84
RL on c/s (m) 10.8 9.6 4.2 2.4 5.4 10.2 10.5
Levelling of longitudinal-section (L/S) data:
Distance from 1km at 1km
bridge site upstream bridge site downstream
HFL along LIS (m) 9.60 9.0 8.39

Manning’s n may be assumed at 0.03.
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Solution (i) Discharge from Branch 1, i.e., @, under bridge openings, Fig. 6.15, from Eq. (6.3)

Q,=C A, \J2g(Ah + h,)
If L, d V and L,, d;, V; refer to the length, mean depth and velocity of the normal
stream (upstream of bridge site) and those under the contracted section of the bridge and also
2

A =Ld, Q=LdV, h, = %

Afflux Ah ¢

a. Cross section

Superstructure Parapet Lineztl WatseLr way
1 =

/v .
- - - - -'¥— Foundation on
hard rock

b. Flow through bridge openings
Fig. 6.15 Flow through bridge openings (Example 6.4)

Eq. (6.3) after substitution and simplification yields the expression for afflux (i.e., head-
ing up of water on the upstream face of the bridge openings) as

ve( 12
=— -1
Afflux AA 22 (Cﬁ 2 j ...(6.12)
If the Branch 1, flow under bridge openings
V2 3242
46-28= -1
2x9.81 (0.952 x 262.5 ]

V =17.16 m/sec
Q, =LdV =324 x 2.8 x 7.16 = 6500 cumec
(ii) Discharge from Branch 2:
From Ryve’s formula (see Eq. 8.2)
Q, = CA%3 ...(6.13)
=10 (4125)¥3 = 2580 cumec
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(zi1) Discharge from Branch 3 (from slope-area method): See Table 6.2 for computation
C/S area and wetted perimeter, Fig. 6.16.

Table 6.2 Computation C/S area and wetted perimeter (Fig. 6.16)

Area Area Area, A, Wetted perimeter, P,
no. shape (m?) (m)

i] 1 x 1155 x 4.8 = 27.75 J1155% + 4.8% = 125
] 1 (4.8 + 6.6) 28 = 159.60 V282 + 182 =282
3. [ 1 (6.6 + 3.6)15 = 76.50 J15% +3% =15.2
— 1 x9x36=16.20 V9% +36% = 9.7

A =280.05 P =656

Fig. 6.16 Cross section of river at bridge site (Example 6.4)

Hydraulic mean radius, R= A _ 28005 =4.27m
P 656

A .60 — 8. 1
Water surface slope, S= A _960-839
L 2x1000 1652
By Manning’s formula, the velocity of flow
1 1

1
— P23 QU2_ _— (4927)%3 _~ 12 _
Vv - R%3 S 0.08 (4.27) 1652 2.16 m/sec

. Qs =AV =280.05 x 2.16 = 605 cumec
Discharge at bridge site
Q=Q, +Q, +Q;=6500 + 2580 + 605 = 9685 cumec

The method of measuring discharge in a turbulent stream is

I Choose the correct statement/s

(7) by measuring the drop in water surface under bridge openings and canal falls.
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(i) by adding common salt into flowing water and determining its concentration downstream.
(iit) by slope-area method.
(iv) by area-velocity method.
(v) by measuring head over weirs or anicuts.
(vi) by measuring the upstream depth in a standing wave flume.
II Match the items in ‘A’ with the items in ‘B’

A B

(i) Area-velocity method (a) Afflux

(it) Slope-area method (b) Turbulent streams
(i17) Bridge openings (¢) Mean velocity

(iv) Salt-concentration method d) v=aN+b

(v) Surface and subsurface floats (e) @ =K(h—a)

(vi) Velocity rods (Hh AWLR
(vii) Current-meter rating (g) Control section downstream
(viti) Stage-discharge curve (h) Peak flood where no gauging

station exists
(ix) River stage (i) Current-meter gauging
(x) Stream gauging spite (j) Surface velocity
IIT Say ‘true’ or ‘false’, if false, give the correct statement:

(2) The staff-gauge reading corresponding to zero-discharge in a stream is always a positive
number.

(z1) The mean velocity in a vertical stream can be calculated by measuring the velocities at one-
fifth and four-fifths of the depth of the stream in that vertical.

(Zii) While the surface and subsurface floats measure the mean velocity of the stream, the veloc-
ity rods measure the surface velocity.

(tv) Subsurface floats will not give the velocity accurately since they are affected by wind.
(v) Discharge in a river can not be determined by measurement near bridge openings.

(vi) The salt-concentration method can best be used to determine the discharge of non-turbulent
rivers.

(vii) The hydraulic turbine can be used as a good water meter.
(viii) The stream gauging site should be on the upstream of the confluence of rivers.
(ix) There should be a good-control section immediately upstream of the gauging site.

(x) The calibration of the current meter is called the current meter rating while the stage-dis-
charge is the relation between the staff-gauge reading and the stream discharge.

(x1) If the stage-discharge relation is governed by the slope, size and roughness of the channel
over a considerable distance, the station is under channel control.

(xii) A pressure transducer may be used to obtain:
(a) a stage-hydrograph.
(b) a discharge—hydrograph.
(xiii) The slope-area method is often used to estimate peak floods near the existing gauging station.

(false: ii, iv, v, vi, viii, ix, xiii)
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(QuEesTions )

1 (a) What are the factors that influence the selection of a site for a stream gauging station?

(b) Explain how the stage-discharge-rating curve for a stream-gauging station is prepared. Sketch
a typical rating curve. What are the sources of error in getting the discharge from the rating
curve?

2 (a) What equipment will you use for making velocity measurements in a stream? Explain.

(b) Velocity measurements are to be made at a vertical in a stream. At what height or heights
from the bed, will you make the measurements to determine the mean in vertical velocity by:
(i) one-point method, and (ii) by two-points method?

3 (a) What is a flow rating curve’? Explain its use. Sketch a typical flow rating curve.

(b) Following velocities were recorded in a stream with a current meter.
Depth above bed (m): 0 1 2 3 4
Velocity (m/sec): 0 0.5 0.7 0.8 0.8
Find the discharge per unit width of stream near the point of measurement. Depth of flow at
the point was 5 m. (3.75 cumec)

4 (a) Explain briefly the method of stream gauging by area-velocity method.

(b) The following data were collected for a stream at a gauging station. Compute the discharge
by () mid-section method (i) mean-section method.

Distance from one Depth
end of water of Velocity (m/sec)

surface water at 0.6d at 0.2d at 0.8d

(m) (m)

0 0 — — —
1.2 0.7 0.4 — —
2.4 1.7 0.7 0.5
3.6 2.5 0.9 0.6
4.8 1.3 0.6 0.4
6.0 0.5 0.35

7.2 0 — — —

(4.8, 4.442 cumec)

5 (a) Explain: ‘current metre rating curve’. How it is prepared ? Sketch a typical rating curve.
(b) What do you understand by the term ‘control point’ with reference to a stream gauging

station?

6 The staff gauge readings and the corresponding discharges measured in a stream are given
below. Assuming the relationship to be exponential, fit an equation by drawing a graph. What is
the discharge for a staff gauge reading of 1.6 m and 2.5 m?

Gauge reading (m): 0.40 0.70 1.09 1.28 1.49 1.83 2.32
Discharge (cumec): 24 47 80 98 121 163 268
7 The following data were collected for two verticals in a stream at a gauging station. Compute the

discharge in the elemental strips by
() the mid-section method (i1) the mean-section method
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Distance from Depth, d Immersion of current meter
one end of (m) below water surface (m)
water surface at 0.2d at 0.8d
(m) rev sec rev sec
3 0.8 135 150 97 151
6 1.2 150 100 150 138

Rating equation of the current meter; v = 0.7 N + 0.03 where N = rev./sec, v = velocity (m/sec).

8 The following data are obtained from the current meter gauging of a stream, at a gauging sta-
tion. Compute the stream discharge.

Distance from one Depth of water, d Immersion of current meter
end of water surface (m) below water surface

(m) depth (m) rev sec

0 0 — — —

2 1.0 0.6 10 40

4 2.2 0.44 36 48

1.76 20 50

6 4.0 0.80 40 57

3.20 30 53

8 8.0 1.6 46 59

6.4 33 57

10 4.2 0.84 33 51

3.36 29 49

12 2.5 0.50 34 52

2.00 29 53

14 1.2 0.72 16 48

16 0 — — —

Rating equation of current meter: v = 0.2 N + 0.04, where N = rev./sec, v = velocity (m/sec).

9. A surface float took 10 sec to travel a straight run of a stream of 20 m. What is the approximate
mean velocity of the stream? If a velocity rod had been used, what time it would have taken to
travel the same run. (1.7 m/sec, 11.8 sec)

10. (a) What is the effect of rising or falling stage upon the discharge-curve?
(b) The following data are obtained by stream gauging of a river:

Main gauge staff reading (m) 9.6 9.6

Auxiliary gauge staff reading (m) 9.32 8.63

Discharge (cumec) 4.50 8.45
What should be the discharge when the main gauge reads 9.6 m and the auxiliary gauge reads
9.02 m? (6.55 cumec)

11. Write a note on ‘stream gauging with shifting control’.



STREAM GAUGING 191

12,

13.

14.

The cross section (C/S) of a river is as follows:

Distance from BM (m) 0 10 20 30 40 50 60 70
Reduced level on C/S (m) 46.70 44.5 42.80 42.10 42.70 42.70 44.00 46.80
Longitudinal section (L/S) is as follows:

Distance (m) 1 km upstream at bridge site 1 km downstream
HFL along L/S (m) 45.10 44.50 43.89

Manning’s n may be assumed as 0.03.

A bridge is proposed across the river. Calculate the high flood discharge at bridge site.

A bridge is proposed across a stream which has a catchment area of 3200 km?2. Ryve’s coefficient
of C = 10 applies. Compute the maximum flood discharge at bridge site.

The following are the measurements at a bridge site, during floods. Compute the maximum flood
discharge at bridge site:

Width of natural water way 284 m
Lineal water way under the bridge 227 m
For rounded entry take C, as 0.95

Depth upstream of bridge 4.80 m

Depth downstream of bridge 3.00 m



Chapter 7

GrounD WATER

7.1 TYPES OF AQUIFERS AND FORMATIONS

Ground water is widely distributed under the ground and is a replenishable resource unlike
other resources of the earth. The problems in Ground Water Investigation are the zones of
occurrence and recharge. The modern trends are to create more opportunity for recharge of
ground water from natural sources like rain, percolation dams, etc. The ground water is free
from pollution and the ground water storage is free from atomic attacks. Ground water can be
developed at a small capital cost in least possible time, and intensive irrigation can be prac-
tised with double and tripple cropping including commercial crops; ground water can be used
for supplemental irrigation during periods of deficient surface supply, for the year-round irri-
gation practice.

A water bearing geologic formation or stratum capable of transmitting water through
its pores at a rate sufficient for economic extraction by wells is called ‘aquifer’. Formations that
serve as good aquifers are:

¢ unconsolidated gravels, sands, alluvium

o lake sediments, glacial deposits

e sand stones

¢ limestones with cavities (caverns) formed by the action of acid waters (solution open-

ings in limestones and dolomites)

e granites and marble with fissures and cracks, weathered gneisses and schists

e heavily shettered quartzites

e vescicular basalts

o slates (better than shales owing to their jointed conditions)

A geologic formation, which can absorb water but can not transmit significant amounts
is called an ‘aquiclude’. Examples are clays, shales, etc.

A geologic formation with no interconnected pores and hence can neither absorb nor
transmit water is called an ‘aquifuge’. Examples are basalts, granites, etc.

A geologic formation of rather impervious nature, which transmits water at a slow rate
compared to an aquifer (insufficient for pumping from wells) is called an ‘aquitard’. Examples
are clay lenses interbedded with sand.

Specific yield. While porosity (n) is a measure of the water bearing capacity of the for-
mation, all this water can not be drained by gravity or by pumping from wells as a portion of
water is held in the void spaces by molecular and surface tension forces. The volume of water,

192
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expressed as a percentage of the total volume of the saturated aquifer, that will drain by
gravity when the water table (Ground Water Table (GWT) drops due to pumping or drainage,
is called the ‘specific yield (Sy)’ and that percentage volume of water, which will not drain by
gravity is called ‘specific retention (S,)’ and corresponds to ‘field capacity’ i.e., water holding
capacity of soil (for use by plants and is an important factor for irrigation of crops). Thus,
porosity = specific yield + specific retention
n=Sy+Sr .L(7.1)
Specific yield depends upon grain size, shape and distribution of pores and compaction
of the formation. The values of specific yields for alluvial aquifers are in the range of 10-20%
and for uniform sands about 30%.

7.2 CONFINED AND UNCONFINED AQUIFERS

If there is homogeneous porous formation extending from the ground surface up to an imper-
vious bed underneath (Fig. 7.1), rainwater percolating down in the soil saturates the forma-
tion and builds up the ground water table (GWT). This aquifer under water table conditions is
called an unconfined aquifer (water-table aquifer) and well drilled into this aquifer is called a
water table well.

@ Zone of aeration

Precipitation ® Zone of saturation

Recharge area at

outcropping of formation Non-flowi

. . . ) on-flowing
Plezofmetrlc Flowing artesian Wat\?vgh""ble artesian well
surface

Perched
water table

___________

sian )
B aquifer .- el

s

Fig. 7.1 Types of aquifers and location of wells

On the other hand, if a porous formation underneath is sandwiched between two imper-
vious strata (aquicludes) and is recharged by a natural source (by rain water when the forma-
tion outcrops at the ground surface—recharge area, or outcrops into a river-bed or bank) at a
higher elevation so that the water is under pressure in the aquifer (like pipe flow), i.e., artesian
condition. Such an aquifer is called an artesian aquifer or confined aquifer. If a well is drilled
into an artesian aquifer, the water level rises in the well to its initial level at the recharge
source called the piezometric surface. If the piezometric surface is above the ground level at
the location of the well, the well is called ‘flowing artesian well’ since the water flows out of the
well like a spring, and if the piezometric surface is below the ground level at the well location,
the well is called a non-flowing artesian well. In practice, a well can be drilled through 2-3
artesian aquifers (if multiple artesian aquifers exist at different depths below ground level).
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Sometimes a small band of impervious strata lying above the main ground water table
(GWT) holds part of the water percolating from above. Such small water bodies of local nature
can be exhausted quickly and are deceptive. The water level in them is called ‘perched water
table’.

Storage coefficient. The volume of water given out by a unit prism of aquifer (i.e., a
column of aquifer standing on a unit horizontal area) when the piezometric surface (confined
aquifers) or the water table (unconfined aquifers) drops by unit depth is called the storage
coefficient of the aquifer (S) and is dimensionless (fraction). It is the same as the volume of
water taken into storage by a unit prism of the aquifer when the piezometric surface or water
table rises by unit depth. In the case of water table (unconfined) aquifer, the storage coefficient
is the same of specific yield (Sy).

Since the water is under pressure in an artesian aquifer, the storage coefficient of an
artesian aquifer is attributable to the compressibility of the aquifer skeleton and expansibility
of the pore water (as it comes out of the aquifer to atmospheric pressure when the well is
pumped) and is given by the relation.

1 1
S = ywnb (K— + nEsj .(7.2)

w
where S = storage coefficient (decimal)
Y,, = specific weight of water
n = porosity of soil (decimal)
b = thickness of the confined aquifer
K, = bulk modulus of elasticity of water
E_ = modulus of compressibility (elasticity) of the soil grains of the aquifer.

Since water is practically incompressible, expansibility of water as it comes out of the
pores has a very little contribution to the value of the storage coefficient.

The storage coefficient of an artesian aquifer ranges from 0.00005 to 0.005, while for a
water table aquifer S = Sy = 0.05-0.30. The specific yield (unconfined aquifers) and storage
coefficient (confined aquifers), values have to be determined for the aquifers in order to make
estimates of the changes in the ground water storage due to fluctuation in the GWT or
piezometric surface (ps) from the relation.

AGWS = A, x AGWT or ps x Sor S, .(7.3)
where AGWS = change in ground water storage
A= involved area of the aquifer
AGWT or ps = fluctuation in GWT or ps
S or Sy = storage coefficient (confined aquifer) or specific yield (unconfined aquifer).
Example 7.1 In a certain alluvial basin of 100 km?, 90 Mm? of ground water was pumped in a
year and the ground water table dropped by about 5 m during the year. Assuming no replenish-
ment, estimate the specific yield of the aquifer. If the specific retention is 12%, what is the
porosity of the soil?
Solution (i) Change in ground water storage
AGWS = A, x AGWT x S,
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90x106=(100x106)x5x5’y
S, =0.18
(LL) Porosity n = S +S, —018+012 0.30. or 30%

Example 7.2 An arteszan aquifer, 30 m thick has a porosity of 256% and bulk modulus of
compression 2000 kglcm?. Estimate the storage coefficient of the aquifer. What fraction of this is
attributable to the expansibility of water?

Bulk modulus of elasticity of water = 2.4 x 10* kglem?®.

1 1 1 1
. ~ 1 +
Solution S =y, nb (K * nK j = 1000 % 0.25 x 30 (2.14 x10%  0.25x2x 107j

w S

= 7500 (0.467 x 1078 + 20 x 1078) = 1.54 x 103
Storage coefficient due to the expansibility of water as a percentage of S above

-8
= 75000467 x 10 5 % 100 = 2.28%, which is negligibe
7500 % 20.467 x 10~
Note In less compressible formations like limestones for which E_ ~ 2 x 105 kg/em?, S = 5

x 1075 and the fractions of this attributable to water and aquifer skeleton are 70% and 30%, respectively.

7.3 DARCY’'S LAW

Flow of ground water except through coarse gravels and rockfills is laminar and the velocity of
flow is given by Darcy’s law (1856), which states that ‘the velocity of flow in a porous medium
is proportional to the hydraulic gradient’, Fig. 7.2, i.e.,

V=Ki, (7.4)
A

1= Th (74 a)

Q=AV=AKi, A=Wb, T=Kb .(740)

Q = WbKi (740

Q=Tiw ..(1.5)

Regrheaarge Rechar e (HGL) - Hydraulic Gradient Line (HGL) or piezometric surface

ral i
by Piezometers or Q=KAi,A=wb, T=kb

drilled wells
\

(Impervious)

Fig. 7.2 Flow of ground water

where V = velocity of flow through the aquifer
K = coefficient of permeability of aquifer soil
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i = hydraulic gradient

Ah
=7
A = cross-sectional area of the aquifer (= wb)
w = width of aquifer
b = thickness of aquifer
T = coefficient of transmissibility of the aquifer
@ = volume rate of flow of ground water (discharge or yield)
Darcy’s law is valid for laminar flow, i.e., the Reynolds number (R)) varies from 1 to 10,
though most commonly it is less than 1

Ah = head lost in a length of flow path L

Pre 4 ...(7.6)

where p = mass density of water

u = dynamic viscosity of water

d = mean grain size of the aquifer soil

In aquifers containing large diameter solution openings, coarse gravels, rockfills and
also in the immediate vicinity of a gravel packed well, flow is no longer laminar due to high
gradients and exhibit non linear relationship between the velocity and hydraulic gradient. For
example, in a gravel-packed well (mean size of gravel = 5 mm) R, = 45 and the flow would be
transitional at a distance of about 5 to 10 times the well radius.

7.4 TRANSMISSIBILITY

It can be seen from Eq. (7.5) that T'= @, when i = 1 and w = 1; i.e., the transmissibility is the
flow capacity of an aquifer per unit width under unit hydraulic gradient and is equal to the
product of permeability times the saturated thickness of the aquifer. In a confined aquifer, 7' =
Kb and is independent of the piezometric surface. In a water table aquifer, T'= KH, where H is
the saturated thickness. As the water table drops, H decreases and the transmissibility is
reduced. Thus, the transmissibility of an unconfined aquifer depends upon the depth of GWT.

7.5 WELL HYDRAULICS

Steady radial flow into a well (Dupuit 1863, Thiem 1906)
(a) Water table conditions (unconfined aquifer)

Assuming that the well is pumped at a constant rate @ for a long time and the water
levels in the observation wells have stabilised, i.e., equilibrium conditions have been reached,
Fig. 7.3 (a).

From Darcy’s law, Q=KiA
dy
Q=K dx 2m xy)
o dx hy
Q J 7 =2nth1 y dy
Q= K" -hi) (1)

2.303 log, [@j
n




GROUND WATER 197

R: Radius of influence
1,2: Observation wells

. R: Radius of influence
PW: Pumping well
. 1,2: Observation wells
dw: Dewatered zone riR;ﬂ PW: Pumping well
r2
1 '<—f1 B » GS
7N NN TN
—» & 271, —Non - pumping
=1 B piezometric surface
A;iAX X
|< b Cone of drawdown
24 PW.L.

<

Aquiclude
(Impermeable)

RPEEEn T “Conifined or . "
4+—— b arte5|an aqwfer K

Adui . Al di= 4— WeII screen:- _ -
imp oyl iyl TRy (Strainer) Ti-.Kb
o . Impermeable”” X
a. Well in a water table aquifer (Aquiclude) Bail plug

b. Well in a confined aquifer
Fig. 7.3 Steady radial flow into a well

Applying the Eq. (7.7) between the face of the well (r=r,, h = 2 ) and the point of zero-
drawdown (r = R, h = H)

2 ;2
Q=" KUH” =17 (1.7 a)
2.303 log, [Rj
rw
If the drawdown in the pumped well (s, = H — h ) is small
H>-p2=H+hy)H-h,), H+h, ~2H
=2H (H-h,)
Then, Q=2"KH(H_;W), KH=T
2.303 log, (]
rw
Q= w (7.8

(RJ
logqo | —
rw

(b) Artesian conditions (confined aquifer)

If the well is pumped at constant pumping rate @ for a long time and the equilibrium
conditions have reached, Fig. 7.3 (b).

From Darcy’s law, Q=KiA

d
Q=K< ©2nxb)
dx

Q j % - on Kb j: dy

Q = 2n (kb) (hy — Iy)

2.303 log 1, [”2)
n

..(7.9)
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Applying Eq. (7.9) between the face of the well (r = r, h = h,) and the point of zero-
drawdown (r = R, h = H), simplifying and putting 7" = Kb,

272 T (H - hy,)

Q= R
log (r}

which is the same as Eq. (7.8) (for water table conditions under small drawdown).

Note The length of screen provided will be usually half to three-fourth’s of the thickness of the
aquifer for obtaining a suitable entrance velocity (= 2.5 cm/sec) through the slots to avoid incrustation
and corrosion at the openings; the percentage open area provided in the screen will be usually 15 to
18%.

Dupuit’s Equations Assumptions

...(7.10)

The following assumptions are made in the derivation of the Dupuit Thiem equations:

(i) Stabilised drawdown—i.e., the pumping has been continued for a sufficiently long
time at a constant rate, so that the equilibrium stage of steady flow conditions have
been reached.

(i) The aquifer is homogeneous, isotropic, of infinite areal extent and of constant thick-

ness, i.e., constant permeability.

(zit) Complete penetration of the well (with complete screening of the aquifer thickness)

with 100% well efficiency.

(tv) Flow lines are radial and horizontal and the flow is laminar, i.e., Darcy’s law is

applicable.

(v) The well is infinitely small with negligible storage and all the pumped water comes
from the aquifer.

The above assumptions may not be true under actual field conditions; for example, if
there is no natural source of recharge nearby into the aquifer, all the pumped water comes
from storage in the aquifer resulting in increased drawdowns in the well with prolonged pumping
and thus the flow becomes unsteady (transient flow conditions). There may be even leakage
through the overlying confining layer (say, from a water table aquifer above the confining
layer) of an artesian aquifer (leaky artesian aquifer). The hydraulics of wells with steady and
unsteady flow under such conditions as developed from time to time by various investigators
like Theis, Jacob, Chow, De Glee, Hantush, Walton, Boulton etc. have been dealt in detail in
the author’s companion volume ‘Ground Water’ published by M/s Wiley Eastern Limited New
Delhi and the reader is advised to refer the book for a detailed practical study of Ground Water
dealing with Hydrogeology, Ground Water Survey and Pumping Tests, Rural Water Supply
and Irrigation Systems. For example, in the Theis equation for unsteady radial flow into a well
it is assumed that the water pumped out is immediately released from storage of the aquifer
(no recharge) as the piezometric surface or the water table drops. But in unconfined aquifers
and leaky artesian aquifers (that receive water from upper confining layer with a free water
table), the rate of fall of the water table may be faster than the rate at which pore water is
released; this is called ‘delayed yield’ as suggested by Boulton.
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7.6 SPECIFIC CAPACITY

Q
The specific capacity S of a well is the discharge per unit drawdown in the well and is
w
usually expressed as lpm/m. The specific capacity is a measure of the effectiveness of the well;
it decreases with the increase in the pumping rate () and prolonged pumping (time, ¢).
In Eq. (7.8) by putting r,, = 15 cm, R = 300 m, H-h = S, , the specific capacity
Q

T
g =13’ in consistent units .(7.11)
Example 7.3 A 20-cm well penetrates 30 m below static water level (GWT). After a long period
of pumping at a rate of 1800 lpm, the drawdowns in the observation wells at 12 m and 36 m
from the pumped well are 1.2 m and 0.5 m, respectively.

Determine: (i) the transmissibility of the aquifer.
(ii) the drawdown in the pumped well assuming R = 300 m.
(ii1) the specific capacity of the well.

n K(h3 - h})
2.303log, ry/1y
hy=H-5,=30-05=295m;h; =H-5,=30-12=288m
1.800  nK(29.5% — 28.8%)
60  2.303log,, 36/12
K=262x10%*m/sec or 22.7 m/day
(i) Transmissibility 7 = KH = (2.62 x 10#) 30 = 78.6 x 10~* m?/sec,
or = 22.7 x 30 = 681 m?/day

2727 (H - h,)
loglo R/rw

Solution Dupuit’s Eq. (7.7): @ =

(@) Eq. (7.8):

1800 2.72(78.6x107%) S,
60 ~  log;, 300/0.10
drawdown in the well, S, = 4.88 m

(zi1) The specific capacity of the well

Q 1.800 s
= _Sw = 60x 488 = 0.0062 (m? sec™'/m)
or 372 Ipm/m
& T 1786x10™*
_— = _1erAY 2 —1
S, =12 12 0.00655 (m? sec™'/m)
or 393 lpm/m

Example 7.4 A tube well taps an artesian aquifer. Find its yield in litres per hour for a drawdown
of 3 m when the diameter of the well is 20 cm and the thickness of the aquifer is 30 m. Assume
the coefficient of permeability to be 35 m/day.

If the diameter of the well is doubled find the percentage increase in the yield, the other
conditions remaining the same. Assume the radius of influence as 300 m in both cases.



200 HYDROLOGY

272 T (H - h,)
loglo R/rw

2.72 {(35/24) x 30}3
= log,, (300/0.10)
or = 102700 Iph
1
“ log (Rir,)
other things remaining same.
If the yield is @ after doubling the diameter, i.e.,
r,/=010x2=0.20m

Solution Dupuit’s Eq. (7.10): @ =

=102.7 m3/hr

The yield Q (7.12)

Q& logRIr,
Q" ~ log Rir,
log 39 =3.4771 log 300 =3.1761
0.10 ’ 0.20
1222,'7 = gggi @’ =112.4 m3/hr
: o Q - 112.4 - 102.7
percentage increase in yield = T x 100 = T 1024 x 100 = 9.45%

Thus, by doubling the diameter the percentage in yield is only about 10%, which is
uneconomical. Large diameter wells necessarily do not mean proportionately large yields. The
diameter of a tube well usually ranges from 20 to 30 cm so that the bowl assembly of a deep
well or a submersible pump can easily go inside with a minimum clearance.

Refer Appendix-D for Unsteady Groundwater Flow.

7.7 CAVITY WELLS

If a relatively thin impervious formation or a stiff clay layer is encountered at a shallow depth
underlain by a thick alluvial stratum, then it is an excellent location for a cavity well. A hole
is drilled using the hand boring set and casing pipe is lowered to rest firmly on the stiff clay
layer, Fig. 7.4. A hole of small cross-section area is drilled into the sand formation and is
developed into a big hollow cavity by pumping at a high rate or by operating a plunger giving
a large yield. The depth of the cavity at the centre varies from 15-30 cm with 6-8 m radius of
the cavity. The flow of water into the cavity is spherical and the yield is low. The failure of a
cavity well is usually due to caving of the clay roof. Since the depth is usually small, deep well
pumps are not necessary and thus the capital costs of construction, development and installa-
tion of pumpset of a cavity well are low.

Yield of Cavity Well
For the unsteady flow condition, the pumping rate @ of a cavity well is given by
s= Q\/S_s +
T 6K Jmt 2mkr
where s = drawdown in the observation well at a distance r from the cavity well
Q® = constant pumping rate

..(7.13)
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Fig. 7.4 Flow into a cavity well

S, = specific storage coefficient (i.e., for unit aquifer thickness)

K = permeability of the aquifer
t = time since pumping began

For steady state flow condition, the well yield is given by
2nKy (H - h,,)

and the width of the cavity, Fig. 7.4

where y = depth of cavity (at the centre)
r,, = radius of cavity
R = radius of influence

1-r,/R

r,=,@r, —y)y

Example 7.5 The following data are obtained from a cavity tube well:

Discharge 30 Ips
Drawdown 4m
Permeability of the aquifer 50 m/day
Depth of cavity 20 cm
Radius of influence 150 m
Determine the radius and width of cavity.
Solution Well yield @ = w
R
30 50 020 x4
—— =2nx X
1000 24 x 60 x 60 1 Tw

150

..(7.14)

..(7.15)
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Radius of cavity, r, =135.5m
Width of cavity, r,=J@r, —-yy =(2x45-02)02 =736 m

7.8 HYDRAULICS OF OPEN WELLS

Theis equation does not apply for shallow dug open wells since there is no instantaneous re-
lease of water from the aquifer, most of the water being pumped only from storage inside the
well (Fig. 7.5).

GS
7NKTN 7XRTN
SWL
_________________ R R & e GREEEEEEE
S,
Recuperated v v
water level NEEE
S;
Recuperated
intime T
Depressed __ | | _________|
water level o 4«— Impervious well
steining

~___7 b Flow into well

Fig. 7.5 Recuperation test in open wells

In alluvial soil, if the water is pumped at a high rate the depression head (static water
level-water level inside the well during pumping) will increase, which may cause excess gradi-
ents resulting in loosening of sand particles (quick sand phenomenon). This limiting head is
called ‘critical depression head’. The ‘safe working depression head’ is usually one-third of the
critical head and the yield under this head is called the maximum safe yield of the well.

Yield Tests
The following tests may be performed to get an idea of the probable yield of the well:

(a) Pumping test

(b) Recuperation test

(a) Pumping Test. In the pumping test, the water level in the well is depressed to an
amount equal to the safe working head for the sub-soil. Then the water level is kept constant
by making the pumping rate equal to the percolation into the well. The quantity of water
pumped in a known time gives an idea of the probable yield of the well of the given diameter.
The test may be carried out in an existing open well.

In hard-rock areas,
if D = diameter of the well

d = depth of water column

= pumping rate

t = time required for emptying the well
then,

Rate of seepage into the well
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Volume of water pumped out — Volume of water stored in the well

Time of pumping
Q- xq
= + ...(7.16)

(b) Recuperation Test. In the recuperation test, the water level in the well is depressed
by an amount less than the safe working head for the subsoil. The pumping is stopped and the
water level is allowed to rise or recuperate. The depth of recuperation in a known time is noted
from which the yield of the well may be calculated as follows (Fig. 7.5).

Let the water level inside the well rise from s, to s, (measured below static water level,
swl) in time T If s is the head at any time ¢, from Darcy’s law

Q@ = KAi
if a head s is lost in a length L of seepage path

s
QR=KA 52
Q = CAs
K . .
where the constant C = A and has dimensions of T-1.
If in a time dt, the water level rises by an amount ds

Qdt=—Ads
the —ve sign indicates that the head decreases as the time increases.
Putting @ = CAs

CAsdt=-Ads
T S2 ds
dt = -
C Jo -[91 S
2.303 51
C = T loglo 82 (717)

Assuming the flow is entirely from the bottom (impervious steining of masonry), the
yield of the well

Q =CAH . (7.17a)
where @ = safe yield of the well
A = area of cross section of the well
H = safe working depression head
C = specific yield of the soil

From Eq. (7.17a) @ = C when A =1, H = 1, i.e., the specific yield of the soil is the
discharge per unit area under a unit depression head and has dimension of 7! (1/time) and
the usual values are

C = 0.25 hr! for clayey soil
C = 0.50 hr! for fine sand
C = 1.00 hr! for coarse sand
The value of C is usually determined from a recuperation test, (Eq. (7.17)).
Example 7.6 A well of size 7.70 x 4.65 m and depth 6.15 m in lateritic soil has its normal

water level 5.08 m below ground level (bgl). By pumping for 1 % hours, the water level was
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depressed to 5.93 m bgl and the pumping was stopped. The recuperation rates of the well dur-
ing 4 hours after the pumping stopped are given below. The total volume of water pumped

during 1% hours of pumping was 32.22 m?. (no well steining is provided)

Recuperation rates

Time since
pumping stopped Water level bgl

(min) (m)
0 5.930
15 5.890
30 5.875
45 5.855
60 5.840
90 5.820
120 5.780
180 5715
240 5.680

Determine
(i) Rate of seepage into the well during pumping.
(i1) Specific yield of the soil and specific capacity of the well.
(ti1) Yield of the well under a safe working depression head of 0.85 m.
(iv) The area of crop that can be irrigated under the well (assume a peak consumptive use
of 4 mm and irrigation efficiency of 75%).
(v) Diameter of the well in such a soil to get an yield of 3000 Iph under a safe working
depression head of 0.8 m.
Solution (i) Seepage into the well—from pumping data:
Volume of water pumped out = 32.22 m3
Volume of water stored in the well (that was pumped out)
=(7.70 x 4.65) (5.93 — 5.08) = 30.5 m?
Rate of seepage into the well

2.22 - 30.
= 3222305 = 1.15 m3/hr
1.5
(1) Specific yield of the soil
2.303 S1 2303 5.93 - 5.08

C="7 18wy, =74 1%0565-508
= 0.09 hr! (or m%hr per m drawdown)
Specific capacity of the well is its yield per unit drawdown
Q@ =CAH
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Specific capacity = Q/H = CA = 0.09 (7.70 x 4.65)
= 3.58 m3 hrYm (or m%hr)
(ii1) Safe yield of the well
@ = CAH = 0.09 (7.70 x 4.65) 0.85 = 3.04 m3/hr
which is more than twice the seepage into the well during pumping.
(iv) Area of crop that can be irrigated under the well:

Data to draw the curve s,/s, vs. ¢ (s; = total drawdown, s, = residual drawdown): SWL =
5.08 m,s; =5.93-5.08 =0.85m

Time since Water level Residual drawdown
pumping stopped bgl s, =wL - SWL Ratio (s /s,)

¢t (min) (m) (m)
0 5.930 0.850 (= s,) 1.00
15 5.890 0.810 1.05
30 5.875 0.795 1.07
45 5.855 0.775 1.09
60 5.840 0.760 1.11
90 5.820 0.740 1.15
120 5.780 0.700 1.21
180 5.715 0.635 1.33
240 5.680 0.600 141

From the plot of ‘s/s, vs. time’ on a semi-log paper (Fig. 7.6), it is seen that s,/s, = 9.5
after 24 hours of recovery (by extending the straight line plot), and the residual drawdown

0.85
after 24 hours, s, = o5 = 0.09 m; hence the depth of recuperation per day = 0.85 -0.09 = 0.76
m and the volume of water available per day = (7.70 x 4.65) = 27.2 m3. With an average peak

consumptive use of 4 mm for the type of crops grown and irrigation efficiency of 75%, the area

of crop (A, p) that can be irrigated under one well in lateritic soils is
4
—— xA__ =272
1000 x 0.75  *erop

o A,p = 5100 m* or 0.5 ha
(v) Diameter of the well to yield 3000 Iph:
Q@ = CAH
3000 D?

m=0.09xnx7x0.8

D =7.3m, which is too big

It may be noted that it is not advisable to go deeper in these areas otherwise salt water
instrusion takes place.
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Fig. 7.6 Plot of recuperation test data (Example 7.6)

7.9 CONSTRUCTION OF OPEN WELLS

In alluvial soil, where an impervious vertical steining is provided to support the soil, percola-
tion into the well is entirely from the bottom and depends on the area of cross-section of the
well. Bigger diameter wells are recommended in such soil to give larger yields. In case of wells
in rocky substrata with fissures and cracks, the lower portion of the steining may be provided
with alternate bands of masonry laid dry (i.e., without cement mortar) (Fig. 7.7), and the
percolation into the well is mostly from the sides through fissures and cracks in the weathered
rock. In such wells, higher yields are obtained by going deeper, as long as the weathering and
fractures are evident rather than making the wells wider or larger diameter. Larger diameter
wells also involve large volume of excavation in rocks and the mounds of excavated rock depos-
ited on the ground surface occupy considerable area of cultivable land. Sometimes, it is pro-
posed to widen when it is felt that such widening will, include some well-defined fissures and
fractures.

Some of the existing wells may be revitalised by deepening by blasting; vertical bores
may be drilled at the bottom of the well when it is felt it will tap some layer under pressure,
i.e., a dug-cum-borewell (Fig. 7.8), with a centrifugal pump kept at the bottom of the open well
and the suction pipe lowered inside the bore, thus reducing the suction lift and saving the costs
involved in deep well turbine pump or submersible pump installations in drilled deep wells
from the ground surface. Lateral bores horizontal or inclined, may be drilled in the direction of
certain well-defined fractures yielding water.



GROUND WATER

207

—D—>
Q
%:EII %
fe—
o~ Centrifugal
pump & motor
» v
NPWL T’-‘-‘ = Aquifer
2 £
A’é
:u l P Weep holes
o KA K
PWL —» 7= ===1- =~ P~ Vertical tie rods
—»> @ Gq 4+ . .
ﬁ <« fde— Flatiron rings
V]
RCC Curb —> 7~ L Foot valve
//’/ \\\r Flow into well

Fig. 7.7 Open well construction

Well-steinin
e 9

Top soil

Dug well —»| Weathered

rock

_ ]

Bore drilled Hard rock

Very hard rock

Fig. 7.8 Dug-cum-borewell

7.10 SPACING OF WELLS

Pumping wells should be spaced far apart so that their cones of depression will not overlap
over each other resulting in the reduction of their yields and/or increased drawdowns (Fig.7.9),
i.e., to avoid ‘well interference’, the wells should be spaced beyond their radii of influence. This
is roughly estimated to be around 600-1000 m in alluvial area and around 100—200 m in hard

rock areas.

An open dug well should be located beyond the cone of depression of the tubewell; other-
wise when the tubewell is pumping, it will dewater the open well. The open well can get water

only when the tubewell pumping is stopped and fast recuperation takes place.
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Fig. 7.9 Well interference

(Quizvn )

I Choose the correct statement/s in the following:
1 The underground formations, which serve as good aquifers are in the order:
(i) consolidated formations of clays and shales
(i) rock with no signs of weathering or fractures
(ii1) rock with fissures and cracks (iv) cavernous lime stones
(v) sand stones (vi) vescicular basalts
(vii) unconsolidated gravels, sands and alluvium
2 The soil properties characteristic of good water yield are:

(i) porosity (i) permeability
(i11) specific yield (iv) storage coefficient

(v) transmissibility (vi) uniformity coefficient > 3
(vii) uniformity coefficient < 2 (viii) effective size > 0.1 mm

(ix) Reynolds number > 10 (x) specific capacity of the well > 30 lpm/m
(xz) all the above characteristics (1-except i, i1, 2 ii, iii, iv, v, VI, X)

II Match the items in ‘A’ with the items in ‘B
A B

(i) Ground water flow (a) Recuperation test

(i1) Unconsolidated alluvium (b) Bore at the bottom of open well
(i1i) Aquiclude (c) Lateral or vertical bores

(iv) Specific yield (Sy) (d) Well spacing

(v) Confined aquifer (e)yn -8,

(vi) Storage coefficient (f) Artesian

(vii) Transmissibility (T) © K, E)
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(viii) Rate of ground water flow (@) (h) KH or Kb
(ix) Reynolds number (R,) @) Tiw
(x) Dupuit’s equation () pvd/n
. . . QR _T
(xi) Specific capacity B) — =%
sw 12
(x27) Open well (1) Stabilised drawdown
(xiii) Well revitalisation (m) Clay
(xiv) Dug-cum-borewell (n) Aquifer
(xv) Well interference (o) Darcy’s law

IIT Say ‘true’ or ‘false’; if false, give the correct statement:

(i) The transmissibility of a confined aquifer depends upon the depth of the water table while
that of the water table aquifer does not.

(ii) The available yield of a tube well can be doubled by doubling the diameter.
(i17) The specific yield of an aquifer may be more than its porosity.
(iv) Storage coefficient is the same as specific yield for a water table aquifer.
(v) Flow in a medium sand aquifer is entirely laminar.
(vi) Plants usually extract water from the capillary zone (the intermediate belt or vadose zone).
(false: i, ii, ii)

(QuesTioNs )

1 (a) Define ‘transmissibility’ and ‘storage coefficient’ of an aquifer.

(b) Calculate the discharge from a tubewell of 20-cm diameter penetrating fully into a confined
aquifer of 20-m thick and having a permeability of 40 m/day. The drawdown in the well is
3 m and zero drawdown at 300 m from the well.

If the diameter of the well is doubled, find the percentage increase in the yield, the other
conditions remaining the same.

State the assumptions in the formula you use. (1303.7 1pm)

2 A tubwell penetrates fully an unconfined aquifer. Calculate the discharge from the well in lpm
from the following data:

Diameter of the well 30 cm
Drawdown in the well 3 m

Effective length of the strainer under the above

drawdown 10 m
Coefficient of permeability of the aquifer 40 m/day
Radius of zero drawdown 300 m

3 A 20-cm well penetrates 25 m below the static water table. After 24 hours of pumping out at the
rate of 800 lpm, the water level in a test well at 80 m from the pumping well is lowered by 0.53
m and in a test well 20 m away 2.11 m. Find the coefficient of transmissibility of the aquifer.
4 (a) What is the nature of ground water flow? State the law governing the flow with limitations,
if any.
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(b) In an area of 100 ha, the water table dropped by 4.5 m due to continuous ground water
pumping. If the porosity of the aquifer soil is 26% and the specific retention is 10 per cent,
determine:

(i) the specific yield of the aquifer.
(it) the decrease in the ground water storage. (16%, 72 ham)

In a certain alluvial basin of 120 km?, 100 Mm?3 of ground water was pumped in a year and the
ground water table dropped by 5 m during the year. Assuming no replenishment, estimate the
specific yield of the aquifer. If the specific retention is 12%, what is the porosity of the soil?

(16.7%, 28.7%)

An artesian aquifer 25-m thick has a porosity of 17% and bulk modulus of compression 2400 kg/
cm?. Estimate the storage coefficient of the aquifer. What fraction of this is attributable to the
expansibility of water ?

Bulk modulus of elasticity of water = 2.14 x 10* kg/ecm?2. (0.00106, 1.87%)

A well penetrates into an unconfined aquifer having a saturated depth of 50 m. The discharge is
250 1pm at 8 m drawdown. What would be the discharge at 10 m drawdown. The radius of
influence in both the cases may be taken as same.

(a) Explain: ‘the water balance of a catchment’.

(b) In a given year over 60 km? catchment, 120 cm of rainfall was received and 1000 ha-m was
discharged through the outlet. The ground water table rose by 30 cm and the average specific
yield of the soil was 18%. The soil moisture increased by 5 cm on an average. Estimate the
evapotranspiration during the year. (93 cm)

(a) Describe the method of construction of open wells
() in a soil where a clayey stratum is encountered.
(i) in rocky sub-strata.

(b) A well of size 6.60 x 4.05 m and depth 4.7 m in the lateritic soil near Mangalore (west coast
of India) has its normal water level at 3.825 m below ground level (bgl). By pumping for 1%
hours, the water level (bgl) was depressed to 4.525 m and the pumping was stopped. The

recuperation rates of the well during 2% hours after the pumping stopped are given below.

The total volume of water pumped during 1% hours of pumping was 28.87 m? (no well steining
is provided)

Recuperation rates
Time since pumping Water level, bgl
stopped (min) (m)

0 4.525

10 4.365

20 4.245

30 4.135

40 4.075

50 4.015

60 3.985

70 3.960

80 3.950

90 3.935

120 3.920
150 3.902
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10

11

12

13

Determine
(i) Rate of seepage into the well during pumping
(it) Specific yield of the soil and specific capacity of the well
(ii7) Yield of the well under a safe working depression head of 0.7 m

(iv) The area of crop that can be irrigated under the well, assuming a peak consumptive use of
4 mm and irrigation efficiency of 75%.

(v) Diameter of the well in such a soil to get an yield of 3000 lph under a safe working depression
head of 0.7 m (note that it is not advisable to go deeper in these areas lest salt water intru-
sion may not take place).

In a recuperation test, the static water level in an open well was depressed by pumping by 3 m
and it recuperated 1.5 m in 1 hour. If the diameter of the well is 3 m and the safe working
depression head is 2.4 m, find the average yield of the well in lpm. What area of crop can come
under this well assuming a peak consumptive use of 5 mm and irrigation efficiency of 75%?

Determine the diameter of an open well in coarse sand to give an average yield of 200 lpm under
a safe working depression head of 2.5 m (Hint: for coarse sand C = 1 hr1).

Distinguish between:
(i) Specific capacity of a well and specific yield of an aquifer
(it) Aquifer and acuiclude
(ii1) Open wells and tube wells
(iv) Water table and artesian aquifers
(v) Drainage divide and ground water divide

Write short notes on:
(i) Well development (ir) Well spacing

(ii7) Radius of influence (iv) Validity of Darcy’s law
(v) Dug-cum-borewell (vi) Well revitalisation

(vit) Well interference (viii) Recuperation test for open well



Chapter 8

FLooDs-EsTIMATION AND CONTROL

8.1 SIZE OF FLOODS

A flood is an unusual high stage of a river due to runoff from rainfall and/or melting of snow in
quantities too great to be confined in the normal water surface elevations of the river or stream,
as the result of unusual meteorological combination.

The maximum flood that any structure can safely pass is called the ‘design flood’ and is
selected after consideration of economic and hydrologic factors. The design flood is related to
the project feature; for example, the spillway design flood may be much higher than the flood
control reservoir design flood or the design flood adopted for the temporary coffer dams. A
design flood may be arrived by considering the cost of constructing the structure to provide
flood control and the flood control benefits arising directly by prevention of damage to structures
downstream, disruption communication, loss of life and property, damage to crops and under-
utilisation of land and indirectly, the money saved under insurance and workmen’s
compensation laws, higher yields from intensive cultivation of protected lands and elimination
of losses arising from interruption of business, reduction in diseases resulting from inundation
of flood waters. The direct benefits are called tangible benefits and the indirect benefits are
called intangible benefits. The design flood is usually selected after making a cost-benefit analysis
and exercising engineering judgement.

When the structure is designed for a flood less than the maximum probable, there exists
a certain amount of flood risk to the structure, nor is it economical to design for 100% flood
protection. Protection against the highest rare floods is uneconomical because of the large
investment and infrequent flood occurrence.

In the design flood estimates, reference is usually made to three classes:

(@) Standard Project Flood (SPF). This is the estimate of the flood likely to occur from
the most severe combination of the meteorological and hydrological conditions, which are rea-
sonably characteristic of the drainage basin being considered, but excluding extremely rare
combination.

(b) Maximum Probable Flood (MPF). This differs from the SPF in that it includes the
extremely rare and catastrophic floods and is usually confined to spillway design of very high
dams. The SPF is usually around 80% of the MPF for the basin.

(c) Probable Maximum Precipitation (PMP). From the observations of air moisture from
the maximum due-point and temperature recorded and air-inflow (from the wind speed and
barometric pressure recorded), the moisture inflow index in the storm is determined. The best
known upward adjustment to be applied to the historical and hypothetical major storms is the

212
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maximisation with respect to moisture charge. The adjusted storm rainfall is assumed to bear
the same ratio to the observed storm rainfall, as the maximum moisture charge over the basin
to the moisture charge of the observed storm. From the critical combinations of storms, and
moisture adjustment the PMP is derived which, after minimising losses, when applied on the
design unit hydrograph for the basin, will produce the MPF. Occasionally when enough storm
data for the given basin is not available, PMP can be estimated by adopting a severe storm
over neighbouring catchment (which is meteorologically homogeneous) and transposing it to
the catchment under consideration.

(d) Design Flood—It is the flood adopted for the design of hydraulic structures like
spillways, bridge openings, flood banks, etc. It may be the MPF or SPF or a flood of any desired
recurrence interval depending upon the degree of flood protection to be offered and cost eco-
nomics of construction of structures to the desired flood stage; the design flood is usually se-
lected after making a cost-benefit analysis, i.e., the ratio of benefit to cost may be desired to be
the maximum.

8.2 ESTIMATION OF PEAK FLOOD

The maximum flood discharge (peak flood) in a river may be determined by the following
methods:

(1) Physical indications of past floods—flood marks and local enquiry
(i) Empirical formulae and curves (it1) Concentration time method
(iv) Overland flow hydrograph (v) Rational method
(vi) Unit hydrograph (vii) Flood frequency studies
The above methods are discussed below:

(1) Observations at nearby structure. By noting the flood marks (and by local enquiry),
depths, affluxes (heading up of water near bridge openings, or similar obstructions to flow)
and other items actually at an existing bridge, on anecut (weir) in the vicinity, the maximum
flood discharge may be estimated. The flood marks are connected by levelling, the profile is
plotted and HFL marked on it, and the cross sectional area is determined. The surface fall at
HFL is calculated from the difference in HFL at known distance apart. It may be checked with
the bed slope; there should not be much disparity between the two. By assuming a suitable
value of Manning’s n for the nature (roughness) of bed and sides of the river, the velocity may
be determined by Manning’s or Chezy’s formula and the flood discharge estimated, see
example 6.4.

(ii) Empirical Flood Formulae

1. Dickens formula for moderate size basins of north and central India

Q = CA34 ...(8.1)
the coefficient C = 11-14, where the aar is 60-120 cm
= 14-19 in Madhya Pradesh
= 32 in western Ghats
up to 35, maximum value
2. Ryves formula derived from a study of rivers in south India
A= CA23 ...(8.2)
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Coefficient C = 6.8 within 80 km of coast
= 8.3 for areas between 80 and 2400 km from the coast
= 10.0 for limited area near the hills
up to 40, actual observed values

. Inglis formula for fan-shaped catchments of Bombay state (Maharashtra)

124 A

= ...(8.3
< JA+10.4 )
. Myers formula Q=175 JA ...(8.4)

. Ali Nawab Jang Bahadur formula for the old Hyderabad state
Q = CA0.993 - 1/14 1og A) ...(8.5)

the coefficient C varies from 48 to 60
Maximum value of C = 85
. Fuller’s formula (1914)

Q =CA%8 (1 +0.8log T,)(1 +2.67A03) ...(8.6)

constants derived from the basins in USA 10 years data is required for sufficient
reliability. The coefficient C varies from 0.026 to 2.77; T = recurrence interval in
years. Fuller was the first to suggest that frequency should be considered as a factor
in estimating floods.

. Greager’s formula for USA

) 0.048

Q = C(0.386 A)"894(0.386 4 (8.7)
the coefficient C =~ 130 (140.5 for areas most favourable to large floods)
. Burkli Ziegler formula for USA
Q=412 A% ...(8.8)

In all the above formula, @ is the peak flood in cumec and A is the area of the drainage

basin in km?.

(iii) Envelope Curves. Areas having similar topographical features and climatic condi-

tions are grouped together. All available data regarding discharges and flood formulae are
compiled along with their respective catchment areas. Peak flood discharges are then plotted
against the drainage areas and a curve is drawn to cover or envelope the highest plotted points.
Envelope curves are generally used for comparison only and the design floods got by other
methods, should be higher than those obtained from envelope curves. For Indian rivers, envel-
oping curves from observed floods have been developed by Kanwar Sain and Karpov, Fig. 8.1 (a).

(tv) Concentration Time Method. The concentration time method of estimating the peak

discharge consists of two steps:

(i) Determination of the concentration time, etc.
(ii) Selection of the period of maximum net rainfall for the concentration time duration.

This method can be used for design storms or in conjunction with intensity-duration-
frequency curves.
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Example 8.1 Determine the peak discharge at the concentration point for a basin of 80 hec-
tares having a time of concentration of 30 minutes due to a 5-cm flash storm, if the duration of
the storm is (i) 60 min, (it) 30 min, and (iit) 15 min. Assume a ¢-index of 2.5 cm/hr for the entire
basin. When the storm duration is 15 minutes, only drainage from 60% of the area of the basin
reaches the concentration point.

Solution
Q = (i — ¢) A, where i = intensity of rainfall (cm/hr)
(@) Q =(5—-2.5) 80 =200 ha-cm = 200 x 0.028 = 5.6 cumec

@) @ = (3—% x 60 — 2.5) 80 = 600 ha-cm = 600 x 0.028 = 16.8 cumec
@) Q = (1% x 60 —2.5) (0.60 x 80) = 840 ha-cm = 840 x 0.028 = 23.52 cumec

It is seen from (i) and (i) that the peak discharge at the concentration point is maxi-
mum when the duration of storm is equal to the time of concentration, (iii) gives the highest
flood, since only 60% of the area drains, the concentration time becomes less and the intensity
of rainfall is very high during this time.

(v) Rational Method. The rational method is based on the application of the formula

Q= CiA ...(8.9)
where C is a coefficient depending on the runoff qualities of the catchment called the runoff
coefficient (0.2 to 0.8). The intensity of rainfall i is equal to the design intensity or critical
intensity of rainfall i, corresponding to the time of concentration ¢, for the catchment for a
given recurrence interval T the design intensity of rainfall i (= i) can be found from the
intensity-duration-frequency curves, for the catchment corresponding to ¢, and T. If the
intensity-duration-frequency curves, are not available for the catchment and a maximum
precipitation of P cm occurs during a storm period of ¢, hours, then the design intensity i (=1)
can be obtained from the equation
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P(tp+1
i =—|-E ...(8.10)
¢ tp it +1

when the time of concentration, ¢, is not known, i, = P/t

The values of the runoff coefficient C are given in Table 8.1 and serve as a rough guide.
Table 8.1 Value of the runoff coefficient C

Type of terrain Value of C
Flat residential areas 0.4
Moderately steep residential area 0.6
Built up areas—impervious 0.8
Rolling lands and clay-loam soils 0.5
Hilly areas, forests, clay and loamy soils 0.5
Flat cultivated lands and sandy soils 0.2

Example 8.2 For an area of 20 hectares of 20 minutes concentration time, determine the peak
discharge corresponding to a storm of 25-year recurrence interval. Assume a runoff coefficient
of 0.6. From intensity-duration-frequency curves for the area, for T = 25-yr, t = 20 min, i = 12
cmlhr.
Solution For ¢ =t, =20 min, T = 25-yr, i =i_ = 12 cm/hr

Q@ =CiA =0.6 x 12 x 20 = 144 ha-cm/hr = 144 x 0.028 = 4 cumec

1
Note 1 ha-cm/hr = % cumec = 0.028 cumec

Example 8.3 Determine the design flood discharge (allowing an increase of one-third) for a
bridge site with the following data:

Catchment area =2x 10° ha
Duration of storm = 8 hours
Storm precipitation =3cm
Time of concentration =2 hr

Gauged discharge for a past flood with average maximum daily rainfall of 18 cm was
3400 cumec.

Solution From the past flood,
Actual discharge

Runoff coefficient, C =
Hnoth coeticien Theoretical discharge

3400

2% 10% x 10* x 18 1
100 24 x60x60

=0.815

Design or critical intensity of rainfall
Pt 1 1
i=i =L [rr 1) 38011y o5 cuhr
¢ tplit.+1 8 {2+1
Q = CiA = 0.815 x 1.125 x (2 x 10%) = 1.83 x 105 ha-cm/hr
or, (1.83 x 10°) 0.028 = 5130 cumec




FLOODS-ESTIMATION AND CONTROL 217

From Inglis formula
124 A

Q= JA+104

124 x 2000

42000 + 104
Design flood discharge = 5520 x 1.33 = 7350 cumec
(vi) The Unit Hydrograph Method. For small and medium size basins (A < 5000 km?2,
i.e., when a single unit hydrograph could be applied to the entire basin) in developing design
flood hydrographs by applying the unit hydrograph for the basin, the design storm estimates
are made by the following methods.

,Aisin km? and 1 km? = 100 ha

= 5520 cumec

() Selection of major storms
(ii) Maximization of selected storms
(ii1) Plotting the depth-area-duration curves and their analysis
(iv) Moisture adjustment
(v) Storm transposition to a critical position
(vi) Envelopment of the transposed adjusted storms
(vii) Use of minimum infiltration indices

In the depth-area-duration analysis of a particular storm, the maximum average depths
of rainfall over various sizes of area during certain periods of storm (hr or days), say cm over
1000 km? in 1 day, 2 days or 3 days from the isohyetal maps contructed (see Fig. 2.15). Such
values determined for all the transposable storms provide the basic data to estimate the PMP
over the basin.

Example 8.4 Computation of Maximum Probable Flood of River Tapi at Ukai

Since the catchment was partly surrounded by hills, depth-area-duration or storm transposi-
tion techniques were not considered proper and storm analysis was done on the basis of the
catchment as the unit of study, i.e., by the depth-duration method.

1. Storm analysis. From the 1-day, 2-days and 3-days isohyetal maps for the most se-
vere 3-days storm of 1968 that occurred over the Tapi Basin up to Ukai (Central India) on 4th,
5th and 6th August 1968, the depth-duration curve was drawn and the weighted maximum
rainfall depths for 1, 2 and 3 days are 11.43, 22.38 and 25.96 cm, respectively.

2. Storm maximisation with respect to moisture charge. Since the storm of 1968 had its
centre inside the catchment on all the days of the storm, it was assumed that the highest
efficiency had been already attained during the storm in respect of all other meteorological
parameters except moisture content. The moisture adjustment factor, which is the ratio of
maximum precipitable water at storm location to that available during storm period was derived
with respect to standard level of 500 mb and was of the order of 1.23. The storm of 4—6 August
1968 was increased by 23% to arrive at maximum probable storm.

3. Minimum infiltration losses. For the storm of 1968, the rainfall of 25.96 cm had resulted
in a surface runoff 11.7 cm with an infiltration loss of 14.26 cm. As the infiltration losses would
be higher in the beginning of rainfall period and gradually decrease as the runoff proceeds, a
varying rate of infiltration was adopted. The rainfall excesses were computed by deducting the
losses from each 6-hour maximised storm values as given below:
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Rainfall during Infiltration rate Infiltration loss in Rainfall
6-hr interval (cm/hr) 6-hr interval excess
(cm) (cm) (cm)
10.5 0.25 1.5 9.0
6.0 0.25 1.5 4.5
4.4 0.24 1.44 2.96
2.7 0.24 1.44 1.26
1.5 0.23 1.38 0.12
1.0 0.23 1.38 -
0.8 0.23 1.38 -
0.6 0.23 1.38 -
1.3 0.20 1.20 0.10
1.1 0.20 1.20 -
1.0 0.20 1.20 -
0.9 0.20 1.20 -
31.8 17.94
Total loss = 31.80 —17.94 = 13.86 cm

4. Maximum probable flood hydrograph. The 6-hour rainfall excesses were rearranged
in a sequence so as to produce the most severe flood peak and then applied to the ordinates of
the 6-hour design unit hydrograph derived from the 1968 flood hydrograph at Kakrapar weir
at Ukai with a lag of 6 hours successively and the ordinates of the surface runoff hydrograph of
the maximum probable flood arrived at. The constant base flow of 2400 cumec was then added
to arrive at the final ordinates of the flood hydrograph of maximum probable flood (MPF). The
peak of this hydrograph is 59800 cumec, Table 8.2, and is shown in Fig. 8.1. The highest peak
attained during 1876-1968 (93 years) was 42500 cumec in August 1968 and the second highest
was 37300 cumec in September 1959. The MPF recommended by CWPC, India for the design
of Ukai dam was almost the same as 59800 cumec while the SPF recommended was around
48200 cumec. The design flood adopted was 49500 cumec.

5. Limitation. Unit hydrograph is generally applicable for catchments of less than 5000
km? since according to the theory, storm distribution over the area is assumed to be fairly
even. The catchment of Tapi river up to Ukai dam is nearly 62000 km? which is considerably
greater than the limit for unit hydrograph application. In such cases, the correct method would
be to subdivide the whole catchment into a number of sub-basins, and separately carry out
unit hydrograph application for these sub-basins, and thereafter to arrive at the maximum
flood for the catchment by routing the flood through the various river reaches. But this method
naturally requires extensive gauge and discharge data for the individual sub-basins and at the
lowest side, as also intermediate cross section of the river channel for the whole reach in order
to enable routing of the floods derived for the sub-basins. For Tapi, however, such extensive
data was not available and the catchment could not be sub-divided into sub-basins; the whole
catchment up to Ukai dam has been treated as a single unit.
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T2E 1» 45 90cm
SS55[ P e-Max probable A = 62000 ki
x e ‘,1'26 2.96 (Rearranged) - m
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65—
MPF —
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Fig. 8.1 MPF of river Tapi at Ukai (Example 8.4)

8.4 FLOOD FREQUENCY STUDIES

When stream flow peaks are arranged in the descending order of magnitude they constitute a
statistical array whose distribution can be expressed in terms of frequency of occurrence. There
are two methods of compiling flood peak data—the annual floods and the partial duration
series. In the annual floods, only the highest flood in each year is used thus ignoring the next
highest in any year, which sometimes may exceed many of the annual maximum. In the par-
tial duration series, all floods above a selected minimum are taken for analysis, regardless of
the time-interval, so that in some years there may be a number of floods above the basic stage,
while in some other years there may not any such flood at all. The disadvantage of the partial
duration series is that the data do not furnish a proper frequency (true distribution) series and
so a reasonable statistical analysis cannot be made. But all the larger floods are used in this
analysis, which is an advantage while in annual flood series some big floods are omitted be-
cause they were not the highest floods in any year considered. Usually the basic stage is as-
sumed sufficiently low so that as many peaks (4 or 5) as possible each year are above this
stage. The two series give very nearly the same recurrence interval for the larger floods, but
the partial series indicates higher floods for shorter recurrence intervals. For information about
floods of fairly frequent occurrence, as is required during the construction period of a large
dam (say, 4-5 years), the partial series are the best, while for the spillway design flood the
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annual series are preferable, since the flood should not be exceeded in the dam’s life time, say
100 years.

Annual Flood Series The return period or recurrence interval (T) is the average number
of years during which a flood of given magnitude will be equalled or exceeded once and is
computed by one of the following methods.

California method (1923):

. ..(8.11)
m
Allen Hazen method (1930):
n 2n
T= = ..(8.11
m-31 2m-1 ( a)
Weilbul method (1939):
r=ntl .(8.11b)
m

where n = number of events, i.e., years of record
m = order or rank of the event (flood item) when the flood magnitudes (items) are ar-
ranged in the descending order (m = 1 for the highest flood, m = n for the lowest
flood)
T = recurrence interval (T = n-yr for the highest flood, 7' = 1 yr for the lowest flood, by
California method)
The probability of occurrence of a flood (having a recurrence interval 7T-yr) in any year,
i.e., the probability of exceedance, is

1
P=— ...(8.12
T (8.12)
or the percent chance of its occurrence in any one year, i.e., frequency (F) is
1 100 (8.12 a)
= — X s .
T a

and the probability that it will not occur in a given year, i.e., the probability of non-exceedance
(P), is

P=1-P ...(8.12 b)

One interesting example of the application of statistics to a hydrologic problem (i.e.,

stochastic hydrology), is Gumbel’s theory of extreme values. The probability of an event of

magnitude x not being equalled or exceeded (the probability of non-occurrence, P’), based on

the argument that the distribution of floods is unlimited (i.e., for large values of n, say n > 50),

—e Y

P=e ...(8.13)
and the probability of the event x being equalled or exceeded (i.e., probability of occurrence, P) is
P=1-P=1-¢°" .(8.13 a)
where e = base of natural logarithms
y = a reduced variate given by
1
= -x+04 fi ...(8.14
y 0'786(x x + 0.45 o), or n > 50 (8.14)

x = flood magnitude with the probability of occurrence, P
x = arithmetic mean of all the floods in the series
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2

’ x- =

X B
X = —
n

n
o = standard deviation of the flood series

B T(x-Xx)?2
B n-1

n

. [x2 —(%)?] ..(8.15)

2 2
_ /w (815 a)
n-1

n = number of items in the series, i.e., the number of years of record.

1
_

and the recurrence interval of the event of magnitude x (See Chapter-15)

T= 1 - ...(8.16)
P 1 ¢
If the event x, of recurrence interval T-yr, is x,, then from Eq. (8.14)
xp=x +0(0.78 y —0.45), for n > 50 ...(8.17)
or in terms of flood discharge items.
Q=@ +0(0.781log, T—0.45), for n>50 (817 @)

Q = Q7 when 0.78y = 0.45, or y = 0.577 which corresponds to 7' = 2.33 yr. The final plot of ‘flood
items (x) versus recurrence interval (7)’ can be made on probability or semi-logarithmic paper.
In the Gumbel-Powell probability paper, the plotting paper is constructed by laying out on a
linear scale of y the corresponding values of T given by Eq. (8.16) (after Powell, R.W., 1943)
and is given in Table 8.3. It is sufficient to calculate the recurrence interval of two flood flows,
say mean flood ¥ (or @ with 7' = 2.33 yr) and Xy50 OF @5, obtained from Eq. (8.17 a) putting
T = 150, and to draw a straight line through these points. A third point serves as a check,
Fig. 8.2. This straight line can then be extrapolated to read the flood magnitude against any
desired return period (7). The Gumbel distribution does not provide a satisfactory fit for par-
tial duration floods or rainfall data.

Actual observations of flood data reveal that there are a greater number of floods below
the mean than those above it and variations above the mean are greater than those below the
mean. Therefore, a curve which fits the maximum 24-hour annual flood data on a log-log paper
will not be a symmetrical curve, but a ‘skew curve’ which is unsymmetrical, i.e., the points do
not lie on a straight line but the line bends off. The general slope of this curve is given by the
coefficient of variation C , and the departure from the straight line is given by the coefficient of
skew C, While plotting the skew probability curves, three parameters have to be calculated
from observed flood data as

o

(i) Coefficient of variation, C, = ...(8.18)
. . 3 (x - x)°
(i) Coefficient of skew, C, = ——————3 (Foster) ...(8.19)
S (m-Do
(i11) Coefficient of flood, Cf= m ...(8.20)

where A = area of the catchment in km?
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Table 8.3 Gumbel’s probability data

Reduced variate Recurrence interval Probability of exceedance

() (T) (P)

- 1.53 1.01 0.99 (= 1.0)

- 0475 1.25 0.80
0 1.58 0.63
0.37 2.00 0.50
0.58 2.33 0.43
1.50 5 0.20
2.25 10 0.10
2.97 20 0.05
3.90 50 0.02
4.60 100 0.01
5.30 200 0.005
5.70 300 0.0033
6.00 403 0.0025
6.24 500 0.002
6.92 1000 0.001
7.62 2000 0.0005
8.54 5000 0.0002
9.92 10000 0.0001

% Chance or probability of flood S Q, in any one year

1

Frequency F = T x 100 %
5099 80 63 5043 20 12.510 6.255 4 2 1.33 0.6705 0.25
Q150 ey
$Qus0___] e et oF EE T ®---t-r--1- 11> F 1A B | Quso
//{"O'bserved
40 93-yr; flood
g Q25 R R N 1
a e e LZC (chéck)
@ 30 o /
Pl
o ) )\
g 20
Lo
> A
8 )'_: ______ ->___
S Q (orX)
Tg 10
E A A
< /
2.02 2.97
YO ol s $ i 1 L 2.902 —y
g -1'-.475 577 15 2|2 33.2 4.6/55.296 6
— 1537 247 V367 o7 374 4432 3
1.17 | Relduc?d Vaﬁialte y (to Iling\ar scalle)
T_>l.01 1.251.58 22.333.435 810 162025 50 75100150200 400 T
(Recurrence interval T-yr:) T = l_efy

Fig. 8.2 Gumbel-Powell probability paper
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When the flood items are tabulated in terms of mean flood, C, = . If the annual flood is
x and the mean flood is x, then the annual flood in terms of mean flood is x/x . The coefficient
of variation for annual precipitation data is equal to the standard deviation of the indices of
wetness.

While a small value of C, indicates that all the floods are nearly of the same magnitude,
a large C, indicates a range in the magnitude of floods. In other word C, represents the slope
of the probability curve, and the curve is horizontal if C, = 0. The actual length of records
available has a very little effect on the value of C, i.e., C, for a 20-yr record varies very little
from that for a 100-yr record.

The coefficient of skew, C. is seriously affected by the length of record and will be too
small for a short period; C, is then modified to allow for the period of record (n) by multiplying
by a factor (1 + k/n) where the constant K = 6 to 8.5. If even this adjusted C, does not give a
curve to fit actual observed data, an arbitrary value of C_ will have to be assumed to fit the
curve for the given annual flood data. From this theoretical curve can then be read off the
probability or the percentage of time, of a flood of any given magnitude occurring, usually,

C.,=2C, ..(8.21)

The coefficient of flood indicates the general magnitude of the floods in the particular

stream; hence, it fixes the height of the curve above the base. Using Cf, the mean flood of a
stream, for which no flood data are available, can be got, as

AO.S
2.14

The exponent 0.8 is the slope of the line obtained by plotting the mean annual flood
against water-shed area for a number of streams. Almost all observed data till to-date confirm
this value originally obtained by Fuller.

Mean flood = Cf x ...(8.22)

8.5 ENCOUNTER PROBABILITY

Even if a flood of a long recurrence interval is chosen, there is always a possibility that the
flood can be exceeded more then once during the interval. The probability of r’ events occur-
ring in ‘N’ possible events is given by
N!
Py = m Pr(1-PyN—r ...(8.23)
where P = probability of a single event.
If r = 0, the flood will not be exceeded during the ‘N’ years, the useful life of the struc-
ture. Then Eq. (8.23) becomes
Probability of non-exceedance, Py = (1 - P)V ...(8.23 a)
So, the probability that the design flood (T-year flood, annual probability of occurrence
P = 1/T) will be exceeded one or more times during N year (useful life of the structure) is given
by
Probability of exceedance, P =1-(1-PW ...(8.23 b)
and the percentage risk = P, x 100 (8.23 ¢)
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Thus, the probability of a 100-year flood will not be exceeded in the next 50 years is

1 1%
Py o= (1— ﬁ) = 0.6 or 60%
or 6 chances in 10; and the probability that the 100-year flood will be exceeded once or more
during the next 50 years is
P, =1-0.6=0.4or40%
or 4 chancesin 10
As another example, to determine the recurrence interval of a design flood having a
63% risk of being exceeded during a 100-year period
P, =1-(1-PW
0.63=1-(1-P)lo0
. 11
from which P = 0.01. Hence, T = P 001
The percentage probabilities of floods (or rainfall) of different recurrence intervals (T)
to occur in particular periods (IV) are given in Table 8.4.

= 100 years.

Table 8.4 Probability (%) of T-yr flood to occur in a period of N-years

Period (N-years) Average recurrence interval of flood (T-yr)

5 10 50 100 200
1 20 10 2 1 0.5

67 41 10 5 2

10 89 65 18 10 5

25 99.6 93 40 22 12

50 — 99.5 64 40 22

100 — — 87 63 39

200 — — 98 87 63

500 — — — 99.3 92

Partial duration curve method Partial duration curves are plotted showing the flood
discharges against their probable frequency of occurrence in 100 years and not against per-
centage of time as in the annual flood series.

Probable frequency = %100 ...(8.24)
Yy

where m = order number or rank of the particular flood in the series of items selected and
arranged in the descending order of magnitude
y = total length of record in years

The number of flood items selected need not be greater than the number of years in
record to simplify the procedure. Gumbel paper should not be used for partial series, which
usually plot better on semi-log paper.

Frequency method may be used for drainage basins of any size. The reliability of the
frequency estimates depends on the length of the observed record rather than the method of
probability analysis. Thus, if a 50-year record is available, a 10-yr flood may be predicted with
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assurance, while the 50-yr or 100-yr floods could be estimated only very approximately. The
procedure in frequency analysis is (i) compilation of flood peaks in the descending order of
magnitude, (it) computation of recurrence intervals by any one of the stochastic methods, and
(zi1) plotting ‘the flood peaks versus recurrence interval’ from which the flood (or rainfall) of a
required recurrence interval can be read or extrapolated, or the recurrence interval for a given
flood magnitude (or rainfall) can be read or extrapolated.

The limitations of frquency methods are that the greatest floods are caused by an unu-
sual meteorological combination resulting in unexpected peculiar storms. Hence, the probabil-
ity studies alone are inadequate for predicting floods of very great magnitudes.

Example 8.5 Flood frequency studies are made for the 30-year flood data (from 1939-1968) of
lower Tapi river at Ukai as shown in Table 8.5 both by Weibull and Gumbel’s methods.

(@) Gumbel’s method

426.27

n = 30, mean flood x = = 14.21 or 14210 cumec

Standard deviation of the annual flood series,
T(x-x)" _ (272426 _
n-1 30-1
Recurrence interval of mean flood of 14.21 thousand cumec is 2.33 yr. Flood magnitude
@, having a recurrence interval of 100-yr is given by

Q= Q +0(0.78log, T - 0.45)
Q100 = 14.21 + 9.7(0.78 log, 100 — 0.45) = 44.65 or 44650 cumec
plot the reduced variate ‘y’ to a linear scale on the x-axis and the flood magnitudes on the y-

axis to natural scale (Fig. 8.3). Plot the first point to A as ¥ = @ = 14.21 thousand cumec
against y = 0.577 corresponding to 7' = 2.33 yr. Plot the second point B as x,,, = &, = 44.65
thousand cumec against y = 4.6 corresponding to 7' = 100 yr. Join AB and produce which will
yield a straight plot. Take a third point C as, say @, given by
@Ry, =14.21 + 9.7 (0.78 x 3.9 — 0.45)
since for T'= 50 yr, y = 3.9
: @5, = 39.31 thousand cumec

Now plot C as 39.310 cumec against y = 3.9, which lies on the straight line plot AB.
Similarly, several points can be located on the straight line plot but a third point C is enough
to check the straight line plot.

Below the x-axis, write the values of T corresponding to the reduced variate y. On the
horizontal axis on the top of the graph, the percentage probability P(= 100/7) is plotted vartically
above the corresponding 7T-values. Now from the graph, the statistical information required
can be read or extrapolated as

() 150-yr flood (T = 150 yr), @ = 47500 cumec
(1) 20-yr flood (T' = 20 yr, y = 2.97, P = 5%), @ = 32000 cumec
(zi1) 10-yr flood (T'= 10 yr, y = 2.25, P = 10%), @ = 26750 cumec
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(iv) For a peak flood (@) of 40,000 cumec, y = 4.0, T'= 55 yr
(v) For the SPF of 48200 cumec, extrapolate to get y = 5.05, T'= 156 yr.
Hence, the SPF recommended by CWPC seems to be a feasible one.

(vi) Frequency of 1968 flood of 42500 cumec, T = 74 yr and P = 1.35%; but actually it

occurred in 93 years (1876-1968).

Qin 1000 m /s

Gumbel - Powell probability paper 30 - yr (1939 - 68) flood data of R. Tapi at Ukai
~ Frequency F = 1. 100 = % chance P = probability of
| S Q:-being equalled or-exceeded in any-one.year---——————————_ 450
48.2
::::::::::::::::::::::::-:::::Frequency F%:==c=-=====P —————— === ===~
99 45475 80 632 50 429 € 20 10 5 2 1351
o lades P T R
,.__'g. SPF of 48.2 thousand.cumec, T-= 156.yr- N — p - - ________ .
i% Flood of 50.0 thousand cumec, T = 200 yr c A ¥ food 40
40§ - -ZCooP oy TITIoCICIIIIIIIIIIIIRgyS o$IooIDooIDIooIoizhy bl ;
139.31 100 - yrﬁ(_)od = 44.65 thousand cumec  ["Hence o1 T: i .
150 - yr flood = 47.5 thousand cumec SPFof48.2tcmc¢ ! | ! * |
! 35— 55 - yr flood = 40 tcmc is ok. e S PP
9 | 1968 flood of 42.5 temc hasY = 4.3, T = 74 - yr, F = 1.35% A hooA
I Fomimmmm e T - ——————— o 1 1 4 H -
E [32 s | A T
S 30— X=X +o(0.78 log, T — 0.45) i A 2R K
8 - for n > 50 S H : 1 1 1 |: : |
S [26:757777 " D T R OB oo
o242 . P i ! ¥ P :: :—25
87 - : 7 : ! 1 | | :I : 1 @
g ool : P 4 A
[5} [ ! I " ! ! ! 120
: ! L4 . L O
= [ ! v o i I
8 15X = 14.21 = mean flood ! ! | | | o ds
& tTizsnaiden A o | R A
————————— H 1 H | : 1 1 1 H A
| L . A
1o | L4 ¥ I R A
I I
: : vy 1R SR IR
I I
T SEUUOUOUE W0 NS L O B s &
L —Reduced variate y (to linear scale [ o h .
T I . 1 |
o E s M Lo iz ey L e |
-|15 -1.0 -0475 0 0367 0577 1 15 12 225 274 3 3.16 394 43 46 50 529%|(
T> L1 1 L4 1 1 I L 5155 74 | 56 1 | g7
1.01 1.17 1.25 1.59 233 343 5 6.5810 16 2024 50 100 150 200
Recurrence interval T - yr: T= —p
-y
1-e®

. .. c 9.7
Coefficient of variation, C, % = 1491 0.68
T (x - x)3 34319

Coefficient of skew, = T = 5 =
¥ (n-Do (30 — D(9.7)

Note that C_ = 2C,
C, adjusted to allow for the period of record (Foster, 1924)
6
1+—

6, =0 1) =18
Co=C(*T,) =133

For Foster’s Type I curve £ = 6, and for Type III curve & = 8.5

) =1.56

T



Table 8.5 Flood frequency studies of Lower Tapi River at Ukai (Western India) : (19391968 (30 years) (Example 8.5))

Year Annual Weibull’'s method Gumbel’s method

Moximum! Rank  Recurrence Per cent Reduced Recurrence Per cent

1-day flood  (no.of ~ ‘nterval  Probability | 1_ 3% (x-3%)? *x - %3  variatet interval, yr  probability

xin 1000  times equ- n+l1 y=
cumec (in alled gr “"m = _;T x-%)+045¢0 - 7 eI"-’ P= % Remarks
descending exceeded year x 100 % 0.7797 ¢ % 100 %
order) (m)
1968 42,45 1 31 3.22 28.24 798 22600 4.31 74 1.35
1959 37.30 2 15.5 6.45 23.09 537 12400 3.63 38 2.63
1944 29.30 3 10.3 9.70 15.09 227 3430 2.57 13 7.7 Tx 426.27
1945 24.20 4 7.75 12.9 9.99 99.9 1000 1.90 7 14.3 () Mean flood, ' = === =57 = 14.21 tom or 14210 cumec
1942 22.62 5 6.2 16.1 8.41 70.7 595 1.69 5.5 18.2 (ii) Median flood = 12500 cumec (for P = 50% from Fig. 8.3)
1954 21.24 6 5.17 19.35 7.03 49.4 347 1.51 5 20.0 (iii) Standard deviation,
1961 20.86 7 443 22.55 6.65 442 294 1.46 48 20.8 —
1958 19.65 8 3.87 25.80 5.44 29.6 161 1.30 3.7 27.0 8 o= F‘" il 1 N ’2724‘26 =9.7
1962 1870 9 3.44 29.10 4.49 20.2 91 1.17 3.3 30.3 n-1 30-1
1949 18.30 10 3.1 32.30 4.09 16.7 68 1.12 3.1 32.2 (iv) Coefficient of variation,
1939 14.57 11 2.82 45.5 0.36 0.13 0.05 0.63 o 97
1941 14.00 12 2.58 38.8 -0.21 0.04 -0.01 0.55 2.3 435 Cy= T 1421 068
1967 12.88 13 2.38 42.0 -1.33 1.77 -2.36 0.40 (v) Coefficient of skew,
1946 12.45 14 2.21 452 -1.76 3.10 -8.45 0.34 2.0 50.0 X(x - ) 34319
1953  11.43 15 2.07 483 278 .72 -21.50 0.21 C,= Do —@o-ne -3 C~20)
1966 10.34 16 1.94 51.5 -3.87 15.0 -58.20 0.06 (i) C’ (adjusted)
1956 9.72 17 1.83 54.7 —4.49 20.2 -90.80 -0.02 - N X 8
1950 9.68 18 1.72 58.0 -4.53 20.6 -93.5 -0.023 C, =C, [1 + ;] =13 (1 + -é"EJ =1.56
1955 8.50 19 1.63 61.3 -5.71 32.6 -186.0 -0.18 (vii) Coefficient of flood,
1940 8.44 20 1.55 64.5 -5.77 33.2 -192.0 -0.19 . : — 5
1963 7.65 21 1.48 67.5 -6.56 43.1 -283.0 -0.29 - = =4,
1947 7.27 22 141 71.0 6.94 48.1 -334.0 0.34 A T A%2.14  (62000)°%/2.14
for n > 60; for any sample size (n) :
1960 7.22 23 1.35 74.0 -6.99 48.9 -342,0 -0.35 -
1951 6.48 24 1.29 71.5 13 59.8 —463.0 -0.44 yp=~— []n .In T——_J
1948 6.23 25 1.24 80.6 -7.98 63.7 -508.0 —0.48 1.25 80
1964 6.09 26 1.23 81.2 -8.12 66.0 -536.0 -0.50 == [0.834 +2.303 log log —T—-]
1957 5.81 27 115 87.0 -8.40 70.6 -593.0 -0.55 _ A
1043 482 28 111 90.0 -9.39 88.2 -8280  -067 Qr=Q +ko, k=0 yoy,
n
s se % 1o o | woss  mse  umo o for 5, & 5, see Table 151, Chapter-15
also, see Table 15.2, for K
Total Ex=42627 =30 E(x - ¥ )2 = 2724.26 34319 = (x - x V!
talgebraic sum)

Mean: ¥ = 14.21 tem, o= 9.7 tcm = (40986 — 6667)

'Mean daily flow

*Required to calculate C, only;

tem = 1000 cumec
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o - A 14210 B
I~ A%2.14  (62000)°8/2.14 ~

Coefficient of flood, 4.46

(b) Foster’s Method From the value of C_, the values of the factor K giving the variations

of the peak flood from the mean flood at various percentages of time (i.e.,, probability P%) can
be obtained by referring to the Tables 8.6 and 8.7 prepared by Foster. From this, the flood
frequency curve can be drawn; and the probability and recurrence interval (T' = 1/P x 100) of a
desired flood magnitude can be read off from the curve.

In Example 8.5, for @ = 14.21 tem, 6 = 9.7 tem, C, = 1.56, from Table 8.6, the flood

frequencies can be determined as follows (tcm = thousand cumec):

Frequency Recurrence Skew curve Variation Flood peak

P (%) interval factor K from the Qy=@Q +Ko

(T-yr) (from Table 8.6 mean flood (tecm)
for C, =1.6) Ko (tem)

0.01 10000 5.67 52.1 66.31
0.1 1000 4.75 43.7 57.91
1 100 3.40 31.25 45.46
5 20 2.07 19.05 33.26
20 5 0.69 6.35 20.56
50 2 —-0.32 -2.94 11.27
100 1 —-0.96 -9.32 4.89

The frequency curve is shown in Figs. 8.4 and 15.1. While the highest flood observed in
93 years (1876-1968) is 42.5 tcm, the 100-year flood by Foster’s Type I curve is predicted as
45.46 tcm.

Table 8.6 Skew Curve Factors (K values) for Foster’s Type I curve

C, Frequency P (%)
99 95 80 50 20 5 1 0.1 0.01 0.001 0.0001

0 -2.08 -1.64 -0.92 0 0.92 1.64 208 239 253 259 262
0.2 -1.91 -1.56 -0.93 -0.05 0.89 1.72 225 266 283 294 3.00
0.4 -1.75 -1.47 -0.93 -0.09 0.87 1.79 242 295 3.18 3.35 3.44
0.6 -1.59 -1.38 -0.92 -0.13 0.85 1.85 258 324 359 3.80 3.92
0.8 -1.44 -1.30 -0.91 -0.17 0.83 190 2.75 355 4.00 4.27 4.43
1.0 -1.30 -1.21 -0.89 -0.21 0.80 1.95 292 3.85 442 475 495
1.2 -1.17 -1.12 -0.86 -0.25 0.77 199 3.09 415 483 525 550
1.4 -1.06 -1.03 -0.83 -0.29 0.73 2.03 325 445 525 575 6.05
1.6 -0.96 -0.95 —-0.80 -0.32 0.69 2.07 340 4.75 5.67 6.25 6.65
1.8 -0.87 -0.87 -0.76 -0.35 0.64 210 354 505 6.08 6.75 7.20

2.0 —-0.80 -0.79 0.71 -037 0568 213 3.67 535 650 725 7.80
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Table 8.7 Skew Curve Factors (K values) for Foster’s Type-III curve

Es Frequency P (%)
99 95 80 50 20 5 1 0.1 0.01 0.001 0.0001
0 -2.33 -1.64 -0.84 0 0.84 164 233 3.09 3.73 427 4.76

0.2 -2.18 -1.58 -0.85 —-0.03 0.83 1.69 248 3.08 416 4.84 5.48
0.4 -2.03 -1.51 -0.85 -0.06 0.82 1.74 262 3.67 460 542 6.24
0.6 -1.88 -1.45 —-0.86 -0.09 0.80 1.79 277 396 504 6.01 7.02
0.8 -1.74 -1.38 -0.86 -0.13 0.78 1.83 290 425 548 6.61 7.82
1.0 -1.59 -1.31 -0.86 -0.16 0.76 1.87 3.03 454 592 722 8.63
1.2 -1.45 -1.25 —-0.85 -0.19 0.74 1.90 3.15 482 637 7.85 945
14 -1.32 -1.18 -0.84 —-0.22 0.71 1.93 328 5.11 6.82 8.50 10.28
1.6 -1.19 -1.11 -0.82 -0.25 0.68 196 340 539 7.28 9.17 11.12
1.8 -1.08 -1.03 -0.80 -0.28 0.64 198 350 566 7.75 9.84 11.96
2.0 -0.99 -0.95 -0.78 -0.31 0.61 200 360 591 821 10.51 1281
2.2 -0.90 —-0.89 -0.75 -0.33 0.58 201 3.70 6.20
2.4 -0.83 —-0.82 -0.71 -0.35 0.54 201 3.78 647
2.6 -0.77 -0.76 -0.68 -0.37 0.51 2.01 387 6.73
2.8 -0.71 -0.71 —-0.65 -0.38 0.47 2.02 395 6.99
3.0 -0.67 —-0.66 —-0.62 -0.40 0.42 2.02 4.02 7.25

In the given example, the 1945 flood of 24200 cumec was exceeded in 1959 (when the
flood was 37300 cumec), i.e., in 14 years. From the graph for @ = 24200 cumec, T'= 6.5 yr (7.75-
yr-Weibull); P = 100/6.5 = 15%. The probability that this flood will not occur in the next 14
years is

Py =01~ 0.15) = 0.10 or 10%
and the probability of its occurrence in the next 14 years is
Py =1-0.1=0.90 or 90%
but actually it is exceeded after 14 years.

(c) Weibull’s Method The Weibull’s distribution will not give a straight line plot on the
Gumbel-Powel probability paper and hence can better be plotted on a log-log paper. Both the
Gumbell’s and Weibull’s curves are plotted on log-log paper in Fig. 8.4 for comparison. It can
be seen that for smaller floods (say, m > 5) both the methods give the same plotting positions ;
but for the larger floods (m < 5), the Weibull’s method gives lower recurrence interval, i.e.,
largest floods of increased frequency. For example from the Weibull’s frequency curve in Fig. 8.4,
for the SPF of 48.2 thousand cumec, T' = 48 yr, while by the Gumbel’s method 7" = 160 yr for the
same SPF); for T' = 100 yr, @ = 60 thousand cumec.

(d) Fuller’s formula

Q=CA%®(1+0.8logT) (1+2.76A4703)
Q100 = 2-27 (62000)°8 (1 + 0.8 log 100) [1 + 2.76 (62000)~03]
= 40700 cumec (100-yr flood)

against Gumbel’s 44650 cumec.
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Fig. 8.4 Log-log plot of flood frequency (Example 8.5)
(e) Creager’s formula
Q = ((0.386 A)°894(0:386 )0

= 140 (0.386 x 62000)-894(0:386 x 62000) 4

= 36000 cumec, which was well exceeded in the year 1968 when the peak
flood was 42500, cumec.

Hence, the Gumbel’s method gives the most probable maximum flood in the life period
of a structure to be designed and can be adopted in the safe design of hydraulic structures.
() World enveloping flood formula (J.M. Baird and J.F. Meillnraith)
__ 3010 Ao.78 _3010x 6200(?78 _ 33500 cumec
Q77+ A) (277 + 62000)
which was well exceeded in the year 1968.
(g) Rational formula
Q= CiA
i = design intensity of rainfall (= i)
= 31.8 cm in 3 days during Aug. 4-6, 1968
(See the Introduction part of Chapter 1)
C = runoff coefficient = 0.43, from the 3-day storm of Aug. 1968

A =62000 km? = 62 x 105 ha
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Since 1 ha-cm/hr = 1/36 cumec
1 31.8 cm 5
= — |043x——x62x10°ha | =
36 ( X 7o hr aJ 32700 cumec

which has been exceeded in the year 1968. However, the peak flood obtained by the rational
formula depends upon the accuracy of the coefficient of runoff assumed.

Example 8.6 Twenty largest one-day floods (without respect to time) are selected in a period of
20 years arranged in the descending order of magnitude (cumec). Draw the partial duration
curve:

501, 467, 371, 351, 351, 345, 334, 311, 283, 273,
266, 264, 221, 214, 194, 193, 182, 175, 173, 163.
Solution The computations are shown in Table 8.8.

Table 8.8 Computation for partial duration curve

Si. Flood flow Probable frequency in
no. (cumec) 100 years
1 501 5%
2 467 10
3 371 15
4 351 20
5 351 25
6 345 30
7 334 35
8 311 40
9 283 45
10 273 50
11 266 55
12 264 60
13 221 65
14 214 70
15 194 75
16 193 80
17 182 85
18 175 90
19 173 95
20 163 100

m 1
*Probable frequency = ? x 100 = 20 * 100 =5

The partial duration curves are plotted on both log-log paper and semi-log paper as
shown in Fig. 8.5 (a) and (b) respectively; the 100-yr flood is extrapolated as 640 and 810
cumec from the curves (a) and (), respectively.
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Fig. 8.5 Plots of partial duration curve (Example 8.6)

Events having a return period of less than 10 years (P < 0.1) based on annual series will
occur more frequently than indicated because the second or third events in some years may be
greater than the annual events in other years and have been omitted from consideration. If
events that occur frequently (P < 0.1) are important, a partial duration series should be used.
The partial duration series includes all events above a base that has been selected to include at

least one event each year.
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The partial duration series recurrence interval T, is related to the annual series
recurrence interval T as
1
Teps = In7-1n(T-1)
Langbein (1949) derived the theoretical relationship between 7', and T as given below.
Though the relationship varies from region to region, it is significant only for recurrence up to
5 years and after that, a difference of 0.5.

Trps T
0.5 1.16
1.0 1.58
1.45 2.00
2.0 2.54
5.0 5.562

10.0 10.5

20.0 20.5

50.0 50.5

100.0 100.5

In partial duration series, since several occurrences in one year may be selected, the
notion of annual occurrence (P,) is introduced as
P =mly
where m = number of occurrences in ‘y’ years and the probability P in ‘per cent of time’ is given
by

P=(1-e*)100
and the average recurrence interval T'= 1/P , and not 1/P
In Example 8.6, a flood of 273 cumec has been exceeded 10 times during a period of 20
years. Then its
annual occurrence P, =mly =10/20 = 0.5
average recurrence interval 7T'=1/P,=1/0.5=2yr

annual probability P=(1-e%)100 = (1 -e05) 100 = 39.3%.
Example 8.6 (a) The highest annual floods for a river for 60 years were statistically analysed.
The sixth largest flood was 30,000 cumec (30 tcm).
Determine:
(@) The period in which the flood of 30 tcm may reoccur once
(ii) The percentage chance that this flood may occur in any one year
(iit) The percentage chance that this flood may not occur in the next 20 years
(iv) The percentage chance that this flood may occur once or more in the next 20 years
(v) The percentage chance that a 50-yr flood may occur (a) once in 50 years, (b) one or
more times in 50 years
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60+1
Solution (i) Weibull; 7' = n+l_ 6 = 10.1, say 10 yr
m
(1) Percentage chance, i.e., P = T X 100 = 101 % 100 = 9.9 say 10%

(zi1) Encounter probability,

1 20
Py =1 =PV = (l_ﬁ) =0.124 or 12.4%
(@) Py =1-(1-PN=1-Py ,=1-0.124 = 0.876 or 87.6%

1 1
(v)(a) =?X100=%X100=2%

1 50
®) Py o= (1— %) = 0.3631
Py =1-Py o =1-0.3631 = 0.6369, say 64%

X
Example 8.6 (b) Determine the percentage chance that a 25-yr storm may occur
(a) In the next 10 years (b) In the next year itself
(¢c) May not occur in another 15 years
1

Solution (a) =25, P, =1-(1-P», P= T

1)1
=1- (1— —) = 0.335 or 33.5%
25

1
b)P, =1-|1- 1 = 0.04 or 4%, i.e., 1 in 25 chance

15
(©) Py = (1 - PN = (1— 215) = 0.542 or 54.2%

Example 8.6 (¢) Determine the return period (recurrence interval T) of a flood, which has a
10% risk of being flooded (a) in the next 100 years, (b) in the next 50 years.

Solution Py =1—(1-P), for risk of being exceeded
ie., Py =10% =0.1
() 0.1=1-(1-P)1% (1-P)10=1-0.1=0.9
1-P=0.9%01=0.99895, P =0.00105=1.05x 103
= % = WIIO% =950 yr, say 1000-yr flood
b) 0.1=1-(1-P%, 1-PP°=1-0.1=0.9

1-P=0.992=0.9979
P=0.0021=2.1x 1073

Note. If a structure has a life period of 50 years and if we can accept a 10% risk of its being

flooded during its life, then we have to design the structure for a return period of 7-Yr as follows:
Py =1-(1-P) for 10% risk, P, = 0.1

01=1-(1-P)%, 1-PP°=1-0.1=0.9
(1-P)=(0.9°02=0.9979



236 HYDROLOGY

11
TP 21x107°
i.e., we have to design the structure for a 476-yr flood and not for a 50-yr flood; if it is designed for a 50
yr flood, the risk of failure

P=0.0021=2.1x 103, T =476 yr

P

50
1
e =1-(1-PyP°=1- (1— —) =1-0.98% = 0.6358 or 63.6%

50

Example 8.6 (d) The maximum annual floods for the river Tapti at Ukai were statistically
analysed for a period of 93 years (1876-1968). The mean annual flood and the standard devia-
tion are 14210 and 9700 cumec, respectively.

Determine:

(i) The recurrence interval of the highest flood 42500 cumec (in 1968) by Weibull’s method
and what its percentage chance of occurring in (a) in any year, (b) in 10 years ?

(i) What is the recurrence interval of the design flood adopted by CWPC (49500 cumec)
and the highest flood (42500 cumec) by Gumbels method?

Solution For the highest flood, its rank m = 1

+1
(i) Weibull: T = =
m
_93+1 94
= 1 = yr
(@) P—l—i—001065 1.065%
a = T = 94 = V. or 1. (4
i.e., its chance of occurrence in any year is ~ 1%

10
b) Pp. =1-(1- PN=1- (1— 9—2) =0.1014 or 10.14%, i.e., 10% chance.
(i) From Gumbel’s Eqn. (8.17 a):
(@) Design flood @), = 49500 cumec = @, Q@ = 14210 cumec
Q=@ +0(0.781n T - 0.45), for n > 50
49500 = 14210 + 9700 (0.78 In T'— 0.45)
In T=5.241, T = 189, say 190 yr
against Weibull’s 50 yr, Fig. 8.4
(b) Highest flood @,,, = 42500 cumec = @,
42500 = 14210 + 9700 (0.78 In T'— 0.45)
In T =4.316, T = 75 yr, against Weibull’s 30 yr, Fig. 8.4
Gumbel Frequency Distribution: Resume of formulae:
For large values of n, (n > 50):

- 1 1

P=1-¢°",T=—-=

P

b

Yp=- |:]n In TT 1i| ...(8 14a)

T
Yp=— {0.834 +2.303 log . log T

} ...(8.14b)
1
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1 _

Y=078g X-X +0450), y=y;,X=Q ..(8.14)

or, y=1£§§££:§2+0577 ...(8.14¢)
(¢}
X-X

ie., y=2£7;—2+& a =1.2825,b = 0.577 .(8.14d)

X;=X +0(0.78y — 0.45) ..(8.17)

X,;=X +0(0.78 In T - 0.45) ...(8.17a)

X,=X +0(1.8log T —0.45). ...(8.17b)

Example 8.6 (e) Statistical analysis of the annual floods of the river Tapti (1876-1968) using
Gumbel’s method yielded the 100-yr and 10-yr floods as 42800 and 22700 cumec, respectively.

Determine:

(a) the magnitude of a 20-yr flood.

(b) the probability of a flood of magnitude 35000 cumec (i) occurring in the next 10 years,
(it) in the next year itself.

10
Solution Eq.(8.14a):y,;=—1In.In 5 = 2.25, X,;,=22.7tcm

Yigo=—In.In 100 _ 4.6, X, =42.8 tcm
99
227-X
Eq (8.14d):  2.95< 2227=X) ()
428 -X
46 2428-X) .. (i)
(¢}
12835
(i1)—(0): 2.35=2012 - o=201x = 10.969 tem
c 2.35
_ 10.969
From Eq. (8.14¢): 22.7 — X =(2.25-0.577) 19825 - 14.309
X =22.7-14.309 = 8.391 tem
20
(a) Eq. (8.14a): Yoo =—1In.1In 19 = 2.97
1.2825
Eq. (8.14c¢): 2.97 = 10060 Ko —8.391) + 0.577

X,,=28.856 tcm or 28856 cumec
Alternatively, Eq. (8.17a): X5, =28.391 +10.969 (0.78 In 20 — 0.45) = 29 tcm, or 29000 cumec
12825
Y77 10,969

Eq. (8.14a): —In.In TT

(b) Eq. (8.14¢): (35-8.391) + 0.577 = 3.6881

= 3.6881
1
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1
T=41yr, P-= T = 0.0244

_p-3:6881

Alternatively, P=1-e¢° =1-e =1-¢%9% - 1_0.9753 = 0.0247

1 1

T= P = 00247 = 40.5, say 40 yr

@) Py, =d 1 19=1-(1~ 0.0244)1° = 0.2188, say 22%

(@) Pp, =4y )=~ (1~ 0.0244)! = 0.0244, or 2.44% chance
Example 8.6 (f) The annual floods for a large period were statistically analysed by Gumbel’s
methods, which yielded 6 = 19000 cumec, ¢ = 3200 cumec.

Determine
(a) the probability of a flood magnitude of 30000 cumec occurring in the next year.
(b) the flood magnitude of 5-yr return period.

12825
3200

Solution (a) y= (30000 — 19000) + 0.577 = 5.5

P=1-¢°"=1-¢70067=1_09901=0.0099 ~ 1%
P =1-(1-0.0099)" =0.0099 ~ 1%

1 -
(b) T=5 P=_=1-¢", y=0079
12825

(X —19000) + 0.577, X =17758 cumec

8.6 METHODS OF FLOOD CONTROL

A flood is an unusual high stage of a river overflowing its banks and inundating the marginal
lands. This is due to severe storm of unusual meteorological combination, sometimes com-
bined with melting of accumulated snow on the catchment. This may also be due to shifting of
the course of the river, earthquake causing bank erosion, or blocking of river, or breaching of
the river flood banks. Floods have swept vast regions in India, particularly in the basins of
rivers Kosi, Brahmaputra, Godavari, Narmada and Tapti. Floods cause much loss of life and
property, disruption of communication, damage to crops, famine, epidemic diseases and other
indirect losses.

Design magnitudes of floods are needed for the design of spillways, reservoirs, bridge
openings, drainage of cities and air ports, and construction of flood walls and levees (flood
banks). The maximum flood that any structure can safely pass is called the ‘design flood’.

The damages due to the devastating floods can be minimised by the following flood

control measures, singly or in combination.
(i) by confining the flow between high banks by constructing levees (flood banks) ,

dykes, or flood walls.

(ii) by channel improvement by cutting, straightening or deepening and following river
training works.

(ii1) by diversion of a portion of the flood through bypasses or flood ways. In some cases
a fuse plug levee is provided. It is a low section of levee, which when once over topped, will



FLOODS—ESTIMATION AND CONTROL 239

wash out rapidly and develop full discharge capacity into the flood-way. In other locations, a
concrete sill, weir or spillway controlled by stop logs or needles may be provided so that the
overflow occurs at a definite river stage. Sometimes dynamiting a section of levee is resorted to
bypass the flood.

(iv) by providing a temporary storage of the peak floods by constructing upstream reser-
voirs and retarding basins (detention basins).

(v) by adopting soil conservation measures (land management) in the catchment area.
(vi) by temporary and permanent evacuation of the flood plain, and flood plain zoning
by enacting legislation.
(vii) by flood proofing of specific properties by constructing a ring levee or flood wall
around the property.

(viii) by setting up flood forecasting—short term, long term, rhythm signals and radar,
and warning centres at vulnerable areas.

Flood Control by Reservoirs

The purpose of a flood control reservoir is to temporarily store a portion of the flood so that the
flood peaks are flattened out. The reservoir may be ideally situated immediately upstream of
the area to be potected and the water discharged in the channel downstream at its safe capac-
ity (known from its stage-discharge curve), i.e., the peak has been reduced by AB, Fig. 8.6. All
the inflow into the reservoir in excess of the safe channel capacity is stored until the inflow
drops below the channel capacity and the stored water is released to recover the storage capac-
ity for the next flood.

Inflow hydrograph
o into reservoir

ak Reduction = AB

Controlled _  Safe channel

B X . o ] capacity

Discharge Q (cumec)

Controlled
release

Time t (days)
Fig. 8.6 Flood control by reservoirs

If there is some distance between the reservoir and the protected area but no local
inflow between these points, the reservoir operation is similar to the above but the peak will
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further be reduced due to storage in the reach downstream from the reservoir. If there is a
substantial local inflow between the dam and the control point, the reservoir must be operated
to produce a minimum peak at the protected area rather than at the dam site; otherwise the
release from a reservoir may unfortunately synchronise at some point downstream with flood
flows from a tributary. Timely and reliable weather forecasts and prompt information about
precipitation upstream and downstream of the reservoir and the means of translation of this
information into necessary flood hydrographs will all help in effective reservoir operation.
Construction of reservoirs for flood control only is rarely economical and other benefits like
irrigation, hydel power, also have to be taken into consideration. It is the modern practice to
construct multipurpose reservoirs, where a space is allocated exclusively for flood control,
usually above the spillway crest level and is made available when required by closing the
spillway crest gates.

The effectiveness of the reservoir in reducing peak flows, increases as its storage capac-
ity increases. The maximum capacity required is the difference in volume between the safe
release from the reservoir and the maximum inflow. Since the hydrograph is wider at low
flows, more water must be stored to reduce the peak by a given amount. As the peak reduction
is increased, more marginal area will be protected from the floods. The benefits accrued by a
unit peak reduction are usually less. Thus, the size of the reservoir has to be determined by
weighing the cost involved in reducing the peak with the benefits accrued. A single reservoir
across the main river may not give the required protection to all towns and cities widely lo-
cated and reservoirs constructed across tributaries are effective in flood protection. In general,
at least one-third of the total drainage area should come under one reservoir for effective flood
control.

Retarding Basins

The release from a storage reservoir is controlled by gates and valves and regulated by the
project engineer. A retarding basin is provided with outlets like a large spillway and sluices

with no control gates. The sluice discharges like an orifice, i.e., @ = C A \/2gH , and there is a

greater throttling of flow when the reservoir is nearly full than would a spillway discharging
like a weir, i.e., @ = CLh*? (Fig. 8.7). However, a spillway is necessary for emergency in case of
the flood exceeding the design maximum.

The discharge capacity of a retarding basin when full should equal the safe discharging
capacity of the channel downstream. The storage capacity of the basin should be equal to the
volume of the design flood minus the volume of water released during the flood. A retarding
basin is used only for the purpose of flood control. After the peak of flood has passed, the inflow
will gradually become equal to the outflow. One of the limitations of the retarding basins is
that the discharge from the basin may synchronise with the flood flow of a tributary down-
stream and as such they are constructed on comparatively small stream while storage reser-
voirs are provided across big rivers (since the release can be regulated).

For any pool elevation of the reservoir, the storage and discharge can be calculated. For
a known inflow hydrograph, the corresponding outflow hydrograph can be determined by any
method of flood routing (Chapter 9).
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Fig. 8.7 Retarding basin
Construction of Levees

The construction of levees (flood banks or dykes) is extensively followed in India, since it is an
economical, direct and immediate method. The design and construction of levees are similar to
those of an earth dam. The levees are constructed beyond the meander belt of a river, Fig. 8.8 (a)
and they tame a river not to change its course. As far as possible, there should be very few
curves in their alignment. They require constant watch and after the floods recede, repairs
and restoration of levees should be resorted to.

The spacing and height of levees are determined by a series of trials. A height is as-
sumed and the discharge through the proper channel is computed for the assumed high water
flow, which is the level of the top of bank less the free board. This flow subtracted from the
estimated probable maximum flood discharge gives the discharge to be passed over the flood
ways between the proper channel and the levees (Figs. 8.8 () and (), 8.9 and 8.10). Area of
the flood ways is then obtained by dividing it by the velocity of flow. The spacing of levees thus
obtained, should give a minimum value for the cost of levees and the value of the submerged
land in the flood way. The effects of levees on flood flow are:

() increase in the rate of flood flow

(i) increase in the flood water elevation

(i1) increase in the carrying capacity of the channel

(iv) increase in the scouring action

(v) decrease of surface slope of stream above the leveed section

Channel Improvement

Channel improvement increases the discharging capacity of the stream thereby decreasing
the height and duration of the flood. Flood carrying capacity can be increased either by in-
creasing the cross-sectional area or by increasing the velocity along the river. Enlarging the
section is attempted only for narrow and shallow channels with small watersheds, the limit of
such enlargement in width being 30-40 m. Deepening is preferred to widening since the hy-
draulic mean radius increases more with depth (for the same increase in the sectional area)
thus increasing the velocity.
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(b) Typical levee cross section

Fig. 8.8 Flood control by levees

Fig. 8.9 Ring levee to protect a city
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Fig. 8.10 Flood protection by reservoir and levees for a city

The channel velocity (given by Manning’s or Chezy’s formulae) is affected by hydraulic
mean radius, slope of river bed and roughness of the bed and sides. Roughness can be reduced
by

(i) removing sand bars.

(ii) prevention of cropping on river beds near banks.

(i1) removal of fallen trees and other snags.

(iv) elimination of sharp bends of meandars by providing cutoffs (Fig. 8.11).

In a stream, deepening results in the loss of slope as its outlet can not usually be low-
ered. Deepening can be resorted to only when cutoffs are provided, when the slope of the
channel is increased due to the reduction in the length of flow. Thus, a cutoff helps

() in increase the velocity by increasing the slope,
(t1) to shorten the path of flow by elimination of meandars, and consequently
(i) to shorten the levees necessary to confine flood waters.

Elimination of meanders by providing straight cutoffs has been done on the river Mis-
sissippi in USA.
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Fig. 8.11 Cut-off in a meandering river

Example 8.7 A channel has a bottom width of 200 m, depth 6 m and side slopes 1:1. If the
depth is increased to 9 m by dredging, determine the percentage increase in velocity of flow in
the channel. For the same increase in cross sectional area, if the channel is widened (instead of
deepening), what is the percentage increase in the velocity of flow.
Solution Chezy’s formula, V = CJRS
where V = velocity of flow in the channel

R = hydraulic mean radius

S = bed slope of the channel

C = a constant, depending on the roughness of the 