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, CHAPTER

Hydrology is an earth science. It encomp
of earth.

asses the occurarce, distribution, movement and properties of watey

The hydrological eycle is 4 global sun-driven process whereby water is transported from the oceans to the

atmosphere to the land and back fo the ses.

The hydrology cycle is usually deseribed in terms of six

major components: Precipitation (P), Infiliration 43}
Evaporation (E), Transpivation (T). Surface Runoff (R}, and
Ground water flow (G). For computational purposes,
evaporation and transpiration are__soria_e;imes lumped
together as evapotranspiration (ET). Figure 1.1 define these
components and ilustrates the p'aths'th_ey define in the
hydrologieal eycle. :

The processes constituting this cycle extend from an average
depth of about 1 km in the lithosphere (the crust of the
earth), to a height of about 15 km in the atmosphere. The
hydrological cycle has no beginning or end.

A convenient starting poeint to describe the cvele 15 1 the
oceans,

Water in the oceans evaporate due to the heat energy
provided by solar radiation. The water VApOUr moves
upwards and forms clouds. While much of the clouds

Clouds and water vapor  {louds and waler yapor
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Zone of saturation

Fig. 1.1 The hvdrologic evele: (T}, tra napivation: (£},
evaporation; (P), precipiiation: (R}, surbice
runoff; (G}, groundwater fow and {1y,
infiltration.

condense and fall back to the cceans as rain. part of the clouds is driven to the land aveas by winds. There
they condense and precipitate onto the land mass ag rain, snow, hail, sleet ete

A part of the precipitation may evaporate hack to the atmosphere even while falling.

Another part may be tercepted by vegetation, structures and other suth surface modifications from which
1t may be eitlier evaporated back to atmosphere or move down to the ground surface.

A portion of the water that reaches the ground, enters the earth's surface through infiltration. enhances
the moisture content of the soil and reaches the groundwater body.
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2 Hydrology CIVIL ENGINEERING

¢ Vegetation sends a portion of the water from under the ground surface back to the atmosphere through the
process of {ranspiration.

+  Some infiltraied water may emerge to surface-water bodies as interflow, while other portions may become
greundwater flow. -

¢ Groundwater may ultimately be discharged info streams or may emrege as springs.

+  After an initial £illing of depression storages and interception, overland flow (supface runoff) beging provided
that the rate of precipitation exceeds that of infiltration, e

The magnitude and duration of u precipitation event determine the z_iz_)e' importance of each component of
the hydrological cyele during that event. During storm evenls, evaporg ton and transpiration may be of minor
considerations, but during rain-free periods, Evapotranspiration be¢dmes a-dominant feature of the hydrological
excle. o

Nole:

+  Evaporation is the transfer of water from a Hauid sta
to the vapour phase. R

* Precipitation is the deposition of water on the earth’s surface in the form of rain, snow, hail, frost and
30 on. . :

* Interception is the short-term retention of rainfall by the foliage of vegetation.

+ Infiltration is the movement of water into the Soil of 't_:lig_-'earth’s surface.

+ Transpiration is the soil moisture taken ugp thmughthe roots of a plant and discharged into the
atmosphere throngh.the foliage hy evaporation. ...

¢ Percolation is the movement of water frior

& gaseous state, ie., it is the conversion of liquid
L]

I'zone to a lower soil zone.
'+ Storage is the volume of water which g_ets"éi;qre_}t_i in natural depressions of a basin.
* Runoff is the velume of water drained by a 1?ié§é:__r’ at the outlet of a catchment.

In most of the hydrological analysis cencer:aed with civil engineering design, we start with input as rainfall (i.e.
hyetograph plot of rainfall intensity against time) and desire to obtain output as stream flow (i.e. hydrograph
ppt of discharge against time). ‘

The following chayt indicates the conversion of rainfall to stream flow.
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Fig. 1.2 Distribution of precipitation input.
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CivViL. ENGINEERING Hydrology 3

Average duration of a particle of water to pass through a phase of the hydrological cycle is known as the
residence time of that phase.

Velume of water in a phase
Average flow rvate in tha_t__ pbése '

Residence time =

Average residence time of ocean is larger than that of global ground Wété_}iﬁ _

Runoffirainfall for India = 46% (long term esmnate)

* A catchment area 1s an area of land where surface water from rain and melfing snow or ice converges to
a single point, usually the exit of the basin, where the waters jom another waterbody, such as a river, lake,
reservoir, sea, or ocean.

Fig. 13 'f‘opographi{: map showing location of & divide.

* In closed catchment the water converges to a single point inside the basin, known as a Sink, which may
be a permanent lake, dry Jake, or a point where surface water is lost underground.

¢ The catchment acts as a funnel by collecting all the water within the area covered by the catchment and
channelling it to a single point. Each catchment area is separated topographically from adjacent eatchment
area by 4 geographical barrier such as a ridge, hill or mountain.

*  The line which divides the surface runoff between two adjacent river basing is called the fopographic waler
divde, or the watershed divide, or simply the divide.

+ The divide follows the ridge line around the catchment. crossing the stream only at the outlet point.

« It marks the highest points between the basins, but isolated peaks within a basin may reach higher
elevations than any point on the divide.

e [ O MASTER Office: F-120% Katwaria Sarai MNew Delbd - 130016
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+  Sometimes, owing to the underlying geology, the runoff measured at the outlet of a particular caichment
may contain some contribution belonging to the precipitation fallen on a neighbouring catchment by way
of subsurface runoff as shown in Figure 1.4. Thus the catchment eakage is said o pecur,

+ Catchment leakage also cccurs when the groundwater divide (also known as phreatic divide} and the

fopographic divide are not coincident in plan as shown in Figure. Hg_gg" '

Rain

i

i TapOgERPHE -

Ground water N
divide =

Catehment A

Styeam

1 for large catchments, catchment
re assumed to match. )

watey divide
S LG mmdwziter
Catéb;r:ientB

Fig. 1.4 Tnpographical"a:;:'d ground water divide,

+  Other terms that are used o describe a catchmé'ili;-:-ar_ea a’fe drainage basin, catchment, caichment hasin,

§
H

For a given catchment in a time interva:t__i_&i;'

Inflow - Quiflow :'S_zm;age [continuity equation]

This continuity equation expressed in

gquation/hydrological budget equation. -

For surface flow:

P+R, + Rg ~ R, ~E ~T ~L= AS, (storage} (i)

= ppt. s
= Surface water inflow -~

Ground water appéaring 48 surfuce water
Surface water outflow <
= Fvaporation =
= Transpiration’
= Infitration

it

n——(m)-amm:?dmm 9 -]
it

rms . of various phase of hydrological cycle is called water budget

I+ G, (xy — Rg - Z%Ig - Tg = QSg {storage) (i1}

I = Infiltration
, = Ground water inflow

jo»s
EH

G, = Ground water outflow
R

Hi

Ground water appearing as surface water

S MASTER
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Civil. ENGINEERING Hydrology 5

Eﬂ
Tg

H

Evaporation

Transpiration

Combined hydrological budget (water budget eq.) i1s obtained by addition eq. (3} and {i).

P-@®,-R)-(E +E)—(T,+T)-(G,-G)
A(SS+Sg) '

= P-R-E-T~G = AS] Water Budge&_’Eéﬂatﬁm}.

P = Precipitation

R = Net runoff

E = Net evaporation

T = Nef transpiration

G = Net ground water flow

AS = Net gtorage increase
Neote:

\/ I nfilteration getting cancelled out,

‘9/ For large river basin ground water sysiers beundary often follow surface divides in such case (G = Gy —
> ‘_. (‘ = O‘ )
2" Over a long period of time (8§ or more yr), seasoual excesses and deficit m storage tend to balance out in
' large catchments. Thus AS = 0.

‘e Under above assumptions
P - R - ET = § (Water Budget hquatmn}

The ch amage area of river Gandak is 11839 km?' If the mean annual runoff is determmed _ta:he 144 4
ma;s and the average amm.ﬂ ramfaﬁ 15 1.08 1, estimate the BT Josses [evapetranspu‘ation}'fe th rea, How
does i compare Wzth !‘.he !ake 23 apemtion of 1mfyr measured at. Muzaﬂ'drpur : D

_: _ Runo{f is convera(i ﬁ'qm m% to -mfyear as foﬁcrws
e R (1444 X 864(}00 X 365)!(11839 X 106) =038 m
. LetG=0apdAS=0.

= ET=P- RW.HJS 033 0

The BT io&ses over { the ca'
due to'k on}y s '

Tims, ET rate is Iess for Lhe vegetabed dxamage basin than for apen watm bodws

3 { ;. Q MAACTER Office; F-324, Karwaria Saved. Now Delhi - 110016




CHAPTER

| Hydrometeorology

*  Hydrometeorology is a special branch of hydrology that deals with the study of the atmospheric and land
phases of hydrological cycles with the emphasis on the interrelationship involved between them,

* The processes of precipitation and evaporation, are the most important processes responsible for making
water available on the land surface. .

*  Much of the water precipitated on the land surface 15 derived from moisture evaporated from oceans and
transported long distances by atmospheric cirenlation.

*  The two basic driving forces of atmospheric circulation result from the rotation af_ the earth and the transfer
of heat energy between the equator and the poles. S

* A general understanding of the properties of atmosphere, and of the main features of solar radiation is
essential for considering the physics of evaporation and formatien of precipitation.

Composition of the A

e The atmosphere is a thick gaseous envelope which surrounds the earth from all sides and 18 attached to
the earth’s surface by gravitationa! force,

*+ It provides necessary gases for the sustenance of all life forms in the biesphere. It also filters the incoming
solar radiation and thus prevents the ultraviolet solar radiation waves to reach the earth’s surface and thus
protects the earth from becoming too het.

*  Atmosphers is responsible for climatic and weather changes and hence gives rise to the distribution and
cireuiation of water.

* Atmosphere is the mechanical mixture of {1} gases, (i} water vapour and (i) particulates.

i} Gases: Nitrogen (78%) and oxygen (21%) are major gases which constitute 99% of the total gasecous
composttion of the atmosphere. The remaining one per cent is represented by argon (G.93%), carbon dioxide
{6.03%}, neon (0.0018%), helium {0.0005%), czone {6.00006%), hydrogen {0.00005%).

: Carbon dioxide is used by green plants for photosynthesis, it ahsorhs most of radiant energy from the earth
and reradiates it back to the earth. Thus, carbon dioxide, a greephouse gas, increases the temperature of

the lower atmosphere and the earth’s surface, Qzone gas absorbs most of the uhtra-violet ravs radiated from

the sun and thus prevents the earth from beceming too hot.

(n} Water vapour: The vapour content in the atmosphere ranges between zere and 5 per cent by velume.
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(1) Particulate matter: The solid particles present in the atmﬂsp )

i 4 The atmospheric vapour is received through the evaporation of moisture and water from the water

bodies (like seas and oceans, lakes, tanks and ponds, rivers etc.), vegetation and soil covers.

+ Vapour depends on temperafure and therefore it decreases from the equator poleward in response 0
decreasing temperature towards the poles,

-+ & The content of vapour decreases upwa1d Mme thdn 90 per cent of the total atmospheric vapour is found

upko the height of 5 km.

4 The moisture content in the aimosphere creates several forms:
clouds, fogs, dew, rainfall, frost, hailstorm, ice, snowfall et

densation and precipitation ¢.g.

+ Vapour is almost transparent for incoming shortwave sola
radiation waves reach the earth’s surface without much obqtacie ;
sutgoing long wave tervestrial radiation and therefore it hei g-in h
portion of the atmosphere. '

n so that the electromagnetic
it vapour is less transparent for
ing the earth’s swrface and lower

nclude dust particles, salf partictes,
pollen, smoke and soot, veicanic ashes etc. : '

4 Most of the solid particles are kept 1n suspension in the atmosphere. These particulates help in the
scattering of solar radiatien.

4+ Salt particles become hygroscopic nuclei and thus help in the formation ef water drops, clouds and
various forms of condensation and precipita hon

(1} Troposphere

*

*

{2} Stratosphere

*

The lowermost layer of the &tmosphexe is kniown as troposphere and is the most 1mportant layer because
almost ali of the weather phenomena fo.g. feg, cloud, dew, frost, rainfall, hailstorm, storms, cloud thunder,
hghéning etc.) oceur in this layer. =

The average height of the trepospher_e is ébbut 16 kun over the equator and 6 km over the poles. Upper limit
of the troposphere is called tropopause which is about 1.5 km thick.

Temperature decreases upwards in troposphere at the rate of 6.5°C/km.

The layer just above the troposphere is called stratosphere.

On an average the upper limit of the stratosphere is taken to be 50 km. Mostly stratosphere is isothermal
Le. there is no change in tempé,latuze with increasing height.

The lower portion of the str a‘&osphere Laving maximun concentration of ozone is called ozonosphere, which
15 confined bt,tweerz the i __1ght of 15 km to 35 km from sea level,

It acts as & pr(}tectwe cover for the biological communities in the hiosphere because it absorbs almost all
of the ultra-violet rays of solar radiation and thus protects the earth’s surface from becoming oo het.

There 1s gradual depletion of ozone gas in the atmosphere due to human activities.

The main culprits of ozone destruction are halogenated gases called chlorofinorocarbons halogens and
nitrogen oxides.

Chiorofluorocarbons, released into the air are transported in the stratosphere by vertical atmospheric
cireulation.

Chiorine when separated from chiorofluorocarbons reacts with water and thus depletes ozone (rather breaks
ozone fato O, and O).

1B SAMACTER Offiee F-126 Ratwatis Serab New edhi - 110014 !
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@ »  Besides, nitrogen oxides released by supersonic jets which fly all the height of 18-29 km also depletes ozone.

*  Depletion of ozone would result in the r1se of temperature of the ground surface and lower atmosphere. This
would cause global warming, acig vain, meliing of continental glaciers and rise in seq level, skin cancer
to white-skinned people, poisonous smogs, decrease in photosynthesis, ecelogical disaster and ecusyster

instability.
{3} Mesosphere

Mesosphere extends between 50 km and 80 km. Temperature again de
uppermost limit of mesosphere (80 km) temperature becomes -86°C. Thig }ii
temperature increases with increasing height,

with increeasing height. At the
t 18 called mesopause above which

{4} Thermosphere

The part of the atmosphere beyand mesopanse is known as the

' erein femperature increases rapicly
with increasing height. Temperature at its upper hmit (height) beii'{}iil_

SV
SEOMETRIC  poecsing

HE]| |6ﬂ?§i¢m! e DENSTY
tyfm?y

wr

— STRATORALISE

00 80 80 20 8D 50 i N0 - - G W W g *c

Struchure of the atmosphere

*  Solar radiation is the most sigmificant source of terrestrial heat energy. The radiant energy received from
the sun, transmitted in a form analogous to shortwaves {wavelength equal to 1/250 1o Y6700 mum in length),
and travelling at the rate of 1,86,000 miles 2 second, is called solar radiation or insola f1om.

& | ES MASTED



Sony
Sticky Note
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«  Solar radiation heats the earth's surface and the atmosphere and thus is responsible for the movement of

air and currents through changes in pressure gradients, drives the hydrological cyele through evaporation
and precipitation.

Distribution of Insolation

+ (n an average, the amount of insolation received at the earth’s surface decreases from equator foward the
poles but there is temporal variation of insolation received at differéntlatitudes at different times of the
year. The insolation becomes so low at the poles that they receiv r-oent of the amount received
at the equator,

+  The amount of solar radiation reaching the outer limit of cur atmes
latitudes than the amount of insolation received at the greun ir

significantly move at different

+ 'This reveals the fact that a sizeable portion of incoming _:-}01
atmosphere due to cloudiness, afmogpheric trubidity {scattering).

ation is lost while passing through the

Factors Affecting the Distribution of Insolation

+ Distribution of inselation varies with (i) angle of the sun’s 1'ays;' (ﬁ) length of day, (ii) distance between the
sun and the earth and (iv) effects of the atmosphere.

_N_. :_Poie

“““—'—:tr-zi'?— Area of earth

- receiving
insolation at
higher latitude

s Areaof earth
receiving
insolation at
SEator

. “’\%
S
5. Pole

Effect of the angles of sun's ravs on the distribution of inselotion..

{i) Angle of the. Stms Rays

The sun's rays are mére mr.ieas vertical at the equator and become move and more oblique poleward. In other
words, the angle of the sun’s rays decreases poleward.

*  Verticle rays are spread over minimum area of the earth’s surface and they heat the minimum poszible
area and thus the energy received per unit area increases. On the other hand, oblique rayvs are spread over
larger area of the earth's surface and hence the amount of energy received per unit area decreases.

+  Oblique rays have to pags through thicker portion of the atmosphere than the vertical rays. Conszequently,
the amount of solar energy lost due to reflection, scattering and absorption increases with IBCreasing
digtance of travel path covered by the sun's rays through the atmosphere.

: | S BAASTER Gifice: 128, Katwana Saral, New Delbi- 110018
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{ii) Length of Day

if all the other vonditions are equal then longer duration of sunshine {or length of day) enable the ground surface
to receive larger amount of insolation. On the other hand, shorter the duration of sanshine the lesser the
amount of insolation received at the earth’s surface,

- mereases from the equator towards southpole in the souther

The length of day varies at all places except at the equator due to inclination of the carth’s axis, its rotation
and revolution.

The length of day is always of 12 hours at the equator because th dig

e-always divides the equator
info two equal halves. 5

But the length of day increases toward north pole with narthv:fi dM tof the sun while it decreases in
the southern hemisphere at the time of summer solstice {21 June). On the other hand, the length of day
misphere but it decreases in the northern

hemisphere at the time 5f Winter solatice (22 December)
The duration of day becomes of 6 months at the nort} from 21 March to 23 September while nights
1s of the duration of 6§ months at the south pole duri i '

The length of day becomes of 6 months at the ssqi;t_l; pole (.iiE'I‘Septemher to 21 March) while the night
becemes of 6 months at the north pole during this period.

Inspite of increasing length of day from the equa OF ds the pole, amount of insolation received a$ the
ground surface decreases considerably poleward becausé of deerease in the angle of rays of sun. Inspite of
the longest length of day at. the poles insolation becomes minimurm because (i) the sun’s rays become more
or less parallel to the ground surface, and (i} the ted cover reflects most of the solar radiation.

Nota: It is apparent that the angle of the sun’s rdy.é _cgi_ﬁ,tf'ofs the amount of insolation received more effectively
than the length of day. SRS o

{iii) Distance between the Earth and the Sun

The distance between the sun and tﬁa’_ earth changes during course of a year because the earth revolves
around the sun in elliptical s1tnt. '

At the time of perihelion on January 3 the earth is nearest to the sun and hence should receive max
insolation, while ai the time of aphelion on J uly 4 it is farthest from the sun and hence should receive min
ingolation.

However, in the month of January, when the earth is neavest to the sun, there 16 winfer season in the
northern hemisphepere due to low amount of insolation received. On the other hand, in the month of July,
when the earth is farthest from the sun, there is summer in the northern hemisphere due to high amount
of insalation received,

Thus it is understood that, factors of the angle of the sun’s rays and length of day play more dominant role
1o the distribution of insclation than the factor of varying distances between the earth and the sun.

&
RS T [’6
N e o G/
=N Ny
Earih & 5 Earth
LHTin & — M I DF' Y 4
S 843 miltion T 915 million’
., miles miles »

. L

R,
Orhig of the [

Relative distance between the sun and the earth.
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{iv} Effects of the Atmosphere

+ Solar radiation has to pass through thick layer of the earth’s atmosphere and hence it is partly absorbed,
partly reflected and partly scattered by the atmosphere and partly transmitted to the earth’s surface.

* Absorption: A part of total incoming radiation is absorbed by the atmospheric gases (e.g. oxygen and
carbon dioxide Lo very Zimiteti extent), water vapour, haze ete.

Scattering: Some portion of the incoming solar radiation (23%) is scattered in the atmosphere by dust
particles and haze. Six per cent of this scattered energy is sent bag, while 17 per cent reaches
the earth’s surface. ' :

Reflection: Reflection sends some portion of incoming solar e

back to space while some portion
remains in éhe lower atmosphere. ; :

The total solar radiation reaching a herizontal surface on the ground is called global radiation. It comprises of
direct shortwave radiation from the sun and the diffuse radiation scattered by the atmosphere.

+ The solar energy received at the eartl's surface is g‘;;gx‘iire;ted into heat energy which heats the owter surface
of the earth. Thus, the earth after being heated also radiates energy in the form of longwave radiation.

« On an average, there exists heat balance betwes hg._}aﬁ:ﬂéuni of solar radiation received by tha earth's
-gurface and its stmospheve and the amount of heat lost by the outgoing tervestrial longwave radiation from
the earth’s surface and loss of heat from the atmosphere -

Incoming Lot et .
Space Sular . Dutgoing radistion
Radiaties Shertwave Longwave
we L EE T 0% 19 i
- {ﬂ-f £ 5" 4%
‘ ackscatt : Net emission
Armosphore i) By water vapor
14%, €O, clond
Absorbed i
by water , s.ﬁéxé?:ptmn . .
vapor dust, 'agou 2 g{}:h»amratwn
Ouclonds Net surface Co vecgu?
; -+ cuk: apd ¢ ]
Ahsorbud \by sybface ermission of from Sr;he <
‘ longwave i
_ radiation i
Gcean,_i,_ami B 23% 9% 19%

Radiation and heat balance in the almosphere and ol the earth's surfuce.

Note: A total of 14% of heat is received by atmosphere from direct sunlight but o total of 34% (6 + § + 19)
of heat is received by atmosphere from earth.

Net Radiation -

7 Net radiation received at the earth's surface is the difference between the radiation absorbed and that emitted
_BECEITU IS tHis edergy which is available al any point on the surface of earth for heating the ground and the
lower layers of the atmosphere; and, it is a major energy input for the evaporation of water.
L . ( Ty

Net Radiation and Latitudinal Heat Baianciz/.-“’

.Té_?@,,___{}_g}v_r_{:_l_di_at_i_on_ from the whole globe is theoretically zero but if we look at the regional distribution of
insolation, there are some locations where the receipt of solar energy is more than the energy lost because the
solar energy comes at faster rate than the tervestrial energy goes out.

EF (} M(gj\g'{fﬁ' {\) Offies: F-E20, Retwarka Snvai New f3He . 13004 1




12 Hydrology CIVIL ENGINEERING

Similarly, in some locations the loss of energy through outgaing terrestrial radiation is faster than the gain of
incoming solar radiation. :

The energy surplus and energy deficit area may be identified and studied at two levels viz, (i) at the earth’s
surface, and (i1)_in the atmosphere. latitudinal base being common in both the cases. The distribution of net
radiation at the earth’s surface from equator towards the poles shows that () there is large energy surplus
area between the zones of 20°N and 20°S (b) net radiation rapidly decreasés from the energy surplus areas of
low latitudes towards midlatitude; (c) net radiation becomes practically 76ro near 70°Tatitude in both hemispheres,
and {d) the polar areas are the zones of pevennial energy deficit. _—

There exist a two-way heat transfor: from the earth's surface to.the _a_t_mbs re and from the equator to the
poles. The transport of heat from equatorial area towards the 15 called ‘meridional transport of heat’.

¢ circulation and ocean currents. The
Yy ascending air in the form of sensible heat and

The meéridional teansport of heat energy is accomplished by the
vertical fransport of heat in the atmosphere is accomplish
latent heat.

'3 }f}) from: the sun as it receives most of its energy
and cooling of the atmosphere is accomplished
ym the earth through the processes of conduction,

The atmosphere receives very low amount of heat eherg
from the longwave terrestria} radiation (34%). The héati
through direct selar radiation and through transfer of energy
convection and radiation. S

1. Heating of the Atmosphere hy Direc '-_.:';Ifizsolation

The atmosphere absorbs 14 per ¢ent of mcommg s{}ib.z_:ﬁ'ﬁfave solar radiation through ozone, water vapour efe,
Seven per cent of this energy is spread in the lower-atmosphere up to the height of 2 km. This amount is too
low t¢ heat the atmosphere signiﬁcantiy:.__ L ' )

2. Conduction

*  The transfer of heat through the molecules of matter in any body 1s called eonduction. The heat moves from
warmer body to the cooler body through molecular movement, The rate of transfer of heat through molecular
movement depends on the heat conductivity of the substance.

+  The earth’s surface is heated during day-time after receiving solar radiation. The air coming in contact with
the warmer ground surface is also heated because of transfer of heat (conduction of heat} from the ground
surface through the molecules of the air. Since air is very poor conductor of heal hence the transfer of heat
from the ground su?face__throagh conduction is effective only upto a few metves in the lower atmosphere.

3. Terrestrial Radiation

*  The process of frangfer of heat from ene body to the other body without the aid of 2 material mediam {e.g.
solid, iquid or gas) is called radiation.

*  The earth’s surface after receiving insolation from the sun through shoriwave electromagnetic radiation
gets heated and radiates heat to the atmosphere in the form of longwave of infrared radiation throughout
24 hours. The atmosphere is more or less transparent for incoming shortwave solar radiation but it ahaorhs
large pey cent of outgoing Iongwave terrestrial radiation through water vapour, carbon dixodie, ozone ete.

*  Thus, the terrestyial radiation is the most ymportant source of heating of the atmosphere,

* A part of this ground radiation after being absorbed by the atmosphere is radiated back to the sarth's
surface. This process of radiation of terrestrial heat energy from the atmosphere back to the earth's surface
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is called counter-radiation which is affected mainly by water vapour and atmespheric carbon dioxide
{green houge effect),

4. Convection

The transfer of heat energy through the movement of a mass of substance from one place to another place
is cajled convection. The process of convection becomes effectrve oniy 1n ﬁmds or gases because their internal
mass motion activates convection of heat energy. :

The earth’s surface gets heated due to insolation. Consegquently, Lhe air eomng int contact with the warmer
eartl's surface also gets healed and expands in velume. :

Thus, warmer air becomes lighter and rises upward and a vertical czrculatmn of air is sef. in. Converseiy,
the reiatwely colder air aloft becomes heavier and thus descends to reach the earth's surface. The descending
air is warmed because of dry adiabatic rate and warm gr o snz face,

This warm aix again ascends because of increase in voluie and decrease in density.

The whele mechanism of ascent of warmer aix and descent of coldex air generates convection currents in
the lewer atmospghere. :

This convective mechanism transport heat ﬁ:om the gmzmci surface to the atmosphere and thus helps in
the heating of the lower atmosphere.

Stmilarly, horizontal convection cury ents are also gene: ated on the ground surface,

Besides, atmosphere is alse heated thmugh I,atent heat of condensation and expansion and compression of
air, :

Temperature

*

The earth’s surface receives maximum epergy at 12 noon but the maximum temperature never oceurs at
12 noon because the transformation of solar energy into heat requires time. The energy received by the earth
from selar radiation continues to exceed the energy lost by outoing longwave radiation from the earth’s
surface from 6 AM. to 2-4 P M. Thus, the curve of air temperature also rises upto 4 P.M. This is why
maximum temperature is recorded hetween 2PM.-4PM

On the other hand, the loss of. cnel gy thraueh longwave radiation from the earth’s surface exceeds the
energy received from the sun from 4 P.M. to the sunrise and hence there is gradual fall of the curve of
temperatuze but the Jowest (mm:mum} temperatire is recorded between 4.5 A M. instead of midnight.

The lowest tempuatule within 24 hours is called minimum daily temperature. Thus, there is no
coincidence between the time of maximum and minimum amount of insolation received from the sun and
maximum and minimum amount of insolation received from the sup and maximum and minjmum
temperatures of the air. This is called lag of temperature.

The spatial and temporal distribution of temperatures is very significant because different types of weather,
climates, vegetation zones, animals and human life efc. basically depend on the distribution of temperature,
whether horizontal oy vertical.

Distribution of temperature i controlled by
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i. latitudes

The temperature of the atmosphere of a particular place near the ground surface depends on the amount of
insolation received at that place. Since the amount of insolation received by the ground surface decreases
poleward from the equator i.e. from low latitudes towards high Iatitudes because the sun’s rays become more
and more oblique {(slanting) poleward and hence air temperature also decreases poleward. 1t may be noted that
though sun'’s rays are almost vertical over the equator throughout the year but there is no maximum femperature
on it. Rather, maximum temperature is recorded along 20°N Iatitude in July becawse major portion of insolation
1s reflected by clouds and sizeable amount of heat is lost in evaporation i w latitude zone (equatorial zone).

2. Altitude

+ The temperature decreases with tncveasing heighi from the e
kilometre because of the following reasons.

?'"'hfg:_.:;surfé&é at an average rate of 6.5°C per

() The major source of atmospheric heat is the earth’s s :from where heat is transferred to the
atmosphere through the processes of conduction, vadiation and conveetion. Thus, the portion of the
atmosphere coming in direct contact with the earth’s surface gets more heat from the ground surface
than the portion lying above because as we ascend highé_i‘f-in the atmosphere the amount of heat to be

fransported above decreases and hence temperature decreases aloft.

(1} The layers of air are denser near the earth's su fE_ace: and become lighter with increasing altitudes. The
lower layer of air contains more water vapour aind dust particles than the layers above and hence it

absorbs larger amount of heat radiated from the earth’s surface than the upper air layers.

3. Distance from the Coast

The marine environment moderates the weather (_:'Qné%_itiens of the coastal areas because there is more mixing
of temperatures of the coastal seas and oceans and coastal lands due to daily thythm of land and sea breezes,
Thus, the daily range of temperature near thé coastal environment is minimum but it increases as the distance

from the sea coast increases.

4. Natnre of Land and Water o

Land becomes warm and cold more quickly than the water body. This is why even after receiving equal amount
of insolation the temperature of land becomes more than the temperature of the water hody because:

(i} The sun’s heat penetratesto a depth of only 3 feet in Jand because it is opague but they penetrate to
a greater depth of several mietres in water because it is transparent to solar radiation. The thin layer
or soils and rocks of land gets heated quickly because of greater concentration of insolation in mruch
‘smaller mass of material of ground surface. Similarly, the thin ground layer emits heat qiickly and
becomes colder. On the other hand, the sanie amount of insolation falling on water surface has to heat
larger volume of watér becaise of the penetration of selar yays to greater depth and thus the temperature
of ground sm‘fae_é_.'_bécr_ames higher than that of the water surface though the amount of insolation
recerved by both the surfaces may be equal.

(8} There is more eﬁpg;ati&n from the seas and the oceans and hence more heat is spent in this process
with the result oceans get less insolation than the land surface. On the other hand, theve is less
evaporation from the land surface because of very limited amount of waler.

(i#1) The specific heat (the amount of heat needed to raise the tempersture of one gram of a substance by
1°C) of water is much greater than the Iand hecause the relative density of water is much Jower than
that of land surface. This means that more heat is required to raise the temperatuve of water than of
land.

{iv} The reflection (albedo) of incoming solar radiation from the aceanic water surface is far more than from
the land surface and thus water receives less insolation than and.
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6. Nature of Ground Slope

The ground slope facing the sun receives more insclation because the sun's rays reach the surface more or lesg
straight and hence sun-facing ground surfaces record higher temperatue than the leeward ¢lopes where sun's
rays reach more ebhqueiy In the northern hemisphere the southward facing slopes of East-West stretching
mountains receive greater amount of insolation than the north ward facing slopes because of their exposure to
the sun for longer duration. This is why most of the valleys situated on the southern slopes of the Alpine
mountaing have setilements and cultivation. B

7. Prevailing Winds

The prevailing winds help is redistribution of temperature and in ccm'y mg mcécmtmg effects of the oceans to - 7%

the adjacent coastal land areas. The winds blowing from low fatitudes to - high latitudes raise the temperature
ef the 1(,g10ns whﬁe wmds blewmg fxem hzgh lahtude‘s to Eo itudes Jower the tempei atnre Ehe wmds

* The winds coming from higher parts of the mountains lower f.he te\mperamre in the valleys. The temperature

rises at the time of arrival of temperate cvclones while if falle sharply after their passage.

Meaning of Temperature Inversion _
+ Temperature decreases with increaging aimudes 1n Lhe trepeephele at an average rate of 6.5°C per 1000

metres (nm 'mal lapse yate) but some fimes this normal trend of decrease of temperature with Increasing . ..o

Heighis s reversed under special circumstances L.e. temperature increases upward upto a fow kilometres
from the earth’s suface. This is caﬁe(i negatxve }apse rate.

+  Thus, warm air layer lies over {:eid au: :
temperature, ki

+ Such situation may eccur near the earths BUr tace or at greater haight m the tz‘opoephele but the inversion
of temperature near the earth’s surface i§ of very short duration because the radiation of heat from the
earth’s surface during daytime warmg up the cold air layer which soon disappears and temperature
inversion also disappears. On the other hand, upper air temperature inversion lasts for longer duration
because the warming of cnld air layer aloft through terrestrial radiafien takes relatively longer period of
hours,

er. This phenornenen meteorelogically is ealled inversion of

Types of Temperaturée Inversion

Femperature inversion is ciassiﬁe(i_'_ihie the following types on the basis of relative heighis from the earth’s
surface at which it occurs and the type of air circulation.

{3} Non-advectional inversion

{11) Advectional invereieﬁ :

(if) Mechanical invérsion

Non-Advectional Inversion

{1} Ground surface inversion also called as radiation inversion occurs near the earth’s surface. This
mversion 15 also called non-advectional inversion because it occurs in static atmespheric condition characterized
by 1o mov emenf of air whether horizontal or vertical. Such inversion normally ocenés during the loug cold
winter nights in the snow-covered regions of the middle and high latitudes. Inversion is caused due to
excessive nocturnal eooling of the ground surface due to rapid rate of Joss of heat from the ground through
outgoing longwave tervestrial radiation. Thus, the air coming in contact with the cool ground surface also
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becomes cold while the air layer lying above is relatively warm. Consequently, temperature inversion
develops because of cold air layer below and warm air layer above.

+  This inversion occurs in the low latitude areas {tropical and subfropical areas) during winter nights only
and the inversion generally disappears with sunrise but some times it persisis upte noon. The inversion
accurs upto the height of 30-40 feet in the low latitudes, a fow hundred feet in the middle latitudes and
half a mile in the high latitudes. it is apparent that the duration and height of surface inversion
increase poleward, -

¢ - This inversion promotes stability in the lower portion of th

and causes dense fogs,

+ The mechanical inversion of temperature is caused at hig ighis in the atmosphere due to

subsidencs of air and turbulence and conveetive mechanisti. Stich mversion oceurs in a number of ways

e.g. (@) Some times, warm air is suddenly fransported upwar {dueit

to the zome of cold air and thus cold air being dense - r the warm air and inversion of

. temperature is caused. (&) The descending air is warmed atthe dry adiabatic rate of 10°C per 1000 m

because of compression. This situation causes the,:éi;istencé of warm air above the cold air. Such

mechanical inversion caused by the subsidence of air cutrents is generally associated with the an tievlonic
conditions. S

* Such inversion of temperature is of very common cccurrence in the auddle latitudes where high
pressures are characterized by sinking air.

(3) Advectional inversion of temperature is also called as dynamic inversion because it is always caused
due to either horizontal or vertical movements.of air, Strong wind movement and unstable conditions of the
atmosphere are prequisite conditions for advectiotial inversion of temperature. This type is further divided
info 3 sabtypes on the basis of the nature of air movements e.g. (i} frontal or eyclonic mversion, (i) valley

inversion due fo vertical movement of air, and (i) surface inversion due te horizontal movement of air,

: (i} Frontal or cyclonie inversion is wggggged in the temperate zones due to temperate eyelenes which are

E ) formed due fo the convergence of warm westerlies and cold polar winds in the northern hemisphere,'frhe
warm air is pushed up by the cold polar air and thus the warm air overlies the cold air because it is lighter
than the cold air. Thus, the existents 6f warmm air above and cold air below reverses the normal lapse rate
and inversion of temperature scours,

{if} Valley inversion generally occurs in the mountainous valleys due fo radiation and vertical movement of
air. This is also called vertical advectional inversion of temperature. The temperature of the upper parts
of the valleys in mountainous afeas becomes exceedingly low during winter nights because of rapid rate
of loss of heat from the siirface through terrestrial radiation. Consequently, the air coming in contact with
the cool surface aiso:;i_}ec'éﬁies ¢ool. On the other hand, the temperature of the valley fleor does not fall
considerably because of comparatively Jow rate of loss of heat through terrestrial radiation. Thus, the air
remaing warmer than the aix aloff and hence the warm and light air of the valley floor is pushed upward
by the descending cold and heavier air of the upper part of the valley. Thus, there is warm air aloft and
cold air in the valley floor and inversion of temperature is caused.

|
J * This situation ia :és_p_onsible for severe frost in the valley floors causing great damage to fruit orchards
and vegetables and agricultuval crops whereas the upper parts of the valleys are free from frost. This
18 why the valley floors ave avoided for human settlements while the upper parts are inhabited in the
mountainous vallevs of middle latitudes.

Significance of Inversion of Temperature

Though inversion of temperature denotes local and temporary conditions of the atmosphere but there are several
chmatic effects of inversion which are of great significance {o man and his economic activities.
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+ Fog is formed due to the situation of warm air above and cold air below because the warm air is cooled
‘Fom below and resultant condensation causes the formation of tiny droplets around suspended dust particles
and smokes during winter mights. The smokes coming out of houses and chimneys intensify fogs and
become responsible for the occurrence of urban ymogs.

¢« When smog 1s mived with au pollutanis such suiphm‘ choxuie it becomes pmscnous and deadly health

hazard 5 hurnan bemgs

as grams, peas, mustard plants,
soffee plants in Yemen hills of

+« Though generally fogs are unfacurable for many agrieulfural crap
wheat ete. but some times they are also favourable for sowe ero
Arabia where fogs proetect coffee plants from direct strong sun's

{2) Inversion of temperature causes frost when the condensation 'warm air-die fo its cooling by cold air below

aceurs at temperature below free?ing point. "y - =S

rd {(ascent} and dowaward (descent)
movements of air.

«  The atmospheric stability discourages rainfall and favours dry condition.

+ The inversion of témperature caused by the subsidence of air resilting mio anticyclonic condions increases
andity.

» This is why the western parts of the ventinents situated between 20°-3(° latitudes and characterized by
antieyelonic condition represent most widespread irepical deserts of the world.

Regional Distribution of ‘I‘emperature

The globe 15 divided into three temperature zanes en the basis of latitudes (1) tropical zone, {2} tempez ate zone,
and {3) frigid zone.

Frigid zone
Fempemzmo ZOonas

*  Tropical zone extf-nds I}etween the tropics of Cancer (23.5°N) and Capricorn (23.5°S). The Sun's rays are
more or less vertical on the equator through out the year. The remaining areas are also characterized by
vertical sun's rays af least once every year.

*  There is no winter around the equator because of high temperature prevailing througheut the vear but as
one approaches the tropics of Cancer and Capricorn summer and winter are clearly observed and differentiated.

(2) Temperate zone extends between 23.50 and 66.5° latitudes in both the hemispheres. Though the duration
of day and night i« longer in this zone but it is never more than 24 hours. There are marked seasonal
contrasts with the northward and southward (summer and winter solstices} migration of the overhead sun
and thus the range of temperature between summers and winters becomes exceptionally very high.
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) Frigid zone extending befween 66.5° Iatitude and the poles in hoth the hemispheres is characterized by
more oblique sun’s rays throughout the year resulling into exceptionally very low temperature.:The length
of day and night is more than-24-hours,/Days and nights are of 6 months duration af the poles. Sun is
never vertical and the ground is covered with snow as temperature more or loss remains below freezing
point.

*  The air exerts pressure through its weight.

+ It is maximum af sea level

*  Air pressure is measured with the help of mercurial barowi barometer), anercid barometey,

altimeter (altitude barometer), barograph, microbarograph'e

*  The lines joining the places of equal pressuze at sea Ie?_éfi%l_l'e called isobars. Air pressure decreases with
increasing altitudes at the rate of 3.4 mb per 600 feet'but this rate of decrease is confined to the altitude
of a few thousand feet only, T

¢ Normally, half of the total atmospheric pl'essulte:-i_é _.éonﬁne_ed to the altitude of 1806 feet.

Horizontal Distribution of Air Pressure dPressure Belts

+ The horizontal distribution of air pressure on the gioﬁé-is studied on the basis of iscbars. Air pressure is

-.%I
:

,,,,, genexaly. divided.in. two types viz. (1) hlghpr re, aiso called as ‘high’ or anticyclone, and (2) low

pressure, also called as ‘low or cyclone or depression.

* There is no definite trends of distribution of i}l re

from equator towards the pole. Co _ 907 w
' T Polar High Pressure
//If the air pressure wordd have been the funiction of air . T

temperature alone there should have been regular ool @ar Low O 166
increase of pressure poleward because temperature —_Pressure ~.
regularly decreases from the equator towards the poles 5
but this is not the case. - Sub-Tropical High Pressure T P

* There is low pressure nea?z_"the equator due to high 30T . - 1 | ;;f
mean annual temperature but the existence of higl > Q 3

pressure belts near the tz'opzcs of Ca;_me;r and Capricorn North east trade wind
cannot be explained:on the basis of temperature o° a1 Low Pres
because the tropics record very high temperature and Equatori W bressure
hence there should ‘have beén low pressure if the & South east trade wind
temperature would have been the only controlling

factor of air pre: e

" {}3

Lartiendo (8

. /,:.:—m-‘—
Sub Tropical High Pressure )

307 gw o

*  Pressure belts are not-only induced by thernal factor B )

but they are also induced by dynamic facterﬁﬁ' s . Wj:m_
SR ] BRSO S
. O_n_the basis of mode of geuesis pressure belts are G0 Sub Polar Low Pressure 160

divided into two broad categories e.g. {1) thermally T

mduced pressure belts {e.g. equatorial low pressure " R
belf and polar high pressure belt}, and {2} dynamically 497 Polar High Pressure ag°

mduced pressure belts (e.g. subtropical high pressure . ) o i

belt and subpolar low pressure. Generalized distribution of air pressure
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(1) Equatorial Low Pressure Belt

* The equatorial low pressure belt is located on either side of the geographical equator in a zone extending
between 5°N and 5°S latitndes but his zones is not stationary because there is seasonal shift of this belt
with the northward (summer solstice) and southward (winter solstice) migration of the sun,

*  During northern summer this belt extends upto 20°N in Africa and to the north of tropic of Cancer in Asia
while during southern summer this low pressure belt shifts to 10° to 205 latitude. This equatorial low
pressure belt 18 thermally induced because the ground surface is sely hoated during the day due to
almost vertical sun’s rays and thus the Jowermost layers of air ¢ ntact with the heated ground
surface also gets warmed. Thus, warmed air expands, becomes Hgh nséquently rises upward cauging
low pressure. :

north-east and south-east trade
ce bell. Because of frequent calm

*  The equatorial low pressure belt represents the zone of con
winds. There are light, feeble and variable winds within thi
conditions this belt is called a belt of calm or doldrum,

{2} Sub-Tropical High Pressure Belt FErT

s Sub-tropical high pressure belt extends between the latitudes of 25°-35° in both the hemispheres. This high
pressure belt is not thermally induced because this zone, besides two to three winter months, receives fairly
high temperature throughout the year. '

+ Thus, this belf owes its origin to the rotation of the earth and sinking and settling down of winds,

* Iiis, thus, apparent that the sub-fropical high pressure belt is dynamically induced.

‘ .
Tricellular ‘meridiongl circulation _of the atmosphere (1) tropical Hadley cell, (2} Midlatitude cell, and (3} Polar cell.

+ The convergence of winds_'at highér altitude above this zone results in the subsidence of air from higher
altitudes, Thus, descent of winds regulis in the contraction of their volume and ultimately causes causes
high pressure.

+  This is why this zone 15 characterized by anticyclonic conditions which cause stmospheric stability and
avidity. S :

* This is one of the reasons for the presence of hot deserts of the world in the western parts of the continents
In & zone extending between 25°-35° in both the hemispheres. This zone of kigh pressure is called ‘horse
latitude because of prevalence of frequent calms,

Note: In ancient times, the merchants carryung horses in their ships, had to throw out some of the horses
while passing through this zone of calm in order fo lighten their ships. This is why this zone is called horse
latitude.

{3} Sub-Polar Low Pressure Belt

*  This belt of sub-polar low pressure is located between 60°-657 latitudes in both the hemispheres. The low
pressure bell does not appear to be thermally induced because thera is low temperature throughout the vear
and as such there should have been high pressure belt instead of low pressure belt,
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+ It is, thus, obvious that this Jow pressure belt is dynamically produced.

* In fact, the surface air spreads outward from.this zone due to rotation of the earth and low pressure is

L——

Pressure Gradient and Air Circulation

The difference of pressure between any two places is called pressure gradie it The air moves from high pressure
1o low pressure, : :

Wind Direction and Related Laws

» The direction of surface winds is usually controlled by th wre gradient and rotation of the earth,
Because of rotation of the earth along its axis the winds are defleéted: The force which deflects the direction
of winds is called deflection force. This force is also cal i ree. Becauseof coriolis force alf the
winds are deflected to the right in the northern hemisphere while'they are deflected to the left in the
southern hemisphere with respect to the rotating eart

* Equatorial latitudinal circle is the largest o e
circle 15 the smallest one.

* The whole earth completes one rotatie_ﬁ:_ '.::'a'_;;:\g _1ts_&'xis roughly in 24 hours. Thus, the Hnear speed of the
earth is highest at the equator and decr'{é_\_ 565 poleward,

* If earth did not rolate, a wind biawjzig'frémﬁ towards B, will reach B, However due to retation of earth.
While wind is starting from A toward B, it.has a velocity towards C also. This velocity is more than ve locity
of any point in latitude 2, S

* Thus wind starting at A towards B will go a head of B when it veaches latitude 2.
* Hence wind is thought to be deflected towards right in northern hemisphere.

+  The same logic applies to anypoint in the sourthern hemisphere where winds are deflected to the left.

.

)(,_5\ Cyelone in
""" > northen
¥ )j e B misphers

-

This is why winds blow counterclockwise around the centre of low pressure {to make eyclonic circulation)
in the northern hemispliere while they blow clockwise in the southern hemisphere,
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Sub Polar Low 60
Pressure ‘ Rigitt shift
—

P 4

/

Suby Troptcal Fhgh Pressure

/
Right shift '

g

Equatorial Lew Pres

Sub Polar Low Pre

Deflective force q‘}zd wind direction

+ The winds blowing almost in the same direction throughout the year are called prevailing or permanent
winds. These are also ealied as mvatiable or planetary winds because they involve larger arveas of the
globe,

+ On the other hand, winds with seasonal changes in Potar &’mﬁ’”

their directions are called séasonal winds.

Permanent or Planefary Winds £

«  On an averages, the location of high and low pressure LS FERESNT
belts is considered 1o be stationary on the globe. ¥ -
Consequently. winds blow from high pressure belts fo
low pressure belts. The divection of such winds remains
more or less the same thrburhout the year. Thus, such
windsa are called permanent winds. These winds include
trade winds westerhies and polay winds.

‘\.Q«i’uw{c\
‘t\\ NN '\‘\‘\“\‘\:\ !

SE Teoses

%‘\

{1} Winds in the Tropics L ™Pobr Farat "N\

, . ’ NV
+  CGenerally, the areas extending between 30°N and 30°8 \\——//
latitudes are inclhuded in trepical zone. The generalized global pattorn of plonetory winds
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@)

Trade winds blow fom the subtropical higl pressure belés to the equatorial low pressure belt. The north-
east and south - east trades converge along the equator and there are upper aw anti-trades blowing in the
opposite directions of the surface trade winds. The weather conditions throughout the tropical zone remain
more or less uniform. There is a belt of calm or doldrum characterized by feeble air ercalation,

Boldrum and equatorial westerlies. A belt of low pressure, popuarly known as equatorial trough of low
pressure, extends aleng the equator within a zone of 5°N and 5°5 atitudes. This bekt is callod the helt of
calm or deldrum because of light and varisble winds. :

This belt is subjected to seasonal and spatial variations due to northward and southsward movement of the
overhead sun (summer and winter solstices). '

In fact, the belt of doldrum shifis northward during summer solstice {when the sun is vertical).

On an average, there is westerly air cireulation (form west to éast}-.in-thg doldrums or say In the mtertroppical
convargence, o . _

Note: Interivopical convengence (ITC) represent the meeting ground of north-east and south-eqst irade
winds. The northern and southern boudnaries of intertropical convergence are called north wntertropieal
convergence (NITC) and south interiropical convergence (S TC) respectively. There is seasenal shifting in
the NITC and SITC with the northward {summer solstice) and southward migration (winter solstice) of

‘ the sun.

These westerly winds have been calied as equétﬁi‘iai_wésteriies,

The equatorial westerlies are associated with strong atmospheric disturbances {cyclonie storms). South.
western monsoons which causes major rainfali in India ave, infact, equatorial westerlios because these
winds are extended upto 30-35°N latitudes over Indian subcontinent due to northward shifting of NITC at
the time of sumnmer solstice. :

(it) Trade winds: there is more or less régular inflow of winds from subtropical high pressure belts to

equatorial low pressure belt. These tropical winds have north-easterly direction in the northern hemisphere
while they are south-easterly in the southern hemisphere. These winds are called trade w ds because of
the fact that they helped the sea merchants in sailing their ships as their (of trade winds) direction remajns
more or less constant and regular, '

Trade winds are deflected to the right in the northern heruisphere and (o the left in the southern hemisphere,
The poleward parts of the frade winds or eastern sides of the subtropical anticyclones are dry because of
strong subsidence of air currents from above. ’

Because of the dominance of anticyelonic conditions there is strong atmospheric stability, strong inversion
of temperature and clear sky. On the other hand, the equatorward parts of the trade winds are humid
because they are characterized by atmospheric nstability and much precipitation as the trade winds while
blowing over the oceans pick up moisture

{2) Horse Latitudes and Westerlies

@)

Horse latitudes: The dynamically induced (due to subsidence of air currents) subtropical high pressure
belt extends between 30°.35¢ (25°-35% latitudes in both the hemispheres.

Thus, this belt sepavates two wind svslems viz. trade winds and westerlies,

Subtropical high pressure belt is the source for the origin of trade winds (blowing towards equatorial low
pressure belt) and westerlies (blowing tow ards subpolar fow pressure helt) because winds ahw ayvs flow from
high pressure to low pressure.

| S ANACTER
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« The air affer being heated near the equator ascends and after blowing in opposite diveetion to the surface
trade winds descends in the latitudinal zone of 30°-35°,

» Tﬁus, the descent of winds from above causes high pressure on the suxface which in turn causes anticyclonie
eonditions, This is why the anticyclenic conditions eause atmospheric stability, dry condition and very weak
air areulation.

+ This zone (30°35°) is characterized by weak and variable winds and ealm.

the fact that in ancient times
n the ships inorder to lessen the
these lotitudes,

Note: This belt of calm is very popularly known as horse latitude
the merchants had to throw away some of the horses being ¢
weight sa that the ships could be sailed through the calm r{mdit

s  Anticyclones are produced due to subsidence of air current 3
known as ‘subtropical highbs' or subtropical arltrcycione s the ‘eastern and westerti parts of which. are
characterized by contrastimg weather conditions. T ' reading over the western parts of the
continents! is marked by descent of air eurrents, 1rwer31cn of temberature and conseguent atmosghen
gtability and dry conditions. This is why hot and dvy tmp;f;:ai deseris are found in the western parts of the
continents within the Iatitudinal zones of 20°-30°m both the hemisphere (e.g. Sahara and Kalahari in
Africa, Chile-Peru desert ox Acataman 1n South America Arabian and Thar deserts in Asia, d&sertb of SW.
ISA, and Australian deserts).

i’h_e_hnrf-:e Eati tudes. these anticyclones are

+ The western paris of subfropical anticyclones (éﬁifé_fiﬁg the eastern parts of the continents and western
parts of the oceans) are humid because some sort of atmiospheric instability is caused due to weakening of
air descept {e.g. in the areas of Caribbean Sea, Mexican Gulf and adjoining areas, eastern ("hlna southern

" dapan, south-east Bmzﬂ and eastern Australia). .- i

{it}) Westerlies: The permanent winds biowmg“fmm the subtropical high pressure belis (30“»35“) to the
subpolar low pressure belts (60°-65°) in both the hemispheres are called westerlies. The general divection
of the westerlies isSW. o NE. iz th@'n"_ them ‘hemisphere and NW. to 5.E. in the southern hemisphere.

¢ There is mueh variation in the Wt.ather ceadxtmns in their poleward parts where there is convergence of
cold arzd den:ael polar wmds and wa.rmb an{i lighter westey izes in fact, a cyclonic fmnt called as poiar

mai:ed

+  Alow pressure belt, pmciuc;ed due t{) dynamie factor, lies within the latitudinal belt of 60°-65° in both the
hemispheres. :

*  There is very high pre@d’i‘e '(ﬁ’e_r t_h'é poles because of exceedingly low temperature. Thus, winds blow
from polar high pressure to subpelar low pressure cells, These are calléd polar winds which are north-
easterly in the Northern hemisphere and south-easterly in the southern hemisphere.

Seasonal Shiftin_g."';éf Wind Belts and Their Climatic Significance {Moensoon)

Monsoon climate is ti_}q_;‘_@ulg" of the shifting of pressure and wind belts.

+  Dueto northward migr‘aﬁon of the sun in the northern hemisphere at the time of summer solstice the north
intertropical convergence {NI'TC) is extended upte 30°N latitude over Indian subcontinent. south-east Asia
and parts of Africa.

»  Thus the squatorial westerlies are also extended over the aforesaid regions, These equarotial west earlies

are also extended over the aforesaid regions. These equatorial westerlies, in fact, hecome the south-wegt or

summer monsoons, These south-west monoon winds bring much rains because they come from over the
ocean and are associated with tropical atimosphene storms {eyclones}.
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The NITC is withdrawn from over the Indian subcontinent and south-east Asia because of southward
shifting of pressure and wind belts due o southward migration of the sun at the time of winter solstice.

Thus, north-east trades are re-eastablished over the aforesaid areas. These north-east trades, in fact, are
north-east or winter monsoons. Since they come from over the lands, and hence they are dry.

Water Vapour and Evaporation

L]

*

Humidity of the air refers to the content of waler vapour present in the air at a particular time and place.

The presence of water vapour in the atmosphere is a vital factor for weather conditions of a particular
region. The nature and amount of precipitation, the amount of loss of heat through radiation from the
earth's surface, surface temperature, latent heat of the atmosphere, stability and insta bility of ait masses ete.
depend on the amount of water vapour present in the atmosphere.

The atmespheric water vapour is derived through evaporation of water from oceans and seas, terrestrial
lakes, land water bodies (tanks. ponds}, rivers etc.

The process of transformation of liquid {water} into gasecus form is called evaporation. The amount and
intensity of evaporation depend on aridity, temperature and velocity of winds.

The higher the aridity, temperature and velocity of winds, the higher the rate and amount of evaporation
because dry air with high temperature is capable of retaining more moisture {vapour} as dry air reguires
more time and moisture o become saturated.

A stable air becomes saturated soon because there is ne tranafer of moisture wlile unstable air attains
eaturation quite late because there i3 much transfer of moisture.

There is move evaporation from the oceans than from the lands. there 15 maximum evaporation from the
lands between 10°N and 10°5 Iatitudes whereas maximum evaporalion occurs from the loceans between
10°-206° latitudes in beth the hemispheres.

The process of conversion of vapour info Hguid (water) and solid form {ice. enow., fost) is called condensation.
It is apparent that evaporation and condenzafion are opposite processes wherein the former involves conversion
of hquid (water} into guseous form (water vapour} while the latter refers to conversion of water vapouy info
liqud or sohd form.

Energy 1n the form of heut is required for the conversion of watey into gaseous form (water vapour),

The amount 1s never lost rather it 18 always associnted with water vapour.
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+  Amount of energy required to convert water to water vapour is called latent heat of evaporation.

« Heat energy is released at the time of condensation {conversion of vapour info Higuid or solid form). This
energy, released after condensation, is called latent heat of condensation.

The amount of water vapour present in the air is indirectly expressed through what is known as the vapour
pressure. The partial pressure exerted by the water vapour is called the vapour pressure. Consider certain
amount of moist air in a closed container. it will be exerting a total pressure p on the container, Now, if all
the water vapour is removed from the container without affecting the ﬁemperatme the pressure exerted by the
dry air p’ will be less than the original pressure exerted by the moist air, and quantity (o - p') is ebviously
the pressure contribution due to vapour and is therefore the vapour pres§ure. The more the vapour present in
the air, the higher is the vapour pressure. Vapour pressure 18 usualiy denoﬁed by e, and is expressed either in
millibars or in mm of mercury. : :

HUMIDITY

+  Humidity refers to the content of water vapour pl*esent iri the air in gaseous form at, a particular time and

place.

+  The atmospheric humidity is obtained through various processes of evaporation from the land and water
surfaces of the earth. The atmospheric hamidity of vital elimatic significance because different forms of
precipitation {dew, fog, rainfall, frost, snowfali, haﬁstorm etc 2, atmosphez ic storms {cyclones) and turbuience
ete. depend on humidity. : :

« The atmospheric bumidity 18 expressed in L a uumber of ways e.g. absclute humidity, specific hamidity,
relative humidity ete. -

{1} Humidity Capacity

+  The moisture retaining capacity or h:ifn’iﬁ?itff&ﬁacity vefers to the capacity of an air of certain volume at
certain temperature to retain maxinum amount of moisture content.

+  The moisture content (humidity) of the air is measured in gram per cubic centimetre.

« FEvaporation is the main mechanism thiough which water is converted inte humidity {vapour). Since
temperature and evaporation are directly positively related (evaporation increases with inereasing temperature)
and hence humidity and tampel ature are also directly positively related.

« Hunndﬁy Capamty is dlreﬂf,iy posmw:}y ;.eiate{i wzth t{,mpelatuw hzghea the temperature, higher the

¢« In cther words, as air temperamre inereases, hami&ity also increases and vice-versa.

+  Humidity capacity becomes higher during summer months than during winter months and during daytime
than nights. -

+  The extent of land and water and wind velocity also influence humidity capacity. Qceanic and coastal areas
record higher humidity capacity of air than the remote areas of the continents.

«  Humidity capacity decreases from equator peleward. the air having moisture content equal to its humidity
capacity is called saturated air.

»  Humidity capacity is expressed in terms of gaturated vapour pressurg.

«  The partial pressure exerted by the water vapour under saturated condition 18 kuown as the sofuration
vapour pressure and 15 denoted by e The saturation vapour pressure IGIeases ith increase In femperatuse.
The variation of ¢_ with feruper ature can he approximated by the simple equation given below.
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e, =6.11 exp. 727t
2373 +71
where ¢ 15 ip millibars and 7' is in °C.
Absolute Humidity ' -

» The total wt of moisture content (water vapour) per unit volume of &I
absolute humidity.

t 2 definite tamperature is called

»  Absolute humidity is indirectly expressed as vaponr pressure. -

Relative Humidity

Relatwe humzdzty is defined as a zatio of the amount of water vapouz actuaﬂy present in the air having definite
volume and temperature {i.e., absolute humidity) to the maxtmun: amount the air can hold {i.e.. humidity
capacity).

+  Relative humidity is generally expressed as perceniage.

Absolute humidity y
Hnmiditycapacity

Relative humidity = 100

There is inverse velationship between air temperature and relative humidity 1e., relative humidity decreases.... ...

with increasing temperature while it increases with decreasing temperature.

*  When the humidity capacity and absolute humidity of the air are the same, the air is said to he saturated
and the relative humidity becomes 100 per cent. Relative humidity changes in two ways viz., {i) if the
absolute humidity increases due to additional ewpm ation oy {i) if the temperature of the air decz SALES S0
that humidity capacity also decreases.

+ Importance of relative humzdlty' Relative humidity has a great climatie significance because the
possibifiity of precipitation depends on it. High and low relative humidity is indicative of the pogsibility of
wet (precipitation) and dry conditions respectively. The amount of evaporation also depends on relative
humidify. Evaperation decreases with high relative humidity while it increases with low relative humidity.

+  Distribution of reiatiy_ﬁ;‘hur;ﬁdity: The horizontal distribntien of relative humidity on the earth’s
surface is zonal in character.

*  Equatorial regions are characterized by highest relative humidity. It gradually decreases towards subtropical
high pressure belts where it becomes ninimum (hetween 25° 35° latitudes).

+ It further increases poleward. The zones of high and low relative humidity shift northward and southward
with northward and southward migration of the sup respectively.

+  Seasonal distribution of relative humidity is largelv controlled by latitudes. Maximum relative humidity is
found during summner season between 30°N and 30°S latitudes while high latitudes vecord relative hunidity
more than average value during winters. There ix mavimum relative humidity in the morning whereas
lowest value is recorded in the evening.

Condensation and Associated Forms

+  The transformation of gaseous form of water {Le., water vapour) into solid form (ice) and liguid {orm {water}
18 called condensation,
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+ The process and mechanism of condensation depends on the amount of relative humidity present 1 the an,
The air having 100 per cent relative humidity is called saturated air.

« An air may become saturated in two ways e.g. either {I) the absolute humidily at a given temperatnre is
raised to equal the humidity relaining capacity of the aw or (1) the temperature of Lthe a1y is reduced to
such an exfent that the humuidity capacity becomes equal to its absolute humidity.

+  Air becomes saturated as relative humidity becomes 100 per cent, and hence condensation begins.

The equation of state for any gas 1s given by the equation

a
RT

where p 1s the absolute pressure, pis the density, T is the temperature,

Since the gas constant for water vapour is 1.6 times the gas constant for dry air, for a given pressure and
lemperature water vapour has lesser densily tharn duy air. In 81 units the gas constant for dry air has a value
of 287 N-m/kg K.
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Variation of saturobion vapour pressurve with temperaiure
Lot the moist air exist with a pressure p and temperature T and let the partial pressurve by water vapour be
¢. Then the pressure eserted by the drv alr would be (p ~ ¢). If B denotes the gas constant of dry air, the density

of water vapour p, and the density of diy air p, may be written as
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The density of the molat air p is given by

§ o p s O
P, wp s e (1= 0.375)
Potpy == (1209 )
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Consider an atmosphere with vapour pressure ¢ and at temperature T\ which can be denoted by the point (T
¢) in Fig. above. Since e < £, this point lies below the curve.

-

i the vapour pressure of this atmosphers is increased by adding water vapour to it, keeping the temperature
constant, then the point in figure moves vertically upwards till it meets the curve at P, with coordinates
{7, e}. At this condition the air is saturated and any further addition of water vapour vesults in condensation.
The quantity {e, ~ ¢} is known as the sofuration deficit. On the other hand, if the atmosphere is cooled
without changing ifs pressure and vapour pressure the point P moves.to the left horizontally till it meets
the curve at P with coordinates (7, ). Here again the air is sg ' and further cooling results in
condensation. The temperature T, is called the dew poini temperatire, ! 1618 the temperature at which the
saturation vapour pressure 1s equal to the existing vapour p1; ppose the evaporation is allowed
freely into the air without controlling the temperature. Then #s more and more water vapour is added o
the aix it reduces the temperature of the air and consequently the saturation vapour pressure of the air
also decreases. In this case the point P moves neither vertically nior horizontally but follow rather a diagonal
path till it meefs the curve at P with ceordinated (Tw,'_“? ) perature T, is called the we! bulb
temperature and it is the temperature to which the original air ¢af be cooled by evaporating water into
it and is found by the wet bulb thermometer, o

"1t may be pointed out that condensation will begin only when the an is supresaturated i.e., if the refative

humidity exceeds 100 per cent. and this can be achieved only when the air is further cooled,

If T is above freezing point (32°F), condensation will oceur in hiquid form (e, dew, fog, rainfall ete.) but
if it is below freezing point. condensation oecurs in solid form (e.g., frost, ice, snow, hailstorm efc.).

1t is apparent. that condensation depends qn{i).tha,pgxcéntage.ef‘nelative.humidity.af the air and (if) the
degree of cooling of the air. The air becomes cool When it vises while it gets heated when it descends.

Thus, the ascending air may bring moist weather while descending air causes dry eondition. Much cooling
of the air is required in hot avid regions before T, is reached. On the other hand, very litile cooling causes
condensation in hnnid regions. '

The heat released at the time of condeﬁs&'tion 18 ealled latent heat of condensation.

Cooling of Air and Adiabatic Change of Tempe;ature

-

Temperature decreases with mcreasing height at the rate of 6.5°C per 1000 m. This rate of decrease of
temperature with increasing height is called normal lapse rate.

A definite ascending air with given volume and temperature expands due to decrease in pressure and thus
cools, .

On the other hand, .a descending air contracts and thus its volume decreases but its temperature increases,

1t is appavent £h_at'ther_e_e is change in temperature of air due to ascent or descent but without addition or
substraction of heat.

Such type of change of teniperatare of air due to contraction or expansion of air is called adiabatic change
of temperature.

Adiahatic change of temperature is of two types viz. (3} dry adiabatic change and (i} moist adiabatic
chanyge.

The temperature of unsaturated ascending air decreases with Increasing height at the rate of 10°C per 1000
m. This cending or descending air is called dry adiabatic rate.

It may be pointed out that i an air descends its temperature inereases at the above mentioned vate.
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The rate of decraase of tewperature of an ascending air beyond condensation level is lowered due to addition
of latent heat of condensation to the air.

This is called meist adiabatic rate wherein temperature of an ascending air beyond condensation level
decreases (and hence the air cools) at the rate of 6°C per 1000 m. This 1s also called as retarded adisbatie
rate.

Stability and Instability of the Atmospbere

»

Different forms of precipitation {dew, fog, rainfall, frost, snew{ali, hai!storm etc } depend on stability and
instability of the atmosphere. :

The air without vertical movement is cailed stable air w%zﬂe unsi:able air undergoes vertical movement

(befh upward and dewnward).

_An airmass ascends aﬂd becomes unsm%}ie when it i}eu}mes warmer than the surrounding airmass while

descending airmass becomes stable.

The stability and instability depend on the 1eiarzenshxps between ‘normal lapse rate’ and ‘adiabatic
change of temperature’.

Adiabatic rate is alw ays constan! whereas nermal lapse rate of air temperature changes,

When the normal lapse rate is higher than dry adinbatic rate, the air being warmer rises and becomes
unatable.

On the other hand, when the noninal lapse rate of temperature is lower than dry adiabatic rate, the art

being ¢old descends and becomes stable.

Stability: When dry adiabatic lapse rute of an ascending dry air is higher than the normal lapse rate and
if it is not saturated and does not attain dew point it becomes eolder than swrrennding air at certain height
with the result it becomes heavier and descends. This process causes stability of atmospheric circulation
due fo which vertical circulation of air is resisted. For example, at ground surface if the temperature of 2
parcel of air iz 40°C, the div adiabatic lapse rate and normal (environmental) lapse rate are 10°C per 1000m
and 6.5°C per 1000 m rezpectively, then at the height of one kilometre {or 1008 m) from the ground surface
the temperature of the ascending abr would be 3{)"(‘ {30° - 10° = 30°C) while the temperature of swryounding
air at that height would be 33.5°C {40° - 6.5° = = 33.5°C). 'Thus, the ascendmg air being colder than
surrounding air would descend and atznosphel ic gtability is caused. :

Instability: When normal lapse rate is greater than dry adiabatic lapse rate of ascending parcel of air the
vising air continues to rise upward and expand and thus becomes unstable and is in unstable equilibrium

in other words. atmospheric instabilify 12 caused when the rate of cooling of rising aw {dry adiabatic Japse
rate) is lower than the normal lapse rate. For example. if the temperature of a certain parcel of alr at
ground surface is 40°C, the diy adiabutic and normal lapse rates are 10°C and 131°C per 1000 m respectively,
then the temperature of ascending air at the height of 1900 m {one kilometre} would be 30°C (406° - 10°
= 30°C) while the temperature of the atmosphere at that height would be 29°C (40°C ~ 11°C = 26*C). Thus,
the rising air being warmer (30°C) than the surronnding air (29°C) continues to rise and expand to causze
atmasphenc mstability,

If the wet adiabatic lapse rate 1 also less than normal lapse rate, the rising asr further eontinues fo rise
upward. Such state of continued upward movement of air 15 called absolute nstability.

When the ascending parcel of alr reaches such height that s temperature squals the temperature of
surrounding air, its further upward moevement is stopped. Such awr 15 s21d to be in the slate of neutral
equilibrium,
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« Conditional instability: When a parcel of air is forced to move upward, it cools at dry adiabatic lapse
rate (10°C per 1060 m) whereas normal lapse rate is 6.5°C per 1000 m. After rising to certain height the
air becomes saturated and latent heat of condensation is added to the rising air so the rising air cools at
wet adiabatic lapse rate (5°C per 1000 m) whereas normal lapse rate {6.5°C per 1000} is greater than it.
Consequently, the air becomes warmer than the surrounding air and hence rises upward automatically.
This is called conditional instability becanse the air is initially forced to move upward but rises automatically
due fo its own properties after condensation peint is reached,

+ Forexample, if a parcel of air with 35°C temperabure is mitially foree
its temperature decreases to 26°C (35°C— 10°C, dry adiabatic rateywhet
layers of air at the height of 1000 m would be 28.5°C (35°C — 6,5
air becores colder by 3.5°C than the surrounding air. If the 1
(26°C), the latent heat of condensation returns back to the 11
lapse rate (5°C per 1000 m). Thus, the rising air becomes waln nd:unstable. Normal lapse rate ranges
between dry adiabatic and wet adiabatic lapse rates. In othe 5 conditional instability eccurs when
normal lapse rate is greater than dry adiabatic lapse rate but leds'than wet abatic iapse rate.

Clouds are defined as aggregates of innumerable tiny water droplets, ice particles or mixture of both in the ajr
generally above the ground surface. Clouds are formed due to condensation of water vapour around hygroscopic
nuclei caused by cooling due to fting of air generally known as adiabatic cooling. Meteorologically clouds are very
significant because all forms of precipitation oceur from them. it may be mentioned that not all clouds vield
precipitation i}ué-n&;}reeipi-ﬁatien-vis--possibIe--wiﬁbé;;;t—_;’:lq_;t_d;" -

se upto the height of 1000 m,
the temperature of surrounding
1al apse rate} and thus the rising
ts saturated at this temperature
ang hence it cools at the wet adiabatic

| Origin of Rainfall

* The presence of warm, moist and unstable air and sufficient number of hydroscopic nuclei are prevequisite
conditions for rainfall :

*  Thewarm and moist air after being lifted upward becomes saturated and clouds are formed after condensation
of water vapour arcund hygroscopic nuclei (salt and dust particles) but stilt there may not be rainfall unless
the air is supersaturated. -

*  The process of condensation begins only when the relative humidity of ascending air becomes 100 per cent
and air is further cooled threugh dry adiabatic lapse rate but first condensation occurs around larger
hygroscopic nuclei only and droplets are formed.

*  Such droplets are cé}_l'ie_{i_ cloud dropiets.

* The aggregation of large number of cloud droplets forms clouds. These cloud droplets are so microscopic in
size that they remain suspended in the air.

*  Rainfall does not occur unless these cloud droplets become so large due to coalescence that the air hecomes
unable to hold them. This is why, some times the sky is overcast by thick couds but there is no rainfall
Hby chance these cloud droplets fall downward they are evaporated before they reach the ground surface.
Rainfall occurs only when cloud dreplets change to raindrops. There are two possible processes of change
of cloud droplets into raindrops.

I I warin and moist air ascends to such a height that condensation begins below freezing point, then
both, water droplets and ice droplets. are formed. The water droplets are evaporated becanse of difference
of vapour pressure between them and ice droplets and there is condensation of evaporated water around
tee erystals which go on increasing in size. H they become sufficiently large in size, they cannot be held
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in suspension by the air and consequently they begin to fall down. I the temperature above the ground
15 high they fall in the form of raindrops.

o

The suspended clond dreplets in the clouds are of different sizes. These cloud dropliets collide among
themselves al varving rates due fo difference i their sizes and thus form large droplets. In the process
several cloud droplets are coalesced to form raindrops. When they become so large in size that ascending
air becomes unable o hold them, they fall down as rainfzil.

» The diameter of a raindrop is upto 5 mm and one raindrop contains-ab
raindrops become very large and fall down at greater speed (mo,
splif in the transit but give heavy downpour.

8,000,000 cloud droplets. When
' kilometres per hour), thev are

e When the air ascends slowly, the process of condensation is also very sicw and hence small raindrops are
formed and the resuliant rainfall is dxizzie. :

. But if the air ascends huriedly with greater speed. Veyy large raiid ps are formed and resultant rainfail
is heavy dewnpour. _ T

+  When condensation ceeurs below freezing point, the resultant precipitation is in solid form and is called
snowfall

Rain is the most common form of precipitation. For rainfall, it is necessary that meist air must ascend. saturate
{relative humidity 100 per cent) and condense. Adiabatic cooling due fo upward movement.of aiv is by far the
most important mechanism of condensation and related precipitation including rainfall. It is apparent that
upward movement is a prerequistite condition for cloud formation and rain fali. Thus, precipitation and rainfall
are clagsified on the basis of conditions and mechanisms of upward movement of air. There are three ways in
which air s forced %o move upward and thus cools acecording to adiabatic lapse rate e.g. {1} due to heating of
eround surface the air being heated expands and rises upward in the form of convection cwrrents, the mechanism
is known as thermal convection, {2} asdent of air over an orographic barrier, and (8} uplift of alr associated with
low pressure system, known as cvclonic or frontal ascent. It may be pointed out that it 15 not necessary that
all these three factors work independently in relation to the asceni of air. Some times, more than one factor
are operative. In such situation, the {orm of precipitation is determined on the basis of dominant factor. Thus,
precipitation and rainfaii are classified into the following three types:

1. Convefitional rainfall, occurring due to thermal convection currents caused due to insolational
heating of ground surface.

2. Ovographie rainfall, occuring due to ascent of air forced by mountain barrier, and

3. Cyclonic or frontal rainfall, cccuring due fo upward movement of alr caused by convergence of
extensive air masses.

1. Conventional Rainfall NN
The principal motivating foree behind the aseent of warm and moist air is | 6.’/ o
thermal convection caused by heating of the ground surface through /‘/ g ia Tff{\W

and rainfall e.g. (1) abundant supply of moisture through evaporation to the oG 1/1
air so that relative humidity because high, and (i1} intense heating of ’g}“b/,-ﬁ | : X

ground surface through incoming shortwave electromagnetic solar radiation. | —% ", i oKy : " :‘kt:..
The mechanism of convectional ramfall may be explamed 1n the following

t
. . oo . . - . 11
1sotation. Two conditions are necessary to cause convecional precipiation ‘: ' 4?" }‘
i
¥
]

Conventional rainfall

INATIHIEY.
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The ground surface is intensely heated due to enormous amount of heat received through solar radiation during
daytime, with the result the air coming in contaet with warm ground surface also gets heated, becomes warim,
expands, and ultimately rises upward. The ascending warm and moist air cools according to dry adiabatic
lapse rate (decrease of temperature at the rate of 10°C per 1000 metres). The cooling of ascending air increases
its relative humidity. The meist air becomes saturated soon (relative bumidity becomes 100 per cent) and
further ascent of air beyond saturation level causes condensation and cloud formation {cumulo-nimbus elouds)
and thus rainfall starts. The air still continues fo rise and i the process further cools but at moist adiabatic
lapse rate or retarded adiabatic rate (decrease of temperature at the rate of 5°C per 1000 metres) due to
addition of latent heat of condensation to the ascending air released %_z_ﬁét'cemiensatien of atmospheric
vapour, When the ascending air reaches such height where its temperaturé matches with the temperature of
surrounding air, the process of condensation is more activated and hence cutmulo-nimbus elouds are formed and
there beging instantaneous heavy rainfall {Figure}. o

Since the ascending moist air {convectively motivated) cools sotin_ after, rising to very little height, causing
immediate saturation and condensation, the convectional rainfall occure'in the form of heavy downpour. It 15
also apparent from the above description that convectional rainfall is a warm weather phenomenon and is
associated with highting and cloud thunder. Conventional rainfall mainly occurs in equatorial regions of Jow
latifudes where daily heating of ground surface upto noon causes convection currents. Consequently, the sky
becomes overcast by 2-3 PM. daily causing pitch darkness and heavy rains and the sky becomes clear by 4
P.M. Thus. the convectional rainfall in the equatorial fegion 1s a daily regular feature.

Convectional rainfall also occurs in the tropical, subtropical and temperate regions in suminer months and in
the warmer parts of the day. The following are characteristic features of convectional rainfall:

T T 66iTE da3ly 1 the afterncon in the ec_;'t_iatjo;’iai-reginns.

(iiy Ttis of very short duration but cccurs i'h"th(é-'form of heavy showers (heavy downpour),
{1} It occurs through thick davk anéfe;&;en_s_iye .c'u'mu]wnimbus clonds.

{iv) 1t 1s accompanied by cleud th}mde;; 'gnd_ iiggtning‘

v} Out side equatorial regions convective rainfall is of little significance to erop growth because most of
ramwater is drained to the streams through surface runoff which causes severe rill and gully erowion
resulting into enormous loss of loose soils,

vy Convective rainfall gupports luxurious evergreen rainforests in the equatorial regions.

(i) Convective rainfall in the témperate regions is not in the form of heavy showers rather it is slow and
of longer duration so that most of rainwater infiltrates into soils. here rains are always in summers,

{vii) Convective rainfall in hot deserts is not regular but is nregular and sudden.

2. Orographic Rainfall

S L C ANAACTLD R TR T




CIVIL ENGINEERING Hydrology 33

Orographic ramnfall occurs due to ascent of aix forced by mountain barriers. The mountain barriers lying across
the direction of air flow foree the moisture laden air to rise along the mountain slope and thus Lifted air mass
cools according to dry adiabatic lapse rate (decrease of temperature at the rate of 10°C per 1000 metres) which
Increases the relative humidity of the air. The ascending air becomes saturated after reaching certain height
and condensation begins around by hygroscopic nuclei. The addition of latent heat of condensation to the air
causes 1t to move further upward and cool at moist adiabatic lapse rate (decrease of temperature with i 1f:m>asmg
height at the rate of 5°C per 1000 metres). Thus, ascending air continues to yield precipitation with | Increasing
keight. It is apparent that mountain barriers produce trigger effect for the moist air to ascend, cool and become
unstable. The slope of the mountain facing the wind is called windw; ard s ope. or onward slope and receives
max. Precipitation while the opposite slope is called leaward slope or rainshadow region because the ascending
air after crossing over the mountain barrier descends along the leeward slope and thus is warmed at dry
adiabatic lapse rate (increase in temperature with decreasing ki hiat the rate of 10°C per 1000 metres).

Consequently, the humidity capacity of the descemimg air mcr &9 1esnitmg into suhstantial decrease in
relative humidity. Secondly, the moisture present in the air ib a f.prééipitated on the windward slope and
thus there ig very litfle precipifation on the leeward alope _ e world precipitation oceurs through

grographic rainfall o

The following conditions are necessary for the ocenrrence of orographic rainfall,

i} There shouid be mountain barier across the wind direction, so that the moist air is forced on ohstruction
to move upwmd E{ the mountam barriers are pamﬁei to the, Wmd duectzen tize &I i not obbtmcteti

(1} 1f the mountains are very close and par&ﬂel ;d'"tli'e sea coasts, they become effective barriers because
the moisture laden winds coming from over the oceans are obstructed and forced to ascend and soon
become saturated. For example, the mtuatmn of the Western Ghats in India presents idea] conditions
for or evlaphlc rainfall.

(i)" The height of mountains also affects the form and amount of orographic rainfall. If the mountains ave
very close to the sea coast. even low height can be effective barrier and can vield sufficient rainfall
because the moist air becomes saturated at very low height. On the other hand, the inland meuntains
should be of higher height because the air after covering long distances loses much of its moisture
content.

{iv} There shouid be sufficient amount of eisture content in the air.
The following are the characteristic features of srographic rainfall:

{a) The windward slope, also ealled as rain slope, receives maximum amount of rainfall whereas
leeward side of the mountain gets very low rainfall. For example. Mangalore located on the western
slope (windward slope) of the Western Ghats receives mean annual rainfall of above 2000 mm
whereas Bangalore situated in the rain shadow region gets only 500 mm of mean annual rainfall.
The southern slopes of the Himalayas receive mean annual rainfall of more than 2000 mm whereas
the northern slope receives only 50 mm of mean annual rainfall.

(b} There 1s maximum rainfall near the mountain slopes and it decreases away from the foothills. For
example, the cities and towns located at the southern slopes of the Himalayas receive more rainfall
e.g. Simia 1520 mm. Nainital 2000 mm and Drazeeling 3150 mm whereas the places away from
the Himalayan foothills receive relatively low rainfall e.g. Patna 1600 mm. Allahabad 1050 mm and
Dethi 650 mm.

{¢} Hthe mountains are of moderate height. the maximum rainfall does net oceur at their topa rather
it gecurs on the other side,

FE S MASTER Office: P 126 Harasti Sarai, New Delhi - 110 815 !
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@) The height of the mountains beyond which the amount of rainfall decreases upward is called
maximum rainfall line which varies spatially depending on the location of mountains, their
distance from the sea, moisture content in the air, mountain slope season elc.

(e} Orographic rainfall may occur in any season. Unlike other types of rainfall 1t is more wide-spread
and of jong duration.

It may be pointed out that oregraphic rainfall is induced not only because of hfting of moist aiy due
to mountain harrier but convective and cyclonic mechanisms alsg helpin the process of orographic
ramfall. For example, in warm regions valleys are heated during daytime and hence winds are also
heated and ascend along the hillslopes in the form of convection currents and yield rainfall after
being saturated. Some times, forward moving eyclones are ais'd-fé;;\'_céd to ascend zlong the hillslope
due to obsiructions offered by mountain barriers. '

v

3.  Cyclonic or Frontal Rainfall

Cyclonic or Frontal rainfail

Cyelonic ox frontal rainfall occurs duse o ascending of moist air and adiabatic cooling caused by convergernce
of fwo extensive air masses,

The mechanism of cyclonic precipitation is of two ty pes on the basis of two types of cyclones viz. temperate
cyclones and tropical cyclones. ' :

Rainfall associated with temperate cyclones occurs when two extensive zir massas of entirely different
physical properties (warm and cold air masses) converge. When two contrasting air masses (cold polar air
mass and warm westerly air mass) coming from opposite directions converge along a line, a front 1s formed.
The warm wind is lifted upward along this front where as cold air being heavier settles downward. Such
cyclonie fronts ave ereated in-temperate regions where cold polar winds and warm westerlies corverge. The
warm air lying over cold air is cooled and gets saturated and condensation begins around hygroscopic nuclei,
It may be pointed out'that lifting of warm air along cyclonic front is not vertical like convective currents
vather 1f is oblique,

Since the lifting of warm air along the warm front of temperate cyclone is slow and gradual and hence the
procesa of condensation 18 also slow and gradual with the result precipitation occurs in the form of drizeles
but continues for longer duration.

Thus, the precipitation associated with warm front is widespread and of long duration.

On the other hand, the precipitation associated with cold fronts is always in the form of thunder showers
but is of very short duration. Sometimes, the precipifation oecurs in the form of snowfall and hailstorms.
This is becanse of the fact that hfting of warm air along cold front occurs quickly as cold air pushes warm
alr upward with great force.

Most of the rains of temperate regions are received through cvelones.

i m PEOAMAACTID fa T o at T B T T
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wherein ifting of air is almost vertical and is very often associated with conveetion. Tropical eyclones, regionally
called as typhoons hurricanes, fornadoes ete. yield heavy downpowr in China, Japan, South East Asia, Bangladesh,
India, USA ete.

Other Forms of Precipitation

1. Snowfall: Th fall of larger snowflakes from the clouds on the ground surface is called snowfall In fact,
snowfall is ‘precipitation of white and opaque grains of ice’. The snowfall ocetirs when the freezing level is
so close to the ground surface (less than 300 m from the surface) that aggregations of ice crystals reach
the ground without being melted in a solid form of precipitation as snow.

2. Sleet refers to a mixture of snow and rain but in American terminology sleet means falling of small pellets
of transparent of translucent ice having a diameter of 5 mihi or less,

3. Hail consists of large pellets or spheres of ice. In fact, hail is 4 form of solid precipitation wherein small
balls or pieces of ice, known as hailstones, having a diameter of b to 50 mm fall downward known as
hatlstornis. Hails are very destructive and dreaded form of sohd precipitation because they destroy agrienltural
graps and claim human and animal Hves.

4. Drizzle: The fall of numerous uniform minute droplets of water having diameter of less than 0.5 mm is
called drizzie. Drizzles fall confinuously but the iotal amonnt of water received on the greund surface is
significantly low. : '

: E ;._ % g\/;f’\\qj _{F I_\) Ofiea: ¥ 138 Revwarls Sorai, New Dethi - DG O14
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CHAPTER

Measurement of Precipitation

« The total amount of precipitation on a given area s expressed as the depth over the horizontal projection
of the area. Thus 1 cm of rainfall over a catchment area of 1 km? represents a volume of water equal to
i md

= Any part of this precipitation, if falling as snow or we, 18 to be accounted for in its melted form.

¢  Since it is not phy‘iiﬁdll}’ pﬂssibie o catch ali thé zainfaii or s,mwfall over a dxainag‘e basin it is oraly

respective smmun{img areas.

+  Terms such as pluviometer, ombrometer and hvetometer are also sometimes used to designate a ralngange.

The various types of precipitation gauges used are broadly elassified as:

. 12%
{2} non-recording gauges, and P i 054
) 254 "
ecording Fauges e 25.
(b} recording gauges. Funnel ——ts > //2 T 5.4
Non-Recording Gauges Metal s \}1/ l
container il -l .
+ The nonrecording guage extensively used in india g the ¢ SN E z
Svmons raingauge. It is installed in an open area on a } 1 f N
eoncrete foundation. The distance of the rain gauge Gom the Collecting | | i :
rearest obiect should be at least twice the height of the bottle M+§ ! %
object. It should never be on a ferrace or under atree. The ¢ | 4 1 Bl
gauge may be fenced with a gate Lo prevent anmmals and - {1 o

anautherized persons from entering the premises.

+  Measurements are to be made at g fixed ime. normally at
08:30 hrs. In case of heavy rainfall areas, measnrements are
made as often as possible.

Fig, 3.1: Non-recording raingauge.
Recording Gauges
The recording gauges produce a continuous plot of rainfall against time and provide valuable short duration data
on intensity and duration of rainfall for hydrological analvsis of storms. The commonly used recording gauges
are;
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{a) Tipping bucket type
{b) Weighing type, and
{c) Natural syphon type

The weighing type is suitable for measuring all hinds of precipitation {rain. sleet ete. ).
Tipping-Bucket Type

The catch from the funnel falls ono one of a pair of small buckets, These bu kets are so balanced that when
0.25 mm of rainfall collects in one bucket, it tips and brings the other one ini position. The tipping actuates
an electrically driven pen to trace a record on dockwork-driven chart. The: m from tipning bucket pives data
on the intensity of rainfall. The main advantage of this type of instx ument is that it gives an electronie pulse
output that can be recorded at a distance from the raingauge. o

Weighing-Bucket Type

The catch from the funnel empties into a bucket mounted on a weighing scale. The weight of the bucket and

its contents are recorded on a clockwork-driven chart. This instrument gives a plot of the accumulated
rainfall against the elapsed time, Le. the mags curve of rainfall faccumulated precipitation against time),

Natural Syphon Type

This type of recording rain-gauge is also known as float type gauge. Here the rainfall collected by a funnel
shaped collector is led into a float chamber causing a float to rise. As the float rises, a pen attached fo the float
through a lever system records the elevation of the float on a rotating drum driven by a clockwork mechanism,

A syphon arrangement empties the float chamber when the float has reached a pre-set maximurn level which

resets the pen to its zero level, This type of raingauge is adopted as the standard recording tvpe rain gauge
inIndia

This tvpe of gauge gives a plot of the mass eurve of rvainfall.

Hours
. 0 12 24
i 3 1 T T i ¥ 3 T L] 3 3 B T k| ] ¥
= {110 7
7 7 fl 1}
E [+ 5 1
"3 i) F; i
F I F! ] i / ¥,
AR r RN ]
j_-:-‘i 2£ . T £ / ¥ #
= ]

Fig. 3.2, (Hecord of floas gauge).
Other Precipitation Measurement Method

Storage Gauges

In sparsely populated or remote regions such as in a desert or 2 mountainous terrain, storage gauges are used
to neasure total seasonal precipitation. These gauges ave read monthly, seasonaﬂ} or whenever it is possible
to inspect the stations.

Telemetering Rain Gauges

These rain gauges are of the recording type and contain electronic units to transmit the data on rainfall to a
hase station both at regular intervals and on interrogation. The tipping bucket tvpe raingauge, being ideally
suited. Telemetering gauges are of utmost use in gathering rainfall data from mountainous and generally
inacceasible places.

2 [ S MASTER Office: F.125, Rarwaria Sareal New [RIii- 110019 i
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Radar Measurement of Rainfall

Radar permits the observation of the location and movement of aveas of precipitation in the atmosphere; and
certain types of radar equipment can yield estimates of 1ainfall rates over areas within the range of the radar.

Observations by Satellites

Satelite images can be used for estimating precipitation over areas ranging from the global to the very Jocal
scale in real or nearreal time. This complements the conventional prefipitation measurements in areas of
gparse rain gauge networks and can improve the aceuracy of estimatmg precxpitatwn for short time periods
{several houys). L

Snowfall Water Equivalent

. 'i he water equivalent of a giverrsnowfall is the amount of 1qu1d pxer::pzbatzon contained n that snowfall,

« The water equivaient of the snowfall is determined elther by weighing o1 melting.

*  Snow collected in a non vecording rain-gauge is ielted _Lm;pedxgteiy and measured by means of an ordinary
mMeasur ing eyhinder graduated for vainfall measurements. -

. Dm ing periods of snowfall, hhe funnels of the gauges are remcved se that all precipitation can fall divectly
into the recerver.

« For proper assessment of waler resources, a goed network of rain gauges is a must. More 1s the variability
of rainfall denser the yain sausge network.

+  As per the IS: 4987-1968, the recommended rain gauge network density is as follows:

In plains : One in every 520 km?,
Moderately elevated avea

(av. elevation up to 100G m) One in 260 to 390 Lkm?
Hilly areas One in 130 km®

g%ﬁgﬁ.&

Number of raingauge stations for an area to give necessary average rainfall with certain percentage of ervor
can be obtained as follows:

Step 1: Caleulate mean rainfall, P
(B ePr P
P, 1s precipitation magnitude of the 1st station and o on and 7 is the total number of raingauge stations in

the catchunent.

Step 2 Calenlate the standard deviation, o

(P P, {P P B, - P}
o
\ nwi
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Step 3: Calculate coefficient of variation, C,.

Step 4: Optimal number of statiens. N

where, € is the allowable degree of ervor in the mean rainfall {in flactmn) e
Step 5: Additional number of raingauge station required = N - B

in reuiine hydrological investigation, errvor of estimate sheuic%_i;;ét' exceed 1'4}'% Le.e= 01

Exampie 3.1

’}‘h average normai ramfali of 5 raingauges in the base statmnq dre 89 54 45 41 cmd 55 cm. If the error
in the estzznatlon af ramfaﬁ shouid not exceed 10%, how many additional gauges may be required?

Sok; The mean. ramfaﬂ is obtamed as:

89 +54 + 45 + 41 +55

L o B, = 5 ssesm
Y {89 563}%(54 ~56.8)" +(45 - 568} +(41-56. 3>~+<55 56 3)
w @ = 5502
| e

The coeﬁicze::t (}f 'ﬁéif_iétiox_i s caleulated as:

19.95 “.03.336"
568  ewend

N ((:‘, [Q3336{) m;,z 5
Lo.do 01 } -

o

i

The normal rainfall ig the average value of rainfall of a particular date, month or year over a specified 30-year
period (tike normal rainfall of 5th March or pormal rainfall of Jaunary or yearly rainfall). The 30-year normals
ave recomputed every decade to account for change in environment and land use, because these factor may affect
the amount of rainfall on that area.

Normal rammfall is used to ind out the misamny data of certain raingauges.

Before using the rainfall records of a station it is necessary to 1st cheek the data for continuity and consistency.
Continuity means availability of continuous record of previous rainfall and consistency means that rainfall date
of previeus years should be consistent with the present environmental and land use conditions {like if there is

s S MASTER CHfiee: F2320, Katwaria Saral, New Dolhi - 18t g
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a jungle in a particular area which did not exist 15 years ago then previous records will not be consistant with
eurrent record},

Sometimes a station has a break in record due to absence of ohserver or failure of the instrument. It is then
necessary to estimate that missing data. To estimate the data, three or more stations close to this station are
selected. Following are the different ways of calculating the missing da

Arithmetic Mean Method

1f the normal precipitation at each of these selected stations is w__i_i;".".".n_ 0%

of that for the station with missing
data, then simple arithmetical mean of the precipitation of th

tions will give the value of the missing

R4P 4P+,

m o

P =

X

Normal Rotic Meihod

1f normal precipitation at any of these selected stations is above 10% of that for station with missing data then,

1B B P
P Bl s SR a8
N, miN, N, TN

¥ n

N = Normal precipitation of the 1st station

m = No. of additional station chosen '

P, = Precipitation (missing data} . _

N_ = Normal precipitation of the sL‘étiq.r_i at which data i1s missing

Example 3.2

The 'ﬁerp:._t;ﬂ_ annual rainfall of stations A,.B‘, C '_ar;_d Dina .cai;c};me';i_ﬁ 15, 80 mm_,. 91 mim, 85 mm and 87 mm
respectively: In the year 2007, the station I} wag inoperative when stations 4, B and C recordéd annual
rairifa_ﬁ. of 91.11, 72:23 and 79.89 mm. Estimate the missing rainfall at station Din the year 2007

-S_dl:_ _Né’rmall_.precipiiation of all %:he.-s.t_aﬁon A, B and C are withiﬁ 1(}% of that at station D. Hence simple
arithmetic average will be used. ' : _ - o
81.11+72.23+79.89
= Po= Q

a .8.1.{33 mm

Find the missing rainfall at station .

? Raingauge | Normal | Actual -
g A 1125 875

i B 810 1021

L C 765 915

[ x 83 | 7

As the normal ppt of other stations A, B and C are not within in 10% of normal ppt at station x. Hence

Tt
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Some of the common causes for inconsistency of the records are: '

» Shifting of raingauge station to a new location

» Neighborhood of the station undergoing a marked change B _
+ Change in the ecosystem due to calamities such as forest fires, iandblzdes etc.

. Qceurrence of observational ervor from g certain date :

Inconsistency of record is corrected by using double mass curve technigue. Thus on correction, the
previous record becomes consistent with the present day environmental and land use condition.

« To draw this curve, a group of stations {say 10) is taken as base station in the neighbourhood of the
problamatic station X.

» The accumulated rainfall of station X(ZP ) and accumulated values of average of group of base stations
(XP,,) are caleulated starting from the Iatest record.

«  The values of LP, as ordinate and IP,,, as abscissa are plotted for available data of ramfall
+ In the plot, a break in the slope is observed. It indicates a change i precipitation of station X,
»  The values precipitation at X beyond the break point are corrected based on the slope of both the lines.

» A change in slope is normally taken as significant only where it persists for more than d-y1s.
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o~ L -

K 73 7

- 7 e

=T -

& i7 o g

i 4 A

£ [

— 81 g .

& £

] 43

zr 85

= Lh b

g P Break in the vear 1983
ol £ o COTTRCLIOn YAtio = ofs

f 4 43

Z 45

46

el -

4
)

e -
T T T T T g bl
— ¥ P Aaccumulated annual rainfall

Fig. 3.3, Double maze carve analvsis to adjust the error,
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In the above figure data for year 1983 and beyond (i.e. 1982, 1981,....) is to be multiplied by correction ratio
efs to make i congistant with the data before the year 1983 (ie. 1984, 1985 ..},

5, 389 43 322,2 4, 32

{22-8-350 30.2, 2’?4 25.2 28

.';Explam how the canmstency ofthe
a change in regime has oce

'Sol Thﬁ given data is m*ranged_ _zn a _x_‘everse ¢h onolegicai ar____er and thenf cumulatwe vaiues ars, worked cm:
ai shown in the table beiow : :

Year | Annaal rmnfaﬁ (,umuiativeannual 18 stn avg., i8stn.cum.avg. |
- a!,chm ramfaﬂ atXm o annual rainfallinem | annual rainfallin. o

1970 | 28.4 - ' 264
1969 o295 |
‘1968 206 82.7°
11967 | 0 269 106.1

1666 241 - j 129.2

1965 284 . " 160.4

1964 | - 228 196.4

1983 173 2198

1962 28.2 253.1

1961 218 276.7
11960 24.6 3018

1959 | = 284" 320.2

1958 49.8 '356.3

1957 320 -384.5

1956 27.4 409.7 -

1955 32.2 437.1

1954 43.7 467.3

1953 38.9 502.3

1952 30.5 5251

A graph is now plotted mth cumulatwe annual ra:nfall at y ony- am and eumulative average annua] runoff:
of 18 stations ou x-axis. :

B 1 CRAACTED L Reo- V.19 1 arwasia Surai Now Dathi o 116 A0 E




CIVIL. ENGINEERING Hydrology 43

5564
560
450 4
w00+ -
:350nu:
300+
204+
200+
1504
-rQO-J.vﬁf :
50T

Cumulative antual rainfall at x in em

00 i&(} ia{l 200 250 3% 359 40{) 459 509 550 600 b’i(}
Curaulative 18 stat:on aver age armual rainfall in cm

- This gra;}h shows that inconsistency has occurred in 1960. Henge the present data, since 1969 to 1870 mﬂ
be £reated as mrrect. and the data prmr o the year 196(} wzii be carrec.ted :

¢ 1'73
S T !

'I‘he yeaz ty rainfall values of station X between the yeais 1959 to 1952 are thus corrected hy muitlplymg the
arlgmal values by (L 69?6 as shown in tabie below.

| Year | Annual rainfall at Correcte{i a'nau_al raiilfali at] o Year Corrected anpual rainfall

station Xincm | station ‘-X = 06976 xcol ()] - 1952 values at Stza; If; nXinom

‘1959 284 198 , {1954 305
11958 49.3 34.4 1 iggg _ %g?
1857 32.0 223 b L TIeEYT 99,8
1956 27.4 ' o191 . _ 1958 T 344
1955 32.2 92.5 - 1959 19.8
e - 11960 24.6
1954 43.7 305 1 e : 515
1953 3849 _ 271 _ 1062 58 9
1952 30.5 21.3 ' 18637 113
D : 11964 T893

1965 284

1966 241

1967 969
1968 LY

1966 T 995

1870 28.4

' £=469.1

The final adjusted values of annual rainfall af station X can be _tabizlated as shown above.T

G-K J R '\‘J;'E/Q\ Q:{'% f _(:}vff:i{‘_.e: F 126 Ratwaria Sfi:'.'li;.\l(’“-'l fiedhi HD{?IG i

Correction factor = *m;‘;é'.“o 5973 : _ . ,,,M,,
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{a} Mass curve
() Hyetograph
{c) Moving average

Mass Curve of Rainfall L

The mass curve of rainfall is & plot of the accumulated precipitation againat time. plotted in chronological order.
Records of float type and weighing bucket tvpe gauges ave of this fg;mM yourves of ramfall are very useful
n extracting the information on the duration and magnitude of a storm, Intensities at various time intervals
m a storm can be obtained from the slope of the curve. o

g Mass curve of vainfall
=60 e -

£ 50-fmene S

B 407 ;

2 30-

3, R

L=

2 :

= 10- !

e SU“' R = F i J
S0 2 40 e 8 w0 3o
K Tine (howr)

'Fig. 3.4

’ . o 0 . -
Average intensity in lst storm {A-B) = 50" 1 mm/hr

No rainfall during BC _ _
30
Average intensity in Znd storm Ch= % =15 mm/hr
No rainfall during DE
Hyetograph

A hyetograph is a plot of the in;aﬁé;ity of rainfall against the time interval, The hyetograph is derived from the
mass curve and 1s usually represernited as a bar chart. The area under a hyetograph represents the total
precipitation received in the period.

oy Hyetomraph of 4 storm
Total depth = 10,4 em
Puration = 48 hy

B D— T - h"_}_hm} .

-8 B-16 1024 24-32 32-40 4048
Time, hows

Fig. 25
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Moving Average

I we plot point rainfall (rainfall collected at raingauge station) with time in chronological order the fluctuations
will be large in the time series of rainfall. From this it will be difficult to determine the trend of the rainfall.
Thus a moving average plot 1s made which smoothens out the fluctations in time series and help in determining
the trend of rainfall. ' -

To find out moving average, for say 3 yrs., average of rainfall of Ist, 2nd and 3rd yrs is plotted against 2nd
yrs. average of Znd, 3rd and 4th yr is plotted against 3rd yr. and S0 o1

Similarly for b yr moving average, av. of rainfall of Ist, 2nd, 3rd, 4th and 5th ¥ 18 plotfed agsinst drd yr, av.
of 2nd, 3rd. 4th, 5th and 6th yr is plotted against 4th yr and so on.

g 5 years moving averagﬁ_ﬁ;‘g_ﬁﬁé )
) Tite sevies plotef 25 -
5§ A80 station fve precipitition
5 i . Aversge. 118 om
=L [EE; y 5 A s fi S ;!% ?
FOrAAALANL AN ALY T M« »\ i
= ¥ TE S X, T T 7
S so0b \ Ty TN
£ a0
[
&0
ZE 4
#3
£, -
LI YU T HE W YO T T T SO0 TN ST T S O T T S T
z 8 2 46 %10 1234 15 1820 23 24 26 28 S0-88-34 BAoGhr e s e
z .

Fig. 3.6

Example 3.5

'I‘he record of annual rainfall ata place is giv.én for 25 yéarﬁ, Find the $~yr and 3-yr mevmg .é?erage of the
rainfall data. o o o

Year o

1950 1951 1952 1953 1954 1955

1956 1957 1958 1959 1960 1961

1962 1963 1964 1965 1966 1967

1968 1969 1970 1971 1972 1973

1874 '
Annual rainfall (cm) o .

1180 945 760 875 927 713
178 851 1928 694 810 945
863 686 825 907 098 744
66.6 650 910 - 1068 1022 87.0
9 R

;_}‘. _ ":} RAASTE Gifice: F 120 Kavwaria Surai. New Debhi - 110415
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274, ]
2458 -
7
2649
208 .
208
9294
2828
398
296
273.2

“iAnwual vaingall
-3 yr moving averagg .
B moving aversge

o 50515253‘54555&5?58‘;95051&?536'16:555?586‘9?0?1?2?5.?ﬁ.:
' ' Year«w—»

The precipitation over a catchmenz 18 actually measured as point values at a finite nurber of precipitation
; stations (Raingauge. statwn)

However, hydrological analyaxs requires a knowledge not of point ramfall but of the rainfall over an area, such
as over a catchment,

.'_‘.‘i

To convert the point rainfall values at various stations into an average value over catchment, several methads
are gvailable.

(i} Arithmetical-mean method,
(5} Thiessen-polygon method
(111} Isohyetal method

%ES MA‘;TF“{? i T4 Lo
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Arithmetic Mean Method

+  The arithmetic mean method gives equal weights to all the rain gauges. Apart from being quick and casy,
it vields fairly accurate vesults if the rain gauges sve uniformly distributed and are under homogeneous
climate. Under normal situation this method is least agcurate method.

+  This method doesn’s take into account the raingauges located outside the catchment.

As per this method:

n

P is the average rainfall in the catchment

P, is the rainfall magnitude at the itt station inside catchment

n is the number of raingauges in the catchment.

Thiessen Polygon Method

This method considers the representative area for each rain gauges representative area can also be thoughi of
as the areas of influzence of each raingauge. These areas are found out using the following steps:

1. Jeining the rain gauge station locations by straight lines to form triangles.
9. Pisecting the edges of the triangles to form the so-called “Thiessen polygons”.

3. Calculate the area enclosed around-each-rain-gauge stations bounded by the polygon edges (and the
catchment boundary, wherever appropriaié} to fiid out the area of influence corresponding to the ramn
gauge. : '

P is the average vamfall in the catchment.

P, is the rainfall magnitude at the it station

A, is the avea of influence for the ™ station

A is the total area of the catchment,

¥, is weight of station ¢

2P AACTER Office: £ 126, Karwaria Sarai. New Dedbi - 120818 i




48 Hydrology CIVIL ENGINEERING

¢ Weighted average rainfall is ealculated by this method.

* Polygon needs to be caleulated only once for a given distribution of raingauge network. Thus once the weight
of a station is fixed thereafter caleuiation is easy,

*  The new polygon is required to be yedrawn w hen, due to addition or deletion of rain gauges to the network,
" weight of each station changes.

* This method takes care of non uniform distribution of raimgauge.

* However the variability in rain fall due to elevation dlﬁ'erences is ne
influence are not taken cave of),

¢ Hence polygon method is reliable oaly for plain areas and 1sohytel the cd 1s used for both plain and hilly
areas, -

Ecen care of (i.e. topographical

*  This method is more accurate than arithmetic method angi_'_tg efs_'ft:aré;bf raingauges located out side the

catchment alse,

Example 3.6

_ ; verage depth of rainfall for the catchment Wzth atr- ared of 200 km"" usmg arithmetic mean
methed and Thzesserz ‘polygon method. The rainfall amounts are indicated in mm st the respective gauge s1tes
Alse cempute E:he volame ‘of rain water in m? received by the catchment are m both cases.

ation’ Ramfailm Thiessen poiygfm area |’ Descnptmn '
{1 : ..--'__(mmy with in- catc}:ment malcie cateh_ en{: 1
o TP boundary (km? ) e _. Qut_slﬁe.@t&mentéﬁ
T 40 BRE TR P T
4 49 . 358 I
5 55 66 o
N . 88 472 oI
na " 48 415 1
84 15,0 0

Sol; The average depth ef ramfaii is determined as gwen beiaw_._ '
(1} Antkmetzc mean merhed :

There are oniy 4 ramvauge stations within the catchment area '
: -\’olume of rain water = Amd % depth of rainfall = A x P

ey ZOO X 43 kmz»mm

. (mexzom}xmom (zé ------- J 86 x 10°m®

'_'(1:) %zesse:z Paéygqn method

D I W e
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Lomputat:ous for Thiessen Yolygon Method c
m Thlessen p_ lygor

catchment bouadary kit

~ 2900

P.....Z!i

Average depth of ramfail

..... . B84 4197 mm
Vn!nmf* of rainwater = SPA, = 8353. 4 kmz»mm

' ~83534>< 105>< 1(}3“83534>< 105: m3

Isohyetal Method

« Isohyetal is a line joining points of equal rainfall magnitude. The area between two adjacent ischytes ia
determined by a planimeter.

s  This is the mest accurate method.
« Topographic influences are taken into account.
+  New isohyets have to be made for each rvainfall event.-
P = (LP,A)0A
P is the average rainfall i: the catchment
= (P, + P)2
A is the area between {wo successive 1sohytes P and P

A is the total avea of thf-, catchment.

P, mm isohyet
P, mm isohyet

P, mm wohyet

Avea A, and A, falls between fwo isohyets each. Hence, these areas may be thought of az corresponding fo
rainfall depth of (P, + P)2 and (P, + P12 respectively. For Area A we would expect yainfall to be different

b 5 | S MASTER Gffice 128, Retwaria Seral, New Delhi - 130015+ © 1}
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from P, but if no record of rainfall is available beyond the catchment, A, may be assume to correspond to P,
only. If however, rainfall vecord of area beyond catchment is available we can find the rainfall detph for avea,
A, by interpolation. Similar logic applies for area A,

Example 3.7§

. al rainfall over a catchment basin w
are &3 the average precipitation over f

| 95-105
105-115 | 104
Sol: Avéiaﬁé_?féci;ﬁitation is given as: _ - -
A Mﬁ + A, m%_jf& +ﬁ+ An@.lj f&*fﬁw
A A A A
= _-._1609(&5&) +3000] 35 9_““1J + 2300[%1593) 41000 1—95‘515_);« 760 '-ﬁ-ﬁii—g?}
RN S Nz NS 2 S T A U
o ' 1600 + 3000 + 2800 + 1000+ 900 +.700 -
(1600 x 80 +3000 x 90-+ 2800 x 100 + 1000110 + 900x 125 +700%145)

10,600

N é_“;:; 1002 em

*  Depth of rainfall at a raingauge station is called point rainfall. To convert the point yainfall datas to areal
rainfall data, [ie. to find out bow much of vainfall will sccur over various areas] Depth area duration curve
18 uged. '

« To find out the depth area duration curve for a rainfall of particular duration in a catchment. rainfall of
that duration is selected and followings steps are taken:

Step L: From the data of rainfall at different places of a catchment for a particular storm, wohyetal map is
prepared.

Step 2: Area hetween the ohyets are determined using planimeter.

Step 3: Area between Lwo wohyels s multipliad by the average of the corvesponding sohyets and hence volume
of rainfall in that area is found.

Step 4: Cumulative volume and cumulative area are caiculated.

m EE S MAQ_{F%V\) Cftee: [ 128 Natwaria Sarn SNew Dol - F1036 3
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Step 5: Cumulative volume i3 divided by cumulative area to know the average depth of rainfall over the
cumulative arvea for the chosen duration of rainfall. The same procedure is repeated for sther durations also,

Step 6: Average depth for a particular duration is pletted against the cumulative ares to obtain the DAD curve
for that duration of rainfall

Thus average depth of vainfall for 2 particular area can be
calculated from DAD curve. N o

For a given duration of rainfalls (say 6-hr rainfail} column (1), (&),
{3) will be known and from this {4}, (8), (6). (T) are caleulated,
Thus eurve is plotted with (7) as ovdinate and {5} as abscissa.

DAY curve can also be obtained from emperical equation like

- Average

0 e - FAY - :
P Pae o . depth

P = Average depth in catchment over an area A (km#%)

P, = Highest amount of rainfall in catchment at the storm {:entre

K, n = constant for & given region. They can be obtained by'
regression analysis.

ATEH ey

Baurt it is unlikely that the storm centre oomuci&s with the 1amgauge
station. Hence exact determination of Fy 1s not poss:ble

However, F;, can be calculated from the assumption that height rainfall over & raingauge in the catchment is
s - gYOTAEE éepih over an area of 25 km?. Hence

S K2
Pmax "" Pﬂe

From this P can be calculated.

Calenlation of DAD curve is done as follows:

Limits of isohyte‘;_; Average of Area Cuamzudative Volume of Cumulative Average
{mm)} for & rainfall of issqhyi‘és (k) area rainfall volume depth
particular duration {mm) {knr"} G fmmkm?) {(trurs}
1 2 3 4 =2x% 77 6 7= 64

G160 95 G.02 84.02 1.9 1.8 95,00

86-90 84 3.8 3.82 323 3249 85.05%

T6-80 7 211 24492 I682.5 1507.4 604

66-70 65 149.66 174.58 97279 11835.3 (.65

54-60 55 1158418 1358.76 65129.9 T6T6h.2 56.50

48-50) 45 317547 453423 14289615 219661.35 4845

3G-40 35 322101 TiH6.14 F12766.65 3324282 4286

23-30 20 16567 18432 84 20691575 589345.7 3252

26-10 15 873151 28164.38 145972.65 531835 .46

&-10 o T3.07 28237 92 3G7.85 745686.2 26.41

Now average depth 15 plotted against cumulative area to get depth area curve for 3 particular duration.

Office: F- 126, Ravwaris Sazai New Delhi- 14014 i
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In the design of hydranlic structures, we need to determine the design flood. The design flood will be determined
fz om the éesign storam. ’I‘o fmd out the &esign storm we tzeed to kncw the maximum rainfall of a particular

'Fh;s Is max DAD curve.

The amount of 24 hours rainfall in mm for different area (ie. D@D'%&ﬁfye of vainfall of various days}

Area ] YI1/19981 251111994 13/0471996 - 17133/15}9; b 186311997 | Maximum

Gy {rer) {rnan} {mm} {mm} vainfall
10 81.30 46.20 10920 . I 9572 F2.90 109.20
20 7886 4599 107.27 95.19 7022 107.27
50 75.05 4558 104,20 9418 66.65 104.20
100 7184 45.13 101,42 9308 63.72 101.42
200 68.20 44.49 9815, | 9158 60.58 98.15
500 62.78 43.23 9295 | 8873 56.12 92,95
1060 58.14 4183 - 88.23 85.65 5152 88.23
2000 52.98 3990 | 8288 £1.48 4869 82.68
3000 4970 38.45 7901 78.38 46.37 79.01
4000 4725 3794 7619 75,84 44.69 6,19
5000 45.28 3619 | 7387 73.65 43.36 7387

When the above maximur depth of vainfall is piotted w.r.t area we got maximum DAD curve, Max. DAD curve
can alse be plotted in terms of point rainfall percentage with area.

Point rainfall percentage means average depth over an area is how much percentage of peint rainfail
recorded by rainfall.

Point roin{all percentage
o™
=

i 115 i:LJG 375 00 825 7RG 8TF MW
Ares o'

I EBE L CRAALTET OFffice: F- 126, Katwaria Syens. New Dathi - 1190145
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III wﬂ,h area ef ecn,h mne as 100 _

£2 houm,tihouraan& 6 hours. :

Cumulative average rainfall of accumulated areas in fom

Time | Zonel | Zomel+Zonel | =~ Zone Il +Zone Il
Ly 8x100 .8:..5.1{)0 %5x399w0 Sh1 8x1.(.}.0.+’ix3009+2x‘%!}(}0 2574
100 00 T 600
4 14 Taer L 9.08
6 23, 18.16 | 1513
8 35 | 28.255 S 2467
.10 48 | ca0288 ©o | _35.21

Maxnnum depth of rainfall in any of the 2 hr P hr arzci 6 hr ramfaﬁ is

100 Kigh 13100 kmz_ - 16100 kn®
2he | 13[ Maxof |112.083 [ Maxef = 10.54

W-8=6 ™ | 1101-51=591 T

23-14%9 18.16 - 11.01 = 7.15

86-28=12{] | 28225~ 18.16 = 10.065

48 35=igll 40.258 - 28,295 = 12.033

4hr | 25 - 122.098 20.08
Ghr | 34 RETY ' 26.13

ES F\ﬂf}\ST{R _Q_ff_ice: Fel¥i Ranwaris ’:'\rn?z .‘\'-:v\\'_ Prodhio 1 E3S
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are as shown below

‘F_._ .

Frequency of Point Rainfall

In many hydraulic design, we need to know what is the chance of recurrence of a particuddar rainfall or what

is the probability that a particular raimnfall will not be exceeded during the design life of the structure.

*  Such information is obtained from the {requerzcy"éiﬁaiysis'of the point ramnfall data.

* Rainfall data when arranged in chronological order constitutes a time-series. (ne may prepave timeseries .
hike annual series or monthly series etc. of extieime value of an event (like extreme value of 24-hr rainfall).
For example if data for maximum magnitude of 24 hr rainfall in a year is collected year over year, we get

annual series of extreme value of 24 hr rainfall.

*  The purpose of the frequency analysis of an annual series is to obtain a relation between the magnitude

of the event and its probability of exceedence,

*+ Ifthe annual extreme series is arranged in decending order of magnitude and each position given a numbey

1 to N, 1 being given to the 1st i.e. largest value and N-given to least or last value, Then probability P

of a rainfall at position 'm’ being equalled or exceeded is given by

i m . . '
P el Plotticg position approach) Method P
LIS . - Y .
N I Weibull mf(N+1}
where N = no. allotted to the last position i.e. no. of y1. of record. o
_ o California m/N
Recurrence mterval or 1‘@&:‘[}?&1{:& is given by FHazen (i - 0.5)/N
T o 1 AN+l Chegodavev m-0.3)/{N + 0.9)
poom. Biom fm-0.44)/ (N+0.12)
Once the probability of exceedence has been determined one can also Gringorten {m-3/8)/(N+1/1)

find out certain other probabilities like;

B} Probabilily of occurrence of event. r. times in 2 successive yre = Prgv

in

R — e i’)r e
o dmor
{c} Probability of the event not oceuring at all in all n-successive yrs = "C Pl
: = qrr am (1 - P}!i

Various plotting position formula

Gifice: F 16 Kaiwaria Barai New Dol
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;1958 1950
9 1970 1971
112 89
are caicuidted as mdlcated m:"i‘abie' R _ » _ o
It may } he noted that when f.wo or more magmtudes are same {as'm = 13 and 14 m Tabie} P is ca}culated
'for f,he largest m value of the set, -
m : Ramfaii o me_gbi}it,y - Return pério&
ey - P Z(HI """ = 1P (ycars)
1 o 0043 2300
s . . 0.087 1150 - -
3 - 0130 ' 787
4 0174 BN -
3 i C 0217 .. : 460
6 E 0261 3.83
7 0.304 3.99
8 0.348 2.88 N
-9 0.391 256 -
10 0.435 - 230
A 0478 209
12 0522 1.92
13 — .
i S 89 {}6{}9(23) ]..84...
15 - 85 0.652 1.53
- 16 - 84 0698 1.44
17 83 0.739 1.35
18 ' 8.0 0.783 . 1.98
19 : 7.8 : 0.826 1.21
20 76 0.870 1.15
21 AN 0.813 110
2 S0 0.957 1.05

M B 111 C RAACTEL Office: F 190 Fatwarin Sarar wew Deihi - L1716
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Example 3.10

: b
2 4 68 2 4
' .10
- Return period 7 in years

For ramfdli 1(} cm T 2 4 years and P - 0.417, (ﬁ,.s obtained from g‘raph (}r by mterpol.itmn}l_f.- R

Annuai prempitatwn values at; a piace havzng 70 years of 1ec0rd can’ be tabu!at

' : Iiange {cm)

Ntmber of years'_

- <600

600799 .
©80.0-999
1 10001199
| 1200-1309
Cosu00

R oo

ETI-Y

Calculate the pfﬂbgbﬁity of having:
4] An aanuai ramfa!i Lqual to or Zaz ger than }.‘?{} cm,

EH An annual ramfali Zeas than 60 cm,

() Two successive years in which the annual ramfall is equal to or g‘reatcr than 140 em.

] m |2 I S O I T el o il Y
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'Probabzhty that ramfaﬁ excpeds 140 cm = ﬁ = (1.942

thabihty that ramfaﬂ > 140 em ocours twice in two successive yrs = 2C P2
= P = (0. 042}2 = 9 9018

s and récurrernce

:nterv als of the hxghest ten vaiues u,smg plottmg posztxon approach

yr | Annual rainfall {om)
2001 9
1999 | 9
1998

Tieerl g
1996 | 8

1 1995 | 6
1934 15
1993 20

11992 11
1991 9
1990 18]
1989 8
1988 23!
1987 17
1988 23]
1985 17

{. fﬁ S I\/EASTE R Offiga: 17136, .E{mn'ar-'m Sara, ‘\-w Da%hi . iiG{iif'S
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he value of

Intensity duration frequency curve estimates the rainfall intensities of different durations and recurrence

interval. These curves are used by engineers for risk assessment of dams, bridges, water drainage system.
storm sewers, runoff canals ete.

* They can also be used as a.pr'edicticn tool to identify when a certain rainfall rate or a specific volume of
flow will recur in the future that will ereat flooding havoc in an area.

- =40

£ 3 = 5 .

= % - Return period (1)

‘_‘_'}f N e Lo e —

7 30 £ ¢

= 25 2

-E 23 4-hours -

g 10- * Dzzreiii?n g 18*;

= 0 7 1 < g 11;;5412121;;11u41251111zu
10 100 1006 { 1 2 3 4 5 G

Return périod {vears)

, . .. . . Phration (I
Maximuwn intensify return perlod duration curves

. Maximun intensity-durarion-f YegQUency curves

‘J’. ;EW g {\\_/EA QNIF:;? (H¥fier D378 Luttoaria Qo Noee Thatfhe 180 Fa7 40 ]
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* C IDF curve is most often used fo express the severity of a single rainfall e\'enD

-

Curves are used in design with the assumption that past rainfall statistics continué to represent ramfaii
statistics into the future.

A simple use of IDF curve is illustrated as follows. Suppose one has to determine the design discharge of
a gtorm sewer with a censideration that 1ts return period is not less than § ym i.e. the risk of storm sewer
getting overflooded 14 acceptable once in Syvs. - - .

As per rational formula, runcff is maximom when the rainfall has durdtion equal to or more than the time
of concentration of the catchment Le. the time when eatire mtc,hmeni tar!;s centl thuitng fo the discharge
st outlet, '

Hence critical rainfall intensity is determined from IDF cuwrve corlespendmg o duration equal fo fime of
concentyation and frequency or return period equal to § yrs. -

A

{ntensity —a-

i le 5yrs
T
st TJiration
. o , , v jﬁﬁﬁff,
From this intensity (i), using rational formula Q&esigﬂ = A IC= mmeff coefﬁcmnt e A = Azca cf

catehment}, design discharge is caleulated.

IDTF curve is commonly expressed as:

KT
(D+a)”

where 1 = intensity, D = duration, T’ = return period

K, a, % n are constants for a given catchment.

Example 3.12

Plot the maximum intensity va. duration curve and maximum depth ve. duration curve,

* Time since - Cumulatwe ramfall '
start (in min) (m mm) o
40 0o

.30 8

260 1

190 21

120 36

150 43

184 49

210 52

240 53

90 TR

i_ . M 1D CAMAACTER Cffee F-120, Ratwaria Savad New Delhe . 11080y



60 Hydrology CIVIL ENGINEERING

_ '_'simé_ '.'(i?_aimuigtivia' : 5 posaibie txmmxﬁervai equai to
.
18
B R
14
4 s g
B

ntensity for 30 min duration = -

Maz';._ ihtepsi!:y for 60 min éuration =

4

Max mten‘;lty fcr 9{} mm duratmn = 1“;_; = 2(} mmfhr_

__'_Max mtensty for 129 min duratzon = %« = 18 5 mm!hr

Tty - 43 e
o _Max mtensxty for 150 min durai;mn T 1;2mmfh3:

L AG e
o Max mtensafy for 180 min duration =g = 16.33 mm/ihr

{mi}-

Max depth e

e

30 60 90 120 150 180

30 60 80 120 150 180
- BDuration (min)wu_“_*
- Max depth duration curve

e

Duration (min)

. Max intensity duration curve

¥

The probable maximum precipitation {(PMP; is defined as the greatest or extreme rainfall of a given duration

that is physically possible over a station or basin.

DAD of PMP is usually derived by taking the results of maximum depth area duration analysis and adjusting
them for most favourable hydrometer ological conditions that is possible to maximise the rainfall. From this

DAD of PMP is ghtained.

i I ;: K f\;‘?i—’\(wafI’ P DT o~ T TR
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PMP be ean be statistically estimated as

P = Mean annual rainfall series
K = Frequency factor
o = Standard deviation of series

PMP is used for design of large hyvdraulic structures like spillway of large dams such that there is virtually
no probabibify of failure.

Standard Project Storm (SPS)

For design of rajor and intermediate structure SP5 is use{i S?S is the greateé,t storm that may reasonably
be expected without modifying thie ramnfall data for fdvcurable h} drometerological conditions as was done in '
PMP.

Max Rainfall Observed (in any part of the world)
P 42'1.6 1)64?5

##

P =extreme rainfall depth (cim)
D = Buration in {hr}

OBJECTIVE QUESTIONS

1. An accurate estimate of average rainfall in a particular catchment area can be cbtained by
{a) arithmetic mean method (&) ischyetal method
{¢} normal ratio method (@) THIESSEN method

2. The percentage standard error of precipitation averages is often expressed functionally or graphically in
terms of (i} precipitating gauge network densify expressed as area per gauge, and (if) total area of catchment.
The percentage standardervor
(a} inereases with a'ti'_ea' per gauge as well us with total area
(b} decreases with aré&\ﬁér gauge as well as with total area
(@ Ingreases w ith'é'rég_pex‘ gauge bul decreases with total area
{d} decreases with avea per gauge but increases with total avea

3. If 'y’ is the precipitation, ‘a’ is the area represented by a rain gauge, and ‘n' i3 the number of vain gauges
in a catchment area, then the weighted mean rainfall iz

3 Yap
(a) {b} .........
F
ap Sap’
Eaﬂ () S

T T RAACTETe Gitice: 7196, Ratwaris Sari. New Debhi 310018
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4. Depth-Area-Duration curves of precipitation are drawn as

(@ minimizing envelopes through the appropriate data points

{a} maximizing envelopes through the appropriate data poinis

¢} best fit mean curves through the appropriate data points

{d} best it mean straight lines through the appropriate data points.

5. Mean precipitation over an area is best obtained from gauged ampixhts by
{a) arithmetic mean method -
&) Thiessen method
{0) hnearly interpolated ischyetal method

{d@ orographically weighted isohyetal method

6. Depth-Area-Duration curves would seem to resembie

&) arcs of circle concave upwards with duration jncr ising outward

() first quadrant limbs of hyperbolae with duration: .izicreési'zi"g' outward

(@ third quadrant limbs of hyperbolae with duration decreasing outward
(d) first quadrant limbs of hyperbolae with dura_tiqn_ﬁeéreasing outward,

7. The following rainfall data refors to station and B .wﬁi:é.l'z'are equidistant from station X

. Station - Station - Station
Long-term normal annual rainfall in mm 200 250 300
Annual rainfall in mm for the year 1840.. 140 P il
The value of P will be L
{ay 250 ) 220
€ 205 @ 200

8. Inawater-shed, four ra ingauges I, I, 11 and IV are instalied. Tle depths of normal annual rainfali at these
stations are 80, 75, 80 and 160 em respectively. The rain gauge at station 111 went out of order during a
particular yeay. The annual rainfall for that year, recorded at the remaining three stations was 90, 60 and
70 em. The rainfall at station II1 ¢an bhe considered as

{a) 60 cm b} 70 cm
{c} 80 cm & 120 em

9. The moving average of annual precipitation record is carried out to determine
{a) Trend
(b} Annual mean
€} Extreme annual variation
(@) Exireme seasonal varigtion

10. Match List-f (Hydrological terms) with List-II {Relationship/Nature of curve) and select the corvect answer
using the codes given below the lists:

: . f{“g NI/-\QTF!? COIFfioans T8 Kevinuin £awni STo. FL Il v e des 1
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Lisid
A. 'Theissen Polygon
B. Mass curve
C. Hyetograph
1. BAD curve
List-1¥
1. Average depth of rainfall over an area
2. Relationship of rainfall intensity and time
3. Relatienship of accumulated ramfall and time
4, Relationship of river run-off and time
. Always a falling curve

Cmies

A B C D
{@ 1 3 2 5
B 1 5 3 2
{c} 4 3 92 5
) 4 5 3 2

11 Mateh Liste] (Fype of precipitation) with ListT¥ (Prmczpal causes) and select the correct answer using the

:om%

13,

eodes gwen below the lists;

Convective

Mountain barrier

Frontal

Orographic

List-1l
1. Atmospheric disturbanecs
2. Mountain barvier
3 Pressure difference
4, 'Pemperature difference
5 Warm and cold air masses
Codes: _

A B C D
fay 1 4 5 2
by 4 3 5 2
© 1 4 2 5
(i 4 3 2 5

. A catehment arvea of 80 hectaves has a run-off coefficient of 0.4, A storm of duration larger than the time

of concentration of the catchment and of intensity 4.5 emifhy creates a peak discharge vate of
{a) 113 m¥s b} 0,45 m¥s
{} 450 m¥s & 4.3 m%s

The area between the two jzohyveles 43 om and 535 cm iz 100 k', and that between 55 15 100 kw7,
and that between 53 cm and 65 is 150 km®. What is the average dept;h of annual precpiiation over the
basin of 250 km®?

(ay 50 cm by 52 ¢m

(¢} 36 cm idy 80 cm

&i’?ﬁg P CAARARTER Offies: ¥ 120 Ratwaris Saral New Dodly o 30015 i
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i4.

15.

16,

17

18

19,

26,

For which one of the following purposes is the double mass curve used?

{a} Checking on the consistency of precipitation records.

{b} Prediction of annaul precipitation.

{c} Defining which periods of storm should be analyzed to obtain the maximum useful information from
storm rainfall records.

@ For estimating the capacity of a reservoir.

Which one of the following is not a major type of storm precipitation?
{a} Frontal sterm (b} Alr mass storm '
(©y Orographic storm @) Continental storm

Double mass curves are used _

(@) to ckeck on the consistency of precipitation records L
(b} as basis for storm rainfall analysis. - '

{c) to determine average rainfall over an area

() toindicate rainfall distribution

What is the Probable Masimum Precipisation (PMP)?

(a) Projected precipitation for a 100 year return period

(b} Maximum precipitation for all past recorded storms _.
(¢ Upper limit of rainfall, which is jnstified climatologically
{d} Effective precipitable water '

The rainfall hyetograph shows the variation of which one of the following?
{a) Cumulative depth of rainfall with time -

b} Rainfall depth with ares I

{c) Rainfall intensity with time

{d} Rainfall intensity with cumulative depth of rainfal]

The quantitative statement of the balance between water galns and losses 1n a certain basin during a
specified period of time is known as which one of the following?

1. Wuter budget '

2. Hydrologic budget

3. Groundwater budget

"""" er using the codes given below:

{a) 1only (b 2 only

) 3only {d} none of these

From the analysig of rainfall data at a particular station, It was found that a rainfall of 400 mm had a
return period of 20 years. What is the probability of rainfall equal {o or greater than 400 min vecurring
at least once in 10 successive vears?

{a) (0933 by ¥ - {095

ey 1-{0.05)1 () (005

. Inconsistency of rainfall data can be checked by which one of the following?

ta} Normal ratio method

(b Mass curve method

¢y Double mass curve method

) Depth duration frequeney curve

L
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22

A 4 hr storm had 4 cm of 1ainfall and the resulting divect runoff was 2.0 co. If the ¢ index remains at
the same value, the runcff due ic 10 cm of rainfall in 8 hr in the catchment 18

- {a) 60 em {b) 7.5 em

23,

25

) 2.3 em d) 2.8 em

What is ‘Hydrological Cycle’?

{a} Processes involved m the transfer of moisture from sea to land.

&) Processes involved in the transfer of moisture from sea back to sea again

() Processes involved in the transfer of water from snowmelf in mountains to sea

{d) Processes involved in the transfer of moisture from sea to land and back to sea again

. Consider the following with respect to ‘double mass curve’

1. Plot of accumulated rainfall with respect to two chwnciogzca] orderq

2. Plot for estimating multiple missing rainfall data -

3. Plot for checking the consistency of the rainfall data

4 Plot of aceumulated annual rainfall of 2 station vs. accumulated rainfall of a group of siations
Which of these statements are correct?

{a} 1and 3 ) 2 and 3

) 3and 4 ) Iand4

Generally to estimate PMP, P_ = 42.16D%1% ig used (P, 18 maximum depth of precipitation. D = duration).

 What are the units of P and D in the equation?

219,

28

{a) mm, sec () em, sec
{€} mm, hr ‘ ) em, hx

Gmbrometer (plaviometer} is used to mé_asur_e_
(@) soil moisture stress of a ;}lant o
(b) ramfall depth

(c} leafarea

{d) root zone depth

The coefficient of variation of the rainfall for six rain gauge stations in catchments was found to be 29.54%.
The optimum number of stations in the catchments for an admissible 10% error In the estimation of the
mean rainfall will be '

{a) 3 s
© 9 @ 12 s
The intensity of rainfall and time interval of a typical storm are:
Time interval Intensity of rainfall
(minutes) {mm/minute)

010 0.7

1620 1.1

20-30 232

30-40 15

40-50 1.2

50-60 13

60-%0 09

H-80 6.4

g [ E CMNMACTER Office: F-1448. Ravwarie Sarai, Now [eihi . 13416
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The maximum intensity of rainfall for 20 minutes duration of the storm is
(@) L5 mm/minute ) 1.85 mm/minute
) 2.2 mm/minute @ 3.7 mm/minute

L (b 9 (2) 17 (¢ S 95 ()
2 () 19. (a) 18, {c) 26. (b)
3 (© il )b 18 (a) 21 (o
Y L ay ) %. &

5 @ 13. (@) 2 (e

; 6 (b 4. (©) 22. (a)

i: G 15. () 23, 4d)

E 8 (0 16, () 24. (c)

4

|
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s CHAPTER

* In engineering hydrology, runoff is the prime subject of study. Before the rainfall reaches the ontlet of a
basin in the form of runoff, a part of the rainfall is lost through various processes, such as, Evaporation
(E), Transpuzation {T), Interception {I), Depression Sterage (DS} and Infiltration (1)

. » These processes E, T, I, DS and IL. arve termed as abstraction from precipitation.

+ Generally, transpiration is studied in conjunction-with evaporation from an area. hence the term
evapotranspiration is more commonly used. '

*  The process of transformation of liquid water into gaseous form is called evaporation.

»  The rate of evaporation is dependent on (i) the vapour pressures at the water surface and air above, (i) air
and water temperatures, (i) wind speed, {iv} atmospheric pressure. {v) quality of water, (vi) depth of water
body and (vii} shape and size of water body.

Vapour Pressure
The rate of evaporation is proportional to the difference between the saturation vapour pressure (¢, ) at the
existing water temperature, and the existing-actual vapour pressure in the an, e,
The relationship is given by:
£, =Cle, —e} Dalton's law
where. &, = rate of evaporation (mu/day), C = a constant; and ¢, and e, are in mam of mercury. Evaporation

continues tiil e = €. and if e, < ¢ . condensation takes place.

Temperature

The other factor remaining same, the rate of evaporation increases with an increase in the water temperature.

Wind
+  YWind aids in removing the evaporated water vapour from the zone of evaporation hence increase in wind
spead increaszes the scope of evaporation.

+  However, if the wind velocity s large enough {o remove all the evaporated water vapour {eritical wind
speed), any further increase in wind velocity does not influence the evaporaiion.




" Depth of Water \Bédy
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*  This critical wind-speed value is a function of the size of the water surface, For large waier bodies high
speed tarbulent winds are needed to cause maximum rate of evaporation.

Atmospheric Pressure

Other factors like heat Input remaining same, a decrease in the barometric pressure, as in high altitudes,
increases evaporation,

Water Quality

The rate of evaporation from water surfaces exposed to identical clim: it1ons rmay vary aceording to the
quality of water. For example, evaporation decreases by about I pex ent for every 1 per cent increase in salinity,
so that evaporation from sea water with an average salinity of aﬁ_bﬁt 8.5 per cent is some 2 to 3 per cent lesg
than evaporation from fresh water at the same temperature, -~ .5 -

* For shallow water body seasonal temperature of water matches with that of air above, This means that
maximum rates of evaporation from a shallow water body will- be experienced during the summer months.

In the case of a large deep water body, however, water temperatures commonly lag behind the temperatures
of the overlying air, :

* During the spring and early summer months considerable depths of water are slowly and gradually warmed
up by & part of the ncoming solar énergy which wold otherwise be available for evaporation. Subsequently ;
the slow release of this stored heat, by the deep water body during the autumy and winter monihs, means :
that a supply of heat energy in excess of that received directly from the sun is made available for
evaporation at that time of the year.

* Hence highest rates of evaporation from deep water bodies oceurs during the winter. Furthermore, during
winters, water vapour-laden air will be rapidly lifted away from the underlying water surface as a vesult :
of convectional activity, encouraged by the temperature gradient, whereas during the sumgmer, the colder
water will tend to cool and stabilize the air immediately above it and so inhibit the removal of vapour laden
air,

*  However, the effect of heat storage is essentially to change the seasonal evaporation rates and the annual
evaporation rate is seldom affected.

Size and Shape of Water Surface

Air moving across a large lake has a low water vapour content at the upwind edge and evaperation from the
lake surface will gradually incroase the water vapour content. Thus a vapour blanket is created over the Is ke,
the thickness of which increases m windward direction. There will be decrease in the rate of evaporation as
the vapour blanket in contact with water surface increases in thickness. Thus, the larger the lake, the greater
will be the total reductioh in evaporation, '

e
N
A

="Vapour blanket

= - “ [
Wind direction —mm— s
Fig, 4.1, Increasing humidity and decrcasing evaporation as air moves across a large water surface,

e : : 1.3
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But a small evaporating surfaces such as evaporimeters and pans exert little influence on the humidity of the
overlying air, The small amount of water vapour which leaves the surface, even with higher rates of evaporation,
is quickly dissipated as more dry air moves in and, in this way, a continuous high rate of evaperation is
maintained. '

The amount of waier evaporated from a water surface is estimated by, the followmg methods:

4y Using evaponmeter data,
(1) Elsing empirical evaporation equations, and
(it} Analytical methods.

Evaporimeters are watepconialrnng pans which are exposed to the a!.mosphere and the loss of water by
evaporation in them is measured at regular intervals.

« Class A fvaporation pan {US Weat-he;"}?»uxeaa}
+ ISI Standard Pan (Used in India)
+ Calorado Sunken Pan (Pan is sunk below ground such that water level in Pan is at ground level}

+ I8 Geological Survey Floating Pan (Simulates the characterization of large water body. The evaporimeter
is kept fleating in lake).

Pan Coefficient, C "
Evaporation pans are not exact models of large reservoirs.

in view of the above, the evaporation cbserved from a pan has to be corrected to obtain the value of evaporation
from a lzke under similar climatic and exposure conditions. Thus, a coefficient (C } iz introduced a«t shown

below:

in.which, C"U = pan coefficient. The_v___aiues of Cp in use for different pans are given in Table.

SLNo, Types of plan Average value Range
1 Class A Land Paa 076 3.60-0.80
2 181 ﬁ’a’n (Medified Class A) 0.80 0.64 110
3 | Colorade Sunken Pan 0.78 0.75-0.86
4 {8 G5 Fleating Pan 0.580 0.70-0.82

Evaporation Stations

It is usnal to install evaporation pans at such locations where other meterclogical data ave alzo simultaneously
being collected. As per WAMO recommendation.

T T < MASTER Dffice: P 176, Rarwarts Sarar, New Dol - 110506
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Arid zones Mixn of one station for every 30,000 km?,
Humid temperate chmates Min of one station for every 50,000 km?2 and
Cold regions Min of one station for every 100,000 km?

1. Estimation of Evaporation

: {1} empirical formuiae, and (2)

Methods of estimation of evaporation may be grouped into two categori
s-transfer method).

analytical methods (water budget method, energy balance method, ma

2. Empirical Formulae
£ o= K flu) {e, ~ e

_where, E, = lake evaporation in mmv/day; e = saturated vapour e:at the watar-surface tempevature, in
mm of mercury; e, = actual vapour pressure of overlying airat a'specified height, in mm of mercury: f(u) =
wind speed corvection function: and X is a coefficient. The term e is measured at the same height at which

wind speed is measured. The commonly used empirical evé;&_ér’ai_;iqn formulae is:
3. Meyer’s Formula {1915}
Lou
EL =Ky (ew.“-“ e_a)[l;f 1—?7)

3

1a which, E. e, ., are as defined above; i, = monthly méan wind velocity in km/h at about 9 m above the

ground; K, = 0.36 for large deep and 0.50 far-sﬁﬁal},?jﬁh&;biv'-&v&tezﬁ;------~--~---~------- e

Often, the wind-velocity data would be available at an elevation other than that needed in the particular
equation. However, it is known that in the lower part of the atmosphere, up to a height of abowt 500 m above
the ground level, the wind velocity can be assumed to follow the 1/7 power law as

i;:u C h,” T

LI M
where u, = wind velocity at a height & (in meter) above the ground in km/he and C = constant. This equation
can be used to determine the velocity at any desived level if i, 18 knows.

Example 4.1%

A reservmr wzthsurt‘ace 'aifeé of 250 :hecté_r'f_es =b?s_:f_éa_.tur:a_§i§ﬁ' véi;{_a_zﬁ_r;préésufe at wéter surface = 17.64 mm
of Hg and actual vapoar preseure of air = 7.02 mm, Wind velocity at 1 m ‘above ground sutface = 16 ki/

k. Es_t"%'z_r_ia_i;e the average daily evaporation from the lake using _M?:Yer’é formnla.

Soi':_-__. e

il

o g = 7.02 mm
Wind speed of 8 m above ground = u,

_ '1‘1, ~ C{DH‘?
= Pl
By o9

:::’ u, = OV x u, o
' {37 x 16 = 219 kmthy

H

hence using Mayer's formula )
R s _ PRI s K-

0.36 (17.54~7.02) (1 +m_)
= 8.97 mnvday

&
i

s
!
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2. Analytical Methods

The analytical methods for the determunation of lake evaporation can be breadly classified info three categories
as: )

() Water-budget method N
{1} Energy balance method anc.l
i) Mass transfer method

{i) Water-Budget Method

The water-badget methed is the simplest of the three analytical metiwds and is algo the least reliable. In this
‘method we write the hydrological continuity equation for the: lake and detelmme the evaporation from the
knowledge 0¥ estimiation of other vanables

Prv +V, =V v, _+'1£L Y +'TL

where £ = daily precipitation

V., = daily surface inflow info the lake

(ii) Energy~BaIance Method

The energy budget method uses the law of conservation of energy. The energy available for evaporation is
determined by considering the incoming energy. outgoing energy, and energy stoved in the water body over a
known #ime mnterval

From the energy available for evaporation, the value of evaporation rate is calculated,

E{” =H, v H +H +H +H, -

where H = net heat energy received by the water surface.
H=H (3-1n-H,

H (1~ r}= mcoming solar radiation into a surface
= back radiation

r = veflection coefficient

H, = sensible heat transfer from water surface to air,

H_ = heat flux info the ground.

a
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H, = net heat conducted out of the system by water flow (advected energy}, and
H, = heat energy used up in evaparation,
= pLE,
where, p= density of water
L = latent heat of evaperation, and

E; = evaporation in mm

Back radiation  Heat 1‘“’3 to
air B,

b
Reflecied B

Sular radiation
H

Heat flux into
the gmund H

Eig 4 2 Lnergy balanoe in & water body.

All the enexrgy terms are in calories per square mm pel day. I the time periods are short, the terms H_ and
H, can be neglected as negligibly small. Alf the terms- except H, can either be measured or evaluated mdn‘ectly
The sensthle heat term H , which cannot be rea(iz}y meaqmed 1s estimated using Bowen’s vatio § given by the
following expression:

s {T.~T}
e w8 x 107 x p el
B ol EL * (e,, ~e,}

where p_ = atmospheric pressure in mm of mercury, e, = saturated vapour pressure in mm of mercury, ¢, =
actual vapour pressure of air in mm of mercury, T = temperature of water surface in °C, and T = temperatme
of axr in °C. Hence E, can be evaluated or:

H ~-H,~-H ~H,
Li+p ;

EL =

-Caiculate by energy balance method, the evaporation rate from an opezx waLer surfa{,e if the net radla%wn
is 90{} W/m? and the tempercxtule 18 25°C, assuming no sensible hedt or'ground heat flux,

At 25°C, densztv of water is 997 kg/m®, latent heat of - \rapormatlon = 9441&3!11“

Sol itis assumed that the temperature of watez i8 conbtant in time, and the only change in the heat that
1s stored in a volume of water is the change'in the internal energy of water tha%: ig evaporated.

Ml CMACTER B R CRE W T o )
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=)
i
'
H
H

Since.all the terms ;aré 2610 oY geg'}i’gibiy.s_mgﬁ*f ahor
: -is equal o pL E,, wé have; "

(iii) Mass-Transfer Methed

This method, baséd on theories of turbulent mass transfer in a boundary layer, allows to calculate the transfer
of mass of water vapour from the surface to the surrounding.

The volume of water lost due to evaporation from a re_aserveir-in--a-‘m@nth-is'-calmlatﬂd-by--%he- formulas -
Ve m_:AEpm Cp
Ve = volume of water lost in evaporation during a months (m®),
A ® average reservolr area (},e,, water spfead} during the month {m?),

= pan evaporation loss in metres in a month,

= (K, in mm/day} x {No of days in the month X 10%), and
€ = relevant pan coeffoent.

The various methods available for reduction of evaporation losses can be considered under three categories, such
a8 .
I

{i} Reduction of Surface Area

Since the volume of water lost by evaporation is divectly proportional to the surface area of the water body. Deep
reservoirs in place of wider ones wiil reduce evaporatien losses.

{ii} Mechanical Covers

Permanent roofftemporary roof reduces lake evaporation,

{iii} Chemical Films

Certain chemicals such as cetvie aleohol (thexadecan) and stearvie aleohol (octadecanol} form layers on a water

surface. These lavers acl as evaporation inhibitors by preventing the water molecules to escape past them.
Application of a thin chemieal film on the water surface reduces evaporation.

m FECAASTER Office: FA435) Retwarh Sapsd New Polhy  1HOIR
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Transpiration has been defined as the process by which water vapeur escapes from the living plant, principally
through its leaves, into the atmosphere.

In an area covered with vegation it is difficult and alse unnecessary from practical view point to.separately
evaluate evaporation and transpiration. It is more convenient to estimate.the evapotranspiration directly. Only
over those areas of earth’s surface where no vegetation is present will purely evaporation occur. Kvapotranspiration
represents the most important aspect of water loss in the hydrologic cycle.

The texm consumptive use is also used fo denote this foss by evapotranspiration, If sufficient moisture 1s always
available o completely meet the needs of vegetation fully covering the area, the resulting evapotranspiration
is called potential evapotranspiration {PET}. Potential evapotranspiration dees not depend on soil and plant
factors but depends essentially on climatic factors, The real evapétxa_nspiz#qtion cccurring in a specific situation
1 called actual evapotranspiration (AET). L :

Field capacity is the maximumn quantiy of water that the soil can retain against the force of gravity. Permanent
wilting point is the moisture content of a soil at which the plant wilts and does not recover in a humid climate.
At this stage, even though the soil contains some moisture, it will be so held by the soil grains that the roots
of the plants are not able o extract it in sufficient quantities Lo sustain the plants and consequently the planis

wikt. The field capacity and permanent wilting point depend upon the soil characteristics, The difference between

these two moisture contents is called available water {the moisture available for plant growth),

*  If the seil moisture is at the feld capacity AET = PET, 'If' the water supply is less than PET. the soil dries

~ouf-and-the-ratio AET/PET would then be I_éss than unity.

*  The decrease of the ratio ART/PET with ayai'labic moisture depends upon the type of soil and rate of drying.
Generally, for clayey soils, ART/PET #'L0 for nearly 50% drop in the available meoisture. When the soil
moisture reaches the permanent wilting point, the AET reduces to zero,

&

100 e

. 50_ = Sandy soi

PET percentage)

AET

o i 1 i ] 1 1 ; -
0 80 60 40 24 1)
‘EC Per cent available moistige |

Fig. 43. Vanation of AET

The measurement of evapotranspiration for a given vegetation type can be carried out in two ways; either by
using lysimeters or by the use of feld plots,

Lysimeter

A lysimeter {alse known as evapotranspironieler) consists of 2 civeular tank filled with s0il and individual Crops
or natural vegelation, for which the evapotranspivation is required. [t is buried 20 that its top iz Buzh with the

] \Z g g MAS?{E? Office: ¥ 124 Katwiris Sarmr Naw Thlhe o 118 604 T
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surrounding ground surface. The sides of the lysimetar are impervious whereas the botfom is pervious. Water
passing through the soil column is collected at. the battom and conducted through a small tube to a measuring
gauge in an adjacent pit. Evapotranspivation is caleulated as

ART = W + W,y =W, - W,

W, = oriminal wt of container + soil + plant + water moisture
W, = water added
W = water collected at bottom

WS[ = final wi of container content

Field Experimental Plots
» In this method an irrigation plot 15 chosen and the am_@ﬁ;pts of Et';ra"'zk_n" added to the irrigation plot by way
_ of precipitation and irrigation are measured along with'runoff

+  The moisture content in various layers of the soil within the root zone depth are measured both at beginning
ang end of the crop season. Then the evapotranspiration ¢ computed as

ET=1-Q A8

whera [ 1s the total inflow in mm including precipitatiqu and irrigation water, @ 1s the total surface runoff
in mm and AS is the increase in soil moisture stordge in mm ‘

Penman's equation is, based on comb‘wétionbftbe energy-balance and mass-transfer approaches.

PET = AU, )+ By

PET = daily potential evapoiranspiration, in mm per day,

A = slope of the saturatiofi Vapowr pressure vs temperature curve at the mean air temperature, in mm
of mercury per °C

H = npet radiation, in mi, of evaporable water per day,
E, = parameter including wind velocity and saturation deficit, and

y = psychometric constant = 0.49 mm of mereury/°C.

Empirical Formulae

Blaney-Criddle formula

This is a purely empirical formula based on data from arid western United States. This formula assumes that
the PET is related to the hours of sunshine and temperautre, which are taken as a measure of solar radiation
on 4 given area. The potential evapotranspiration in a crop-growing season s given by

E, =2.54K ${P, x7,/100|

P AASTER i Gffice: F.126. Revwurds Surar New Dodhi - 110016 [
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P
M

£ = PET in a crop season, in cm,
K = an empirical coefficient, depending on the type of the crop, month and locality
L = sum of monthly consumptive use factors for the period,

P, = monthly percent of annual day-time hours, depending on the Jatitude of the place and
’Z} = mean monthly temperature, in °F.

11 ' asan November'to Feb1 vary in whu:h whea :s gr' 'n Th: aiea
eth India‘at a 't:tude sf30°N with medn 3 ; .

%ontﬁ!y pementage of | ?19 L s 7300 “7.08 o .
- amaual day time (hr) |~ o R |
Take K=0 65 -

Uke t.he Biauey' _ mddie'formuiaa

Soi ’I‘he temperatureb ane conver&ed to Fa}zmnhezt and the calcuiatxon% are perfonned the foiiowmg table

rN;,-‘g_._ -;’:'-f" 5171 1o

I}ec ST . 15 -

1 dan | 518 7.30 37

e, | s8] 7o 408 |
CERTN00 = 1626

By B’;a'ﬁegr;cﬁddze foriniizé" o
' : -F-w254><16‘>6xi}65~‘?685cm

*Isopiethsm’i‘he %mes ofi & - map through places having equal depths of evapotranspiration.

Inferception is that portion sf total precipitation which, while falling on the surface of the earth, is in tercepted
by the surfaces of buildings vegetation cover on the ground. roads and pavement etc., and subsequently lost by
evaporation,

The three main components of interception by vegetal cover are defined below:

Interception Loss: Water which is retained on a surface. as mentioned shove, and which is later evaporated
away,

e BB [T CRAACTER Bifice F 100, Rotanria Saval, o Ttk 116 410 1
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Through Fall: Water which drips through comes down from the leaves, etc. onto the ground surface.
Stem Flow: Water which trickles along the branches and finally down the main trunk onto the ground surface.
Thus, it 15 only the interception loss that does not reach the ground surface; and it may be regarded as a
primary water loss.

It is found that coniferous trees have more mterception loss than deciduous ones. Also, dense grasses have
nearly same interception losses as full-growtn trees and can account for nearly 20% of the total rainfall in the
season. Agricultural crops in their growing season also contribute high interception losses.

Depression Storage

When the precipitation of a storm reaches the ground, it must Hrst fill up all depressions before it ean flow
over the surface. The volume of water trapped in these depressions is calléd depression storage.

Rainfali held in these depressions does not contribute o sqz&fface runoff unless these are filled to capacity.

his amount is eventually lost through processes of infiltration-and-evaporation-and thus form a part of the
initial To§) o

Infiltration is that process by which precipitation moves downward through the surface of the earth and
replenishes soil moisture, recharges aquifers, and ultimately supports streamflows during dry periods.

i
b3
|

A distinction: is to be made between the terms infiliration and percolation, the latter being used fo describe
the downward flow of water through the zone of aeration towards the water table, the former being restricted
to the entry of water through the surface layers of the soil.

Along wilh interception, depression storage, and storm period evaporation {evaporation during ramfall), infiltration
determines the availability, if any, of the precipitation input for generating overland flows.

(Infilteration + Depression storage + Interception) = (Rainfall —~ Runoff

During a major storm, capable of producing a flood, evapotranspivation loss is generally negligible and losses
by interception and depression storage ate small cornpared to infiltration.

He_nce’ infiltration + 0 + 0 = Rainfall - Runoff

Infiliration continues as long as there is a supply of water al the soil surface either by direct precipitation or
by a flowing sheet of wafer.

If the intensity of rainfall is less, all the water infilterating into the soil gets slored as soil moisture and doesniot
contribute to the ground water flow. If however the rainfall intensity is more, the soil gets saturated and there
after contribution to ground water flow starts.

Factors Affecting Infiltration

Infiltration capacity (£} is defined as the maximum rate at which ramn can be absorbed by a zo1l in & given
condsion,

The infiltration process is affected by a large number of factors as discussed below.
Rainfall Characteristics

The actual rate of infiliration, /. at a given ume can be expressed as

B 0 OTAASTER Gffice: F-190L Rarwaris Sarar ew Doty - HADIE
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f={, wheni> £,
f=1 wheni< £,
where, 1 is intensity of rainfall and 7. 1s the infiltration capacity at a given fime; i, fand [, ave expressed in

cm/hr or mmiminute. The infiltration capacity /) of a soil is high at the begimning of a storm and has an
exponential decay as the time elapses. . ' : '

T,

Unifarm rainfali intensity § > §

o D1y soil S
-Moist seil - A

FHNE e _
Fig. 4.4 Variation of infiltration capacity with time.

Increase in rainfall intensity is reflected in an nerease in the size of raindrops, and consequently in an increase
in their compacting force while the drops strike the ground surface. Thus, an inverse relationship between
infiltration and rainfall intensity may occur under such conditions.

Characteristics of Soil

A loose permeable sandy soil will have a Ia_zger infiltration capacity than a light elayey soil. Clayey soils can
be rendered virtually impermeable due o raindrop compaction, whereas clean sandy soils are much less
susceptible to rain compaction.

A dry soil can absorh more water than t}ie-&oil whese pores are already full of water,
Surface Cover |
A vegetation cover tends to increase mfiltration by
(i) retavding surface ﬂow, and thus allowing more time for water o enter the soil,
{it) shielding the soil surface from direct im pact of rain drops, thereby reducing surface compaction,

Spread of buildings and paved 'sﬁl'faces in urban areas effetively reduces the infiltration capacities, of various
patches of ground to zero and thus contributes significantly to the frequency of fload peaks in such areas.

Characteristics of iz_lfiitr_ating Water

Viscosity of water and, therefq"z_‘e, the ease with which it may move through soil pore spaces, varies with water
temperature. 4 i3 therefore, expected that temperature will tend to exert some influence on the rate of infiltration,

Infiltration characteristics of soil. at a given location, can he obtained by conducting controlled experiments on
small areas. The experimental set-up is called an infiltrometer. There are two kinds of infiltrometers;

i} Flooding type iﬁﬁitz‘oniewm and
(8} Rainfall simulator

Nole: Infilteration can alzo be found from hvdrograph analvsis.

O Ffign: Fordin I B s e
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Flooding Type Infiltrometer

' ; . 'This is a simple instrument consisting essentially of a metal cylinder. This aylinder is driven into the ground
to a depth of 50 om.

A4
—‘T:

VAR

Fig. 45 Flooding tvpe mﬁltmmeter o

s
¥

+  Water is poured into the fop part in a depth of 5 em and a pomter is set to mark the water ievel Ae
infiltration proceeds, the volume is made up by adding water from a buvetie to keep the water level at the
tip of the pointer. Knowing the volume of water added at different time miervals, the plot of the méiltration
capacify uvs time s obtained '

+ A major objection fo this simple infiltrometer is that the unfiltered water spreads at the outlet from the
tube {as shown by dotted lines in the figure}, and as such the tube area is net z‘eprewntatzve of the area
inte which infiltration takes palce.

_* To overcome this lac:uria a ring infiltrometer consisting of a set of two concentric rings is used.

« In this infilirometer fwo concentrie nings are inserted inte the ground and the water depth is maintained
on the soii surface as discussed above, in both the rings, to a commeon fixed level. The outer ring provides
a water Jacket to the infiltering water of the inner ring, and hence prevent, to a large extent, the spreading
out of the infillering water with respéct {o the inner tube. The measurement of water volume 1s done for
the inner ring only.

The main disadvantages of a flooding type miltrometer are:

) the raindrop-impact effect is not simulated,

(i} the driving of the fube or rings disturbs the soil structure, and

P G cm .
: " em o L ~[nner ring
: ] Quter rin
. 4 g kel Kv e £
T i T .
Gl T U B T T G L.
230 m i et 1t : 15 ¢m driven
i *-. 3 El El N
' ] L I ; inte ground
9 I I ! 4 1 Y r
SRR ) Y )
7 z} / . kY *
x " LY N

Infiltrating water

Fig, 4.6, ling mfiltrometer

Rainfall Simulator

» Here, a small plot of land, of about 2 m » 4 m size 15 provided with a series of nozeles on the longer side,
with arrangements to collect and measure the surface runoff rate.

»  The apecially designed nozzles produce raindrops falling from a height of 2 m. and arc also capable of
roducing various indensities of rainfall.
FE S MASTER Office: F-126 Hatwaria Saval, Now el 130016 i
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*  Experiments are conducted under controlled conditions with various combinations of intensity and duration,
and the consequent surface runoff is measured in each case.

*  Using the water-budget equation invelving the volume of rainfall, infiltration and ru noff, the infiltration
rate and its variation with time is calculated.

¢ If the rainfall infensity is higher than the infiltration rate, infiltration capacity values are obtained.

. Bm@mmmmmmmmvmhmmm&&mmﬁmm
1o the effect of rainfall impact and turhidity of the surface water o iri'the former.

Empirical Infiltration Equations

Under given soil type and antecedent moisture conditions, there will be anindtial infiltration rate, f,. This rate
will decrease as more water gets infiltrated, finally achieving’, _ int rate, ., e, ultimate infiltration
capacity. This infiliration capacity rate prevails when the soile'is sa >d. The parameters £, /, and the decay
of infiltration capacity are functions of the soil moisture conditions, vegetation, rainfall, intensity and soil
surface conditions. s

Several empirical equatiéns mncorporating the above mentioned factors, affecting the behaviour of the soil have
been proposed.

{8} Green-Arapt Model

(b Horton Infiltration Equation

{¢) Huggins-Monka Equation
) Soil Conservation Service Practice
{e) Antecedent Precipitation Method

Horton infiliration equation. as an ex_ainpie, is discussed herein, It takes the form

F=falf,~f)e™]

where, In practice, fy £, and @ {a constant} are parameters to be estimated from the given datfa; ¢ is the
napierian base and o is a constant and ¢ is the time from the beginning of rainfall.

The equation is applicable only when rainfall less by retention is greater than or equal to /.

)

[=+]

- Iytial infiltration rate - f,

F e

AT

- Infiltration carve

I

v e Final constant rate = f,

} - - ) .. . I N s e e
; If

Infibetion ras

14

G 2 4 6 8 10 12 14 16 18 26 22
Time { min

Fig. 4.7. Infiltration capacity va time.
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Relation of Infiltration to Runoff

»  During a major sterm, capable of preducing flood conditions in & river basin, evapobranspiration losses are
negligible and losses by mterception and depression storage are amall compared to the amount of imflration.

e  Too low a rate of infiltration causes high runoff and too high a rate of infiltration resuits in lew runoff.

o Infitration reduces floods and soil erosion and furnishes stream flow during the periods of dry weather. and

also provides water for the growth of plants as well as recharges th

ground water reservoir.

o In hydrological caleulations involving floods, it 1s found canvenif_a‘_%ﬂ;'- fo se a sonstant value of infiltration

rate for the duration of the storm. The average infilfvation rate 1s-call
of indices, in this regards are in common use one such index 1§ §-index.

éci:_infiltmzion index and two fypes
‘The ¢-index 15 the average rainfail

above which the rainfall volume is equal to the runeff volume. -

¢ The g-index is dervied from the rainfall hyetograph with thel

initial loss is alse considered as a part of infilivation.

. dge of the resulting runofl volume. The

¢ The ¢ value is found by treating this vaive as a eonstant mfiliration capacity.

e If the rainfall intensity is less than ¢ then the mfikiration rate is equal to the rainfall intensity.

e The amount of rainfall in excess of the index is called rainfall excess.

+ The ¢ indes thus accounts for the total abstraction and enables runoff magnitudes to be estimated for a

given rainfall hyefograph.

e,
=

&

=

= - Rumnoff

-'{:'

b

]

= 3

K idindex

i 1 . -
24 T »

Time ¢hr}, in min

0 7 4 6 810121416

Fig. 4.8 Infiltration loss by ¢index.

In estimating the maximum foods for design purposes, in the absence of any other data, a g-index value of .10

emv/h can be assumed.

W-index

It is the average infilteration rate or the infilteration capacity averaged over the wheale storm period.

W

inday T

W.index is always kess than & index.
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A Example 4.4

" A storm with 10 cm of precipitation produced a direct runoff of 5.8 em. The duration of the ramfall was 16 hours
and its time distribution is given as below:

Time from start ¢hr) 8 2 -4 6 ‘B 10 12 ¥ 18
Cumulative rainfall (em)0 0.4 1.3 28 ' 85 85 100

Estimate the ¢-index of the storm.

Sel:
Time from | Camulative | Incremental raj_j;fai_i ' _]_E{_éiinfail intensity I
start (hr} | rainfall fom) rainfall em) "L 2 (enifhr)o.. SO
0 0 0o - |~ 0
2 0.4 G4 6.2
4 1.3 4.9 8.45
6 2.8 1.5 0.5
8 5.1 23 115
: 10 6.9 18 : 0.90
12 8.5 _ 16 0.80
id 9.5 16 . 0.50
16 10.0 05 0.25
?
= 115
E ' 6.9
g 0.75 08
g
m 0.45 0.5
Q;\inde;\‘.. ......... FAE AN S NI SRR BN s LILTTTY [
’ : G.25
6.2
T T Y T
TIRE

Rainfall hyetograph

Time of rainfall = 16 hr

TECAfACTOR e
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4.2
If infilteration is assumed constant, the infilteration vate will be Te ™ 0.2625 em/hr. But this infilteration rate

ean not be possibie thmughouz the time period of 16 hrs because from 6-2 hr and 14-16 by, rainfall vate iz lesser
and infilferation rate can never be more than rainfall rate.

Thus, $-index will be some where between (.25 em/hr fo 0.45 emvhr.
= Time of rainfall excess = 12 hr.

4.2-0.2x2-0.25x32
12

¢andex =

= §.275 cwfhr

Example 4.5

m--:e--':_:_occureei over a. basm in; the faiiowm_ i’iash

- % of catchmez:t area d>-mdex (cm’h}

20 B 1‘.0[}
30 0.7
- 50 {.50 o
o '  Rainfall em)
1;% hour 2;1& ﬁour 3rd hour . |
08 ¢ 23 15
LT 18
10 - 25 08

Estlmate the runeff ft'om the catchment due to qtorm

Sol: Veiumeofmnoﬁ [(23-1}X1+(15-i)><1]><02A+{(21w(}£5)><14(1 G?ﬁ)XIIX{}SA
+{(1 Oo)X1+(2 (}5)XI}X(}5A+((}8 (}’S)Xl o

Volume of r mmff 2 244

wheze A= Area of r‘atchment S
Volume of runoff

Bu_ne_ff ave_Faggd _m__!gr the catchment in d__ept_h = T tal catchment area’

= 2.24 em -

The fﬂﬂowmg 1s the ee*!, of observed data f{;r suoces:swe 15 mmutes penod ef i05 mmutes storm in a
caf,chment : :

Duration (min) | 15 1 30 | 48 { 60 | 75 | 90 1105
Rainfaiz (cmfhr} 2.0 1 20108 70 1.95 1195 | 45

Ef the value of é«znéet is 3 em/hr, estimate the net runoff, the t{}tal rainfall and the vaiue of W.index.

B TT C AAACTLD Office: F-195. hatw i Garar wew Dothi - 110 015
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om the given rainfll shown.

“é-indéx = 3 cm/hr

-;": F;:‘i“:‘:j .r x. - o ﬁ-:ifx " i "‘ .
15 30745 60 75 90 105 120
i VT —

The hatched portion s_ho#_v's _i.ih_e_ total r_;i_ne.ﬁ?, éﬁd:;t'?_:i:g_dbf,t'ed portion shows the total infiltration, : .
8 = (BB T BI% - 4 (4.5 =B %
- Total runoff = ( | }%.__9_0 :(._ )x&]( ._  >_ i

= BX oA g b 1 Ex 2
60" 6D ST ¢

125 +10% 037
2.6% om |

I}

11

‘ 30 15 15 .. 30 15

ipifation = 2x e ¥ 8y I 4 Y b 125Nt B X
&iso, Total precipitation : 60 0" XGO AOXES xa(}
=142+ 175 +0625 + 1125

=65 cm

,,,,,,,,,, Preéipitat-ion —Runcff 6.5 -.2...825 L
e - = e = 2 21 cmifhy
Duration of rainfall in hr 105/60 _

L Mateh List-I with List-II and select the correct answer using the codes given below the hists:
List] List-11
A, Anemometer L Humidity
B. Rain simulater 2. Evapotranspiration

e BB T CRAATTED e — -
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we

8.

U ERE T T C ZAacTED Dffiee P50 W

C. Lysimeter 3. Infiration
D Hygrorileter 4. Wind speed
Codes:
A B C D
(a} 4 3 i 2
by 8 4 H 2
{ 4 3 2 1
@ 3 4 2 1

A 3-hour storm on a small drainage basmn produced ramnfall mténszfles 'cf 3.5 em/hr, 4.2 ey and 2.9 e/
hr in successive hours. If the surface runoff due to the smrm 15 8 cem, then the value of ¢-index will be

{a) 2.212 em/'hr b 2,331 em/inn
) 2.412 cw/hr {y 2.533 em'hr

Match List-I with List-li and select the correct answer usmg the codes given below the lists:
List.1

findex

Lysimeter

Dilutidn technique

Snyder’s equation]

List-$}

vawp

1. Used for measurement of evapotianspxratlon for given vegetation
2 Used for flow measurement _
3. Average ramfail above which the rainfaﬁ volume is equal fo the runoff volume
4. Relates the basin lag fo the basin Lharacteristxcs
Codes,
A B C D
(&) 3 1 2 4
b 4- 2 i 3
& 3 2 1 4
& 4 i p 3

A & hour rainstorm with hourly intensities of 7, 18, 25, 17, b and 3 mm/howr produced a runoff of 39 mm.
Then, the ¢index is

{a} 3 mm/bour {7 mmfhour

{3 8 mm/hour () 10 mm'hour

The Penman's evapo-transpiralion equation is based on
(a) water budget method

(b) energy balance method

{¢} mass iransfer method

{d) energy balance and massa transfer approach

A storm with 14 om precipitation produced a direct runoff of 8 eni. The time distribution of the storm is
as shown in the table below,

in Leewr New Fanlhi - 3161114 i
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Time from start Incremental
(hi rainfall in em
1 1.0
2 : 2.0
3 2.8
4 3.3
3 25
8 18
7 06

¥/,

10,

1L

What is the value of ¢-index of the storm?
(@) 8.5 em/h R 0.7 em/h

@ 08emh @ 0.9 e/

A 6 lour storm has 6 cm of rainfall and the resulting runoff was 3 cm. If ¢-index remuins at the same
value, which one of the following is the runoff due to 12 cm of ramfall in 9 hours in the catchment?
(a} 45 cm \ b 6.0 cm

&) 7.5 cm { 9.0

Penman’s equation is based on

{a} energy dubgeting only :
(b} Energy budgeting and water budgeting ~ .
{e} Energy budgeting and mass transfer

(d) Water budgeting and mass transfor

A standard, ground-based evaporation pan, corresponding to Indian Standards, is installed at the banks of
a surface reservoir. The water surface area on a particular day is 100 hectares. The recorded evaporation
loss from the pan, on a certain day, is nearly 4.0 em. What s the anticipated evaporation loss from the
reservoir for that day?

&) {1810 2) x 10 m? per day

b} (2.5 to 2.75) x 10* m® per day

(© (3.0 to 3.25) ¥ 10' m® per day

d} (3.8 to .05} x 16* m® per day

The total observed runoff volume during a 4 howr storm with a uniform intensity of 2.8 cm/hr is 25.2 x
105 m* from a basin of 280 km? ares. What is the average infiltvation rate for the basin?

(2} 3.8 mm/hr b 4.8 mm/ihr

fcr 5.2 mm/hr (dy 5.5 mm/hr

Consider the following chemical emulsions:

1. Methy! aleshol

2. (etylalcohol

3. Stearv]alechal

4 Rerosone

Which of the above chemical emulsions isfare used to ntinimize the loss of water through the process of
evapovation”?

{(z) 1only thy 1 and 4

et 2 and 3 &} 2 and 3

LES MASTER Bihica: F.100 Tmrerin By S B TR AT
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12. The vertical hydraulic conductivity of the top soil at certain stage is 0.2 cm/he. A storm of intensity 0.5

13.

14

erm/hr occurs over the soil for an indefinite period. Assuming the surface drainage to be adequate, the
isfiltration rate after the sform has lasted for a very long time, shall be

{#) smaller than 0.2 co/hr

b 0.2 e/l

(e} between 0.2 and (.5 cm/hy

@) 8.5 emvhr

The plan area of a reservoir 1s 1 km® The water Jevel in the reservoir is observed to decline by 20 om in
a certain period. During this period the reservoir receives a surface inflow of 10 hectare meters, and 20
hectare meters are abstracted from the reservoir for irrigation and power The pan evaporation and rainfall
recorded during the same period at a nearby meteorological station are 12 ¢m and 3 em respectively. The
calibrated pan factor is 0.7. The seepage loss frem the reservoir-during this peried in hectare meters is
@} 0.0 & L0 ‘. Tt QR A e

) 24 d 486 : :

During a 3 hour storm event, it was observated that all abstractions other than infiltration are neghgible.
The rainfall was idealized as 3 one hour storms of intensity 10 mm/hr, 20 mm/hr and 10 mm/hr respectively
and the mfiltration was idealized as a Horton curve, { = 6.8 + 8.7 exp{—t}{f in mm/hr and ¢ in hr). What
is the effective rainfali?”  *~ ‘

C{a) 10.00mm () 1133 mm

{c} 1243 mm @) 13.63 mm

~ ANSWERS _

@ 9% 13. (@

(¢} 5

@ 6 (@ | 10, (@ 14. (d)
(a} 1 {© 1L (&)

{e) 8 (o 12, by (OV

m I ¢ RAATTERN FLEF s B i B aen il Soems SNaae FProbhi 2L ATE t




. CHAPTER

J
Surface Water Hydrology (Runoff)

Runoff may be referred to as siream flow. river discharge oy catchment vield Fiis normally expressed as velume
per unif time,

The total runoff from a typical catchment area may be conveniently divided into four component parts: Divect
precipitation on the stream channels, Surface Runoff Interflow. Groundwater Flow.

Direct Precipitation

Direct precipitation onte the water surface and into the stream channels will normally represent only a small

percentage of total volume of water flowing in the streams This component is usually ionored in runcf
calculations,

Surface Runoff
It has two components:
{a) Overland flow (flow of watey over land before joining any open channel)

b} Open chapne! fAlow

Over land flows are small and the flow 1s taken to be in laminar regime, Length of overland flow is generally
small,

Open channe! flow are in turbulent regime.

interflow

*  Water which infiltrates the soil surface and then moves laterally through the upper soil horizons towards
the stream channels above the main groundwater table is known as the interflow. It is also known as
subsurface runoff, sibsurface storm flow, storm seepage and secondary base flow.

*  Ifthe lateral hydraulic conductivity of the surface layers are substantially greater than the sverall vertical
hydraulic conductivity, it is a favourable condition for the generation of mterflow. Generally interflow moves
move slowly than surface runoff

+  Depending upon the time delay between infiltration and its outflow from the upper crusts of the soil, the
interflow is sometimes classified wto promnt interflow and delaved nterfiow.
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Ground Water Flow

+ The infilbrated water which percolates deeply becomes groundwater and when groundwatey table rises and
intersects the siream channels of the basin it discharges into streams as the groundwater runoff,

+  Ground water flow 1s sometimes referved {o as base flow. dry weather flow, effluent seepage,

For the practical purpose of analysis total runoff 1n stream cha nnel% 18 ane: ally classified as direci runoff
and base flow,

1t is that part of runoff which enters the stream immediately after the ple(‘zp ation., T includes surface runoff,
prompt mtel flow and precipitation on the channel surface.

It is sometimes ferms such as dtr‘ecl Stormi Funoff or storm runoff. -

Base Fiow

The delayed flow that reaches a stream essentially as groundwater flow 1s called base flow. Many times delayed
interflow is also included under this category.

Total precipitation
on the basin

¥ ¥ ¥
Channel Overiand fnfiltration Abstraetions. bke
precipHation flow ’ " interception and
evaporaiion
f i
Y b J interflow o sub Tieep
Chasanij' Channel'} | - siwface runclf i peicolation
e flaw '
; X
i{,api{i Diedavesd ; Ground water
| interflaw interflow | runoff
ICh&m:ei [_ I
T

L%*ﬂf’:};: ]

“Birece runelf
| tquich o)
T

\\\\\\ %

Total runoff at the
hasin gutlar i

‘Fig. 5.1 Schematic representation of runofl process.

Type of Precipitation

1t geeurs either ag rainfall or as anowfall, Precipitaion falling as rain contributes divectly to runoff. Hail and
sleet which melt vapidly after contact with the ground may alse coniribute immediately. Precipitation falling
as snow, 1 winfer months, will not contribute fo runoff until melting occura.

I T A A ey
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Rainfall Intensity

Heavy rain falling in excess of the infiliration capacity of the soil will largely contribute to surface runoff and
will therefore tend to reach the stream channels very rapidly while the rain falling at Iower intensities will
cause delayed runoff.

Rainfall Duration

If the rainfall duration is equal to or greater than time of concentration {
catchment starts contributing to runoff) the potential runoff iy at a'm
duration of rainfall is less than 7', then the potential runoff will be lower
of the catchment will be contributing to runoff before the rainfall ceases.

;the time i which the entire
On the other hand, if the
the maximum because only part

Alse, since infiltration capacity is maximum at the beginningf?) raii:ffallf__ nd tends to decrease through the
period of rainfall until it attains a constant value, the longer the ra tintues, the smaller will the infiltration
capacity become, and the greater the amount of surface runoff is likely to be.

Rainfall Distribution

The time relationship between rainfall and runoff may be greately affected by the distribution of rainfall over
the catchment area. A uniformly distributed rainfall volume may lead fo delayed runoff then the same volume
falling over a localised part of catchment.

" The first type of rainfall distribution will tend to result in 'an increased groundwater flow, and consequently

a longterm increase in streamflow, while the latter type of distribution will tend to give large volumes of surface
runoff and thus, a more sudden, sort-lived increase in sirearsfiow.

Catchment Factors

Factors such as shape, topography and seil type remain constant over long periods while others such as land
use efe. may change radically and so profoundly influence runoff

* Shape of the catchment area influences the time of concentration of the catchment.

» Catchment shape is quantitatively expressed as form factor and compaciness factor.

*  The form factor is derived by dividing the average width of the catchment by its axial length measured from
the outlet to the most remote point.

A long, narrow catchment will yvield alow value of the form factor, and generally a lower-peak runoff total
than a similar sized area with a high form factor.

The compactness coefficient is derived by dividing the periphery of the watershed by the carcuinference of
the form circle whose area equals that of the catchment, and thus has a theoretical minimum value of unity
for a completely circular catchment. The lower the value of the coefficient, the more rapidly is water likely to
be discharged from the catchment area via the main streams,

Slope of the Catchment Area

If slope of catchment avea is large, water moves faster over the surface and channel towards the stream
channel. Hence runoff peak comes early.

Geology

Coarse textured, sandy soils will tend to give rise to little yunoff. On the other hand fine grained clozely
compacted clay soils will tead to yield more surface runoff, Moisture content of soil also affects runoff through

its effect on mfiltration capaciv.
b B8 TE CRMAACTER U T i O TR vy 4
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Vegetation

The most imporfant effect of the vegetal cover is to slow down the movement of water over the surface after
rainfall, thus, allowing more time for infiltration to take place. The timing of runoff after rainfall may be
eonsiderably modified and, furthermore, peak stream flows will tend te be much lower.

Drainage Network

Closely spaced streams allow efficient drainage of precipitated wazer;_:a{‘n ]

uch case overland flow will be
short and surface runoff will rapidly reach the main streams,

Direction of Storm Movement

. _The zlmoff fl am a basm 18 mf}uenced by the direction of bi:orm mcvement

» If & stezm su ziung a iong and narrow basin is moving inan up | direction the runoff contributed by
the lower tributaries would have been alveady drained out by the time the runoff from the middle and upper
tributaries reaches the basin outlet and therefore less peak discharge would be observed in this case.

s+  When, on the other hand, the storm moves downstream the runoff peaks from the individual ¢ributaries
ave more likely to arrive at the basin outlet at approximately the same time with the vesult the runoff peak
will be many times more than that 1n the case of stormt moving upstreanm.

* A storm crossing the basin in the transverse {iirect'io_n_weaizi produce a peak discharge which would be
somewhere between the peaks produced by the two cases described above.

Antecedent Precipitation

iIf due to previous rain, seil is already saturated runoff will be more due to next rainfall. The previous rain is
called Antecedent precipitation.

The antecedent precipitation index (API) 15 taken as a measure of the soll moisture conditions existing on the
day of storin under consideration,

where I, 1s the AP1 of any day £, K18 a constant known as the recession factor, and I, ; is the APY of the day
(t ~ 1). If rain securs on any day, the amount of rain is added to the index and thl& value is used in the
computation of AP of the next day. If there 1s no vainfall in the previous { days, then

I = K1,

where I 15 the initial value of APL

Rainfall of 12, 30, 40, 44 and 17 mm were recorded on 3vd, 9th, 10th, 16th and 17th days of a particular
month. (@mpute the antecedent precipitation index for the first 20 days of the month and sketch ifs variation
wzth time. Assume that AP of the last day in the previous momh is 85 mim and the value ef the recession
factor K is 0.90.

The API of anv-day ', denoted by L. I is obtained from equation I, =K.I_ + P, where 3? is the precipitation
of i day. I = 85 and K = 0.9, 'i‘he tahuiaz caleulation is shown belm& u ' :

f B 11 C RAACTI N Oiffire PO Harmsrie Qarai New Plibi . THIOTA f
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A plot of the discharge in a stream plotted against time chronologically 1s called & hydrograph. Depending upon
the unit of time involved, we have

Annual hydrograph — it shows variation of daily weakly or mean flow of any 1o. of successive davs over
a year,

Menthly hydrographs — it shows the variation of daily mean flow over a monih.

Seasonal hydrographs -+ it shows the variation of the discharge in a particular season such, as the
monsocn season or dry season.

Flood hydrographs or hydrographs due to a storm ~» it shows stream flow due fo a storm over a catchment,
Hydrographs 1, 2 and 3 as above are ealled long ferm hydrographs and ave used for long term studies like.

(a) Caleulating the surface water potential of stream,
(b} Reservoir studies ang

{¢} Drought studies.

Flood hydrograph on the other hand is used to study the flooding characteristics of a stream. It is 3 sh ort term
study,

iES MASTFR Offien FoEH B atunion Samd o Tl va e e T




CIVIL. ENGINEERING Hydrology 83

Beginning of Water Year

The time when precipitation exceeds the average evapotranspiration losses is called the beginning of water vear.

st dune i India Is considered the beginning of water year. Beginning of water year is decided such that flosd

season is not divided between suceessive vear.

On the basis of hydrograph studies a stream can be classified as:
{a} Perenmal () Intermitient &) Ephemeral”

Perennial Stream

.» A perennial stream is one which always carries some flow thrfmghout the vear. Kven during dry seasens

the water table will be above the bed of the shream. ’Fhus,_oensuierable amount of ground water flow sccurs
during non precipitation period. b

Discharge

b d
& 9 10 11312

i ! !.':..1
1 2 3 4.5 6 7

dan. - Tiee.
’ Time {months)

Fig. 5.2. Perennial stream.

Intermittent Stream

+ Intermittent stream has lmited contribution from the groundwater,

*  Stream remains dry for mest part of dry month.

+  Base flow (ground water flow) occurs significantly during wet seasen.

*  During diy seasons the wafer table drops fo a level lower than thaf of the stream bed.

sy

O NI AURDUUN SN SR IS N S S
1?2 3 4 5 6 7 8B ¢ 101112

Jan. Time {months} Dec.

¥Fig. 5.3, Intermitient siream,
T CAALACTID Ciffiee: F126, Batwsiia farnd New DNedhi - 11048548
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Ephemeral Stream

* Anephemeral stream is one which does not have any base-flow contribution.

* Annual hydrograph shows series of short-duration spikes marking flash flow m rasponse to storms,
* The stream becomes dry seon after the end of the storm fow.

*  An ephemeral stream does not have any well defined channeal,

*  Most yiver in arid zones are of the ephemeral kind.

%
g
]
) )ﬁ S
Ao v : 1A .f - [\: E/L’~
1 2 3 45 67 89 101112
Jgn. Time (months) -

Fig. 5.4 Ephe_m_eréi stream.

Basin yield refors to the quantity of water available from a stream af a given point over a specified duration

of time. The duration of time in the definition of yieid would normally be a month or longer. 1t is expressed
in terms of volume not discharge. B

Thus, J:Q "dt provides the estimate of basin yield.

Therefore vield from a basin is the summation of the continuous hydrograph of flow at its outlet over the
specified time period.

When continuous flow measurements are not available the yield may be determined as below:
1. Correlation of streamflow and rainfail

2. Empirical equations, and | i

3. Watershed simulation.

In hydrological analysis und design, it is often necessary to develop relations between precipitation and runoff
Such relations are useful for extrapolation or interpolation of runoff records from the precipitation records which
are generally available for longer periods. Through these relations the estimates of the runoff of ungauged
catechments may be obtained.

One of the most common metheds is to fit a linear regression line between B and P and to accept the vesult
if the correlation coefficient is nearer to unity. The equation for straight line regression between runoff B and
rainfall Pis

and the values of the coefficients ¢ and b are given by

| ES MA()T?Q Office: V100 Butwnvin Sami Now Thihi. 118 (18 E
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A —
and | W

in which N = number of observation sets R and . The coefficient of correlation r can be calculated as
NEPR)-CP)GR) . |
NP - PP NG R*} mz} L

The values of r lies between 0 e + 1 as K can have only posztw o, elataon with P, Avalveof 06 <r< 180
indicates goed correlation. .

»  For large catchments, it is found advantageons o have an ' xpenentlai relationship

R=pPi . @

In that case Eq. (A) is reduced to a linear form by logarikhmzc transfoxmatzor: as

In B=mln P+In B

and the coefficients m and In B determined by using the method indicated earliex.

Exataple 5.2

Gwen beiaw e.-the mx)mhly rainfall Pand the eorrespendmg mnoﬁ R valmas covermg a penoei of 18 menths
foracatchment Develop acarreiatzon equatum betweenﬂandf" el .
. Month ] P 1. - R
1 5 05
2 3 . 105
3 T 4G 4o 138
4 3 . . 82
B} T : IR - 3;1 |
7 5 S %
8 31 R 12.0
9 36 80
10 3 1 80
i I L2
12 g . 16
13 3 ' 0.0
14 232 - 85,
15 80 1 o4
16 %5 7.6
17 8 15
18 8 05

[ P L NAACTEY 3 Efaa- FUVEY Horwawa Sevad Now Pwelhi 0 P11 AN



96 Hydrology CIVIL ENGINEERING

Soi For the gwen data L
P =348 - ER= S
I =934 LRﬁ 104051 2PR = ‘;083'3

.;E'or t_*_he coru_elat : L
(ZP)"‘

- 1043-(0.380%348)
- = -

Hence R = 0.38 P~ 1.55. .

In t}.ns equatwn both R 311(1 P are in cm and Rz0. Correlation Loeﬁuent r given: by 13_'-_:_ SR

'3,,, N@PR) (ma:m m_“ ,,,,,

(18 3083.3) - (348104, 9 _
- JI18x9534) - ~121104]x {28 x1040.51)= 10878, 49;

{}964

Empirical Equations

With a keen sense of observation in the region of their activity many engineers of the past have developed
empirical runoff estimation formuide There are:

(&) Binnie's Per centagesmi}welaped-{or small catchment near Nagpur.
by Barlow's Tables—Developed for small catchments (avea =130 km?2 in Utlar Pradesh.
{c} Strange’sTa bles—Developed for border areas of present-day Maharashtra and Karnataka,
@} Inglis and DeSouza F ormula—Developed for Western India.
@) Khosla's f*ormuia%Deveiopeai for a time period of a month.
His relationship for monthly runoff is

B, =P - L (i L,is>P R =0

L, =048 £, for T > 4.5°C

R, = monthly runoff in cm and R 20

P = monthly rainfall in em

Ll

- STE:F\) Office: F 100 Ratwart Sarai Sow Delhi . 810000 3
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L,, = monthly losses in cm
T = mesn monthly temperature of the catchment in €

For T < 4.5°C, the loss [, may provisionally be assumed as:

™ C 45 -1 45 0 -12 -18
L, (cm) 2.17 178 1.52 - L25 18
Annual runoff = IR . _ _
Khesla's formula is indivectly based on the water-balance concept and th:é mean monthly catchment temperature
is used to refiect the losses due to evapolranspiration.
| Example 5.3 :
Foracatchment.'m UP, Tndia, the' : anmenthly ramfall and bem.peratures are given. Caicuiate thie armaual
‘rupoff oaefﬁcmnt by Kheslas formula e .
Month 'I‘emperamre ("C} - Rainfal (cm)
January 12 . - 4
. Febriary i 4
Mashoo @ 2
Ml om0
' June 34 .- . 2
Juy B R 32
Awgust - - -2 '_ 29
October . ® 9
November . 19 - _. o i

.._I)wembe'r o SR : 2
Solution: In Khosla's formula,

R»P- L

If the loss L, is higher than P Lhen R is taken to be zerc The vaiues of K ccxlculate(i by eq are

o T T asnc il Office: F- 100, Lot aees Sarai, New Delhi - 116086
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M{'Six_ﬁi"}-?;- T Mon ._ “Monthly raip_fsiﬂ'("

Septemper | 1344 16
()(,mber - B I s .
November | 1 -0
oo L T 6 b sag. |
'. {' Annual mmif L= 348 cm -
Al ool coeficent ~ el
h, ﬁ%%e:e.ao

Watershed Simulation
The hydrologic water-budget equation for the determination of runoff for a given period is written as

 fQit=R<R +C-P-E-as

1n which E_=surface ru noff, P 'precipitat-ian. E = actual evapotranspiration, G = net groundwater onuiflow
and AS = change in the soil muoisture storage.

With judicious selection of the time period, like a2 year, the ma gmtude of the term AS may be made insignificant,
By estimating other terms runoff (R} may be caloulated.

| When the runoff rate sbserved at the catchment outlet is continuously measured, it can be plotted as the
ordinate against time on abscissa to provide the runoff hydrograph. The vartability in runoff is expressed ia
terms of the fluctuations of the runoff rate in the hydrograph. There are two other ways of evaluating the
vartahility in the runoff They are the flow-duration curve and the flow mass curve.

Flow Duration Curve

¢ Aflow-duration curve of a stream is a plot of discharge against the percent of time the flow was equalied
or exceeded, This curve is also known as discharge-frequency curve,

Z I £ S !‘WASE—ER Gffiee: 176, Katwarin Sarmi e Tiobhi . 116018 =
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e Todetermine the flow duration curve for a particular location, it is necessary to obtain daily flow data for
a certain period of time, either 1 year or a aumber of vears. The length of the record indicates the total
numbers of days in the series.

o The daily flows are then arranged in descending order of magnitude, from the highest to the lowest flow

valie, with each flow value being assigned a yank. The highest flow would get a rank of 1, the next highest
flow a rank of 2, and so on, and the lowest fiow would get a rank n wheye n1a the total pumber of davs

in the record.

m . o : o 3
o TFor each flow value, the percent of time is computed as T x 100, where i is the rank assigned to the

flow. The flow duration curve is obtained by plotting pexcent of time as the abscissa and the flow value as
the ordinate. The flow duration curve can also be constructed using weekly, ten daily and monthly flow
values. ' o o B

s The amount of work involved in preparing a flow (iuration__;:uz?ii'_e_z «can be reduced by dividing the flow data
into class intervals instead of handling each individual observation: Thus, for example if in a record length
of 365 days the daily flow is between 40 m¥is and 50 mds for 73 days, then the mid value of the class

? :

interval, i.e. 45 m%s, 1s plotted against pexcent of time given by 308 % 100 = 20%, on the flow duration
curve,

« A fiow duration curve constructed based on daily flows will be steeper than the flow duratien eurve prepared
from the monthly flow data for the same peried of vecord. This is because the larger interval data will
smoothen out the vaviation in the shorter interval data.

Use of Flow Duration Curve;

1 The flow duration curve is highly useful in the planning and design of water resources projects. In
partioular, for hydropower studies, the flow. duration curve serves to determine the potential for firm power
generation, In the case of a runwcfﬂ:héwrivér plant, with no sterage facilities, the firm powery 15 usuaily
computed on the basis of flow available 80 to 97 per cent of the time. :

50 f
Unregulated
_ \ \/ flow
. . 49 \\ \
= \\ Regulated
E \\ \ fow
5 30 3T -
o o \\\\ {X
B —
< 20
B
f \
10
)

i} i 106
Pareent tme

=3
ok

Fig. 1.4, Flow duration curve.
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[

If a sediment rating curve is available for the given stream, the flow duration curve can be converted nito
cumulative sediment transport curve by mu ltiplying each flow rate by its rate of sediment transport. The
area under this curve represents the total amount of sediment fransported.

3. The flow duration curve alse finds use in the design of drainage systems and in flood control studies,

4 Aflow duration curve plotted on a log. log paper provides a qualitative description of the runoff variability
in the stream. If the curve is having steep slope throughout, it indicates a stream with highly variable
discharge. This is typical of the conditions where the flow is maink m.surface runoff A flat siope
indicates small variability which is a characteristic of the streams rving both surface runoff and
groundwater runoff

o

Flow duration curve can be used to estimate what, minimum level of flow can be maintained through a
reservolr so that minimum demand at all times can be met, Th
~astream which gives variable discharge then we can make.

of water a min necessary dischaigé can be enstived at all time

us, if we have an unregulated flow in to
age reservelr and by controlied release

6. The shape of the flow duration curve may change with !';}_zé‘:iengt;h of record. This aspect of the flow duration
curve can be utilised for extrapolation of short records. Suppose there is a catchment 4 with a long record
{say 1941 fo 1980} which also covers the periwd of the short record of catchment B {say 1971 to 1980} in
the same region. Then it is assumed that relationship which existed during the concurrent period (1971 to
1980) is also valid for the Jong period of catchment A for which catchment B has no record. fcatchment B
has no records for period (1941-1970)]. S

¢ Tirst the flow duration curves are prepared for both _th'e'éatx:hment for the concurvent period of record (1971
§ fo 1980). R —

* Next the flow duration curve of A is constructed for the long period (1941 to 1986). Now the ordinates of
flow duration curve of catchment B for the long period are obtained from the follow ng equation
Q=9
G4

where, for any given per cent of time, ¢ denotes the ordinate of flow duration curve hased on short record.

3

Flow duration curve
- \C_ of catchiment A for long
3 . record

£2)

....... « Flow duration cimve for
B short record

(1)
\{” = Flow duration curve of catchment
A for short record

- Discharge e

Percentage time the discharge 15 exceeded
i Fig. 5.5 Carve {1}, 12} and 3} are known and our aim is o make curve 4.

@ denotes the ordinate of flow duration curve based on long record and suffixes 4 and B stand for the
catchments 4 and B respectively,

I R e
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| A | a6 37 3
Tl w | oW | s
Cop Mews 1 s % s | e
g e ] e
Feb N _
S Man o e 19 l S S _
e 19 18 ol 86
May B 8 _ 121 923

(a} Fiow expeﬂted 80 par cent of the time = 18.56 maf’q
) I}ependahz}zzy of flow of magmtude 40 m“’:’s = 18. 456%.

({.) I*rom ﬂow duratmn curve the magnitude of the ﬁow avallable 90% of the time is 11 ma;’s Avaxidbie head

. zs 5 m.
L > P =g QH
OSGX 9810>< i1 ><5

oy 431 :6; kW

The daﬂy ﬁé&#s of a rzier for thlée COnSECULIVE years a%e shown in Table. For convenience the dﬁscharge's are
shown in class intervals and the number of days the ﬂaw belonged to the ciasa is shown. Calcalate the 50
az;ld 75% dependabie ﬁo% s for the river. : :
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Z.'%
5
g

We wﬂi piet a gmph between the smal]ef:t value of d mcharge m a dlsmterval agams? P and from the graph
"dzacharge fcr 50% and 75% depenchbﬁzty can be feund out. L .

.ar we can mt;arpciatf» the data based on P and min dzschazge m the {iam mtervai

Table 5. 3'

-_Note thatin. the a\bove tahie if dzschc:rge fora partzcular rank o ‘ot is asked, we ahoulé refer to the smallest
value of dzscharge in the corresponding discharge interval rather than the mid value of the fi1schax ge
mterval Tim, appraach will Iea{i {0 safer-estimation of dependable flow. .

A
"\\\5 ’\‘V \j;é ;&}})}N }w‘»‘\'&

’
750 Xo)x(a{) 39 19
{60 6239, 19}

0% dependa'ble d1scharge =
= 44 956 m%

{4{3~3{)){?5~66.62) -
(76.3-60.62)

5% depcndabie dzscharge 40 -
= 3{} 65 m*"fs

A graph of the cumulative value of any hydrologic quantity, generally as the ordinate, plotted against the time
as abscissa is known as a mass curve. When cumulative volume of runoff is taken as the hydrologic quantiy,

i&s {\/‘}ASTEQ Office: F 126, Rutwaria Sarnt eow Peihi o $Eet it H

i Deﬁy meat Mo, ofdays flow i
dis_clz&_xge cach clasrs interval - ;

: i) m:e zhatt.he
P 196162 ]96263 1963-64 |- i eﬂorexcee&md
:-'55'1'46-129;'1 e Ty s

wwel] 2 1w B £ S

00801 12 18 s I R T £

. émeﬂ_l I 1) 15 62 s |7 Tides
EBEOIY 30 2 g5 w04 - i 2L
Uh0400) T8 60 64 1861

CAewt] s w | s

Cwmas1 o6l s om JECTE

2L 43 5 m» 125 . . 9637 . y ' | B
RSSO D T  T

5101] 13 18w 45
I RNCRE AR
 Tetal |365 365 366 1996 :
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the mass eurve may be called a flow mass curve or stmply a mase curve, It is the integration of the hydrograph
and therefore represents the area under the hydrograph from one time to another. Mathe matically, the mass
curve, is expressed by

v = [Q@)-dt

where V() = cumulative volume of flow up to time ¢ from the staif of the record, that'is, the otdinate of the
mass curve at any Hime £, .

{{ty = discharvge as a function of time, i.e.. the ordinate of the hydrogi'a;ﬁf o

When it is desired to use water at uniform or nearly uniform rate greater:than the winitnum discharge in the
stream, it 1s necessary to provide storage where water is impounded during peviods of high flow for nse during
peviods of low flows, Mass curve seyves as a very useful tool to dé&;n_n'_ine the required storage capacity for any
uniform rate of demand. e e :

Otox
totot, _
i, tot, ‘ g
! t} Poriods of depletion &\?\\\ -
Lo, ) & f‘ﬁ ,

= 8, 4
Lsi01, ) ) ,ej?',//_ s
: Periods of filling ,i@” P

LR Lol I_, '

} Poriods of over flow

Crenvlative runelt volume s

A b,
Time in davs, or months —

el

Fig. 10.5. Flow mass curve.

Storage Capacity Determination \
Y

*  The difference in the ordinates of any two points on the curve is the summatidn of the flow duyring the
intervening period of time. Thus, if two points such as P and @ in figure ave joindd by a straight hne, the
slope of the line P@ would give the average rate of flow during the period i tot.,

* The rate of flow at any time iz indicated by the slope of the tangent drawn to the mass curve at the
corresponding time,

+ Ifthe mass curveis horizontal, ie.. having zevo slope, for a paxticular period of time it means that there
is no discharge in the stream during that period.

* The rate of demand is the rate at which water is requived for any use. A& straight line having the slope
equal to this rate is called a demand line or draft line or use line.

»  Where the mass curve is steeper than the draft Hpe, the flow in the stream is 2t a higher rate than the
rate of draft and consequently some of the streamflow is available for storage, ov it will spill if the reservolr
15 already full,

»  Where the mass curve has {latter slope than the draft hne. water will be drawn from storage in ardel to
maintain the required rate of draft.

P b L f RA AR T e )
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The storage required to meet any given draft rate may be found out from mass curve as
folows.

Let the line O represent the cumulative demand the slope of which 1s equal to the rate of draft. Lot us
assume Ehat the reservolr is full 2t the baeginning,

From O to A the mass curve is steeper than OJ, wndicating that the flow rate into the reservoir is more
than the draft rate. '

Since the reservoir is already, full, no water can be stored thou_g};?-.tﬁ_ezre_ is surplus water, hence, the
reservoir will be overflowing during the peried from 0 to £ ' A

The erdinate A4’ indicates the total volume of the spill in this period..
From A onwards the mass curve is flatter than OJ. So withdrawls from’the reservoir start from the time
i

"
As the amount of water indicated by AA' is already wasted I

for the purpose of cumulative inflow, So afl the inflow
to be reckoned from 4. In other words the origin will

nn(‘_i_f_;;ﬁe included further in the analysis
ervoir and the withdrawls from it are

So a line drawn parallel to O and tangential fo r’a_;tfégs-c__tiri_\'r_e at A, that is AC, will now become the
currulative demand.

From 4 to B the mass curve is flatter than OJ. ’.{‘he resérvorr is continuously depleted from ¢, to ¢, and
S,, the vertical intercept between the line AC and &3, would indicate the maximum withdrawl from it.

Thus S, determines the storage requirement for the dry‘z'_'period o t,

From B to D the mass curve is again steeper than OJ and the reservoir starts filling from 1, and it will
be full ai ,. S| may be more sasily measured as the'verticat-intercept between the two tangent lines AC
and BM which are parallel to O and drawn o the mass curve at peak (or the ridge} point A and the trough
{or the valley) point B. B o

Again the reserveir will be overflowing from 1, to £, and DI indicates the amount of spill during this period.
At D, the situation is identical to what it was at A.

Therefore the vertical intercept S, bétWeen the twe tangents DF and EN gives the storage requirement for
the dry period ¢, to i

If the flow data for a large time period is available, the tangent lines are drawn at other ridge points and
the storages are determined. The largest of these storages is then taken fo be the actual storage requirement.
That is,

& = Maximum of (S, Sy e

Mass curve can also be used fo solve the reverse problem of determining the maximum demand rate that
can be maintained by a given storage volume. However, it is a frial and ervor procedure.

Straight lines tangential to the first peak point of the mass curve are drawn with different trial slopes such
that all of them intersect the mass curve at or below the next higher peak point.

The slope of the line for which the vertical miercept between iself and the trough point is equal to the given
storage defines the possible maximum draft rate that can be maintained.

Similar straight lipes are drawn at other ridge points across the subsequent vallevs and the possible
demand rates ave obiained.

The smallest of the various demand rates thus found gives the maximum demand rate that can be
maintained by a given storage.

f F: i 3\\2'],*':\{\7{-_ ¥ Offiee oo 8 wrni N Pl baffan i
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Residual Mass Curve

1n the residual mass curve. cumnlative net inflow into the reservoir, Le. the difference between the cumulative
vunoff and the cumulative demand, is plotted against time as shown in figure. Ia such a curve the inclined
draft line OJ of previous figure is transformed info the

%y D
horizontal line OJ of as shown in figure below and seare  J E ] %
the tangent lines AC, BM and DF and EN, The storage £ 7% sig? //\ is, /
required for the first dry period is now given as the difference % » N/ M \ ‘\=/ T
hetween the ordinates of the residual mass curve at A and § u‘f“; B e N
B and for the next dry period as that between the ordinates © ™ o 'I‘sz* n days or mOnths ——

of P and E.

Example 5.6 _ '

g Fzg 10.6. Residual mass curve.

é mass curve -

: &emand in the saz:ae o time permd _
18 surpiu,s watm This surplus water eithier goes to bui}{l up the storage or it will be spilled if the reaervmr
is &!ready fll. Therefore nothing is drawn from the reservoir during the surphus period. When the runoff in
the stream is less than the demand, then there is a deficit. Water is drawn from the storage to meet the
deficit. Eytart:ng from the beginning of the dry period, if the deficit in each time period is found out and if
these deficits are-added, the cumulative deficit at the end of the dry p?rwfi denotes the maximum amount
of water dréwn i:‘mm the siorage ané the capacity’ of the reservmr must at least be equal to-this, . -

deficit to enigure that the reservoir will be full again and we can also find out when thzs happens ’I‘he tablei
beiow shows the caiculdmons to deterinine the starage capaczty by thzs method. o

| Month{ I |Runoff voZz’w’rz_'e I)émand (V D} Cum;’zkztwe Cumulative

- 7 b, | U deficit | swrplus

June {1 3 + 5.33 ----5.3_3 T —-5.33

July 12 6 8.33 ~-2.33 ~7.66

Aug. 13 16 8.83 | +187 : 16T

Sept. 1 4 30 1 833 |+42167 _ L1 42934

Oet. 15 18 833 {49 67-_3_ ' : +34.01

Nov. | & 15 8.33 667 : +45.68

Dec. |7 10 833 14167 |- . +47.35

Jam. {8 8 1 833 1833 4 '

Feb. | O & 1 8.33 -2.33 1

Mar. 110 4 833 | -433 .

Apml 111 3 8.33 -5,38

May 311¥ 1 8.33 ~1.33

June 113 2 833 | -6.33

July 14 B 8.33 ~3.33 ~32

Aug. {15 17 3.33 +8.67 | - +8.69

Sept. |18 28 8.33 | +19.67 +28.34

Get. 17 24 £.33 +11.8% +40.G1

Now, {18 15 233 -] +6.67 +46.68

Dec. {18 12 B33 +3.67 530,85

Jan. {30 7 8.33 —1.33 -3 33

Feb, 121 3 8.33 -3.33 | 466

Mar. |22 4 8.33 ~ 433 —8.99

April |23 3 833 | - 5,33 —14.32

May 124 2 8.33 -6.33 265

S;mﬂariy, if the cumulative surphus is found out for Lhe ﬁ)liow mg sarplus period it must exceed the cumulauv,ez

M8 T C haneTo0 Office: F175 houis wris Serad Sew Dabin - 130655
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The Table above shows ‘thait the inaximum ou;

'Ia'tis;e;_:geﬁéit_ij_s'29_.__3 1 él;i}}iaﬁ s;;?e;;’rfhe;éef'gr'

' & and u‘.‘ It, is fuII at.
Iy, full: agazn hy end of August, oVe
full again. sametmze in October aztd 5

FH _vaporatw_
 the esmr_;ate_d monthly doy
185 mﬁimn w¥in g

the demands

HAve age monthly Evaporation| Precipitation Monthly
. m?wff r{_}-fe;??}“/s"' mm L demand M m®
R ] ' 18 196
e g
180 ) g 234
| N 270
| B N R e
S 26035 ] ggg e
Sloage | ess 20 |-
1. p gos 185
166 i 185
: | 0 | e 180
Dec : zzo_"i_ --rw . 30 - 190
Soh i‘he mnoﬁ' vaiume m any month i Mzrﬁ is given by '
' QxNx24x66><60 :
_V e »~09884 N

‘where Q is the miéan monthly runoﬁ‘ raLe in m%s and Nis the numhel of days in the month Therefore Lhe
runoff volume in May is equalto 0.0864 x 6 x- 31 = 16.07 M m? and in Foby uary, it 'is equaZ to @, 0864 X
0x28= 36 29 M 3, The runoif vnlames in M m5 thus comput:ed area shown in ch (2}

The vohime of wabex evdpcrated ﬁ*om the 1eaewozr is obt‘amed fz*om the expz esszorz (‘i x H_} * ]07}”5 X CJ m’,

where 4 is the w aterapreaci area in kzn* Eis zhe evaporation in mm and C is the pan coefficient. Taking
Aas 75 Cas ;5 the wlume s M m3 is gn«en by 0. 0038‘70 . These evaporauon }csses are gzven in col

.

E}\cept in the mcnth of Ma}, the natural flow is miove than 185 M m? in all the months 'ihexefom the
5 riparian release will be equal to 18, f}f M m3 in Ma}, (which is the naturai flow) and 18 5 M m® in all other
months. These are sho“n in cal ). :

e P28 Katwara Sarah wow DoThe s TSR T
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: _and ol (10) respeczzveiy

Thﬁ 3“’1'386 reqmrerl is equal to the" i

Mohﬂ;' M(}Mkly Demam! Empm-amm : .
fawV [ ag g M M

w|-@ |8 1w ) B I OFOr@E-0 ] §=@-0 © - oan
Jan. 58:35 196 4675 18.3 36.636 +13.664 e +13.664
Feb.- | 2629 215 91763 185 40,596 —4.306 -

Mar. | - 9846 234 0751 - i85 . 45287 EREX v B R 1.~ SN I—

Aprit | 1844 | 270 1089 Js | . 46515 -27.0%5 | —

May {107 1 240 3 b7 RRN R 1 7 B 41,171 -25.108 1 o
June 4855 260’ 4800 8.5 44742 +4 508 1 4508 .
July | 200.88 20 8675 i85 . L 38.078 £ 142 B2 162316
Avg. | 23748 |- 200 867 . 1. 185 10802 ~.38.273 +178.217 “wa4aB.527 |
Sept. | 15532 185 4619 185 ] 0898 1. 364%0 +118,904 . | 488427
Cet. BG4S 185 G563 1 i85 1 004 . BT514 42836 17 e | 4508363
Mev. i 68.43 168 0508 S5 1 .B2iB L T B4.987 +32.643 e 1 +541.906.
Dec. | 5883 1L 8619 .. IBS .} BB 397 1 2098y e ] 4BE2863

* The extremes of the stream flow as réflected in floods and droughts.

¢ Droughi is a climatic anomaly characterized by deficit supply of moisture. This may vesult from subnormal
ranfall over large regions causing below normal natural availability of water over long periods of time.

+  Unilike floods the droughts are of the creeping kind; they develop in a region over a length of time.

+  During droughts the quality of available water will be highly degraded resulting in serious environmental
and health problems,

+  Drought can be classified as:
{a) Meteorological Drought
It 15 a situation where there 18 more than 25% decrease in precipitation from normal over an area.

(b} Hydrological Drought

Meteorological drought. if prolonged results in hvdrological drought with marked depletion of surface water and
groundwater. The consequences are the drying up tanks, reservoirs, streams and rivers, cessation of springs
and {all in the ground water level

(¢} Agricultural Dreught

This oecurs when the soil moisture and ramfall are inadequate during the growing season to support healthy
erop growth to maturity. There will be extreme crop stress and wilt conditions.

I ot A A T P T A A i e 1
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As per Indian meterological department

Decrease from normal Classification
Dprecipitation
< 25 Neo drought effect
26-50% Moderate
> 50% Severe .
* Ifthe drought occurs in an area with a probability of 0.2 < P< 0. irea is classified as & drought prone

areq.

* If the probability of accurrence of drought at an area is g;’éét_\g;’.'- than 0.40, such an ares is called as
chronically drought prone areq. S

Agricultural drought is classified on the basis of aridity index; . -

An aridity index {AD is defined as

_PET- AET
PET

x 100

where PET = Potential evapotranspiration, AET = actual evapotranspiration. The depariure of Al from its
corvesponding normal value known as A7 anonmaly, represents moisture shortage Based on Al anomaly, the
intensity of agricultural drought is classified as follows:

- ;41 anomaly Severity class
125 . Mild arid
26-50 Moderate axid
> 50 Severe arid

Int addition to Al index, there ave other iédices such as Palmer Index (PD and Moisture Availability Index (MAD
which are used to characterize agricuitural drought. ’

Hoon

~ OBJECTIVE QUESTIONS e

L In a flow mass curve study, the damnd line drawn from a ridge does not intersect, tlie mass curve again.
This implies that
{a) the reservoir'is not full at the beginning
{t) the storage is not'adequate
{e) the demand cannot be met by the inflow as the reservoir will not refill
{) the reserveir is wasling water by spill

2. The trap efficiency of a reservoir is a fanction of
{a} inflow into the reservoir
) ratio of inflow to storage capacity
{e) ratio of reservoir capacity to inflow
{d) reservoir capacity

8 [E S MASTER
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3. 1n a tangent drawn prallel to the demand line from & ridge point of 2 mass curve does not intexsect the
mass curve again it can be inferred that the

{a) freguency of the flood entering into the reservoir 1s less
() inflow into the reservoir cannot meet the demand

{c) reservoir is overflowing resulting in wastage

{d} reservoir can meet higher demand

4 The life of a reservoir is deter:mned by its capacity (C), volume of annual mﬂf}v» into the reservoir {{} and
coneentration of sediment in the incoming flow (C). Lafe wzii e more if

@ €, 1 and C, are high

@ C and I are high but C_ 1s low
(& Cis high but I and C_are low
@ C, IandC_ arelow

5. Consider the following statements:

1. An ephemeral stream is one which has a base-flow contribution.

2. Flow characteristics of a stream depend upon ramfall and catchment characteristics and also the
elimatic factors which influence evapo transpirvation.

3. Sequent Peak Algorithm 1s used for estimating run off from ramnfail

i
i
i
i
]
i
i
i

Which of these statements isfare correct?
@ 1,2and 3 ® tand3
(@ 2and 3 @ Zalone

6 Which one of the following defines Aridity Index (AL)? .

|
!
i
E
;

o Al= %EEM% x 160
¢y Al= gg x 100

@ Al= Aii,T ----- PET

{where AE’? ’\cmai Evapoiranspiration and PET = Potential Evapotranspivation)

7. Match List-{ witb List-I} and select the correct answer using the code given below the hata:

List-l List-il
A. Location 1. Perennial
B. Stabihity 2. Degrading
C. Varation of discharge 3. Tidal
D. Plan form 4. Braided

P B T T T RAACTE Office: B.19% Ratwara Saias, New Lol < 110 16
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Codes:
A B C D
@ 4 2 1 3
®) 3 1 2 4
© 4 1 2 3
@ 3 2 1 4
8. Maximum possible discharge from a small catchment cortesponding:to a-ﬁa"rt:’cuiar rainfall intensity e

16,

iL

mdependent of which one of the following?

{a) Sl moisture condition

(&) Drainage characteristics of catchment
() Area of the catchment

d} Duration of the rainstorm

The land use of an area and the eorresponding runoff coefficients are as follows:

SINo | Land Area | Runoff

No. use -1 (ha) | coefficient
. Roads 10 .70

2, Lawn 20 | 010

3. Hesidential area | 50 0.30

4, industrial area 29 6.80

What is the equivalent runcif coefficient?

(a) 615 thy 0.36
fc} 0.40 {h 051

A catchment consists of 30% area with runoff coefficient 0.40 with the remaining 70% area with runoff
coefficient 0.60. The equivalent runcff coefficient will be

{ay 0.48 & 054

() 063 @ 06

While applying the Rational formula for comp uting the design discharge, the rainfall duration js stipulated
as the time of concentration because

{a) this leads to the largest possible rainfall intensity

(b} this leads to the smallest possible rainfall intenss ty

{c} the time efcaﬁoehtratmn 16 the smallest rainfall duration for which the rational formuls is applicable
{d) the time of concentration is the largest rainfoll duration for which the rational formula is applicable

. The rainfall during three successive 2 houy periods are 0.5, 2.8 and 1.6 ¢y The surface runoff resulting
from this storm is 3.2 em. The ¢ index value of this storm is
{ay 0.20 envhr ) 0.28 envhir
{c} 0.30 co'hy () 0.80 env'hy

ER Dffice: 126, Katwuria Sarai, ~aw [5ihi - $10 176 "
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13. An isolated 4-hour storm sceurred over a catchment as follows:
Time 1% hy 21d hy g hy 4% hr
Rainfall (mm) 9 T 12 7
The ¢ indes for the catchment 16 10 mav'h. The estimated runoff depth from the catchment due to the above
storen is : .
{a} 10 mm & 16 mm
fcy 20 mm d} 23 mm
- ANSWERS
L © 5. © 9. (0 | 13. ©
2 () 6. (a) 10. (b)
i & 7 4D 1. ()

4. (B 8. (&) 12. {c)

R T ¢ REACTI N WS FEPE Heruaris Savai Weaw Tielhi. 31600
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Stream Flow Measurement

+  Water Howing in a stream is called stream flow,

+ Ifthe stream flow is unaffected by the artificial diversion, storage ete. then it is called runcff (virgin stream
flow). Thus stream flow represents the runoff phase of hydrological cyele.

* Out of the various processes in hydrological cycle, like ev aporation, precipitation, evapotyanspiration etc.
stream flow is amenable to fairly accurate measurement

+  Stream flow is measured in units of discharge (m¥y)

* Itisrather difficult to measure the discharge of flow in
the natural streams directly as it is done in the case of
fow in pipes or laboratory Humes using the flow meters,
But it is very easy to make a direct and continuous
measurement of sfage in the vivex which is nothing but
the height of the water surface in the river above some
arbitrary datum. The higher the stage in the river. the
higher is the discharge,

Siape {m)

Hence two step procedure is followed for discharge
measuyement in a stream.

{a) Discharge in a given stream is related to elevation ol o L
of the water surface (stage) through 2 series of carefial 0 100 200 300 460 500 600 760 200 960
measurements. Discharge {(milsec)

(b} Stage of the stream is observed routinely and discharge

; s g i : Fig 6.1. A stage discharge relationship curve.
1 estimated by stage discharge relationship. 5 & P

It is defined as the water surface elevation measured above a datum (can be MSL or any arbitrary datum).
* Manual stage measurements are done using

(i} Staff gauge

() Woe gauge
* Automatic stage measurements are done using

it Float gauge recorder

@11) Bubble gauge
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Staff Gauge

The simplest of stage measurements are made by noting the elevation of the water surface in contact with a
fixed graduated staff The staff may be vertical or inclined. Sometimes, 1t may not be possible o 1ead the entire
range of water-surface elevations of a stream by a single gauge and in such cases the gauge 1s built m sections
af different locations. Such gauges are called sectional gouges.

! )

T . E;i
e Abutement ) i‘;
mg it

{a} Vertical staff gauge - . (b} Sectional staff gaupe

Fig. 6.2. Staff gauge. Subramaniam.

Wire Gauge

From a known elevation above the water surface such as bridge etc. wire is lowered and noting the length of .
wire, elevation of water surface can be calculated. '

In manual gauge, reading is o be faken at fxequezﬁ;_ intervals. T overcome this, automatic recorders are used:

Float-Gauge Recorder

It is the most common type of automatic stage recorder in use. In this a float operating in a stilling well is
balanced by means of a counterweight over the pulley of a recorder. Rising or lowering of the water surface
elevation causes an angular displacement of the pulley which int turn causes hinear displacement of a pen to
record over a drum driven by clockwork.

Float wheel Clock

T

+
Recording drum

------ Counter weight

| \h,_a: = '. ::”M Floar
R \\/M
ot ST b well

Counter weighe
""""""""" Ovifice

M8 T ¢ ArALTETY Office: VOB, hatwasin sarai New Dethic THHE
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Bubble Gange

In this gauge compressed air or gas 11 fed through & tube and bubbled freely into stream through an orifice
at a fBixed elevation in the stream. The gas pressure in the tube is equal to the piezometric head on the hubble
ovifice, This is equal to the height of water abave that level. Arragement is made to vecord this pressure head.

— Instrument room

Pressure point 7 Reforence level.
Fig. 6.3. Bubble gauge,

Stage Data Presentation

*  Stage data is presented in the forn of plot of stage agaiz_zsf chrenological time !
known as stage hydregraph. T

¢ Uses:

—  Delermination of stream discharge

Stapge

~  Flood warning and flood protection works

~  Reliable long term data of peak floods can be analyzed statistically to
estimate design peak viver stages for use in the design of the hydraulic
stractures, such as bridges, weirs ete. .

Time
Measurement of Velocity

The 1st step in the measurement of discharge i3 the measurement of veloeity, It is commonly measurod by a
mechanical device called current meter. Approximats stream velocity can be determined by floats.

*  Current meter consists of 2 rotating element which votates due to reaction of the stream current with

an angular velocily proportional to the stream velocity.
~+Two main types of current meter ave:

—  Vertical axis meters
—  Hoerizontal axis meters,

*  Current meter is so designed that its rotation speed varies Hnearly with the stream velocity at the
location of the instrument.
veaN +h

where

v = stream velocity at the instrument location in m/s
N, = revolutions per second of the current meter
a, b = constantz of current metor

Office: Fo 125 Kuswarin Sren o Halle 310 (618 i
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s  Each imstrument has a threshold velocity below which above equation is not valid.

* No of revolutions are counted for a known interval of time and from this N, and hence V is known.

Hotsting and electrical
conmection '

a ’ P i { i
R > ..... N
Propeller Sounding waight $in for stabilisation

Fig. 6.5, Propeller {vpe curreni meter.

Calibration of Current Meter

+ The relation between stream velocity and revoluticns per seconds of the current meter is called calibration
eguation.

+  Calibration equation is unigue to each instrument.
+ 1t is deteymined by _tewing the instrument in a special tank.

« The towing tank is a long channel containing still water with arrangements for moving a carriage
Iongitudinally over its surface at constant speed.

+  The instrument {0 be calibrated 13 immersed to a specified depth and connected to a carviage.

e Average value of revoltwions per seconds (N} arve determined for a predetermined constant speed (v}
carriage. This is repeated over a complete range of velocities and a best fit hnear relationship 13 formed.

Field Use

The velocity distribution in a stream acvoss a vertical section is logarithmic in nature.

{ T e o A A A CTIT R CUF e B V90T B s Qaand 2w il BVAOEGD
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Depth nt e

o V48V, 4V Some times we also
w03 2Vogt Vou .
v T4 use this formula)

[V=(085-095) V.| V= av. velocity

R e —

10 2.0
Velocity m/s '

Fig. 6.6, Velocity éistﬁbtiﬁen at a vertical

To accurately determine the average velocity m a section an apox. method is used. In shaZi{iﬁ*“§£‘i~'é"a‘“z‘r‘i‘§"éf’iié§th'"'"""""'"

up o about 3.0 m, the velocity measured at 0.6 tim_eé the depth of flow below the water surface is taken as
the average velocity ¢ in the along the vertical Jine

A
This is known as the single-point observation method,

In moderately deep streams the velocity is observed at two points; one at 0.2 times the depth of flow below the
free surface {V, 5} and other at 0.8 times the depth of flow below the free surface (V;5). The average velocity
In the vertical {7 is taken as

{ 7= Yg.-.g....ﬂ’f@-ms_]

where, V= surface velocity.

The value of K is in the range of 0.85 to 0.95.

In small streams of shallow depth an observer stands in the water with the current meter held at requisite
depth, This arragement is called wading,

When distance travelled () by a floating object in time (1) is noted, we can get surface velocity

: f Ff? Gffice: ¥124 Rriwuris Sams Mo Thdhi 110 fra !
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From surface velocity average veloeity is found out using corvection factor

v=Kv|

This methed is useful for:

{a) Small stream in floeds -

(b Priiminary survey

1. Direct determination of stream discharge is done using:
(ay Area velocity methods,
\{b} Inlution technigues,
{c} Electromagnetic method, and
(@) UHrasonic method,
2. Indirect determination of flow is done using:

{a} Hydraulic structures, such as weirs, flumes and gated structures and
() Slope area method, '

Direct Method

{i} Area Velocity Method

After the velocities at no. of locations (4, B, C, D etc)) are noted using current meter, sverage velocity at various
verticals are ealculated iike

‘j, Vor+ Voo
2
or V. as the case may be,
Verticals
WooW, W /0y \ WO W, W
N ik b"',/ } ok el o — ] ; et “““”“ﬁ/

7 A
IH 'Jj/-irL‘E 1N

&=
.........h-\-....“‘—:a:wn

i
- i?,(;undrary of
suh- selhzion

Fig, 6.9, Stream section for area-velocity method.

In the above figure discharge is caleulated in three parts and added together to get total discharge,

g - + A . .

Q:m&% Ql:\:{ BOCinT Qla.&t saeien Qr{:mammg REC1I00
1st section and last seetion area is faken as triangular area and remaining sections area is taken as rectangular.
Thus

T TTOMACTER Office: F-195 Ratwari Saral. Sew Def - 116 016
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l Wl x % "
let saction 2): (“‘; + _"éMJ J:(ﬁ,}_ ® Wri + E'

7,

. A ANNVI ¢
2‘“]{ ‘33 1
s
w(i & “_g} B
\ 5 -
=  Average width o 2“?;

» .
(H‘!\r e ‘;;N"I
’ 2

Qo m el Ll J'\r.;VN;
last section 2 WA’ )
Qremainin setion (J‘ o B_lJ yex¥
g section . 5] 4
=2 -

No. of segments 'V as above has to be chosen based on the following criteria.

I The segment width should pot be greater than 1/15 to 1/20 of the width of the yiver,

&

The discharge in each segment should be less than 10% of the total discharge,

3. The difference of velocities in adjacent segments should-not-be-move tharr 209 -

Note: The depth g various vesticals are m easured using sounding rod or sounding weights, When the depth
of stieam 15 karge, or when fast and accurate : measurements are requived. we use eco-denth yecorder.

Other Approach of Area-Velocity Meﬂwd :

After the point velocities are obtained from current meter observations, they are indicated at the corresponding
points on a cross-section of the gauging site, and the coniours of equal veloctty known as the isovels are then
drawn as shown in figure. The areas between guccessive 1sovels are next planimetered and are muitipled by
the mean value of the isovels to give the incremental discharges, Al these ineremental discharges ave then
added to obtain the total flow. This miethod is more acurate than the previsus methed.

oY

il

The éataf'pertammg'ic & stream-gauging éper'ation at a gauging site are grven below.
The rating equation of the current meter is v = 051 N+ 0.03 m/s :
Calculate the discharge in the stream '

S A r\%?i‘:f OCifiee F 124 Ratwaria Sersl. New Delhi - 0TI 6 i
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70

2.0

- '- Revaiutmns sf a €%
: ':current meter kept :

Averégé wxdth,

For the 'z_fé.st'éf the segments,

100

: Sznce the veiec;ty is measmed at {} 6 depth, the meaam:e,d veicc;?y is the averdge veiocﬁ,y at that vert:cal '(v)':.'.

The calcuiatzen {}f dxr;charge by the mid-section method is shown in tabular ferm below

Dlstance fmm Ieﬁ z&ve*rage : Depi:h Velocx,t}
water edge (zn) - width W'_:_._ ¥y Vo .-"_.: )
o gy o ) MS) f&Q;'(inf"_‘fs)“f'_'.'-‘_”"
S o ; T~
1 2.00 1.1 0.229 0504
3 200 2.0 0326 L1304
5 200 25 0411 2085 |
T 200 2.0 0.336 . - 1344 |
g 200 L7 0.260 7
it 2.00 1.0 0.183 0366 |
12 L} {} e .
' EAQ. = 6.457

Total disc}ié_;fge Q = 6.457 ms.

Using the equation V{m/s) = 0.65 N + 0,03, cbtain the velocity at 0.6 times the depth from the free suiface.
here N stands for revolutionsfs. Data on current meter observations are given below in tabular form. -

My T C AaaC T

Office: F-196. Ratwaria Sarai, New Debly - 11044918 |
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hifge ﬂzwugh the sectmn

Solutm:z The_c : aracterxstzc equatzon is given as

Vimlsy = 0.65 N+ O 03

where N 13" he £} mber of 1eveiutwns per second

| one bank (m).

T Dlstaneefmm >

Depth (m}-
¥

Average width {m)
W

' Segmetzta} dwcbarge _

AQ yxv"xw

30
60 .
90
120
®o
240
270

04
08
1.2
2.0
30
25
92
10
0

3.375
30
3.8
3.0
1.6
3.0
3.0

3.375

i
0485

0.843

16’35 .
1 263
914
(.48

. osis
0672
1746

5.058

199795,

14.124
1.62

Total discharge 30, ¥Q = 58.056 m¥sec.

: LES MASTER
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The moving boat technique is similar to the conventional method of area-velocity appreach. The main difference
is in the method of data collection. In the conventional method the data at each peint in the cross-section are
collected while the observer is in a stationary position. In contrast, in the moving-boat method the data are
coliected while the observer 18 on a boat which is rapidly fraversing the cross-section.

+ D
2O
T Boat movement,
T f e
iy
X4 e—
I River flow
u".r
s L R
¥;= depth at ith vertical
R T R T
B
A

The boat is ioved along 2 line perpendicular to the flow velocity and curvent meter is lowered upto a particular
fixed depth below water surface. Thus while boat is moving velocity will be recorded at that depth. The point
velocity is converted to average velocity.

The average velocity recorded by the current metey is V|, which is the resultant of boat velocity (V) and flow
velocity (V). Angle 8 between V, and V) 1 noted using angle indicator arragement. Depth of water is also
continucusly noted using ecodepth recorder.
Thus the known information ave V, @, and eross-section of river.

Ihacharge 15 caleulate as lQ = ZAQ,-i

-

3t ;
where AG. = ('”"I"?—”} LI

M e 1 C AEACTLfD (e F-120. Kalwaria Sared. New Belhi - 110016 I
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- ( Eé%’éﬂJ [V, cos)(a0)](V, sin6)

— R
{ia ..... 22_.3.) V7 cosBsin®. At

Moving boat methed is not recormmended in stream with water depth } ss than 3 m.

In this method a selution of a stable chemical such as common gal
chemical, known as the tracer, is injected into the siream at either
tracer is introduced into the stream at a constant rate, it is called the
all at once it is called the ‘gulp method'. -

or sodium dichromate or a radioactive
ceonstant rate or all at once. When the
atecu method and when it is introduced

The solution will be diluted by the discharge of the stream. The concentration of the tracer af a cross-section
. downstream (known as the samphing section) of the in}'ﬁa_e_tion'-p_e_)i_'m 18 defermined.

Let C, be the small initial concentration of the tracer in the strearsflow. At section 1 2 small quantity fvelume
V) of high concentration C, of this tracer is added all at once. The conceniration profile at section 2. which
1s far away from 1 is schematically shown in the figure.

= Cif .
____________ E 'Z . Sudden injection of
z //" volume V, at Sec §
g /// .. Cogzc;atSecz
C Z ) Cy
Y%
g, t t,
Time

Fig. 6.9. Sudden-injection method.

The concentration will have a hase value of Cy Increases from time i, to a peak value and gradually reaches
the bage value of C, at time t,. The stream flow is assurmed o be steady.
By Continuity Equation

Mass of tracer at section 1= Mass of tracer in the original discharge of stream (Q) at section 2 + mass of tracer
i the added additional volume {V)) al section 2

T _{ LR St M{ﬁ.
= iy }:Q(cz cﬂ)dwjl P~ dt

The 2nd term is negligible and hence

v
= Q= S ’ = Discharge of stream

f}-‘*{cg ~Cy) dtJ

When the Tracer is Injected Continuously

Let concentration C, 1s added continuously at constant rate @, at section L. Let the initial concentration in
tracer in stream be Cy and at section 2 alter some time the concentration becomes constant at C, then
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Qe+ @C, =@+ Q) C,
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Fig. 6.10. Constant rate injection method.

Tracer method is most suitable for small turbulent streams in mountainous areas.

It 1s a type of avea velocity methed in which average.welocity.is measured hy using ultrasonic signals.
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Electronic transducer is placed as shown above, when signal is sent from ‘A’ it is recorded at B in time ¢,

1 = velocity of sound in water, V, = component of velocity along the sound path
Similarly if signal is sent from B it is received at 4 in time £,
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v = velocity of flow of water at depth 'k above stream bed. From this velocity average velocity of stream i
caleulated using calibevation,

In this method a long conductor is burried at the bottom of the channé’f éé_ﬁ__‘r_gz_fi_z_;g the entire width of the rivey
which carries a current I to produce a eontrolled vertical magnetic ﬁé__ld._ Asthe'water flowing in the stream
cuts this maguetic field, it produces an electromagnetic force (emb w_l_:iéh isﬂi‘g{a_ted to the discharge in the river.

In this methods we make use of the relationship between t_bé: flow discharge and the depths at speciﬁéé
locations. The field measurement is restricted to the measurements of these depths only and dischaige is found
out from the relation of depth with discharge. - T

Flow Measuring Structure

We know that there is fixed relationship between discharge and head ‘* existing at the location of flow
measuring structures such as V-notch, brcad crested weir et

like _ EQEKH"]

by meaning H. @ can be caloulated.

However use of these is limited because of debris or @imenz load of stream, backwater effscts produced by their
installation ete. ‘ ' o

 Slope Area Method

In this case discharge measurement is"&'o'ﬁé"uéihg resistance equation like Manning’s or Chazy's formula,
N V2 V: o
AR RS +2—&cfw=az..g +3 +§;~ +hy
where &, = head loss in the reach. The head loss 4 1 ¢an be considered fo be made up of two parts {i} fictional
less hf and (i) eddy loss h, D_ei’zoting_.z ty = ko= water-surface elevation above the datum,

v? vy
By gt hy "--»2— +h,+h ‘
2g 2 07 0 ..
@ Energy line @
i -
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Fig. 811 Slope-area mothod,
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ay 4
VoV
oy (b - R4 N2 A ,
or A, (fy h2}+(2g_ 2g] e ®

: If L = length of the veach, by Manning's formala for uniform fiow,

k 2
"L =8, = energy slope = —
! K

2

1 @ - 1 Hay
where K = JK,Ky: K; = — 4 R and K,= - A, RF
1 2

n = Manning's roughness coefficient

The eddy loss h 18 estimated as

PR LA R
k . f-' 2 g o 4 {13}
where K_= eddy-loss coefficient having values é_s_ below. .
Cross-section characteristic of the reach Value of K
o Expansian Contraction
{Uniform 0 ]

Grradual transition 0.3 0.1
Abrupt transition 0.8 0.6

Equation (i}, (i} and (iii) together with the continuity equation @ = A4,V, = 4,V, enable the discharge @ to be
estimated for known values of ki, channel cross-sectional properties and n.

The discharge is calculated by a {rial and error procedure using the following sequence of calculations:

1. Assume V, =V, This leads to V,%2g = V,%2g and by Eq. (i) h.=h, ~h, = F= fall in the water surface
between sections l and 2. .

2. From (i1 calculate discharge @
3. Compute V| = YA, and ?2 = Q!Ar_,‘ Calculate velocity heads and eddy-loss & .
4. Now calculate a refined value of hi, by Eq. (1) and go to step {2). Eepeat the calculations 1l two successive

caleulations give values of discharge {or h{) differing by a negligible margin.

If area of x-section and wetted perimeters of three sections Le. initial. Final and intermediate are given.

!
i

i
Then conveyance of the channel K = - AR*® can be calculated using
It

1 i PR T T T Ea ¢ IS il I} TR RSP IR L. | POTEN AT | A B L R 1
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=
H
]

A, = Area of 2nd section

A, = Area of intermediate section

P, = Wetted perimeter of 1st section

P, = Wetted perimeter of 2nd section

P, = Welted perimeter of intermediate section

+ This method can give only an approximate estimate of the discharge due to the following limitations: {i)
Difficulty in proper selection of the rugosity coefficient n. (i) Theé cross-sectional areas used in the discharge
equation may be differing from those which existed during the time the flood passed the reach. (iif) The slope
used in the discharge estimation cannot be precise as the water surface during the flood may be markedly . .
warped.

+  This method of discharge measurement is used mainlj? for the estimation of flood discharge when actual
measurements for the area-velocity method are not possible for various veasons or when the estimation of
discharge is to be made after the flood has passed the site.

During a flood: flow the depth of wafer in'a 10 1 wide rectangular chaniel was found tobe 3.0 m and 2.9
m af two sections 200 m apart. The drop in the water-surface elevation was found fo be 0, 12 m. Assuming
Manning's eoefficient to be 0.025, estimate the flood discharge through the channel, Assume (h =0). -
Solution: Using suffixes 1 and 2 to denote the upstream and
downstream seotion respectively, the <cross-sectional properties
are caloulated as follows: ~- U

A= mE T
heien bty =0sm
P e 1 23

L= e GOx (LBTEY et X 293 (1,835
B e S YT e
=18247 00 =17389

Ave.ragé..}’{ for the reach = /KlKN; E 1?813 '. _
To start with hy = fall = 0.12 m is assumed. (This folle_x_%s from V, = V).
Eddy loss h,=0. o '
The calenlations are shown in Table as shown beiaw
| ' S, = hyIL = (200

Q=K 8, =11813 5,

Office: 134 Katwarin Sarai New Dethi. 114 014 iR
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2r2g - Vii2g
1200 6000 _--43 6.3'.' 0.1078 0.1154 . 0.1124"
2 0.1124% 5615 4221 0.1009 0.1080 0:1129
3 01120 ' 5645 0 4232 03014 01085 01129

. The final value of Q may be taken as 42, 32 m-";‘s _

i order to comptite ‘th flood dzséhagge in a siream by the slope method, the following data have been obtained:

. ifﬁ_spre’a_zx_z _I\;ﬁddie Dcwnstréa'm
_ “section - section section
. Ared (an) > 086 1031 99.80
Wetted pemneber (m)—»] . 653 60.7 59.49
Gaug_e__re_admg_ (m) M_ 31638 - 316.55

upstream section as 950 i,

' A +ZA3+A2
Se! Average area of reach = W
. 108.6+2x103.1+99. 8 _
L . —— = 103.65 m*
4 .
P +2P +P
Averaﬂe wetted pcnmeter of reach = "W4 """"""""
£5.3+2x60.7 +5s’.4
= - = G153 m
. A G10365 . . :
Hydraulic radius R = 7= =1.685m

6153 -
R TR = 1416 m

-Determme the flood discharge assuznma Manmng s n - 0. 929 and length between dewnstream sectzozx and

H PR  C AaAUTED Offior F-128 Warwaria Sarat New Dedht o 133038
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Eddy iasses are neglected
Hence Nexe tna,l_ -

3»"8

.
Ozmaﬁoem) ( 1 ) o1
- 2x9.81 |\108.6) (99 g)?
= 250 |
_ = 9,184 x 104
s g 5060.98./5 = 153.38 m¥s
Next trial -
o '(153.38)2
, [163.38
M W86/ . 010167
2 2x8.81 .
220998 ] o oo
2z - 2x9.8]

(Hfiea: F.19%5 Ratearia Sarai, Now Thelhi | 110008




CIVIL ENGINEERING Hydrology 129

9 25_}_(0_ 10167 -0. 129"? -9, 21303 1_
ga{)_. : ' ;

Q = 5060.984S =153.93 m¥s

Thus valuexs ciose o
The ﬁnai value ¢

Q m' prewous i::'la} and hence we sh{m!d stcp hele

' .': Area of flow

section (m”) .
- Up strean 91.748
IJown sh:eam R L ..'85‘176 84.354

The eddy loss coeﬂicaent for gmdual contraction is to be taken as 0.1 and for gradual expansion as 0 35‘
Estimate ihe ﬂood ézscharge paasmg thmugh the reach Manning’s 5 = 0.022. . B

Sol: T
Ap = 91746 nﬁ 8435
R L= 50 m
hp= 85293 m, 0022

K= O 1 (smee, he stre__m'zs contractmg}
Conveyance i is gwen by, T

. " 1 . i o "y ) _ :
L K? = ; 5;,_11;’-3 "002 x91:746x (2.835)" = 3353.46

Similarly, Kg-ﬁ G0z zX4 3’54"(2 917}"3 =7827.82 :
o (K x e = (8353 46 x T827.89)1% = 8086 37 -

. Average mnveyance
e AN v"
BYRE e
Friction Isss h = (hP hﬂ) +l2§ 2« : "ég 5,1 where K'is 0.1

{i) ist tr:ai
Assuming V, = VR, we get o
h'whi,wh w85"33 85+If6 {}95'.71:1

But Q= I\avg JE """ 8386 37x .\{G {:}0 = 86.34 m®/sec

o
o QB o
P A, 91746
@ s o
Vo= % 84354«—1o“m

B T C RaavTLD Office: 126, Ratwaria Surail, New Dedhi - 3G
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@) 2ol trial

‘h = 0.0574 102 ) 10 '
S R 2xg81 9x981 [2x981 298]
o =0057-008- 0008-"- e

S = 004827

Vo = 0.86 mis, V, = 094 mis

088 ood|
12x981 2x981 .

R 0.86° 094 )
- 0.057+

by 0057 + | (%«98: 2x981]
5 =0.057 — 0.0073 - 000073 -

= 0.04897 m
: h ,' 3
Q = K L = 8086.87 x |~ /sec
V.o L m& ={), 87 mf:-,
Ap 9L 746 N
Q9 80, ()3

R T Ay 84354 ° “—?5___‘”’_{5' B
(iv) 4th trial - - e
e Vp = 0.87 mfs, Vg = 0.95 ms

_ - 2 2\ P '~'22 
L _0057s] 08T 095 ) ] 087 095"
(5 L2x981 2x981 [2x9.81 2x9.81

= 0,057 - 0.0074 - 0.00074

= 0.04886 m

by 0.0488"6
X \/:fmsoss 37 x oG 3
Q ag Yy ° 500 ?Qﬁ}fim see”
Q7994 i
Vo= K, T Si7ee < 087 mis
Q  79.94

.‘.’R = ﬁ;wS-I 304 = (.95 mfs

’I‘h9 final ﬂood dzschawe can be adopted as, @ = 79.94 m¥sec.

i {: S MAST{? i? Office: P3G Katwaris Serai Now Palhe. i1 =i
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After a sufficient number of discharge measurements have been made at a gauging station alongwith sirnnltaneons
stage observations, the resulis are plotted on an ordinary graph. Such a plot between the discharge (@) and
stage {G) is known as the stage-discharge relation or the rating curve of the ganging station. Onece 2 stable
stage-discharge relation is established, it.is only a matfer of recording the stage continuously which can be
readily converted into the discharge through the above relation.

If the {G-Q) velationship for a gauging section is constant and does not

_ ange with time the control is said
to be permanent, If it changes with time, it is called shifting conrrél' S

The term control has been used because at contrel section constant zelatmnsth exist between discharge and

stage.

Permanent Control

For permanent contrel the relationship between the stage and the discharge is a single- valued relation which
15 expressed as:

@=C (G- a

in which @ = stream discharge, G = gauge height (stage), a = a constant which represent the gauge reading
corresponding to zero discharge, C, and B are rating curve copstants.

For a given series of data, § and C_ are found out using regression analysis,

N (XY -(EX)(EY)

NEXH - (X))
dnd b= 24 ,_ﬁé%i%

The coefficient. of correlation r 1s given by
. NEXY)-(EX)EY)
WNExs -0t |(vey) - ey

r o

For a perfect correlation r = L.O. If r is between 0.6 and 10, it is generally taken as a good correlation.

The constant o representing the stage {gauge height} for zero discharge in the stream is a hypothetical
parameter and can not be meaﬂurefi m the field. 1t is calenlated by some specialised method which is beyond
the scope of this chapter.

Following ate the data of gauge and discharge collected at a particular section of the river by stream gauging
operation. (a) Develop a gauge discharge relationship for this stream at this section for use in estimating the
discharge for 2 known gauge reading: What is the coefficient of corrvelation of the derived zelatzonsh;p" Use
a value of 2 = 7.50 m for the gauge reading corresponding to zero discharge. (b) estimate the chschmge
correspendmg {6 a gauge z‘ea(imgs of 10 5m at this gauging section.

T &7 € AAANCTT Y Of i ¥ 90 Riwaria Sarss New Pdhs . 1016
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{xa uge

: readmg (m) -
SRR N B
770 | 30 -
780
791 -

By takih__"ib_ s;;_tis.ﬁg;‘

where Y = iog Q and X log (G — a). :
Values of X, : Y am} XY are caleulated ior aIl thf‘ &ata as %hewn in the fo}lowmg table-

ﬁ- Bl GaageG(m) G- | Q{m“’fs) 'wzegQ (XY)
785 0.15 15 D B i e YT R R B
&7 S Y 80 | 9 a4t ] 1080
T 027 57 _.~_~'<')._f'_;_69",'-:--_ 1756 | -0.999
CUTEO L 030 | 89 dossy | rser L -0
Ce.T80 L 040 80 o398l agms . | 0708
T 191 0.41 100 0387 | 2000 | -0774
808 0.58 S0 | 0337 ] 2176 |- -0515
8.48 0.98 180 00097 1 2955 | o020
"898 | 148 280 | a7 | 24er | o
930 1.80 850 1 0255 - ) 2740 ] . 099
950 2.00 970 | 0801 | ‘2987 | oso0
10.55 3.05 1900 | 0484 | 3919 | 1s87
1w 3.60 1600 0556 | 3204 | 1781
1170 4.20 1200 0623 | . 8079 | 1918
From ﬁhé__ahﬁveftable: : o | e |

= 5X = 12545 ry= 319450 E,X’leziaﬁ o
T = 32457 ZYZ = '""9 (}800 .
(CXP = 15738, (Yif)?mu}zos
N=14 -
NEXY)-EX)EY)
= TR ey

Office: F- 12 Krlwarm Sure: woaw Fithi. 116 110 ™
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(Lix 1.458} (wi 2545)(

,, o
e TBED)
Lo 6L '946_0)';1 378(:
'C; = 2543

' Q‘_-_i 2543 G-t .
rm N{E‘.XY) EHEYY.
T Nexh - X JEN(EY% e
60.4644. S

_ © J43.866)(14 x79. 08-1020. 5
As the value of r zs very near 1. 0 the correction is g{md
(b)when(‘wlf}!)s ‘as a= T8 m

The contrel that exists at a gauging section giving rise to a unique stage-discharge relationship can change due
to: (i} changing characteristics caused by weed growth, dredging or channel encroachment, (i) aggredation or
degradation phenomenon in an alluvial channel, (if} variable backwater effects affecting the gauging section and
{iv) unsteady flow effocts of a rapidly changing stage. There are no permanent corrective measure to tackle the
shifting conirols due to causes {1} and (iz) listed above. The only recourse in such cases is to have frequent
current meter gauging and te update the rating curves.

Shifting Control Due to Backwater

if the shifiing control is due to variable backwater curves, the same stage will indicate different discharges
depending upon the backwater effect. To remedy this situation another gauge, called the secondary gauge or
auxiliary gauge is installed some distance downstream of the gauging section and readings of both gauges ave
taken. The difference between the main gauge and the secondayy gauge mives the fall (F} of the water surface
in the reach.

The discharge is caleulated as:

Q tﬁ; |
@ Ry |

a \aiuet 0::{, to 0.5

TEEE 10 ¢ RAaACTEDR Gffice: Fr 136 Katwaris Sarse New Delh - 114718



134 Hydrology

- liary gauge was used downstredm of & main g
‘dischidrge relationship due to backwater effocts Th

ain gauge reading i still 86.

the tiver..

Solution: Fall (F) = main gauge rea 1Gg auxzhary gaﬁgé:téati;ngf R
When F, = (36.00 - 85.50) =050 m  Q, = 275 m¥s

. F,=(8600-8480)=120m

Hence m = 0.891 | I
When the ausiliary gange reads 85:30 m;-at & main gavige réading of 86.00 m.
O Fall F=(36.00-8530=070m apd - -

Q= Q, (FIF)™ = 600 (0.70/L.200°% = 371 m¥s

Unsteady Flow Effect

When a flood wave passes a gauging station, in the advancing portion of the wave the approach velocities are
larger than in the steady flow at corresponding stage. Thus for the same stage. more discharge than in a steady
uniform flow oceurs. In the retreating phise of the flood, reduced wave approach velocities gives lower discharges
than in a equivalent steady flow case: Thus the stage-discharge relationship for an unsteady flow will not be
a single-valued relationship as in steady flow but it will be 2 looped curve.

Falling
stage \

F

Sieady flow curve

St

- Rasing stage
A Afasimum stage poing
B Maximum discharge point

Dascharge
Fig. 6.12. Loop rating curve

Office: F 126 Kavwreis Serd, New Dol - 140 16 1
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If @ is the normal discharge at a given stage under steady uniform flow and @y 1s the measured (actual)
unsteady flow the two are related as

rate of change of stage and V.=

scharge measurement)

& No. Region Folerable density
under difficult
conditions
{km’fstation)
i Flat region of fermperate, 1,000-2,500 3.000-10,008
mediterranean and tropical Y
ZOTER
1.000-5,000
2 Mountainous regions of 360-1,000
temperate mediterrancan .
and tropical zones
3 Avid and polar zones - _ s00020000 | TR

As per WMO norms, India needs 1700 hyqix_’oi_uetry' stations.
LU poon

1, As a flood wave passes a given section of river, the time of occurrence of the maximum stage and that of
the maximum discharge will be such that

(a} the maximum discharge passes down before the maximum stage is attained
(b} the maximum stage is attained before the maximum discharge passes down
{c) the two events ocour simultaneously

) no specific sequence would be universally assignable

2. The slope avea method is extensively used 1n
{a} development of rating curve
&) estumation of flood discharge based on high-water marks
{c} cases where shifting control exists
{d) cases where back-water effect is present

3. The discharge per unit drawndown at the well is known as
(a) Specificvield by Specific worage
{c} Specific retention {d) Specific capacity

FECORASTER Office: F-126. haiwana Sarel, New Dethi - 11118
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4 A catchment has an area of 150 hectares and a run-offfrainfall ratio of 0.40, If due to 10 em rainfall over

the catchment, a stream flow at the catchment outlet lasts for 10 hours, what is the average stream fow
i the period? _

tay 600,000 m%hr & 168 m¥minute

&) 3.5 m¥s &) 1.38 m¥s

Matech Listd (Technique/Principle) with List-I1 {Purpose) and sei_e{jt'.-th_e corvect answer using the code
given below the lists: EE

List1

$-Index

Slope - area method
Flow duration curve

Caowp

Dilution technigue

List-11

Dependable fiow

Reserveir regulation

Steady stream discharge determination
Run-off volume

Mo

Unsteady stream discha rge delermination
odes:

A
g
{by 4
&) 3
d 4

LI

Jtmwﬂi‘(w

Sl S RPN
R S

In 2 river carrying a discharge ef142zn3:’s the stage at a station A was 3.6 m and the water surface slope
was 11n 6000, If during a flood, the stage at A was 3.6 m and the water surface slope was I in'3000, what
was the flood discharge (approximately)?

{a} 284 m¥s ) 200 m¥s
&} 184 m¥s ) 96 m¥s

How is the average velocity 'é"!m}g'{he vertical in a wide stream obtained?
{a; By averaging the véigjc_itieé'a{: 0.2 and 0.8 depth from surface.

() By measuring velecmy at 0.6 depth below the surface.

¢} By measuring ﬁéiéc__it& at half the depth.

@} By measuring velcéity at 0.1 times the depth below the surface,

Consider the foliow g with respect to measnrement of stream flow during flood:
L Timing of the travel of floate released in the siream

20 Use of weir formula for spillways provided on a dam

3. Calculation of flow through a contracted opening at a bridge

4. Using a current meter

Which of the above isfare reliable and accurate?

&) 1eonly ) 4 only

{¢} 3and 4 ) 2 and 3

{(; f\/!/l\ST?{? Office: F135, Kupwaria St Sem Pralbi T Tinmme 3
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9. Calibration of a current meter for use, in channel flow measurement is done in a
{z) wind tunnel (h)y water tunnel
{¢) towing tank &) flume

1. (a)
2 (b

1 E%\?g PO naasTiER Gifiee: T 125 Kiawaris Sarge New (lethi. 1300138 i
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—— CHAPTER

In the previous chapter we discussed that ann ual, monthly and seasonal hydrographs are long term hydrographs

which are used for studies like sarface water potential of a stream, reservoir studies and drought studies. -

Whereas, flood hvdrographs are used to study the fiooding characteristics of a stream due to s rainfall. Hence
fiood hydrographs study is a short term study, B :

In this chapter our basic concern is the study of flood hydrographs. Flood hydrograph is imaportant in flcod control
..and flood forecasting and in establishing design flow for hydraulic structures which must-pass the food water.

Features of a ﬁydrograph

Hydrograph is the response of a given catchment te a yainfall input, it embodies in itself the combined effect
of catchment and rainfall. The discharge noted in hydrograph is the combined effect of surface runoff, interflow
and hase flow. IR

Htwo storms occurs in a catchment such that the Znd one doe\snet start before the divect runoff due to st one
has ceased, we get a single peaked hydrograph.

If however, the second storm starts before the divect runoff due to 1st storm has ceased, {complex storm) then
multipeaked hydrograph are obtained.

1 lIststorm hyetograph (_il} o

(Isolated storm)  * 2ad storm hyetograph (1)
7 1 P
T

i
i

IHschurge -

i i
i i
B = 1‘*“*:“._..\"3-_ : - =
4 TN B s
EW 4 > ‘ -
. ‘ E + 4 Time
: by o Pipe By A ) _
Do, ¥ Fime i b (Three peaks due to three storm in succession)
eyt !
-+ e ]
T = Base period
Fig. L. Single peaked hydrograph. Fig. IL Multi Peak hydrograph.

g ! §”S J‘WAS?FR Office: F.320. Hatwariz Sarab New Fthi, 110 s =1
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in the above Figure ({):

« Hydrograph plotted as hydrograph A, ABCDEE, 15 called hydrograph due fo isolated storm {,.
o Hydrograph due to isolated storm 18 2 single peakéé hydrograph.

+ AB s rising hmb or concentration curve.

«  BCD is crest segment, o

e DEis falling limb or recession limb.

e (s the point of crest or peak.

+ 1, is the time of peak.

« B and D are inflection poinds,

« Fis the end of divect runoff

«  EA'is the hydrograph in the period of ground water recession.
+ Alls thé beginning of direct runoff due to 2nd storm.

o AJABCDEE s called hydrograph due to isolated stoym I,
e T =Dbase period of 1st isolated storm hvdrograph.

o AAEE, s the base flow contsibution o total discharge.

o AA, is the base flow discharge prior to the start.of 1st isolated storm.
« (G, is the centre of mass of rainfail.

+ @, is the centre of mass of hydrograpi};

« 7, = Lag time

.

Ly = 1s the time of peak from the starting point 4.

In the Figare (I} storm, €|, C, and Cyare called complex storms. A hydrograph due to complex storm {multL
peaked hydrographj ean be resqlv_eci into corresponding single peaked hydrographs.

However, single peaked hydrographs resulting from isolated storms are generally preferred for hyditlogical
analysis. B '

Shape of hydrograph depends broadly on catchment and rainfall characteristics. The major factors affecting the
shape are:

{i} Shape of the Catchment

A catchment that is shaped with the narrow end towards the upstream and the broader end nearer the
catchment outlet (Figure 3(a)) shall huve a hydrograph that is fast vising and has a rather concentrated high
poeak

A eatchment with the same area as in (Figure a) but shaped with its narrow end towards the outlet has a

hydrograph that is slow rising and with somewhat lower peak (Figure 3(b)} for the same amount of rainfall
This is because for uniform rainfall distribution more rain fall is away from the outlet.

= 1 CMASTER ?ﬂ;;ee?l?’: :}\im\\'m‘m Harai, N‘e\\l‘ E.}-tn}hb 11
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Thougli the volume of water that passes through the outlets of both the catchments is same {as areas and
effective Tainfall have been assumed same for both), the peak in case of the latter is attenuated.,

For other type of catchment the hydrograph may have the shape shown 1n Figure 3(c).
‘ o I )
o Sy
= V 17

Pime T Time T
@ ® ©
Fig. Effect of catchment shape on the hydrograph.

Digcharge -

Discharge
Discharee

(i) Size

Small basins behave diffevent from the large ones in terms of the relative importance of various phases of the
runoff phenomenon. In small catchments the overland How phase 1s the more important than the channel flow.
hence the land use and intensity of rainfall have important role on the peak flood. On large basins channe) flow
phase Is more predoeminani. Hence drainage density has sigmficant role in large catechment.

The tune base of the hydrographs from larger basins will be lazger than those of corresponding hydrographs
from smaller basins.

(iii} Slope :

Slope of the main stream or general land slope affects the shape of the hydrograph. Larger slopes generate
more velocity than smaller slopes and hence can dispose off runoff faster. Thus the peak will come early and
time base witl be shorter.

General land slope is more important in smaller catchment where overland flow is predominant. Main stream
slope 1s more important in large catchment because the channel flow is more rmportant in this.

(iv) Drainage Density

Density of drainage has propeunée_ei\eﬁfect on peak of the hydrograph. 1f drainage density is higher, peak is more
and if drainage density is low, peak is lower because in basins with smaller drainage densities, the overland
flow 13 predominant and the resuiting hydrograph 1s sguat with a slowly rising limb,

{vi} Effect of Rainfall -

{a) Rainfall intensity: For a given duration. the peak and volume of the surface runoff are essentially
proportional te the intensity of rainfall

{b) Rainfall duration: If the rainfall infensity i constant, then the rainfall duration determines the peak
flow and time period of the surface runoff

Huniforin rainfall continues, the discharge will go on increasing upto the rainfall duration equal to time of
concentration. If rainfall continues bevond the time of concentration the discharge will not increase only further.
The neglecting base flow peaks discharge at the tune of concentration is {i @ A}, where 1 = intensity of uniform
rainfall and A = Area of catchment.

§ E g MA STER Offfes. F 120 Batwaris Sapd, New Delhi. 110815 1




N
H
i
i
i
i

CiVIL ENGINEERING Hydrology 141

»

7777777777777 77771 Rmﬁﬂf of constant

ntensity (G}

™\

Discharge

P Time e
1
1

T T
41t

Fig. (Hydrograph due fo constant rainfall intensity g1eater than the tame in which entire catchment starts

eontributing )

Note: [sochrones are imaginary lines across the calchment from where water particles travelling downword
take the same time to reach the calchment outlel.

Effect of distribution of rainfall in the catchment on hydrograph.

isochrone 1
{time 31}

Isochrone i1
{time 24}

Isochrone I
{time t}

H ramfall ocours W1th consta_nt intensity in avea A, only then there will be no direet runoff component in

hydrograph upto time 3£ Pictorially these things are shown as.

Q‘ G

(a) )

Fig. Effects of storm and basin characteristics on liydrograph shape.

T BE T MASTER Bffice: F-120 Ranoraria Sai. e Delbi - 110016
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d) Direction of storm movement: If the storm moves from upstream of the catchment o the downstream
end, there will be a quicker concentration of flow at the basin outlet, This results in a peaked hydrograph.
Howeven, if the storm movement is up the catchment, the resulting hydrograph will have a lower peak and
longer time hase,

The essential components of a hydrograph ave: §) the rietng Himb, (i) the cr ¢ segment, and (i) the recession

Riging Limb )
The shape of the rising limb depends mainly on the duration a _;]_..d' the _;Tg‘ntg\'ii_éigx distribution of yainfall and to
some extent on the antecedent condition and the. shape o Erne digeram of the basin,

e fene are
Note: The avea between successive isochiones is measured and a Lime aréa concentration diagram {akso called
stmply the ftime area diagrem) is prephred. S

Basin boundary
F |
| i
6 12 34 5 6 7 "
Time inhr
{a) Isochrones (b) Time area diagram

Crest Segment

The peak discharge, included in the crest segment, represents the highest concentration of runoff from the

.basin. Jt occurs usually at a certain time after the rainfall has ended and this time depends on the aerial

distribution of rainfall. The point of inflection at the end of crest segment commonly assumed to mark the time
at which surface inflow to the channel systein or the overland fow ceases.

Recession Limb

The recession limb extends from the point of inflection at the end of the crast segment o the commencement
of the natural groundwater flow. It represents the withdrawal of water from the storage built up in the basin
during the earlier phases of the hydrograph. The point of mflection represents the condition of maximum
storage. Since the depletion of storage takes place after the cessation of rainfall, the shape of this part of the
hydrograph is independent of storm characteristics and depends entively on thie catchment characteristics.

Equation of recession curve is generally given by
- *r
Q= QK.
or @, = Qe (where a = ~In K}
= i ?A g {\ﬁ/\q’? f:: 1:’ Office: F 18 Kanwvaria Sersi Now Habhi. LI EH0E i
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where §, = initial discharge
€ = discharge at time !
K_= recession constant having value less than umity.

Since @, represents the rate of depletion. Hence

-dS,
TR

wheze S, = Storage in the catchment at time ¢
= § =-lQat

{

S, = “nge"“‘dt :

Sometimes in hydrological analysis it is necessary to obtain divect runoff hydrograph (DRH} from total storm

hydrograph (TSH}.

When from total storm hydrograph base flow
is separated we get swrface runoff hydrograph
or direct runcif hydrograph (DRH).

The various methods are as dezcribed below:

() Simply by drawing a lme AC tangential to
hoth the limbs at their lower portion. Thiz
method is very simple but is approximate
and can be wsed only for preliminury
estirnates.

Dischavge 6 (cames)

48 Extending the recession curve existing prior rise
to the occcurrence of the storm up to the
point D directly under the peak of the

hyvdrograph and then drawing a straight

Peak
R

N days
e et

N (days} = 0.84 A™ {empirical}
A = Drainage area Jun®)

Four separation procedures

E (N days after peak)
G & Recessinn

to siream (base {low)

Hine DE, where £ is a point on the
hvdrograph N days after the peak and X
{in days} is given hy

Time t (hr or days)

¥ig. Hedrograph separation

N =083 4% where 4 = aven of the drainage basin, km®

{itl) Simply by drawing a straight line AE. from the point of rise to the point £, on the hyvdrograph. N days

after the peak.

U8 CMACTER
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(tv) Construct a line AFG by projecting backwards the ground water recession curve after the storm, to g point
¥ dirvectly 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 protected base flow recession.

In all the above four separation procedures, the area below the line constructed represents the base flow ie.,
the ground water contribution to stream fow, Any further refinement in the base flow separation procedure may

not be needed, since the base flow forms a very msignificant part of high floods. In fact, very offen, s constant
vaiue of base flow is assumed,

Theﬁocd data and base flow in a storm ézfé_f’e%;fim&?éd_._fef a5

‘the rainfall excess,

 catchiment area of 600 kun®. Etiate

A0 1 ) 2 8 T 9.
Discliarge n®/sec) [ 20 |63 151133 90" 63.44 29 20 20
Base flow (m®/sec) |20 {22 25 98 28 96 23 21 20 20

~ Time in days .

Setution: Ordinates of DRH after the separation of the baia_e How ave: 0, 41, 126, 105, 62, 37 21, 8, 6, 0.
s | ZAQ = (4141264 105 €62 37+ 21 + 8 x 1
' = 400 m® -

It

24Q, = (400 X 24 % 60 x 60) m®
Runoﬁ'_dep;h_ = Rainfall excess = (400)( 24 %60 6@)

00576 m = 556 0m

Effective Rainfall Hyetograph}

When initial losses and infiltration losses are subtracted from the rainfall hyetrograph, we get effective rainfall
hyetogragh (ERH). It is also known as hyetograph of rainfall excess or supra yainfall

Direct runoff hydrograph is the result. of effective rainfall hyetograph:

. {Area under ERH) x (Catchment area) = Volume of runoff = Area under direct runcff hydrograph

A storm over & catchment of area 5.0 kin® had duration of 14 hours. The mass carve of rainfall of the storm
i8 ag follows: = - - : : N : o S . -

- Time fl'ﬂh‘i start of storm (b} 0 2 4 8 - 8 in 12 14
Accumulated rainfall cm) 0 0.6 2.8 52 68 5 9.2 96

1fthe 9 ind_e:i for the e_:é_tchme nt1s 0.4 ca/h, determine the effective rainfall }iy{at{;gfaph and the volume of
direct runoff from the catchment due fo the storm. : : '

Solutien: First the depth of rainfall ina fime interval Al = 2 hours, in total-duration of the st_oi'm is
caleulated, as show in table below. C '

i F S MA%?L: f\) Offtce: F 15 Batwarin Sarai Sow (b o 1 i0 18 1
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8W&!_At effﬁctwe 1alnfa11 (ER} i gh ﬁ‘hy . . .
z ' amfaﬂ éAt}, negative vaiue t&ken BRI,
.'.I‘otal eifectwe ramfa!i =
-'V{i'iug;e_ of direct -r_gq§_ﬁf =
’I‘xme from Time Accamulated | ﬁépth_of : dat | ER Iatensity -
‘start of interval rainfall in rainfallin | (cm) {em) of ER
j storo (h) At () At () At {em) R {em/h)
R 2 R 6 7
; 2 g - 06 06 | o8 | o 0
? a4 2 28 1 22 08 | 14 07
! '8 2 52 24 4 08 16§ 08
8 2 67 . 15 | 08 | 07 0.35
'.10. .2. T iR 08 1 08 s 0
12 2 92 1 w7 | 08 | 08 045
14 2 9.6 S04 |08 0 G
' o8} 08
e} . .
E06f %%
B ogab Y
g 05 %\ 043
04 / \ 035 2
. B
9 =02k %\’/ﬁ Z=Z
il /X% . ﬁ i .
9 2 4 € 8 W 12 1 16
‘i‘;me from stazt of awrm (h)
Fig. ERH of étprm.-._ .
i ES MASTER Office: F 126, Ravwaria Sarad. New Dslhi - 1188
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+ To predict the flood hydrograph from a known storm in a catchment one of the method is the use of umt
hydrograph concept.

+  The unit hydregraph of a drainage basin is defined ag 2 hydregraph of divect runoff vesulting from 1 ¢m
of effective rainfall applied uniformly over the basin area at a uniform rate during a specified period of time
(D-h}.

* Thus one can have a 6-hr unit hydrograph, 12-hr unit

hydregraph ete, o

+ A 6-hy unit bydrograph will have an effective rainfall Rainfall excess
intensity of é em/hr. CIE g(;?égn;?;t area

.+ . The effective rainfall intensity means the rainfall which “‘*E: _. "]

will produce only runoff, g IIIIIII e o .

* In the D-hr unit hydrograph, D should not be more E hydrograph -
than any of the following (a) time of conceniration, (b) A n N
lag time or {c) period of rise ' .

+ Volume of water contained inside the unit hydrograph W0r A &
{Le. area of unit hydrograph} is equal to (1 om x Direct runoff = 1 ¢m -
catchment a1ea} P V2 S T WS N S T T

G 6 12 18 24 30 36 42 48 54 60 66
Assumption made i1n the theory of unit hydrogr aph {%s Tlme in hours
proposged by Sharman} are as follows: .

Fig. 6.9 '[’xplcai (: B unit hy dmgraph
Unit Hydrograph Assumptions _
The following assumptions are made while iiéain'g the unit hydrograph principle:

1. Effective rainfail should be uniformly élsmbuted over the basin, that is, if there are W’ rain gauges ¢pread
unifermly over the basin, then all the gauges should record almost same amount of rainfall duving the
specified time.

&

Effective rainfall is constant over the catchment during the unit time. i.e infensity is constant.

3. The direct runoff hydrograph for a given effective rainfall for a catchment is always the same irrespective
of when it ocewrs.{Timein gmgg_g_g} Henee, any previous rainfail event is not considered to effect the new
rainfall

Neote: This antecedent pr ec1p1£at1rm 1s otherwise important because of its effect on soil-infiltration rate,
depressional and detention storage, and hence, on the resultant hydrograph.

4 The ordinates of the umt h} drograph are directly proportional to the effective rainfall hyetograph ordinate.
Hence, if a 6-h unit hydrograph due to 1 cin rainfall is given, then a 6-h hydrograph due to 2 cm rainfall
would just mean douhhnﬂ the unit hydregraph ordinates. Hence, the base of the resulting hydrograph (from
the start or rise up to the time when discharge becomes zero} also remains the same. (Linear responge)

Note: This assumption of linear response in unit hydrograph enables the use of principle of superposition.
Thus if two rainfalls of D-br duration and magnitude M, and M2 oceur successively then combined direct
runoff hydrograph due to these can be determined by muhlph g the ordinate of & D-hr umit hydrograph
I¥ by M, and then by M, to obtain two DRHs and adding the ordinates of the two after lagging the

or dma{es of 2*¢ DRH by D hr.

Assume that a §-hour unit hydrograph (UH) of a catchment has been derived, whose ordinates are #Iven 1n
the following table and a corresponding graphical representation iy shown in Figure A.

N A Y (’TE‘D. PR T O S S (S TN TR A ) 1
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Time (hours): 9 6 12 18 24 38 38 42 48 H4 60 66 T2 T8 B4
Discharge {m¥/s): 0 5 15 50 120 201 173 180 97 66 40 21 9 85 2

Discharge {tumeq)

160 /

D12 24 36 48 60 72 84 96
Time {bours}

Fig, A G-hour umt hydmg1 aph.

‘Assume further that the effective rainfall hyetograph (ERH) for a given storm on the region has been given as

in the following table: _
Time (hours) & b i2 18
Effective rainfall (em): . 0 -2 4 3
This means that in the first 6 hours, Zcm excess ramfaﬂ has beez: recordead, 4cm in the next 6 hours, and dem

in the next.

The divect runoff hydrograph can then be caleulated by the three separate hyetographs for the three excess
rainfalls by multiplying the ordinates of the hydrograph by the corresponding rainfall amounts. Since the
rainfalls of 2em, 4em and 3em occuy in successive G-hour intervals, the derived DRH corresponding to sach
rainfall is delayed by 6 hours successively.

These have been shown in the figures indicated.

S04 _ﬁm ri Enf’ail iscfs\s ¥ 800 ““‘Tﬁ,{ 4).;955
raindai]
Ell T 700 ]
£ 600 £ 600
= 500 £ 500 _
= 400 N = 400 7 \\
T 300 < 300 /
- \\ o
- 23 ~ o200 )
100 / 100 -
0 b \“‘m,h_l o | \“‘-m.
G 12024 3% 48 G0 W2 84 9% ] 12 24 36 48 60 T2 B4 UG
Time {hours) . Time Chours)
DREH for 2 em excesy raimfalt in 4-6 hours DRH for 4 om encess raindall in 6 12 hours

srd | 10 C AAASTER Offige: P 126, haiwasiy Sarai. New Deihi . 110018
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S
16840
11 L4606 /N
800 e excess ' [
rainfal
o o 1200
it o / \ Sumemed up DRI
600 E 1000 :
2 / \ LHRH Tor 6 b ramfal] -
54} o 860 F7 \\ GRIT Ey 17 By roafall oo
g of i 338 D mrindiH v d
4{}0 / \ § G@{} : / If . ‘\ \l}i\ii for 1438 fur il
Y sl ol N
360 E 40
/ N = '
206 200
169 \‘ )
-~ |
0 .-/'/ \“u..
0 12 24 36 48 60 72 84 96 C S Tiime (hours)
Fig, DRH corresponding to 3 cm excess - Fig, .Ei_né}"'&imcc runoff hydrograph derived
rainfall duving 12-18 hours, from summation of individua! DRHs.
A sample calculation for the example solved graphically is eiven in the foliowing table. Note the € hour shift
of the DRHs in the second and subsequent hours,
Time  Unit hydrograph  Direct runoff due to  Direct runoff due o Direct runoff due to Direct runoff
{hours) ardinates rainfall 2 cm excess 4 cm excess rainfzll % em excess rainfali hydrograph
{m¥is) in first 6 hours in second 6 hours in third 6 hours {m®s}
N %0 0 i S E e (%) QD) O+Ey+UD
0 0 0 ' 0 0 0
§ 5 10 i ig
12 15 30 20 0 50
18 50 100 60 15 175
24 126 240 200 45 485
30 261 402 4849 146 1032
38 173 348 B4 360 1510
42 130 260 692 603 1555
; 48 47 194 124} 51§ 1232
54 66 132 388 390 910
60 40 80 264 291 635
66 2% 42 164G 198 4034
i G i8 84 120 222
i 78 35 7 36 63 106
84 2 , 14 27 15
; 90 8 10.5 185
| 96 o 6 6
EIFome TP Bavicrnrio Soanl Wiaos FRoth i 8 %o fen o L
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The last column in the above table gives the ordinates of the DRH produced by the ERH. I the base flow 15
known or estimated, then this should be added to the DRH to obtain the 6-hourly ordinates of the flood

hydrograph.

Soiutwn F

_’hydrogxaph.by
‘of the 2-cm DRH
e _sequenee ofthe

Time | mmm .dza;m;f | Owdinateof | Ordinateof --*r{emks

H.{ 8emPRH:] ZemDRH | 5cmDRH
vl ook % 87 - (col. 2) lagged | {eok d+4)
2 5

N R P

9 A I - S,
0. | as0
LB B0 . 805
3750 o - 475
480 170 650
o Usss 4 o500 1 805
ey (2000 @315

oo 480 3l 4 880 -]
35" S50 _ w0 ]
180 290 - | 400
108 120 298
B 72 147

% | 5 | - 98
24 | 82 | 86 -
@1 16 . (24}3 3

©6)

69 | 0| 6 . 106 | - (108 Intemomu,a
o _ - : - a value '

o 0

~3
(a1

o
@

Note the interpolation i:xi_?gived. Interpolation is required due t6 unequal time m!:erval '

1 OMASCTEFR Office: F-126, Katwaris Sayai. New Dolhi. 110018
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06 12 18 24 30 36 42 48 54.60 66 72 78
' Pime in bours

Fig. Principal of super posii;iq;j,_ o

1 yiiz‘aglaph ofa catchment is given helow__-_-._-._. o
6.9 12 15 B 24' 0 3 |

T8 8 125 16{} 185 160 11'.-. N
Denve the ﬂcod hydmgraph m the catchm,ent due to the storm gweﬁ heicw-: . B

T:me from start ofstorm (h) 0 8 12 - :'13'-.
S 35 '119 165

3oiutxon The eﬁ'ectwe rain ewgraph is eaicuiaﬁed asin the foﬁowmg tahie ’I‘he dma{:t mnﬁﬁ‘ hydrograph
s next Laiculated by the mefh{)(i'of superposition as discussed above. The or&mates of the unit hydrograph are
mult:phed by the ER values s ccessweiy The second and third set of ordinates are advanced by 6 and 12 h
respectxvely and the erdina t a gm,n time mtewa] addeé The base ﬂs}w is then addgti to o?}iam the téood
hydrograph shown n the T ie : S : oL

_.'1545 6 hours 21}(_{'6.3'201_1}.'8 - .3rd 6 hours B |

_'_Enbarvai
: '-Ramfdu éepth (cm) S0 85 (110-33) =75 (165 B uo)
" Loss @ 0.25 em/h forbh 15 1 s

'. 'Eﬂfectwe r&mfaii ((:m) 20 S X - .4_0
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Notc: I)ue to the unequal time mbervais af umt hydmgraph erdmateb a few enmes mdlcaiefi_ iy paraemters
have to he mterpolabed to compiete i:he table. . : . o _

Different steps required to dé'five'UH are:

Step 1: From the given flood hydrograph, separate the base flow by any one of the methods. Most commonly
used method to draw a straight line for simplicity.

Step 2: Deternune the voit.{%ma af DRH by the formula:

Volume of DSR = QAL = area under DRH
Step 3: Divide this voiume. by known area of catchment to get rainfall or rainfall excess in (cm}.
Step 4: Divide the ordinates of DRH by the depth of rainfall excess to obtain ordinates of UH.

Step 5: Plot the ordinates of UH azaingt time to get the UH of the catchment,

T TS MASTER Office: F.174. Ratwar Sarel New Debi - 110 016
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})’ fg‘r,}‘!"") "'N \"‘{ ¢ _:\;}} i ") ;{ “}'L\{ >

oy pdbpe 18

80 km? due to 6 hr storm. |

s s 6

DRH | é{;f_t'h';.-_(3794%6&6%;@9}(m) = 4506 ¢
R et = e o = 4968 om’

Therelore. the srdiniates of T

Therefore, the ordinates of UH.are obtained by dividing the ordinates of DRE

Ordinatesof UH: 0 483 3522 6442 T447 624 4629 3321 211812077 604 201 0

(a} 'I‘he peak of flood hydrograph due o a 3. duratib;;_ ise}ated.éférm_ o a catchment is 270 m¥s. The total

- depth of rainfall is 5.9 en. Assuming an average infiltration’ loss of 0.3 cmv/h and a constant base flow
. of 20 mYs estimate the peak of the 3-h unit hydrograph (UH) of this catchment.

) 1f thie areaof the catchuiént is 567 km? deteraiing the base width

. "_3'4}1 -unit hydrograph by
. .assuming it to be tridngular in shape. R .

Sol: @ Duration of rai.nfali'excess =3h
. g Total depth of rainfall 5.8 em
. Loss @ 0.3 covh for 3 h = 69 om
- Rainfall excess = 59 - 0.9 = 5.0 em
Peakflow: -
L 'P_e’ak of flood hydrograph = 270 m%s
 Base flow = 20 m¥%s’
Peak of DRH = 250 m¥s

ke of AR wrenit hedae . _Pedn o JRH
Peagk of 3 _h_.umt_ h.y.émgx aph vainfall excoss
250 PV
oo e ‘md
5o o0 mYs

,: ;}m g ?\,’?1"{’1\ Q?EQ ﬂf’\‘"it\n- FoIPE Wmmsiiaeie Coes I e Eb. 20
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o width of the 3 OH in RS |
Lby pth over the catchiment

i

Derivation of unit hydrvograph of P-hr duzaiion from a complex’ m hydrograph is just the reverse of
determining DRH from various rainfall of D-hrs occurring stecessively.

Steps:

1. From complex storm hydrograph base flow is separated.

9 Effective rainfall hyetograph is obtained. {using Qf_Mdex'appreach}.

3. If R, R, and R, are the rainfall excesses of D-hr duration each i I; o
R, Ry-Ryave depths.of rainfall in D-hreachand u, u,, u, v, v, ... ave the E R, R, iR,
ordmates of unit hydrograph, then by obtaining I)RH for R, DRH fm R,and =
DRH for R, and lagging each DREH by D-hr combined DRH is obtained. - »

4. Combined DRH so cbtained is equated to the i\ncm o values of DRH and hence, Duration ——=
U, Uy Uy, Uy, . el 8 obtained. .

_ -.0. 15'cm}'hr.éan be assumeci

Fiow (cumec) 2. 56 92 140 199 _-902'- ='20’4 | 144 84 5. 4‘5.5 99 2
_Sohzt.xon Let the b haur umt hy{h ograph ordinates be Lig, _ul, uz, _ua, Wyp oure u a%: {} 3, 6 ¥Z, ...., 21 hours,
respectwely “The direct runoff ordinates due to the three successive storms (ef [ hours duratlon each) are

obtained by deciuctzng the base flow of 20 cumec from the stream fows at the mmspondmg time intervals
'-as shown n 'i‘abie Thc net’ sto.x m;’rams are abt&med by deductmg the average storm loss as

962}: =29 Ola><6 - 2 cm
E 612113: ¥ ﬂ-_é.f_}_f {}._la X 6 =% cm
1208 hr 2=39-015%x6=3cm

FSMASTER Office: F-156. Rarwatia Sarai FO izciin unam ‘1
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i 1st storin

_ Sedstorm| T
| UGOxx |- 0G0z |-
o,
2u
. 2uy
R,
2y
1. 2u,
|y UGB
UgT 3 } A
2, 0 check for i
UGO derived
above -
E * . o . . 40'_‘
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A unit hydrograph where duration is D-br can only be apphed to storm of duration D-hr to obtain divect runoff,
If however the rainfali duration is different, the unit hydrograph of duration equal to the duration of raimnfal
18 o be used. I such unijt hydrograph is not available and only D-hr unit hydrograph is available then the I)-
hr unit hydrograph has fo be converted into the unit bydrograph of duration equal to that of the rainfall, In
this process two conditions arise:

Case (i) Changing a Short Duration Unit Hydrograph to Longer Duration.

* Ifthe desired long duration of the unit graph 1s an integral multiple of the short, {33y a 3-hour unit graph
1s given and a 8-hour unit graph is required) assume two consecutive unit storms of 3 hr duration,
producing a net rain of 1 em each.

*  Draw the two unit hydregraphs, the second unit graph being lagged by 3 hours.
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« Draw now the combined hydrograph by superposition. This combined hydrograph will now produce 2 cm
in 6 hours.
o To obtain the 6-hour unit graph divide the ordinates of the combined hydrograph by 2.

« Jicanbe 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 jonger fime.

__ hydwgraph, -_.g{é;iifé' the & h 111!1
rycom;autatwns tequired
 Ostinatesof 4h UH Ordinatesof .. -
o withoutlag Hea by m*s)
o | e ] e-ete | o-we
12.52 SR 1252 6.26
2132 232 10,66
5354 n fzsg 1 seee | ¢ 1808
17.84 g3z 1 %916 1958
agne | oemse | sssa | I0AT
12.18 - Coo1rss )L 3002 . 15.01
10.04 1 5 am 2483 . 12.42°
8% ] o Rease o 2044 1 10,22
651 ] miieps oy 1689 830 - |-
498 o oosme o 1s2e 662
395 - oest ] . 1046 523
3.05 498 ¢ 8O3 | 402
296 395 - 62T 311
1.60 ses b aes | 238
LOT - a2e. | s 167
3 1 os . . e o 213 . 107
e To e Tor | ose
The fea_tuféé of the twe unit hydregréﬁhs are cémbéfe’d'ﬁéidié.' o
[T T4RUH. | 8RUH.T -
| Peak ordinate | 23.54 m®fs ] 19.58 m®/s
1 Time to peak “6h 1 8A
Baseperiod .| 34k 1 38h

Case (ii): Unit hydrograph of duration mD from unit hydrograph of duration . Where misnot
an integer.

+  The simple procedure of converting the unit hydrograph of short duration into unit hydrograph of longer
duration, explained in the previous section. cannaot be adopted if the duration of the required unit hydrograph
iz either less than, or not an integral multiple of the duration of the given anit hydrograph,
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In such situations the U, H of any duration can be obtained from the U.H. of given duration using the
S-curve technigue.

A S-curve hydrograph may be defined as the hydrograph of diveet runoff resulting from a continuous
effective rainfall of uniform intensity ) cnvh.

As shown below, the S-curve is constructed by adding together a series of D h unit hydrographs, each
lagged by D) h with respect to the previous one.

The S-carve hydrograph attains a constant ordinate, called the eqmirbrmm discharge denoted by @,
approximately at the end of the base periad T, of the unit hydzogmph

. . 5
Thus the number of unit hydrographs needed to produce __.f;}_l_'e_S_«cm've i8 '"ﬁ" .
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Fig. S-curve hydrograph.
Since the rainfall rate is eéﬁa}.t_o the ruuoff rate at the equilibrium state, it follows that
P T e Ay
Q- = A e — ii.m’»cmz‘h =2.778 Tk Is

whéig A'1s the area of the. ba»m in km® and D is the duration of unit hydrograph in hours which is used
in the construction of the S-curve.

Consider two [h S-curves 4 and B displaced by T h. if the ordinates of B are subtracted from that of

} 43
A, the resulting curve is 2 DRH produced by a rainfall excess of duration 7 h and magnitude (Exf{]

cim. Hence if the ordinate difference of A and B, ie. (S, — Sghare divided by 77D, the resuluing ordinates
denote a h},(‘h ograph due to an ER of 1 e and of dih ationn 7. 1.e. a T-h unit hydrograph.
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Fig. Perivation of T-h unit hydregraph _ y S curve lagging method,

Intensity 175 em/h
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“Rainfall excess for 5 curve B\

A
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Intensity 17D em/h

Pigeharge (m'/s}

The orfimates of a 4-hour unit hy:imgraph for a particular basin are given below. Derive the archnates of )
the S—curve i}ydrograph and (1) Lhe 2 hour unit hydmgraph and plot them, area of the hasm is- 6‘30 imz

Time (h} I}lscharge (cumec) Time (hr) - Dzscharge {cumec)
0 0 CoAd 70
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- {unit storm'-: after every 4 hr = r) . {eumee)  {cumect  (tumed) (cum_ec}
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2 25 e — - o — 25 [H 25 a0
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quired to the tail of the 2-hour umt Ahydrograph, .
_ EN the same as col (4} hut Eagged by T 2 hr

Col. (3} Na of t:mt-storms in succeasmn Ti‘D z414 6 to pmduce a constant autﬂow
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The o dlrza!,es of a 4 hour umt: hydrcgraph far a particuiar basin are given below. Determme the erdmates
of the S-curve hyd rograph and ther efrem the ordinates of the 6-hour unit hy drograph :

. _'Z‘i_me (hy) -_4-hr UG(} {cumec) | Time (k) | 4-hy UGO {eumec)
10 9 12 116
2 25 14 76
4 100 - 16 30
6 160 18 20
.8 150 20 6
10 170 29 L5
' 34 0

Sol:
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Plot eol.. (3} s coL (1} £ got S—curve hy{imgraph cmd col. (6} vs. cob. (1} to get 6~hr unit _hydmgraph
Note that S—curve ord;mata has bet wntten in smgie miumxz as against the procedﬁre dxwussed

{i) The development of flood hydrogr aphs for ettz eme ramfaﬁ magnitudes for use in the design of hydraulic

gtructure,

A 4 4
} .
A -

9
~®

L

Dischinrgo s
o —/*

=
o
e
fuw

|
;

w 1-hy unit hydrograph

AT RE—

i L L
@ 1@ 8 @2 (D620

2 1 - CAMASTER Office: F-i06 Batwaria Saral. New Delhi - 130814



160 | Hydrology CIVIL ENGINEERING

() Extension of food-flow records based on rainfall records and
(i} Development of flood forecasting and warnping systems based on ramfall,

Cumulative ordinates of unit hydrograph which are at a difference of 4-hr are taken and written againgt the
corresponding time. Thus eumlative ordinates of 0, 4. 8, 12, 16, 20, 24hr are taken and written againgt thece
times. Again, cumulative ordinates of 2, 6, 10, 14, 18 and 99 are taken and written against these times, The
following figure will illustrates how to find out the ordinates of S-curve

Limitations

L Unit hydrograph cannot be used for catchment area greate than's 00 km* because similar rainfail

distribution from storm te storm over a large area is rare.

1o

Unit hydrograph can not be used for catchment < 200 Em

3. Precipitation must be from rainfall only. Snow-melt ru satisfactorily represented by unit
hydvograph. .__

4. The catchment should net have unusnally large storage in_'i_:_é;-z_pg of tanks, ponds, large flood-bank storage,
ete. which affect the linear relationship between storage and ‘discharge.

5. If the precipitation is decidedly nonuniform, uait hydrographs cannot be expected to give good results.

Unit hydrographs can be derived if rainfall and runoff records are available for the basin under consideration.
But thers are many basing, which are not gauged and for which unif-graphs may be required, Hence some
method of deriving unit hydrographs for ungauged basins is necessary.

This is usually done by relating the selected basin eharacteristics to the unit hydrograph shape. Once such
reiations are established between the basin parameters and unit hydrograph parameters for the basins having
sufficient data, the same relations ave applied to get the unit hydrograph of ungauged basing in the same
Liydrometeerologically homogeneous area from the known basin parameters. The unit hydrograph thus obtained
is known as Synthetie unit hydrograph.
Synder selected three parameters for development of SUH, T hey are:
G} Basin time width T

{1} Peak discharge Qp
(iii} Lag time i.e. bagin lag time L,

£ g LInit duration

A
i & )

P mlem
Q @«” , ™
R
< [JH
o,
Y -
h Base widih 7' ™
Time

He proposed the following three equations for these three parameters

Lag time, f, = C,(LL)** G)

i. F q MA “:Tf:f? I Fra- PO Waneaeia Qomnd Siewe PV 3L A8 A e k|
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Basin time width T = (72 +3¢,)| i}
278C, A
Peak discharge @, = R i)
............. p .-

where t is in hr,

Cisa ceefﬁcmn%: reflecting slope, land use, and associated stmage c
between 1.35 to 1.65, average bemng 1.5 T

L = basin length measured along the water course from the the ___ba‘sin d1v1det<> the gauging station in km.

cacteristics of basin. Its value varies

L., = Distance of centroid of catchment from the gauging point;__"('in_ km} -

Tisin br.

Q, is in m¥s

A = Catchment area in km?®

Cp = a regional constant haviog value betwe,en {} 56 Lo 0.69

Synder used the standard duration ¢, (or - hr.}_m hi for unit hydrograph.

where =Dy, = ' v}

If a synthetic unit hydrograph of other duration then D'y is required, then lag time, ¢ . is given by

[ """"""""""""""" - (-!.
t{fi = » + i Y

. 58y
e = (6{)“]z95
A
335
Wy = Mmm;éé“
f Q,u E
L)

Where W, and W, ave the width Ofb‘ nthetic unit hydrograph in hr at 50% and 75% on respectively. where
Q, s 1n m¥s and A is area of catchment in km?.

O3 (r CMASTER
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| tf’
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Discharge

Fig. Blemeats of synthetic anit hydropraph,

g Lezzgth of main ‘stream = 120 km
' i 'frcm eentral out!ef. = 80 km

Demre 3-_hr synthehc umt hydmgmph of basm With foﬂowmg data w1th a cai,chment area of 25(}(} km2

f' i;he catehmmt are assuraed o be 1 5 aud 0.6 respecuvely Use Syndera method

39;:: - ;. o : I 3p
. . : t,

_ .. _.-Sténdard duration ¢
_ _Required duration ¥ _
Lag time tp_r..

or tpr

New q,
ami T

Wlth these- vaiues Q i and t,, & smooth

Lz (,'(I.,{,m)“3 .
= 15 L*lZOkm L

- ‘s'o ¥m
= 23 431 h.rs -

L g j,g_ w23484 % .'
;= D= 55 55 j =420 hrs

)
e *t+025(D‘~zr)

234844—{)25(‘3 42’?}
2&162}{3 U

- nas[ 02200

i
.("!-
e

HIE

J = 180 m¥sec
= 72+ 3%x2 16 14148 hours _

curve may be drawn

To piot the- smoetl:z synthetic unit hydrograph (SUH, US Army Corps Iﬁngmeers gave the width of SUH as;

, 587
W = (0
ndid
¢
3.35
W5 = P
(e
%

Ofice: P90 Katarwoin
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where W, and W, are widths in hre of SUH at 50% and 75% of @y

5.87

W, = —— ol = 10062 hrs
’ ( 180 V'
2500
3' -
and Wiy = 0 = 5749 hs.

Q'il
; 5742
177 R 22 16 :
e SUH {synthetic unit
75%Q, hydrography
5% 180 o psee
Q” b . .
" 0062
e : i €=
' 141.48 ‘

Example 7.1 1

’I‘we cat{-hmenta x .md ¥ are.considered mezeorclogwaﬂy hﬂmogenecus ThL charactensmcs of the two are:

. ¥
L, =50 km LWS{}km
}Zm 30 km L , =60 km
A, % 500 km? “1000 km

For catchment x, UH developed is of 2 hr duratm and peak’ dzscharge Q = 80 m? Bec: ’I‘he 2.1rae af peak
fmm begummg of raznfaii is x ig 18 hes. Using synder’s method, develop SUH for Ldt&hmezat ¥

So! Fm Latchmexzt %, t,, s obtained as; _ _

i3 = sz ‘?"é"wfpx_‘i“z—
. o . . oo b, = 12 hrs
K NOW’ L . r‘pr = C:(Ler)ola
' 12 = _C£(50 % 30)98
q = 1.8376
Agam ) Qpr = '2.?8( L I}
e I ) . -

LS AMASTER . (fiee: P15 Kavwarin Soesd New Tlethi o 110t i
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2.98(C, x500
e 8{} = W»—m..f (}‘;_XE; ..... ,._2
C, = 069

Since x and y are homogeneous, the values of C, and Cp for ¥ my be used to develop SUH for catchment
K .
1.3376 (80 x 60)04

= 4, =CALL, )3 =
or t = 17.00hrs
14
St ; ati = S
Standard duration L I}j, 55
# 3 hrs
Thus we have to SUH of 3 hr for catchiment ¥
Now, T
C, A (0.69x1000) '
Q. = 278 AL L= - = 112.83 m%s
LS by 17
FLid
T =24+ 3wiy= 123 br
Q= 112.88 m¥s, T = 123 hus, t, = 17 hrs
Now,
and W, = —2 ___35a5p,
o ;1%.\._83)""3 -
{ 10066
Triang it |
The area triangular unit hydrograph gives volume 4. te. 4
' 1
Q= 5 e +1)G,, S
20, 5
_ o0 Q= Lppos +1y z 0
According to US soil congervation service, A
‘ t,. w00t

peak

Rainfall effective time Lo S
& o = —+0.61
peak 9 8

. : . Fig. A piangular UH
Here t. 15 the time of concentration

Time lag = 0.8 L.

;\ L . S MA(;TF I? Offica: P16 Butwurie Some: Moo Tadhe 336 e 1




CIVIL ENGINEERING ' Hydrology - 165

2, 0759,

+  Main advantage of JUH is that it is independent of the duration t;?é rainfall hyetograph and has
one parameter less than D-hr unit hydrograph. -

« TUH is independent of rainfall characteristics. It is indicativ ._

catehment storage characteristics.

« Instanianeous unit hydrograph is obtained from S-curve.

"= intensity of rainfall, § = ordinate of

+  Ordinate of instantaneous hydrograph is given by [u{t) :,E %
_ N

. S-curve,

Thus ordinate of instantaneous unit hydrograph is the slope of S-curve of intensity 1 cm/hr (te. S-curve dexived
frem a unit hydrograph of 1 hr duration).

Clark Model

»  He used the concept of time area diagram.
- . nonn

| OBJE QUESTIONS

1. Which one of the following constitute the basic asswnption of Unit Hydrograph theory?
{a) Non-linear response and time invariance
() Non-linear time variance and linear response
{c} Linear response and linear time variance
{y Time imvariance and linear response

2. The following four hydrological features have to be estimated or taken as inputs before one can compute
the fleod hydrograph at any catchment outlet:

1. Unit hydrograph

2. Rainfall hydregraph

3. Infiltration index

4 Base flow

The corvect order in which they have to be emploved in the computations is
{a) 1,2, 3. 4 M 2143

© 2.3 1, 4 @ 4 1,3 2

I PG MASTIER Office: T-125. Fanwarin Saral New Delhi - 1G5
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3. The following steps ave involved in arriving at a unit hydrograph:

1. Estimating the suxface runoff in depth.

‘2, Estimating the surface runoff in volume.

3. Separation of base flow.

4. Dividing surface runoff ordinates by depth of yunoff.

The correct sequence of these steps is

8} 3,2 1,4 b 2.3, 4,1

¢y 3, 1,2 4 ) 43 21

hour unit hydregraph for the same basin will be
{a} equal to 80 m¥s

() greater than 80 m¥s

) less than 80 m¥s

@} between 40 m¥s to 8¢ m¥Ys

4. If a 4-hour unit hydrograph of a certain basin has a peak er_dinat_e of 80 m%s, the peak ordinate of a 2

5. Match List-1 (Name of scientists) with List-Ji (Coniribution to field of hyd rology} and select the correct
answer using the codes given below the liste
List-d
A. Dailton
B. Snyder
% - Blaney-Criddle
b. Sherman
List.]1
1 Unit Hydvograph
2. Evaporation
3. Empirical flood formula
4. Synthetic Unit Hydrograph
8 Conswmptive use equation
Codes; -
A B C D
(@) 2 3 5 1
) 1 4 3 2
fc) 2 4 D i
& 1 3 4 5

6. 1fthe base period ofa 6-houyr hydrograph of a basin is 84 howrs. then a 12 hours unit hydre
from this 8 hour wnit hydrograph will have a bage peviod of
{a} 72 hours {b} 78 hours
{) 84 hours {&} 99 houyrs

~-3

Which of the following principles related to s Unit Hydrograph?

L The hydrographs of divect runoff due to effective rainfall of equal duration have the sa
2. Effective rainfall i= not uniformly distributed within its duration.

3. Effective rainfall is uniformly distributed throughont the whole area of drainage basin.

sraph derived

me fime baze.

m PR CRAASTIND Y I P R R
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&

16.

iL

4. Hydrograph of diveet run off from a basin due to a given period of effective vainfull reflects the
combination of all the physical characteristics of the basin,

Select the correct answer using the codes given below:
{2) 1. 2and 3 B 1, 2 and 4
{c} 2, 3and 4 @ 1,3 and 4

The Unit. Hydrograph theory s based on the assumption of
{a) nonlinear response and lime invariance

) lnear response and nenlinear time variance

{£} time variance and linsar vesponse

{d) nonlinear response and nonlinear time variance

A two -hour storm hydrogeaph has 5 unite of direct rumﬁ‘ The two hour unit hydrograph for this storm
can be obtained by dividing the ordinates of the storm hydregraph by

@ 2 - b 25
) b @ 52

Assertion (A): Unst hydrograph %:he{mr 1¢ not applicable to catchment aveas Iarger than 5000 sq km.
Reason {(R) Rainfall is not uniformly distributed on large calchment areas.

In Synder's method of synthetic unit hydrograph development, basin lag is taken as

{a} the time interval between centroid of the rainfall excess and surface runoff

by the time interval from mid point of the Iin_iit- rainfall excess to the peak of the umit hydrograph
© independent of rainfall duration _ '

(dy independent of catchment characteristics -

. Match List-I with List-] and select the correct answer using the codes given below the lists:

List-i

Rising limb of a hydrograph
Fallithg b of a hydrograph
Peak rate of flow B
Drainage density

List-Ii

1. Dependson intensity oflamfaii
2. Function of total channel length
3. Function of catchment slope

©owpE

4. Function of storage characteristics
Codes:

A
{ay 3
b 1
b 3
d 1

R L v+

d&ﬁ:xt\ﬁl\bw

T RAASTER Office: 7195 Batwaria Sormi Soew Dathi - 110 014 !
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13,

‘14,

Match List-I with List-11 and select the correct answer using the codes given below the lists:
List-F

Unit Hydrograph

Synthetic unit Hydrograph

Barcy's law

Hational method

List-T}

Design food

Permeability

{Ingauged basin

ToEe

#n G0 b b

1 cm runoff
Codes:
A
@
o
©
@

N
O A e
C.nai—-'www

. B
3
1
3
1

Clark’s method aims at which one of the following?
(a) Developing on TUH due to a instantaneous rainfall excess over catchment
&) Developing stage-discharge relationship

- {e) Measurement of infiltration

15,

16,

@} Flood routing through channels

Viewing watershed as 4 system, which one of the following assu mptions i1s made in the Unit Hydrograph
theory? o ' . :

{3 Non hnearity

(b} Both linearity and time variance

(¢ Both time invariance and noplhinearity

) Both linarity and time invariance

For a given storm, other factors rémaining same,

{a} basins with large drainage densities given smaller flood peaks

) low drinage density basins give shorter time bases of hydrographs

{c} the flood peak is independent of the drinage density

{d} basins having low drinage density give smaller peaks in flood hydrographs -

. A DR due to 2 storm over 2 basin has a time base of 90 hours with straight line portions of the hydrograph

with flow rates of 8, 10, 70, 90, 40 and 0 m¥s at elapsed durations of 0. 10, 20, 30, 50 and 90 hours as
ndicated on the bove diagram, respectively. The catchment area iz 300 km?® What is the rainfall excess
m the storm?

TE CAANCTEN (Fice: P 116 Batwuris Rares ew Feiki . ) HEAT8 i
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fé‘a

20.

21.

90 (m'fs)
TG
i0
0
4] 10 26 30 i 80
e Pigne i hours

(a) 283 cm (b 3.46 em
() 387 em @ 402 cm

A 252 km? catchment area has a 6 ke UH which is a tnangie with time base of 35 hours. What is the
peak discharge of the DRH due to 5 om effective rainfall in 6 hr from that catchment?

{a} 45 cumecs ) 115 cumecs
{¢), 200 cumecs (d) 256 cumecs

LAY at iy

L A4 ham unit hydrograph of a basin can be approximated as a triangle with a base period of 48 hours and

peak ordinate of 300 m¥%s. What is the area of the catchment basin?

wla) 5756 kemnd - - & b4 kl;{lg_

(© 2592 km? @ 1294 km?

Consider the following statements: :
Assertion {A): The uni hydr{}vmph canxmt be applied for areas less then 5000 sq. km.
Reason {R): The run-off hy{irograph relfects the physiographic factors of a catehment,
(Of these statements:

{a) both A and R are true and R 1 the correct explanation of A

&) both A and R are true but R is not a corvect explanation of A

{c} A is true but B is false

() As false but Ris trné o

Match List-I {Parameter; w zth Lis{?—II {Relatable Term) and selact the correct answer usmg the codes given
below the lists:

List-]

Rainfall Intensity
Rainfall Excess
Rainfall Averaging

Mass Curve '

ListdI

lsohyets

Cumulatie rainfall
Hyetograph

Direct runoff hydrograph

OO

Ca L S
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Codes:

A B C D
(@) 1 3 2 4
® 3 4 1 2
{cy 1 3 4 2
dy 2 4 2 1

22. In constructing a 4 hour synthetic unit hygrograph for a basin, the Iaé.: timeis estimated to be 40 hours.

When will the peak discharge in the Synthetic Unit Hyd.regraph’_f_gé(:_'i;gi‘ from the start of the storm?
{s) 36 hours () 40 hours B
&) 42 hours () 44 hours

23. Consider the following statements: - [T

1 Only the surface flow consitutes the food hydrograph due to an isolated storm,
2. For a given storm, the flood peak is dependent on the drainage density.

3. Fan shaped catchments give narrow hydrvograph with low peak.

Which of these statements isfare correct?

(ay 1, 2 and 3 B Iand 3

{€} Zonly iy 3only

24. A unit hydrograph for a watershed is triangular in shape with base period of 20 hours. The area of the

watershed 15 500 ha. What is the peak discharge in m¥hrow?
(a) 7000 &b 6000
{c) 5600 iy 4000

25. A triangular direct runoff hydrograph due te a storm has a time base 6f 60 hr and a peak flow of 30 m¥

g occurrmg at 20 hr from the stazjt__._-'ff the catchment area is 300 km?, what is the rainfall excess in the
storm? _

{a} 50 mm b 20 mm

¢} HL8 mm Ady 83 mm

26. A3 hr unit hydrograph U, of a catchment of avea 235 km? is in the form of a triangle with peak discharge

30 m¥s. Another 8 hr unit hydrograph U, 15 also triangular is shape and has the same base width as g,
but has a peak flow of 90 m¥s. What is the catchment area of U,? '

@ 1175 km? ) 235 km?

{&} 470 km* @) 705 km?

27. A direct-runoff hydragraph due to isolated storm was triangular in shape with 2 base of 80 h and peak of

200 wm¥s. If the catchment area 1s 1440 km®, the effective rainfall of the storm is
(a} 20 em b 10 em
) 5 em dy 2 em

. The shape of the recession Hmb of a hydrograph depends on
{a} basin as well as storm characteristios
(b storm characteristics only

¢ {€) basin characteristics on Iy
{d) base flow only
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28, An S-curve hydrograph has been obtained for catchments of 270 km? from a 3 howr unit hydrograph. The
eqailibrium discharge for the S-curve is
{2} THO ms M) 2778 m¥s
() 256 ms dy 187 m¥s

30, Match List-f with List-II and seleet the eorrect answers using the- cades given below the lists:

List-i List-1
A. Rainfall intesnity 1. Isohyets
B, Rainfal excess 2. Cumulative rainfall
C. Ramfali averaging 3. Hyetograph
. Mass curve hydregraph 4 Divect vunoff
Codes:

A B C D
(ay 1 3 2 4
b 3 4 i 2
© 1 g 4 3
ah 3 4 2 1]

Cormmon Data for Questions 31 and 32:

-{En average rainfail of 16 ¢m occurs over a catchment during a period of 12 hours with a uniform intensity.

The upit hydrograph (unit depth = 1 em, duration = § hours) of the catchment rises linearly from 0 te 30
cumecs in six hours and then falls inearly from 30 to 0 cumecs in the next 12 hours. ¢ index of the catchment
is known to be 0.5 cavhr. Base flow in the river 18 known to be 5 cumecs,

81 Peak discharge of the resuiting divect rianoff hy (il sgraph shall be
{a) 150 cumecs by 225 cumecs
(¢} 230 cumecs {d) 360 cumecs

32. Area of the catchment in hectares is
(a) 91.20 E8)) ‘?70
{c} 9740 S { A

33, The average rainfall for a 8 hnu_f".fiuration storm 1s 2.7 e and the loss rate is ¢.3 em/hr. The flood
hydrograph has a base flow of 20 m¥s and produces a peak flow of 210 m%s. The peak of a 3-h unik

hydrograph is
{ay 125.50 m%s O 19550 m¥s
(&) T77T mis ) F0.37 m¥s

34. When the outﬁcw from a storage reservoir is uncontrolled as in a freely operating spillway, the peak of

(a) the peint of infersection of the inflow and outflow hydrographs

fhy a point. after the intersection of the inflow and cuiflow hivdrographs
{e) the tail of inflow hvdrographs

() a point, before the infersection of the inflow and outflow hvdrographs

BRI ONMASTER B Office: - 196 Rarwaria Savai New Delhi 11006
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Statement for Linked Answer Questions 85 and 36:

A four hour unit hydrograph of a catchment is triangular in shape with base of 80 hours. The area of the
cafchment is 720 km®. The base flow and ¢-index are 30 m¥s and 1 mm/hy, respectively. A storm of 4 ¢m oceurs
uniformly in 4 hours over the catchment. :

35. The peak discharge of four hour unit hydrograph is

(ay 40 m%s &) 50 ms

{cy 60 m¥s &) T m¥s
36. The peak floed discharge due to the storm is

(&) 210 m¥s (b 230 m¥s _

) 260 m¥s @ 720 mYs 5 ) e
Common Data for Questions 37 and 38 ) A0

Ordinates of a I-hour unit hydrograph at 1 howr intervals, starting fiom time t = 0504 0.2, 6. 4 2 1 and

mls. - Hor T e 1
' {E%’T.\'\Catchment area respresented by this unit hydrograph is S I S
4 S : e e oy el f’}» U Al M ! R
oy L0 kms? i 2.0 km? Mo fofetely T S Y AR S ot

© 32 km? @ 54 km? By RO TS

38 Ordinate of a 3-hour unit hydrograph for the catchunent at t = 3 hours is
{a) 2.6 m3s b 3.0 m¥s
{£) 4.0 m¥s W 5.0 mi

38, A fleod wave with a known inflow hydrograph is routed through a large reservoir. The cutflow hydrograph
will have o ; .
(a) attenuated peak with reduced time-base -._> Looe

(&} attenuated peak with increased time-baze
{c} increased peak with increased time bage
) increased peak with reduced time-hase

Commeon Data for Questions 40 and 41:

One hour triangular unit hydrograph of a watershed has the peak discharge of 60 m¥sec.cm at 10 hours and
tume base of 30 howrs. The ¢ index is 0.4 cn per hour and base flow is 15 m¥sec,

40, The catchment area of the watershed in

(&) 3.24 kim® b 324 km?®
fer 324 km? G 3240 k?
4L Iftheve is ramfall of 5.4 cin in 1 hour, the ordinate of the food hyvdrograph at 15™ hour is
fa) 225 milsec (240 mi¥fsec
¢} 249 m¥fsee _ )y 258 m¥aac

Office: F120 Rusween Suyak. Noew Dotbii- 114118
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3. (a)
4 ()
5 (o

6 @

7. @

0. {a)

1L (b)

12. (a)

13. (©)
4. (a)

15. @

6.

17. @
18. (o)
19. (©)
20. (@)
21. (b)

22 (o)

23. (e}
24. (&)

25. (©)

%. @
a7 (d_fi.-5'f;' .
98, (@

28. (&

30. (0

31. (D)
32 ()

33. (b)

34 (b)
35. (b)
36 ()
37. @)
38. ().
39. (b)
10. ()

41. (b)
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Floods

Any flow which is relatively high and which overtops the natural or artifical banks in any reach of  river
nmay be called a flood.

Design of culverts, road and rail bridges, drainage works and irrigation diversion works, needs a reliable
estimate of the flood at the sife concerned.

The maximum flood that any structure can safely pass is called the ‘design flood’.

As the magnitude of the design flood increase, the capital cost of the structure also increases but the

Magnitude of design flood i¢ decided based on acceptable risk of exceedence.
In the design flood estimates, reference is usually made to the following:

(&) Standard project flood (SPF); This is the estimate of the flood likely to ocour from the most severe
combination of the meterological and hydrelogical conditions, which are reasonably characteristic of the
dramage basin being considered, but excluding extremely rare combination.

(b} Maximum probable flood (MPE); This differs from the SPF in that it inchides the extremely rare
and catastrophic foods and is usually confined to spillway design of very high dams. The SPF is usually
around 80% of the MPF for the basin.

&} Probeble maximum precipitation (PMP}: The probable maximum precipitation (PMP}is defined as
the greatest or extreme rainfall of a given duration that is physically possible over a station or basin.

Depth area duration curve for PMP is usually derived by taking the results of maximum depth area
duration analysis and adjusting them for maximum moisture change rate of moisture inflow and other
hydrometerological conditions that would masimise the rainfall.

PMP. when applied on the design unit hydrograph for the basin, will produce the MPF.

{d} Design flood: It is the flood adopted for the design of hydraulic structures like spilways, bridee
openings, flood banks, ete. Jt 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 economics of copstruction of
structures. The design flood is usually selected after making a cost-benefit analysis, the ratio of benefit
to cost may be desired to be the maximum,

The methods used in the estimation of the design flood can be grouped as under.

() Physical indication of past flood
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(1) Envelope curves

(it} Empirical flood formulae
(iv} Rational method

() Unit hydmgiaph appimatzon

{vi} Frequency analvazs (cr Statlbi;ical methotis)

By noting the flood marks {and by local enquiry), depths, affluxes (hea&mg up “of water near bridge operungs
or similar obstructions fe flow}, the maximum flood discharge miay beé Pstimated

1004 e 10 g '19_8__ 100{}00
¥ SGMLOJ—Eog!pa::!; =
2 60
2 a0 :

R 4T -
£ 80 avberd?
E {:(’_.-ﬂt{/ /
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Catchment area (1000 km®)

Fig. 8.1 (a) Enveloping curves of Kanwar Sain and Kapov,

Areas having similar topographical features and climatic conditions are grouped together, All available data
regarding discharges are compiled along with their respective catchment areas. Peak flood discharges are then
plotted against the drainage areas and a curve is drawn {o cover or envelope the highest plotted points. Thus
for any drainage area, peak flood can be read from the envelope curves, This method gives a rough estimate
of peak flood. Using this we cannot assign any return period to the peak value.

Envelope curves are generally used for comparigon only and the desizn floods got by other methods, should be
higher than those obtained from envelope curves.

Following equation is sometimes used for enveloping curve of maximum floods throughout the world

L3010 4

(277 + AP

L . N
where @ iz in m¥s A isin km?

PR S MASTER . Office: F135 Rarwaris Sarm, wow Dalhy - 115115 !
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(iii) Emperical Formula

The simplest of the empirical relationships are those which relate the fiood peak to the drainage area.
The various emperical formulas are:
Dickens Formula
" 3
Qp = Cp A

where Qp = maximum flood discharge {m¥s)

A = catchment area (km?)
Cp

Dickens formula i¢ used in the central and northern parts of the'é’f}ﬁz_i_t_rj; {india.}

H

Dickens constant with value between 6 to 36,

Ryves Formula

where €, = maximum flood discharge (m¥s)
A = catchment area km?
It is in use in Tamil Nadu and pares of I{arnaﬁéia #ﬁa‘ﬁi‘iﬁﬁ%‘é‘?iégééh‘f

i

Ryves coefficient

{y = 6.8 for areas within 80 km ﬁ'em{ !;heeast toast

=8.5 for areas which are 80160 kmfcemthe east coast

= 10.2 for limited areas near hills -
Inglis Formula

This formula is bazed on flood data of catchments in Western Ghats in Maharashtra, Qp in m¥s 18 expressed
as :

ENFUSTY

where A4 is the catchment area in km?, &, 1s peak flow in m¥s.

* In this method it is assumed that the maximum flood flow is produced by a certain rainfall inten sity which
lasts for a time equal to or greater than the period of concentration fime.

+ The concentration ime is the time required for the surface runoff from the remotest part of the catchment
area to reach the basin outlet.

*  When a storm continues beyond concentration time every part of the catchment would be contributing to
the runoff at outlet and therefore it represents condition of peak runeff

* The runoff rate corvesponding to this condition is given by

Q= CAl _
FF S MASTER [E L R O A Y TR e 1
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where 4 1s the area of the catchment. [ is the intensity of rainfall and C is a runoff coefficient to account
for the abstractions from the rainfall

The intensity of rainfall used should be corresponding to a duration equal to concentration fime and desired
return period as cbtained from IDF cusve. fie I= Ly, b¢ ramfall mtensity corresponding to a duration

' 1
of time of concentration (¢) and probability of excerdance P (T o }";]} :

A

INLERETEY m—

T, Duration —m

T..=Time at'cencentt_ai_:_iﬂ_n

Fig. 8.2, Intensity-frequency-duration curves,

A Rainfall~

I E - : -
L M‘— ’ End of rainfall

L
T Recession f
{ Peak Ci4

\ ! valuel C,I m .:%«M
Hunoff l

Hunoff rain ol rales

e Pl i

T.
{Volume of the two hatched portions ure equal)

Fig. 8.3, Runoff hydrograph due to uniform rainfail.

Rainfall Intensity {ice )

The rainfall intensity corvesponding to a duration £, {time of concentration} and the desired probability of
exceedence P (Le. return period I= 1/P) can also be found from the rainfall frequency duration relationship
using the formula

E’fc\p = (f'c _E_Q_-}m
i which A, a. x and m are constant.
i ; % Jg'\‘/]/_‘.tqw["flf.? Gifice: F. 126 Ratwari Sarui Now Delhi. 1180168
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Time of Concentration (£

Time of conceniration can be calculated using the following formula:

US Practice

For small drainage basins, the time of concentration is apprexmmately equal to the lag time of the peak flow,
Thus ' '

LL n
t=t,= Gy (—ff’]

4

f

where 1= time of conceniration in hours.

L = basin length measured along the water course from the basin divide to the gauging station in
km )
L., = distance along the main water course from the gauging station to centroid of the water shed
i km, : :
§ = basin slope

Cd and n are basin constants.

Kirpich Equation {1940)

Eo= 0.01947 L077 G438
{. = time of concentration (minutes)
CULTE makinan Tength of fravel of water in meter
S = slope of the catchment = AH/L in which
AH = difference in elevation belween the most remote point on the catchment and the outlet,

runoff

al

; = Runoff coefficient = impermeability factor.
rainfall

if different portions of catchment have different runoff coefficient then ch 18 caleulated as

A A, + Coty +
“ A+ A+ A+

where C, = Runoff coefficient pertaining to area 4, ete,

i : i ES MASTFR Gifice: F-EM Rarwaris Sond Now E}«ikf AT 1
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The IT rational formula is found to be suiiable for peak-flow prediction in smalt caichments up to 50 km® in
area, If finds considerable application in urban drainage designs and in the design of small culverts and bridges.

An ‘arban catchmeat:_
of travel of water is 50

gtﬁf

Bepth ef ra mfall

'If a culverﬁ for dra

the reqmred peak noff _caeﬂiczeﬂt”és i} 3

.S_oi: "i‘i_ie "’.’tiixie_ : ef Ku‘pmh : fm'mu_l_a 'a_s

| = 274 minates
By interpolation,
Maximum depth of ramfall fr}r 27 4- mm duratwn :

(59 4G)x7ri+4{) w4{41::1111
40 .
o Average tntensity =4, = i 1038 Wh

7 930x103.8x6.85
C T 36

=735 m¥s

Example 8.2
If in the urban area, the i&nd use of the a:ea aad the ccrrespondmg runoff coefﬁ{'zents ate as gwen be!ow .
calculate the equlvale,nt mnoﬁ' eeeiﬁczent ' : : AR .

Tanduse Area-(ha) | Runoff coefficient
Lawn . - 17 0.10
- Residential area | . 50 0.36.
: _Indusatnaiarea AL 0.80
ZCA
Sol: Equivalent runoff coefli c1ent C m T .
e CH0.7x8) +(0.1x17) +(0.3x50)+{0.8x10)]
e  [B417450+10)
9}13 - 036
8

E:m P CRAACTINR OffNice: 1265 Katwaria Sarad, New Delbd - 1O 6




180 Hydrology CIVIL ENGINEERING

g

- '{}) and 1 9_
'f'he mtenszty- ;

5 year frequency.

= 0.0195 L‘W S‘”g" '

= 0{3{96(1800)877( :
1800
= 34 mjnutes o
F = i 4 cmib
(34+13)" = 259 oo
4 = 15km® € =020
A = 25km?  C,=0.10
Ay = L0km? G085
o - (02x}5}5(01x25}+(035><1)_-'
eq 1542541
e g = 018 X 0.259 X ~~“5“"‘5°X10‘"’_— 6475 m%

Unit Hydrograph Method

The unit hydrograph technique can be used to predict the peak-fiood hydrograph if the rainfall producing the
flood, nfiltration characteristics of the catchment and the appropriate unit hydrograph are available. For design
food extreme rainfall situations are used (design storm). The unit hydrograph of the catchment is then operated
upon by the design storm to generate the desived flood hydrograph.

Frequency Analysis

Frequency analysis makes use of the observed data in the past to predict the future ﬂood eventis along with
their prohabilities and return periods.

For frequency analysis and adequate and accurate data of previous foods are required. Generally records of less
than 20 years should not be used in frequeney analvsis,

Dams, diversion, urbanisation and other land use changes introduce the inconsistency in data hence the data
must be modified to bring it at par with the current condition of the catchment.

e T ¢ AR ACTPD F3 T ans 18138 Barwneis Qo Wew Madhi . 114000 i
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What data sbould be used for analysis?

if data for 50 yrs are available, then in that 50 yrs, may be, the flood may have come 200 times. But for analysis
purpese we do nof take all the 200 data into account. Data selected for analysis ave:

{a) Blata of annual series

{8 Data of partial series,

[

Water v
Water yr atfl ¥
1 e 3
? ) Vit .
Q I1
AV ANE VAR N AW
Q, i Vi WA A VA

AVERY /\/\/ 7 </ uu T

¥

Time ~—-

If peak discharge of 11, V, VII, X, X1l ete, (e, max flood of a year) are arvanged in decreasing ordex of magnitude
we get annual series. If however, all floods above a bage value @, 18 congidered, we get partial data series.

Note: Note that the next higher peak of 1st year year i.e. 1) may be more than tize peak of 2nd yr Ge. V)
However in annual series we take only the peak of each year into account. :

For information about floods of fairly frequent occurrences, as is required during the construction period of a
large dam {say 4-5 yrs), partial series are the best. While, for the spillway design flood, the annual series are
preferved.

Hence normally for floods of large reccurance, interval (i.e. greater than 20 yrs, or in other words flood of
exceedance probability < 0.05) annual data series is used and for small recurrance interval (4-5 yrs) partial data
series is used,

in our course we will concentrate only on annual data series,

Annual series are arranged in decending order of magnitude and rank no. is assinged to each with vank m =
1 for highest observed flood and m = n {vr. of vecord) for lowest observed flood.

The return period is calculated for each event using Weibull's formula

T = return period in yr.
m = grder no.

Return period represents the average no. of vears within which a given event will be equalled or exceeded.

% FE S RAACTETR f3ffee: F1240 ’nm arbi Smrat Weaw Tlelhi. BIO DA t
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1
Probability of exceedance = T - P

r

Ifa graph is plotted between flood magnitude and its return pentod in simple plane co-ordinates, the plot is called
probability or an emperical distribution,

This graph may be extrapolated or interpolated to get the design flood of any specific return period. We may
also plot flood megnitude {y-axis, simple scale) and retura period (v axis log-scale) and use it for extropolation.
[This curve may yield styaight line plot}.

However, the extrapolation for large return peviod may vield ezrmneng resulis. “Hence for longer yeturn period,
theoretical probability distzibutions have to be used. The most commorly used distributions ave:

(a) Gumble’s distribution

{b} Log Pearson Type I distribution,

Gumble’s Method
As per Gumble’s method
XT = *i; + K‘anl

where X, = Value of variate (iie, flood) with a return period of T
\ . . ZX

X = Mean value of vaviate ¥~ = X (from annual series)
n

7 = no, of yrs of record

6,1 = Standard deviation of the sample of size n.

K = Frequeney factor

¥ = reduced variate

1 T
»omailnd
; = ){ln nTwi}

S, = Standard deviation of reduced variate.

¥, = Mean of reduced variate L

¥, and 8, are function of # {no. of yr. of record). Table is available for ¥, and S, against n. Hence 5, and

¥, will be obtained from table.

I"Ieweve:_' if, nis large {generally > 200}

Hence the step involved are:

-‘- I (S M/\ ST{ ?? Office: P-4 Raswesria Surni o r\'mz\;. Vit et ]
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1. Assemble the discharge data and note the sample size n. Here the annual flood value is the variate X, Find
X and o, for the given data.
Using Tables determine ¥, and S, for given n.

2
3. Find y, for a.given T.
4, PFind K.

5. Determine the required x,.

nVPr Chambalat{} i dan Gumbeis _xziethgd, 3zei{ied
(¥
180 ) 4680{}

Estimate the ﬂood mgm&ude m ffus river with a :,eturn permri ef 5{}0 years o o

Sol Gumbie s equatmn

Xyp = % “’“Km{;“n =

15{} = x-ivaGR_% B

{ ma’“Kaa Ty = xmo xaa 4‘6390 408{}9 “_:5491:.'.:.'

iﬁiete Sn «:um’t;"\?jz _:_a;fé _cénstahﬁ-fdr Eizgg‘iven data series,

b= 5401

Also,
Fyge = ~1in - 1n (100f99)} 4 66015
Yo = —iin- I (59;49)} = 3.90 m
3491

Cm T 7864
TS, T 460015+ 390194) BLTORE

" For T =500 years, by eq.. o

'N_éfw, ¥yo = —fln-1In (5001499)
!r——i
1“"" {Vaoa 3166} """ = Xsop xmo
{6 21361 46001:})x 7864 = 39, - 46300

= 58588, sa} 59 90(} msf‘; :

AR CAAA Q?FQ . Office: F-126. Karwaria Sarai Néw Debhi . 110114 i
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Usi

ing Gumbel’

4(;{3015 -0, _4_034

._-Z;K"m Lig847 - T 3.59762
- xse = .5c’+'K596 '
or o 66(}~ x+‘? QYSQG,M (3} _.
_ wé‘ = x * Km“ ;—z _
o S s m—-x+3 a97620 ®

Solvmg the two simultaneous equatmns (a) an& (b) fo): % and 6, Wwe obtain X =274.83 m¥s and 6, =
128. 3 mafs ' . . . :

7200

:-”N?"_-*’ o o Y™ 'f:l_,n:ln(l—%—) = 5,29581
5.99581 ;0_5_4_93_4 '

sog = 1.}.28;'57 = 4 214]
xzw = x+K2ﬁf}Gu 1
' 274.83 + 4 9141 x 129 3 = 819, 71 m3ls
The 20{} year ﬂood for the stream \muid be 820 m¥s,

’I’he mdxzmum a_ﬂpual floods for r_ivéz' Kam_zﬁa_at Parbhanga were _si;a‘ticaﬂy énaiysed f(}_r_ 93 vrs (1376- 1968}
‘The mean annual flood and standard deviation ave 14210 and 9700 m¥s respectivély. Determine:

CEE T CAACIEDR Gffice: F 176 Katwaris Sarar, “aw Pl 136 615
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"'rval ef ths, heightest flood 4

eibull’s methad and Wh%t'__i_é ik

) /) and the heightest flood

(i By(}umbie Meﬁhnci

hut for '-la'i:_fge Yé_ars of record (say n > 59'_:311:‘8) : RS
S, =1.28%5

Yo ~In- inm :

= . _I = i189 yrs
Ret_;&h pe_zrioé'fo: flood of magnitude 495{}_0_13 189 yre,

5 T F S MASTER Offica: F- 175, Karwaria Gares, wew Dethi - 110016 i
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.Stahsttcal analyszs of. t.he annuai ﬂmds of t 3 Tivet ’{‘aptl (18?6 1988) usmg szmbei s methad y:elded the }OG

'(b} the probability of & ﬂood of m&gmtude 35909 cumec (1) occurrmg in the next 16 years

186 ' Hydrology CIVIL. ENGINEERING

hir and 19-hr floods as 42800 and "2 100 cumﬁc,

respoctwely Determme

{a) the matnitude of a 20vyr ﬂoad

(11) in the next’ year ztseif

Sol (a) Xm = 4.,890 ' o

C Xy =9
Xm@ =X +K_ZIGGG';L-.2 ©

Xo= X4Kyo,, @
Xp= X+ Bys,, i)

S Mer

’.X...._.....m “ XI_.Q‘_., - ‘__(_K___fzf} 19 } S??. . . Sn,
Xiﬂé =Xy - (Koo - Km} 3’1% Y Y ¥,
. | Sﬂ SIL
Koy =Xy R
Koo~ Xie  Fop =2 i~

g
[ !
(=3 Lo
!

16
= ~lnin G 225037

Office: ¥-1 35 Karwaria Sarar e Tiabhi - TTRATH 4
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3500022700 y; 225087 .

- 4280022700 ~ 4.60015 - 2.25037
= | =38 688295
. -In mol o 3688295 S
'z’ S

= r. . j‘_ o 4_&0.4;9371’5_

¥Is,

=
Probabﬁzty of ocmrrance i nexL yr 1tseif pmbab)hty ef occurrance of at least once in next otie yr
o ' -'wzm{z&}fﬁlw} {1~ 0.0247) = 00247 = 2:47%

SOME IMPORTANT POINTS

o For average of annual series, Gumbles method gives T'= 2.33 yrs,

Thus the value of ﬁoo_{i with T'= 2.33 yrs is called mean annual flged.

+ X, vs T plot on Gumble probability paper is a straight line. This property can be used for caleulation of
Ay for any T using Gumble probability peper plet.

Due to limitted data, the value of variate X, determined using Gumble's method can have error. Hence it
18 desivable that confidence Hmits of the estimate be determined.

Ceonfidence intevval indicates the lmifs about the caleslated value between which the true value can be said
to lie with a gpecific probability based on sampling errors only.

TECARASTER Qffice: F-120 hatwarts Saral. New Lelhi - 110 016 ;
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For confidence probability ‘o, the confidence interval of variate X, is bounded by value X ; and X, given by

where f{a) = function of confidence probability ‘e’ It ean be found using the following table

ampercent | 50 |68 | 80 .1 90 | 95 | 99
i) 0.674 | 1.0 | 1.282 | 1.645 |

S, = Probable error = b S
n

b= VI+13K+LLK? .

n = Sample size
= Return peried

0,1 = Standard deviation of sample

Example 8.8

Data: covelzng a;}enocf 0f92yearsforthemrer(}anga at Raiwala yzelded the mean andstamia rd devxatwrz
of the apnual flood series as 6437 and 2951 m%s respectively. Using Gumbel's. method estimate the flood
discharge with 2 return period of 500 years. What is the 95% conﬁdepce.h’mi.t_s'fpr' this estimate, {’I‘ai;e"jf"n_'
= 0.5589 and S, = 1.2020 for n = 92 yrs] also take the value of function of confidence probability for 95.1
and 8{_}% conﬁde;iée_!irqii_: to be'_l-.96_ and 1.282 respectively. T R e T

Sol: 3, = 05589 and §, = 12020  © |
- U s = ladn o099y
L =621361 '

0T 7192026 L
g = 8437 + 47044 x 2951 = 20320 m¥s

b= 141347040 + L 1A 7040
=561 -
2851

S, = probable ervor = 5.61 x 79—5’ r—“1’.72'6 o - .

(a} For 95% canﬁaieriée pi-{;béhiﬁﬁy flo) = 1.96

E S f\ﬂ/:\gurf:f\) Office: F 1% Karsaria Reras Sem Dhathi . 136 018 t
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20320 m¥s hias 2 95% probability of lying bitween 23700.axid
| thy' f(a) . 282 o P

Risk Reliability 4nd Safety Factor

The probability of occarrence of an even (x 3 x5} at least once over a period of n successive vears 15 caled the
risk B. Thus the risk is given by

£ & 1— (probahility of non-occurrence of the even x 2 Xy in n vears)

ﬁ_ .W(l_p}n

' 1
where P = probability P (x 2 x) = 7

P = veturn period

The reliability R, 15 defined as

Eramplo 31

A bridge has an expe{:"téd_i_i;fe of 95 yéars: and is designed for a flood tagnitude of :‘etﬁm'ﬁeno& IOOyeara

........... (a) What is the risk of this hydrologic design? (0) If 2 10% risk is acceptable, what mwru.ﬁ?ﬁ_d& will have
to be adopted? S 1 PR i have

o o 1 vt

Sok: (a) The risk B = 1_~(1_~-» T}

Here n = 25 yeafé and Tm—-» 160 yéars

- (. ) 95

B= I-—(lvg{;&) =0.222

Hence the inbuilt risk in this design is 222“34:

®IF = 10% = 0.10.

Offiee: Fo1958 Hatwnris Sarse New Telhi . 176 813 [
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bridge will have to be designad

i _:ia at Gamtieghwar coverm

| Héx_ice_ n- 1_:10:.-:._- z( o

 T=475 )

TS

u'm ei’s method 13 nt}w used to estlmate the ﬂoad magmtude for thls retnm perxod of T 475 years;

o ;._u[zn.zn' T ']w[m.za(4-?-?)] 616226

o } (3 36226 05389) .

5 x.r+£a

"9609 + (5 0248 X 14889} = 104‘)68 hydrolegical design flood magmtmie
Ac,tuai ﬂoaé magmmde adopte(i in the project is = 125,000 m%s -

S:_afety margin faz ﬁgod mag_mtude = 12:3,6_00 — 104,268 = 20,732 m¥s-

"'-'-""."f‘: i f: q }'\/] /\(TF f? CHfice: P20 Batwaris Saret Wew Frdhi- 11088 1
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Flood Routing

F

Flood routing is a procedure whereby the shape of a {lood hydrogrpah at a particular location on the stream
is determined from the known or assumed flood hydrograph at some other location upstream

As the discharge in a stream due to flood increases, the stage also increases and hence the volume of water
in temporary stovage in the channel mcreases. As the flood recedes, this temporary storage depletes. As a result,

a flood hydrograph moving dewn a channel has ifs time base lengthened and peak gets reduced:The food srave. o

then is said to be attenuated. Similar is the effect of reservoir storage.

af/ e
: A US

Known hydrograph at
point A in channel

Hydrograph at A

v Lo,

4

Attenuation {peak attenuated)
B

Hydrograph at B
: - Time i i
(Time base lengthened}
B

s

In flood routing owr aim 15 to determine hvdrograph B from known bydrograph A at the upstream location,
Flood routing is used in:
{a} Establishing the floed peak at a downstream location (i.e. prediction of flood).

(b Establishing the effect of congtruction of reserveir on flood (e, to extablish how much of reduction in peak
resuite as a resull of construction of reservoir).

{cy Determining the required levee height for flood protection.
{d} Predicting the behaviour of viver after a change has been done in the channel conditions.

{e) Determinmg the adequacy of spillway.

The basic techniques used in flood routing are:



i
i
{
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(% Lumped routing (hydrologic routing),
{8} Distributed routing (hydraulic routing}
* In Lumped routing we find out:
- Q@ =1f{t) at a given x-location _
Le. discharge as a function of time at any given x
+ In distributed rlcuting we find cut
Q= fx,

1¢. discharge as a function of time and space,

* In Lumped routing we use continuity equation.

* Indistributed routing we use continuiety equation and rziéit_aé_\__tum equation.

- Q = d[ ie, inguw:outﬁ_{;w = glorage

for small time increment At

(*Z “)A“[gﬁ%}‘“*[ﬁfsﬂ @

IZ
¥
L2 .
e -
At t
3

Note that At should be small so that inflow and outflow hydrograph can be assumed as straight line in time

interval Af,

2 Iun differential form the continuity equation for unsteady flow in a reach with no lateral inflow given by

& 5,
f + :32’ =0 ®
where T = Top surface width, y = depth of flow.
3. The momentum equation is given by
P S = !
V= velocity of flow, S, = hed slope, Sf. = energy line glope

Euqation (B} and (C) are Saint Venants Eauation for gradually valued unsteady flow.

4 3 g ES Mf\g]q}r? Office: F125 Katwaria Sered Nows [heth
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In our course we will concentrate only on Lumped routing (hydrologic routing). There are tweo type of routing
used:

(i} Storage routing or reservoir routing.

{u) Channel routing.

Storage Routing

+ In storage routing, we assumne level pool routing concept Le. the wat will be assumed horizontal.
[Although the actual water surface will not be level due to vay 1e{i flow phendmenon].

+ in this case storage will be function of elevation only
S = 8th)

Note: If we agsumed the varied flow concept with watu Ievei notl ei, than storage will be a function of
iaflow and outflow, i &

LTI o gt A o b L s

The shaded portion (storage) will be ai’zmcuon of Inflow and outflow.

* Tims:, in lev ei poc;] routing the inflow hvdz ograph is kncwn and at the same tlme the ou tfiew elevatmn and

vs bimie or sﬁorace va time curves.

‘ \““”“"(f@m """"""" “/\

EKnown reservoir

“

Y

Known Input

¥

k

E

Cutput
To be found ot

+  The outflow clevation and storage elevation relationship will be establish as follows:

2P F S AMASTER Qffice: FL 126, Katwurds Saral Now Delhi - 110016
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i\?ﬂ

Plan

yed and contour maps are prepared. From this area enclosed by
nce the areas snclosed by contowrs are known, the incremental
volumes of water stored between any twe successive confours can he determined using one of the following

v Thgavea vt the reservoir sife 18 surve

equations o
AV s “25( 4, 453 {Trapezoidal formula}
B | _
AV = 3 {4+ 4, +JA4,) {Cone formula]
LR e
AV = v 4, +44 +4,] [Prismoidal formula]

*Prismoidal rule is more accurate;

A, and 4, are the areas corresponding to the successive contours

and 'k is the difference between elevation
(contour internal). A, s the area enclosed by

a contour hine midway between the two adjacent contouys.

+  Hthese mcremental volumes are accumulated upto any contour value, then the sum represents the storage
; volume of the reservoir upto the elevation of that contour. Thus elevation stoyage relationship is established

Outflow-Storage Relationship

2 1392
(Qi.';}iﬂway = § Cd; '\/Q—g L ()’{ - [{a)

Qe = Co W28 H-H,y)

Q{at;i = Qfspiitway + Q.-,Iuicc

Office: F 126 Ratwnris Sarmi Now Thihe T1d 59T 1
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in the above formulation
.Gy

Cq

H
Hy

73

A

= Coefficient of discharge for shuices

. = Sill level of spillway

= Centre of shrice height

Area of sluices

= Length of spillway crest
= Water surface elevation

 (H - H.a)

- I"I.A',

“Contour elevation (in)

_ .' Contour atea (hectare) 219, 227 1257 | 2718

305 | 330 | 362|396

There are two {:m'uiar shuices thh diamel:er of 25 m and wﬂ:h then ::entres atan elevation 470 m A spzﬁway
w:th an. effectwe erest iength of 20 mis also pmﬂded with 1ts 5;111 at 480 o The C, for sluices may be taken

' Ink;femén'tal_::fégéﬁage_; : o L
b Ay +4, (A +4,) | . Cumulative storage | Storage
Area _ ot L _ ' .
. 2 2 L m hac~m (msis)_v{tiay_)
S h = 2m = contour int erval |’ o _
470 e — | — K 0
472 oov | 223 48 446 51.62
474 | 240 | 2335 467 e1s 105.67
476 | 257 | 2485 497 14100 163.19
4718 | 218 | 2675 535 1945 225.12
480 | 803 | 2905 581" 9526 29936
482 | 330 | 3165 633 3159 365.63
484 | 362 | 3460 692 3851 445.72
48 {396 | 3ve0 | 758 4609 533.45

Discharge from shiice = 0.8%2x %(2.5}2. xJ2x9.81x(H - 470

Quue = 3479 VH-470 -

- Discharge from spillway

t

Q.‘aziﬁw ay
; spitlway

[HE ]

45 (F — 480)¥?

2,95 % 920 (H ~ 480y

CETESTASTTED

Office F-135 Rarwarin Savai, New Pelhi - 11003148
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Compulation of Dischurge

Eleavation 4
| 470
coare

. Q ;M"'Qspiii_"*ay * Qsicif.:é. {mﬁ){S} :

T g

_ . 482

L AR
984
1100
2478

__B00G

46

:T'hus storage discharge 'réia{'m_nsh___l_p-:_s as under:: 7.

| Elevation () | Storage (m®/s-day) Discﬁazge (m®s5)
a0 0 | o T
a2 ol 512 | 499
AT UE U esET D e
w8 22512 ] 9s4
480 . 299.36 110.0 .
482 | 36563 . | . 2748
ase 1 st 490.2
486 - . 53345 | 8006

Mote: Note that there could be storage below elevation of 470 m but it would be dead storvage. It cannot affect
the flood hydregraph and hence is irrelevant for flood routing.

- fa) Medified Pufs method 1 ...

| &y Goodrich :mﬁhod

{c) Standard 4th order Runge-Kutta method {Numerical method)

Modified Pul’s Method

i + @y _
(e (92, s

)

The only unknowns in this are Sy and €, [iLe. storage and discharge alter Ume AL, &, S, being known at {
= 0]. Hence we reavange the term such that all knowns are on one side and all unknown are on other side.

A A 8 L E R T T i

B 7 <CWASTED Gifies Frms oo
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.5

(fj*’,{&} Al + (3‘1 - Qﬁ] 2(32 + Qzﬁl )?
2 2 2 )

As storage and discharge both ave functions of elevation hence we find a relationship of (S + Q»i) and

elevation.

Thus we have @ = @), S = S(H) and [S + Qéi) = f (H are known.

The various steps 1n the routing are:

{iy For the Ist tine interval At :
Qht

I +1 &AL o
( L 5 g)dt and (Si “'"’""I’é } are known, hence (82 "22—} -is determined.

. Qat '
(s} From the relationship of (‘5 + T) vrs (M), H is i{)uné out. At the same time, from H outlet discharge

is found out using discharge- elevatzon relatwnshtp

@Aty o o QA .
(131) For the next time increment, (Sz - ""t‘é““ at the beginning is found out from Sy + ““““;“““ Q.,M and

the procedure described above is repeated il the entire inflow hydrograph is routed.

Exaniple 9.2

If ihe sterdg&dmthm ge@ievatxon reiatmnship of a resemm zs as foiaws

Elavatwn {m) Storage (m‘ifs day} I)lsc}:zarge _(m31"s}

4z | ' 492

416 . 0f otiestel o 852

478 | 2ema2 98.4

480 |- 29236 ] 110

482 | . sesE3 247.8

Casa | o a4BTY L 4902

| 486 | s3sas | 8008

dﬂd 4 flocd f}a'sses through thezeservmr Iﬂie L

Time (W) ]| 0] 6 |12 | 18 | 24| 30 | 36| 42 | 48 |54 160 |66 |72
Yiaw(m3fs} 50 1180 27’0 360 | 410 370 300 23{) 155 190 160 1 35 2{;'

Flnd the {{ood }zydrogmph after routmg, if the outﬁuw fmm reserv oir just before the ﬂaoé was 200 m% .
Soti: TaLe Noteﬁhr“ﬁ% days, Ai‘. ""6]}1' 020 da;s ' o

LS MASTER _ Office: F-136 Rurwaria Sarai, New Didbi - 110016



198 Hydrology CIVIL ENGINEERING

N Table]

470
o an
474 |
476 |
478
480
482
486

5162+ %w XOBa = 5777

69.6

Note that o '

105-6_? :-e« x 0.25 = 11437

e 492
' 51 53 w""z“ ) G .&5 45 47

105&% %—f—; xozs o %97

Table-II

. Time | 1nﬂx}w (!iw;}i)at S{““‘Q—i?‘é}” S, ~1~%—3At Elevation Outﬂo_w_diéch_ar_ﬁé:
R (hr) F@fs) | (m®/s-day) | (mPfsday) (m¥sday)|  (m) | @), .
0 o0 | R ] 4813 - 200
16 lo180 | oo2875 | 3150 | 34375 | 4s0ss | 167.3
|12 | 270 | 5695 | 301995 | 358175 | asr1s | 189.235
18 | 360 | 7875 | 310866 | 38962 | 45184 236.78
24|40 | 9625 | 330 42625 | 482.54 813
30870 | 975 | sd4s 44550 | 48288 355
<36 | 3001 8375 | 356 439.75 | 482.78 372

42 | 280 | 6625 | . 854 | 42025 | 48243 | 300

48 | 155 | 4813 345 393.13 | 481.99 242

54 | o0 | 3063 | 332 362.63 | 481.25 196

60 | 60 -] 1875 | 514 332.75 | 48058 | 150 .

66 | 85 | 1188 295 - | 30688 | 480.00 LI
2} 20 | 688 280 | 28688 | 47978 .. 106

Note: For initial digﬁhé.fge'af_ 200 m¥s, elevation is obtained by infer polation as follows:

(200-110) x (482 — 480)
(247.8-110)

E:i_e\?_at'idn'fo';} Q=20 mMs = 480 +

= 4818 m

E. E S PWAS?F:R Gffice: 126, Ratwarix Sarai Now Dalhi- 111 014 i




{and corresponding elevation i o=

CIVIL ENGINEERING

Hydrology

199

}5:150 fro

For next time mcrement _ _
. I Q At'.- :

and hence -
Corresponding elevation from table 1is
and discharge is

For next time increment

gulat

(‘ﬂrresponé-;ng d1schargefrom ’I"z_';'ble L

1673

875 + 315 = 343,75

247.8-110 .
e (348,75 - 306.11
(396.61-306,17) (04578~ 306.11)

Q1 faz next. timp mcrement .

;(343 75306, 11)

(396 6} 308, 11)
48083

_.(343 ?5) Qzac

34375— 167.3 x 025
301. 925 msisvday

it z 2
5625+ 801925
358.175

2x(358.175~306.11)
{396.61-306.11)

480+

' 48} 15 m

(94.r 8- 110)(481 15 480}

119
' (482 - 480)

186.235 m¥s = Q, for nekt time increment

358.175 ~ 189,235 x 0.25

&% F < MASTFR

Offtee: Foihi Wntwaria Sarsi, New Dathi-
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-y ('Il +I.2‘-)AE+(S;;'_-_'
. = JB75+310.866
m38962 e

for which elevation’

(482~ 480)

110+ 2181480, o 1
| L = 2868 -
On smular line tablell wx}ibe completed.

Goodrich method: (Hydrological reservoir routihg)

A

it

25, 25,
(1 +1, )+ —'”L ““f’ = (“‘*—" +1y,
1 +1y) At @ At Q
All terms in LHS is known, and that on RHS is unknown for a given time increment.
28 ) ] ) _ 28 )
™ Q1 is determined from above equation and from storage — elevation discharge data Nt +Q1 g
2 ‘ 2

known as a function of elevation.

Hence discharge, elevation and storage at the end of time increment is knowrt,

For next time increment

a8 .
H&’ + Q] . ZQaJ of previcus time increment
2

At “QJ for use as initial value of next time increment.

i we plot the mflow hydrograph and outflow hydrograph (routed hydrograph) the fig. obtained iz as under

L..... % LR S AAACTER L e N T S e T PRy 1
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-
Inflow hydvograph
i
{ gf Attermation
o |
| H
Q g LT S
J' -~ cA@D .. - Outflow hydrograph
P e
L BN
N B N
Lt o
! .
B

Note that the peak of outflow hydrograph is lowered and its time base is lengthened.

+  This reduction in peak is called attenuation

* 'The time difference between the two peaks is ealled lag.

* I the outflow from the reservoir is uncontzolled, then peak of outflow hydrograph will accur at the point
of intersection of inflow and outfiow hyérogrgph {i.e. when mflow discharge = outflow discharge).

* Storage is maximum at the point of mtersection of inflow and outflow h vdrograph.

Nots: In level pool routing, when water suifak:g is assumed horizontal, the storage will be a function of elevation

{H) only

The outflow is also a function of H

e

= At peak flow storage is may also

= At peak flow

\dQ

dt
dH
dt

I-Q
H

H

{i

S

d¥
4‘&; A= Area of reservoir at elevation Hooooon. o]

G

0 at peak flow

(} and d: =0 at peak flow {from {c)]

Foy regulated {controlied) reseyvon, outflow discharge will not be maximum at point of intersection of inflow
and outflow reservoir. ie. peak will not oceur when inflow discharge = outflow discharge.

FCMARTER

FRER L g oL L o e
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* In astream channel (xiver) a fleod wave may be reduced in magnitude and lengthened in travel time Le.,
attenuated, by storage in the reach between twe sections,

» The storage in the reach can be divided into two parts-prism storage and wedge storage.

*  The volume that would be stored in the reach if the flow were uniformi't oughout, Le., when water surface
fine is paralle] to bed line, at a level of downstream water level is called prism-storage and the volume stored
between this Hne and lhe actual water surface profile due to ontﬁ' éxng different from inflow into the
reach is called ‘wedge stovage’. S '

+ Buring rising stages the wedge storage volume is consider abie W h}le dm‘mg falling stages, as inflow drops
more rapidly than outflow, the wedge storage becomes negatwe

Negative _

, wedge storage
Wedge storage
i@m% w

:ﬂer surface

Wedge storage

I$}

i{{,at’n i

Fig. Flood is in rising stage in reach 2 and 3 while it is in {ailing stage in reach L
» Inthe case of stream-flow routing the solution of the storage equation is more complicated than in the case
of reserveir routing, because the wedge storage is involved.

*  While tlie storage in & reach depends on b'c_tb_ the inflow and outflow, prism storage depends on the outflow
alone (uniform flow condition) and the wedge storage depends on the difference of inflow and outflow
- .

*  Acommon methed of streamichannel flow routing is the Muskingum method where the storage is expressed
as & function of both inflow and cutflow in the reach as

..... = KQrxI-Q=Kxl+ 1~

and this relationship 1s known as the Muskingum equation. In this the parameter x is known as weighting
facior it takes a value between 0 and 0.5. The value of x depends on the shape of the wedge. When x = 0,
obviously the storage is a function of discharge only

18, S = KQ
Such a storage is known as lnear storage or Zirzem" reservolr (or reservolr type storage).

The coefficient K is known as storage-time constani and has the dimensions of time. It is approximately equal
1o the time of travel of a flosd wave through the channel reach. The value of & depends on the length of the
reach and other roughness characteristios,

Note: By chosing arbitrary value of x between 0-0.5 and by finding out accumulated storage as 5{I - At
a graph is plotted between accumulated storage and [xi + (I — x}Q] as ordinate, If nearly straight line is
obtained, the corvesponding value of x is the corvect value and inverse slope of the above line is the K value.

For a given reach x and K are assumed cosntant.

F PR CMAACTER Office: F- 178 Ratwaris Sarai New Delbi- 110034 j
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Muskingum Method of Routing

For a given channel reach by selecting a routing mterval Af and using the Muskingum equation, the change
in storage is.

y Kl - L)+ (-2 (@, -~ Q)] @)

where suffixes 1 and 2 refer to the conditions before and after the tzme mte: val At. The continuity equatmn

for the reach is
L), (@,+@
§,~8 = ( 5 )Az [ S e

From eqs. {4) and (B}, Q2 i evaluated as B
C(,f2 + CZ CQQ (Muskmgum routmg equatmn) {©

E)

. ~Ky +0.5A8

vhere G = B Kevosar
c = Kx+q"§f35

T K~ Re 4055

C = % ...... -~ 0.5A8

T K- Kx+0.5M

Note that C, + C, + C, = 1.0, €. C, and C, are comt&nt for a reach. In general, for the n th time step
@, =Cyd + C I+ C Ke;

ek

+  For best resulis tha routing interval 4t should be so chosen that K > At > 2Kx, Generally, negative values
of coefficients are avoided by chooqmg appropriate values of AL

Following steps are used foz channel routing using Maakmgu m method:
} Knowing K and x, select an appropaite value of AL [K > At » 2K
() Caleulate €. C, and C,,

(i11) Starting from the initial conditions {,. Qi an{\nm&n I, at the end of the first time step at, caleudate €,
by eq. (C)

{iv) The outflow calculated in step (iii} becomes the known initial cutflow for the next time step. Repeat the
calculations for the entirednflow hydrograph.

The mfiov. h} dlograph readings for a stream 1eac}1 are given below for which the Muskzngum coeﬁ”lf:lents
of K =36 hir and x= 0. 15 apply. Route the flood through the reach and determine the ouiﬁew hydrograph.:
'Also determme the reduction in peak and the time of peak of cutﬂew :

_Outﬁaw at the bewmnmg of the flood may be taken as the same as inflow.

Time (hr) 0112124; 368 | 48 160 {72 |84 '96 1108 | 190
_ Inflow {cumec) | 42 | 45 | 881272 | 342 | 288 | 240 198 1162 1133 | 110

Time(hr) |132| 1141156 [168 (180 [192 [ 204 216 | 2287 240
| Inflow (cumec) [ 90 1 79 [ 68 [ 61 |56 | 54 | 51 | 48 | 45 | 42

Sol. CO]'2 Ol + 0,9, _ . _ .
P §_F<§ MASTER Offive: 125, Bavwaris Gaiar, wow Delni - 110018 ]
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In the ft)llowmg table I, I, are known Emm the mﬂo_
of the flood since the ﬁow is almost steady.

Inflow () o021, _ 0:57 Q Outflow (@]
(tumec) {cumee) o (caret) (cumes) i

5 Cose STy 283 421 |
2 8 XIS N 283 440
48 B . -.'_634 417 1328 |
60 288 576 890 200.7
T2sehe 240 480 1380 2330

84 198 396 1560 (2330)
96 162 392 157.0 2216
108 133 266 1482 201.0
120 110 2.20 1345 1789

132 90 1.80 1198 155.7

144 79 158 1040 133.5
156 68 1.36° 895 115.3

163 _ra 122 774 90.7
180 56 L2 66.8 86.8

192 54 1.08 58.2 76.7

204 51 02 51.4 66.1

216 48 100 | 463 63.1

298 45 0.90 423 35.0

240 42 081 388 53.6
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_ ga of Q2 becomes (n;?1 for the abxt mqtm per 18 19
reuteti through ike 1each The re%uitmg {mtﬁow hydrograph is plotted a8 ahewn m ﬁgure 'I’he reéu{:tmn in

peak outﬂow is- &&e" 84 (w 3 days} aﬁe .I he

{3hr - 12}1 i.
o 1,1*{“},1,.1.4.?;1"0&33

G 24 48 7296 120144 168192216 240
' Tmzet{hr) '

Fig. Streamflow routing by Muskingum method,

3 penoé

Flood Control

1. Structural methods:
{} Storage and detention reservoirs,
(&) Levees {flood embankments),
{1} Channel improvement,
(v} Flood ways {new channels). and
{7} Soil conservation

7. Non-structural methods:
i} Flood plain zoning, and

{#) Flood warning, evacuation and relocation

Flood Contrel by Reservoirs

The purpsse of a flood control reservoir is to temporarily store a portion of the flood so that the flood peaks are
flattened oul. The reservoir may be ideally situated immediately upstream of the area to be potected and the
water discharge in the channel downstream at its safe capacity. All the inflow into the reservoir in excess of
the safe channel eapacify ks stored until the inflow drops below the channel capacity and the stored water is
released to recover the storage capacity for the next finod.

S MASTER Office: 2126, Rarwaris Saras New Delhi 132018
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A .
) Inflow hydrograph
nto reservolr

w
el
s
i
2 |- Peak reduction = AB
&
S W '
e Controlled . Safe channe]
o outflow ™ capacity -
& ¥B S
I o \.‘
fren ) \\\\
Controlied ey
B release

Time t {days)
Fig. Flood control by reservois.
Detention Reservoirs
A detention reservoir consists of an obstruction to a river Wwith an uncontrolled outlet. These ave essentially

small struetiiies avid operate 16 rediics the fosd peak by providing temporary storage and by restriction of the
outflow rate, . . . .

Levees

Levees, also known as dikes or flood embankments are earthen banks constructed parallel to the course of the
rver to confine it to a fined course and hmited cross-sectional width. The heights of levees will be higher than
the design flood level with sufficient free board. The confinement of the river to a fixed path frées large tracts
of land from inundation and consequent damage.

Masonry structures used to confine the river in a manner similar to levees are known as flood walls.
Floodways

Floodways are natural or manmade channels into which a part of the flood will be diverted during high stages.

-Chanlnel Improvement
The works under this category mvolve:
1. Widening or deepening of the channel to increase the cross sectional area;
2. Reduction of the chan.rzel roughness, by clearing of vegetation from the channel perimeter;
3. Shor{ circuiling of meander loops by cutoff channels, leading to increased slopes.
Soil Conservation

Setl-conservation measures leads to increased infiltyation, greater evapotranspiration and reduced o1l evosion.
Small and medium foods are reduced by soil conservation meagures.

aaun

] ! C S f\f%/’:'\ ﬁTﬁ? Gffice: FLiin l'iagw:.ri;; Laerai wews Pinbhi, 11006 ¥




CIVIL. ENGINEERING Hydrology 207

=t

OBJECTIVE QUESTIONS -

Match ListJ with List-TI and select the correct answer using the codes given below the lists
List-]

Conservation reservoirs

Retarding basins

Fiood plains

Flsod walls

List-l _

Unecontrolled outlets

Flood-fighting

Temporary storage of flood water

Controlled outlets

Codes:
A

Cowe

LB I

()
o
)

B
4
4
i
b i

R L
S-S I CE R
[ S g R ] w

Probability of a 10 year flood fo oceur at least 6&(?6_“?!_1"’1:??9“'next“zt'}-’eai&‘s R
{ay 25% by 35% .
) 80% : )y 65%

The Standard Project Flood is

(@) derived frem the probable maximum precipitation in the regzion

@) derived from the severemost meteoro-logical conditions anywhere in the country
¢} the flood with return period of 1000 yéars

{d) the same as the probable mazimum fload

Consider the foliowing statements:

- 1 A 100 year flood sicharge i greater than a 50 year flood discharge.

2. 90% dependable flow is greater than 50% dependable flow.

3. Evaporation from salt-water surface is less than that from fresh water surface.
Which of these sfatements are cotrect?

(&) 1Tand 2 & 2and 3

(c} 1and 3 @y 1, 2and 3

In a linear reservoly, the

(a} volume varies linearly with elevation

(b) outflow rate varies linearly with storage
{¢) storage varies linearly with time

{d} storage varies linearly with mflow

A cuvert is designed for a peak flow Qp on the basis of rational formuls. If 5 storm of the same mntensity
as used in the design and twice the duraiion ogeurs, then the resuliing peak dizcharge will be

LS MASTER Office: F-126. Ratwuria Susi. “vew Delhi - 110916
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14.

L
3.
.\--\4\\-\'

i1

@ Q, ®) Q2
J2 Q, @ 2,

The probability that a 100 year flood is equalled or exceeded, at least once in 100 years is
(@) 99% ) 84%
&) 36% @& 1%

An effective storage of a flood contral reserveir is _ -

{a) the amount of water which can be supplied from it in a partit:u}ar inferval of time

(b} the storage betwen the minimum and maximum teservoir levels under ordinary operating conditions
(¢} the useful storage plus the surcharge storage less the vai}ey storage

{d) the storage volume of flood water above maximum zeservou Tevel

Assertion (A). In routing a flood hydrograph thtough areservour. the peak of the outflow hydrograph wz]}
be smaller than the inflow hydrograph and it occurs after the peak of the inflow.

Reason (R): In hinear reservoir routing, the storage is a fanction of both outflow and inflow discharges.

Consider the following statements:
Time-area histogram method aims at developing on IUH,
Isochrone in a line joining egual vainfall on a map.
Linear reservolr is a veservoir having straight boundaries.
- Linear channel is 2 fictitious channel in which an inflow hydrograph passes through with enly zL‘ansiatzan
and no through with only translation and no attenuation.
Which of these statements are correct?.
(@ I, 2and3 () 1and 4
) 2,3 and 4 161 1 2, 3 and 4

Match List-f (Floods) with List-If {Paramezel s and select the correct answer using the codes given below
the lists:

List-] .

Standard Project Flood (SPF)

Maxlmum Probable Fiood (MPF}

Design Flood
Maxirmum Flood
ListJ1

1. Includes catastrophic ﬂooda

2. Includes floods of severe conditions

3. Peak flow obtained from observed data
4.

C

Towe

Flood offieszreii recuryence interval

odes

A B . D
(a} 2 i 4 3
b 1 2 3 4
¢y 2 1 3 4
@ 1 2 4 3

- A bridge has an expected life of 50 years and is designed for a flood magnitude of return period 100 vears.

Whaut is the risk associated with th:»; hydrolozic design?

5 .. E E—:g MAQ? {M P ) Oriffew: V108 Wwwarin Sarei. New Dl - Y1014 ;
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(@) 1~ {099 & 05%
© (0.99/° _ @ (0.99/®

13. Which one of the following statements is corzect in respect of the two important aspects offiood forecast —
(1) reliability of the forecast, and (2} the time available in befween the forecast and the eccurrence of flood?
(a} Meteorclogical forecast is least reliable and time available 15 also the least.
- {&) Hydrological forecast is most reliable but the time available is the least
{c) River forecast is least reliable and the time available is the maximum
(d} Biver forecast is most religble but the time available is the least ' :

14. Which one of the following flood routing methods involve the com:epts of wedge and prism storages?
(a} Coefficient method by Muskingum methed
{e) Pul's method ) Lag method

15 The time of concentration at the outlet in an urban area _cg_i;chment of 1.5 km? area with a run off coefficient
of 0.42 is 28 minutes. The maximum depth of rainfall with a 50 vear return period for this time of
concentration is 48 mm. Whai is the peak flow rate at the oullet for this return period?

@ 12 m¥s ) 14 m¥s '
{e) 16 m¥s ) 18 m¥%s

16, The basic equation of flood routing through a reserveir can be modified for discrete suecessive intervals At
by which one of the following?

{a} % A+ S‘;:;.."Qi‘zﬂ't‘“ o é‘;"‘*‘:{ﬁ;—%? .
) IA%«IZ At VS} - Qizﬁt ” wS2 . §§ |

() zl’;ﬁ At + hsi + Qlééﬁ - ASE ;%%}E

o (25 faue] s - Bt fs, -t

17. Kirpich equation is used 6 deterniine which one of the following?
{a} Run-off from a given m_iziféii_
() Base time of a unit hydrograph
{e) Time of concentration in run-off hydrograph
{d} None of the above

18, A catchment area of 60 ha has a runoff coefficient of 0.40. If a storm of intensity 3 cm/h and duration longer
than the time of concentration occurs in the catchment, then what is the peak discharge?

{a) 2.0 m%s b 3.5 mfs
(e} 4.5 ms y 2.5 m¥Ys

19, A catchment of area 200 ba has a runoff coefficient 0.5, A stovm of duration lavgey than the time of
concentration of the catchment and of intensity 3.6 cm/h causes a peak discharge of

{a) 3 m¥s by 10 m¥s
(cy 100 m¥s ) 360 m¥s

BT OMASTER Office: ¥ 198, Katwazia Seeal, New Delhi- 110 036
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20. A culvert s designed for 3 flood magnitude of refurn period 100 years and has expected life of 20 vears.
The risk in this hydrologic design is

@) 1-099% () 1—06.0120
© 1-000% @ 1-0.10%
© 7 (b) 13 @ - 19 (b)
®) | 8 (© 14 (by 0.6)
3 (b 9. (o) B (@
4 © | 10 ®m) 16: (b)
5. (b) 11. (@) 1@
6 (a) \ 12 (a) - 18, (&)

S ;'ﬁﬂg I E S ;\ﬁ/\g i?:R Office: F- 19, Rarwiris Surnn, soew Pledhi o 13 045 B




- CHAPTER

Sub-surface water (i.e., all forms of groundwater) can broadly be classified as
{i} the portion in unsaturated zone, {Aeration zone)

{1} the portion in saturated zone (ground watey zome)}

““-The--u-nsattzz'ate&‘zorzecamﬁrises-oftlzree sub-surface zones — goil water zone, intermediate zone, capillary
zone. :

Ground surface

- g

Soil water , G Yo%

P {zonie Seil water (soil moisture) 3

£ g

£ Intermediate L > 2

2 | zone Cravitational water 7

% 1 Capillary Capliary water {capiliary 1‘1'\121243)

= zone sp tahle- X

. Water table ¥ v £

=] = -

g %
e =,
= . .
= Ground water \, &
frd we ¥
A b I::

Bedrack e

1
3
I
i

Fig. 101, Distribution of sub-surface water.

Scil Water Zone

Seil water zone encompasses the zone from the ground surface down to the roots from where watey is drawn
by vegetation; 1t is also called soil moisture belt and its thickness depends upon the type of vegetation that is
being fed. This zone remains unsaturated except during periods of heavy infiltration. In this region, soif water
is classified in three main classes. They are:
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Hygroscopic water: Water is held tightly to the surface of soil particies by adsorption forces in the form of a
thinnest film with soil water tension about 81 atmosphere and above. :

Capillary water: Water held by surface tension in the capiilary space in the form of a thickest film with tension
about 1/3 atmosphere.

Gravitational water: Water that moves freely in response to gravity through macro pores and drains out of soil

Intermediate Zone

Intexmediate zone extends from the bottom of the soil water zone doﬁf_n__t%;'fhéj top of the capillary fringe.
It greatly varies in thickness from no thickness to several h_un'dr_éd ii:éﬁres,

+ Al the infiltration water must pass through this region.

Capillary Zone

» Capillary zone is the zone of soil commencing from the water table to the top of the capillary-rise zone.

¢+ Itis the zone which is fully saturated at the equilibrium séaéé;_hbxvever, the pressure in this zone is less
than atmospheric because of the capillary potential within the capillary fringe. For this reason this zone
is taken as a part of the unsaturated zone. _ S

«  Capillary rise depends on the size of pores (whicﬁ_iéa lenq'i':ien of seil particle size) and further on rise and
fall in water table. T

¢ The thickness of this zone is a-function of the texture of soil; therefore, it varies from region to region as
well as from place to place within a given area. ~ ~

Saturated Zone -

In the saturated zone, groundwater fills the pore spaces completely, and water is stored as in a reservoir, having
a hydrostatic pressure variation throughout its depth with atmospheric pressure assumed to exist at the water
tahle.

All earth materials, from soils to rocks have pore spaces. Although these pores ave completely saturated with
water below the water table, from the groundwater utifization point of view, only such material through which
water moves easily and hence can he extracted with ease are significant, On this basis, the satwrated formation
are classified into four categories: '

L Aquifer,
2. Aquitard

3. Aquiclude, and
4. Aquifuge,

Aquifer

An aguifer 1s a saturated formation of earth material which niot ondy stores water but vields it in sufficient
quantity relatively easily due to ite bigh permeability. Deposits of sand and gravel formn good aguifers.

Aguitard ’

It is a formation through which enlv seepase is posgible and thus the vield is insignificant compared to an
aquifer. A sandy clay unit is an example of aquitard.

;{:g M/\S“{{“;p Offiec: F U2 Revwsrin Sorei New Delhi - 110 814 i
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Aguiclude

. Formations like ¢lay which is highly porous but not peymeable due to very small size of pores.

Aquifuge

i an aqu;mae

Unconfined Agquifers

* An unconfined aquifers is one which signifies the absence’ of a y geoioglcal layer confining the zone of

saturation {above the water table). The uncenfined aquifex sin dn‘{act contact with atmospheyic through ™ 7

the zone of aeration. The hydraulic pressure head at ady point Within the unconfined squifer is equal to
depth of the point frem the water table.

iy Ground surface S

Zone of aeration

W .
X e Water table Upper boundary

¢ Hadraulic head ét pt.m=7vh

Zone of saturation

Lower boundary

Impcrmeabie rock

' 'Fi'g. 10.2, Unconfined aguifer,

+ In unconfined aquifex the water table goes down if water is withdrawn from the aquifer storage and the
water table moves up if water is added into the aquifer storage.

. 'ihe water level in a large dzamf,tez dug weﬁs tappmg unconﬁne& aqulfer represents wate1 table. This

¢« A speua] casge of nnconfined aqulfer is known as perched aquzfe;. A perched aquifer is formed when the
infiltrated rain water is intercepted within the zone of Aeration by an impermeable laver and a local zone
of saturation is formed. The upper surface of such local zone of saturation is known as perched water table.
The perched aguifer ocours at higher elevation than the regional water table.

Ground surface
JL%_

e
Perched water table

Zonelﬁf . / . . Perched aquifer.
aeration 74

_,;fl’ T Impermeabie lens fehav)

. Regional waier table

i S i 1 e

Uinconlined aguifer
Fig. 10.3. Perched zquifer.
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Confined Aquifers

A confined aguifer {also called artisan aguifer) is the one which 1s overlained by a impermeable layer or an
Aquiclude. Unhke the unconfined aguifer, the water in the confined aquifer is not in direct contact with the
atmosphere.

Infiltration -
recharge ared e .
Non-flowing well praal

Flowing well > g
Tty v

Potentiometric
surface

Impermedble <
laver or aguichade

Fig. 18.4. Idealised s_vndinal é_asc of confined aguifer.

The ground water within a confined aguifer octurs under pressure {known as confined pressure or.ariisan

o g it

pressure} greater than atmospheric pressure. When such confined aquifer is pierced by a well, the water rises
in the well due to release of pressure within the confined aquifer. The level upto which water will rise in the
well is known as potentiometric level. This potentiometric level indicates the magnitude of pressure within the
confined aquifer. If the potentiometric level is above the ground surface a flowing well results.

The area from which the infiltrated water exitars the confined aquifer is known as Recharge area.

1

An aguifer performs two functions:
1. storage of water, and
2. transmission of stored water.

The porosity and the hydraulic conductivity {(permeability) explain the s{'ﬁrége and transport of water.

Porosity

The amount of pore space per unit volume of the aquifer material is called poresity. It is expressed as

where a = porosity, ¥, = vohume of voids and ¥, = velume of the porous medium.

Specific Yield

+  While porosity gives a measure of the water-storage capability of a formation. not all the water held in the
pores is available for extraction by pomping or draining by gravity, The pores hold back some water by
molecular ativaction and surface tension.

i BT CRAACTL Giftee: Fo 126 Ravwuna Seend Niw Pethi- 81008 i
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» The actual voluine of water that can be extracted by the force of gravity from a unit volume of aquifer
material is known as the specific yield, S.. The fraction of water held back in the aquifer iz known as
specific retention also called Held capacity 8 . Thus porosity

s =i
n=S 48,

Porosity and specific yvield of selecied formations

Formation Porosity - noSpecific yield
04 S
Clay 4555 R
Sand 35-40 ST 1080
Gravel . B3040 L 1580

Note that although clay and sand have kigh porosity, the sg@ciﬁé y1eid 'Qf clay is very small compared o that

of sand.

Storage Coeflicient {or Storativity) (8}

* Incase of confined aguifer, volume of water given by unit nlan area of aquifer when pievometric surface
falls by unity is called storage coefficient.

*  For unconfined aquifer storage coefficient is asstmed o be equal to specific yield.

Storage coefficient of an artesian aquifer 1s given by the relation

where S = storage coefficient _
¥, .= specific weight of water
n = porosity of soil _
& = 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 Jittle
contribution to the value of the storage coefficient.

Since water is under pressures in confined aquifer, draining of water leads to decrease in pore pressure and
hence increase in effective stress. This increase in effective stress leads to compression of soll Skelton. Thus

§=8,.b

b = depth of confined aquifer.
Thus sp. storage is defined as volume of water released from storage from a unit velume of aquuifer due to
unijt decrease in preremetric head.

Note: When we talk of well we define a new guantity called specific capacity, Sp. capacity is the discharge from
well per unit drawdown of well.

i F S AASTER F Y T T - MO s worys ¢
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Darcy’s Law

\ dh ¥ : . . .
medium. V is sometimes also known as discharge velocity. { = - A hydraabic gradient, 1n which k =

piezometric head and s = distance measured in the general flow direction; the negative sign emphasizes that
the piezometric head drops in the direction of flow. K= a coeflicient, called coefficient of permeability (hydraulic
conductivity) having the units of veloeity. :

The discharge @ can be expressed as
@-Ki14
Darty’s law i & particular case of the general viscous fluid flow: It has been shown valid for laminar flows oanly.

Darcy law is valid for Re < 1

where Re = Renclds numbey

¢, = representative particle size, usually d, _—_“:;"_.{im_whexe d, represents a size such that 10% of the
aquifer material 1s of smaller size. .

v = hinematic \:iscggity of water. C e e £ 1584 418 £ 31 128 11121212 12120t 2 e et eeeenen e et ar e o,

Apparent velocity Vused in Darey’s law is not the actual velocity of flow through the pores. Actual speed of
travel of water in the porous media is expressed as’

_ R
where 1 = porosity. The actual velocity z_:; 1s the velocity that is obtained by tracking a tracer added to the
groundwater,

Coefficient of Permeability

The coefficient of permeability, also designated as hydraulic couduei‘r‘.vi{y reifects the combined effects of the
porous medivm and fluid properties. The coefficient of permeability X can be expressed as

where d, = mean particle size of the porous medium, ¥ = pg = ymt weight of fluid, p = density of the fuid,
g = acceleration due to gravaty, §1 = dynamic viscosity of the fluid and C = a shape factor which depends on
the porosity, packing, shape of grains and grain size distribution of the porous medium.

The coefficient of permeability is often considered in two compoenents, one reflecting the properties of the mediam
only and the other incorporating the fluid properties.

i
K= K-
u

where K, = C d ! The parameter &, is called specific or intrinsic permeability which is a function of the
medium only. K has dimensions of {13, 1t is expressed in units darevs where, 1 Darev = 8.87 x 1073 gt

% E S ;\/}JA\SfEi—\) Gifice: F. Y20, Batwaris Serai. New Dedbi. 110 014 I
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Coefficient of transmissibility (T}
e

i R

7
=

3
Vi i B

Unconfined aguifer
Fig. 105

SN Area-of flow = bl _\
Q= Ka

T iz called coefficient eg’ transmussibility.

Confining laver

| Confining laver

Confined aquifer
Fig 10.6

T'is called coefficient of transsibility.

-~ Weknow that coefficient of permeability is defined as the discharge through unit area under unit hydraulic

gradient. However m reality ground water travels through entire thickness of aguifer (b).

Hence coefficient of transmigsibiity 15 defined to find out the dischurge. {co-efficient of transmissibility is thus
defined as, discharge per unit length of aquifer].

T has a unit of {length)¥time.

Storage coefficient (S} and Transmissibility coefficient (T} are known a formation constants of an aquifer and
plays an importani role in the unsteady flow through porous media.

Storage cosfficient and transmisaibility ox transmissivity is determined In the field by carvying out pumping
test on wells and measuring the discharge and lowering of water levels in the ohservation wells.

Sometimes the aquifers may be stratified, with different permeabilities in each strata. Two kinds of flow
situations ure possible in such u case.

2 1 E S MASTER Office: F- 196 hatwaris Grra) wow Dolar TT0TT i
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(3 When the flow is parallel to the stratification, equivalent permeability K, of the entire aquifer of

mpervious
LYY Y TV T 2
F)
¥ K} DI' -
¥
) I
Flow s K, D
— 6 § D
e L e
.. ¥
e K-’f ¥ anw N
T TR TV,
Impervious

Fig. 10.7¢a). Flow parallel'ts stratification.

The transmissivity of the formation is

(i} When the flow is normal to the stratiﬁ_cafion the equivalent permeability X , of the aquifer of length

L= i‘{‘f is
3

G N
f‘e " oa _
Y ALJK)
]

. A
M.‘MM(,Z 0us .. B YN
[ e Jmperions e

{‘k f‘z,. _,LL . Lﬁ
Flow] i ) )
# AR, A, K=
X
mﬂm%*ﬂ T Ty

hnpervious

Fig. 10.7(b}. Flow normal to stratification.

1The transmissivity of the aquifer is T= K.B ]
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mpie 10 1

:'Wheu 3 68 mzilzon e of watcr was pl
table was observed to go down '

_'..ﬁzx 106 x 108x0223 i

‘= 15.287 million mé,

Example 10.2

Ina certmn aHuvaai basza of 100 kmz 90 mmz of ground water was pumped i ma YeaT ami the ground Water

table dropped by about  m duz'mg the year. Assummg no replenishment, estzmate the speczﬁc ymld eE the
aqulfer if the speczﬁc r{,tentmn i 12% tht is the peroc;zty of the soil? . s :

Sol: () {"‘hange in gz*ounci watar st{)rage _
' (‘hange m grmmd water storage = 90 x 198
. 90 %10 = (100 % 10 < 5 X 8,
-8 = 618

ki

{ﬁ}?mmtynws + 8, -018+012 0390:'30%

i mple 10 3

An artesxan aqurfer 30 m thzck has a porosity of 2:,1% and bulk maduius of compresswn JOOO kgfcm*

Estimate the storage coefficient of the aquifer. What fraction of this is attzzbatable to rhe expa nszbz_hty of
water? Take Buik modulus of elasticity of water = 2.4 x 101 kg/em?,

- --«--»-—) wooxozsxso[ ] ]

= Y hbl— .
Sol: § = Ty (Ka K 2.14x105  0.25x92x 107

= 7500 (0.467 x 10-% + 20 x 109 = 1.54 x 18-

Storage eoefficient due to the expansibility of water as a percentage of § above

TE00% (467 x 1678
T500x20.467 %1078

x100 = 2.28%, which is negligible.

% 1S RMACTEDR TR R
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" Following assumptions are made in this analysis:

{a) Aguifer s homogeneous and isotropic.

(b} Flow .is steady.

i
Y _
= 'y -
Upstream Lmpervious | . L
water body L Ll s g s R s S s k =
A Downstream
hy y  Aquifer water bodv
D i
Flow »
4 ‘ Y ¥ ¥
RN N R !_\ = . TR kY \. ™
2= l \ Impervious, horizontal
- ) SR boundary

L

Fig. 10.8. Confined groundwater flow between two water bodies.

3
q+ K( (; )D x 1 = Discharge per unit width

dx
£ .5?;
= fgde=-kD {dk
o By
_ w oglo= Kk, ~hy D
= q= KD (hs —hy) ()
L
Shape of water surface profile
‘ dh
= Ki——1Dx}
q { d«?ﬁ) x

[q dr=-KO \{dh

= gx = -KDh + C
atx =90, h=hy

= C = KD,

f g = KD —»Ihg} Y
al x= L h=h = gL = ~-ED(h, — ) )
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From {B) and {7}
gc =KD (-ly)

= gL ~KD(hy - hy)
x Bl

- L -k

- hx%uﬁm—%}

©)

linearly from A, to h,.

In case of confined flow between two reservoi r, hydrauhc grade line varies

Y

TTITT r///;/{/

*‘i’;{fif/f'/f///!

dx

"

¥
ISV
= Actual flow

Discharge per unit width inside = g

h
- k] - nsa
g ( dx)x L%
[
L K !i”

For shape of water surface profile

L ES MASTER
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o]
Lt ol
L
it
b~
e
I
P

b 2
i g}% = .{Eﬂ‘)h and
gk | m-H
K= 2
o i N hg"'hz
AL

=> | Water surface is a parabola in case of unconfined aquifer. |

One dimensional flow with Recharge

1’ 1 . ‘ ‘ i s Rm¥s per meter length along length.
¥

L i
Fig. 10.10

where R = recharge at constant rate of # m%¥s per unit horizontal area due fo infilteistion ‘from the fop of

aquifer [Note: R for ene-dimensions can be taken as B m¥s per umnit length of flow, assuming unit width
inside].

= g+ Rdx = g+dqg

: f{.w S M/’\(;TFR Office: F 126 Rutwaris Sarai, New Dabhz . 1i0 013 I




CIVIL ENGINEERING Hydrology 223
dg
= dx R
¢ = -kadh. Kdo*)

o 2

by integrating twice

The boundary condition are

dg ﬁ:g(mj

dx 2 dx

LK &
2 dd

dr dx- 9

K d o

o 1
3 s BE i
BE gt 8L | _
- 2 R\:2 (LQ ! K } 3 (u)
Ao x+hy
K L

Thus water surface is m the form of ellipge.

The water table will rise above By, will reach a max elevation at a distance ‘a’ and then falls hack to by at

x = L.
. . ' . L h
The location of max water surface elevation (@) is given by T

The location x = g is called ground water divide,

Flow to the left of devide will be towards left side water

body and te the right of divide will be toward

downstream water body. Equation for discharge at a distance % from UIS water body is given hy

qx d —K A

dh

dx

AT T CRIASTED
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e

The provision of Tile drain éyszem is used to drain waterlogged areas, the objective being to reduce the level

of the water table. Let us provide a set of tile drain as shown in the figure below and let there is 4 uniform
recharge ‘K. ' :

Rechiarge rate =R

‘ ) l Y ‘ Y ¥ \f’--'l".\ J' Y l l

: Cround surface
T MNM e wﬁ
. : 7
. T ten:
Acuufer permeabi}ity =K Water f_‘fb’%ﬁ*
e Tile drain

s

. . '
R WYY R A Y A R R N R FaS AW R F
AL
Horizontal, impervious boundary '

Fig. 16.11. Tile drains under a constant recharge rate.

An approximate expression to the water table profile can be obtained from the for iz ‘o as discussed eatlier

by neglecting the depth of water in the drains, i.e. hg = h, = 0. The water table profile will then be
' , R
At = —(L-x)x
) X { }
The maximum height of the water table occurs at g = Ij9 and is of magnitnde

h,, = f} JRIK

Considering a sef of drains, since the flow is steady, the discharge entering a drain per unit length of the drain

18
rd
L
g 2[}2-5].~ RL
‘5\3 E gS ?‘f}p\fﬁ?%: E? Office: F 124 Karw xein Sarzi, Now DIl - 210106 i
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Wells form the most important mode of groundwater extraction from an aquifer. While wells are used in
a number of different applications, they find extensive use in water supply and irrigation engineering
practice. '

For an unconfined aquifer, prior to tHe pumping, the water level in the well mdicates the stakic water table.
Alowering of this water Jevel takes place on pumping. If the aquifer is homogeneous and isotropic and the
water table horizontal initially, due to the radial flow into the w irough the aquifer, the water table
assumes a conical shape called cone of depression. fen

The drop in the water table elevation at any poiat from its p?évi? ‘static level is called drawndown.

The areal extent of the cone of depression is called area of infly nd its radial extent radius of influence.
At constant rate of pumping, the drawndown curve develops #i4 lually with time due to the withdrawal of
water from storage. This phase is called unsteady flow as the w. ible elevation at a given location near
the well changes with time. ' -

On prolonged puniping, an equilibrium state is reached bet:weenthe rate of pumping and the rate of inflow
of groundwater from the outer edges of the zone of influerice. “The drawdown surface attaine a constant
pogition with respect to time when the well is known to operate under steady-flow conditions.

As soon as the pwmping 1s stopped, the depleted st@rage in the cone of depression 18 made good by
groundwater inflow into the zone of influence. Thete i a gradual accumulation of storage till the original
{static) level is reached. This stage is called recuperation or recovery and is an unsteady phenomenon.

Changes simitar-to the sbove take place due to pumping of a well in a confined aquifer, but with the
difference that, it is the piezometric surface instead of the water table that widergoes drawndown with the
developraent of the cone of depression. R :

In confined aguifers with considerable piz;cﬁjet:_ic head, the z'efievery it the well takes place at a very rapid
rate, -

Pumping well dia = 2’4?*"\;1\
. ~ § b= CGround surface
Original water table
o
S S | L F
'“w\!r s 5 i N =
B RN 1% “Water tablo after

Tlaw -4 ;

Flow L ot puwmpy L e

f
H A c
e I PR Uronfined aquifer
1 *
h,
o T ¥ Y
B Y Y S b s By e o e T i
] L : -
Fofpmt Impervious
E<~———+-(~J——«—r—;
) r - r‘"’
7 -
L

Fig. 10.12. Well operating in a unconfined aquifer.
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Y
Pumping well dia = 2r, ‘“""E* {riginal plezometric surface
i wer QTWWWW
[

F 1
ST
! Piezometric zurface
Agquiclude ] ‘ under pumping
| P '
H L iy by
o, / } i o R SELL S LTSI IIILT,
PR i 4,, ......
Flow b1 L
¥t Confined {1 By =
_ ; {1 -
) ¢ aquifer | Y11 ¥ 3 - . -
oot e e "

R h I! -----. .'.\..\:\\.\.\.._-.'\\.\ -
Fig. 16.13. Well operating in an confined aquifer.

Steady Confined Flow (Fully Penetrating Well)

Full penetrating well means the well which penetrates upto the bottom of the aquifer so that flow is more ox
less yadial. o :

_ Q
Pumping well dia = 2r __,_lh‘._ Original piezometric sarface

F \“‘m‘\\, 4 T t* 5.
4 A Pierometric surface
Aquiciude | .; under pumping
] I R
H A iy, h,
PP YL /E f L, FPP ATy
B bl [
Flow : Bt
= | Confined i i Bg *
ey wquifer | l E I : v
i JE—

ol I o 7 ;‘E TR PFT AT
_ t‘"‘ﬁ:?{ E*gﬁi . Aguiclude
: e It
‘Fig. 10.14. Well operating 1n an confined aquifer.

At a radial distance r from the well, if / is the piezometric head, the velocity of flow by Darcy’s law is

The cylindrical surface thré}ﬁgh which this velocity cccuys is 2B, Hence

Q= 0B (K %"3}

iy

& dr

Integrating between hmits r, and 7, with the corresponding piezometnic heads being 4 and ki, respectively.
™ 2 I i } 21 I K4 P

@ 5y
mZ -, -
kB | o e R

d I C L AMACSTER Office: ¥4, Ratwaria Sara1. New Eelhi- 110 019
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o KBy hy)
P

fn =

i

This is the equilibriuin equation for the steady flow in a confined aquer This equation is popularly known
as Thiem’s equation.

Fuzthe: at the edge of the zone of influence, s = 0, Ty = = K and h, H at the well wall 7 o 1y = h, and
s, = s, . Hence :

This is calied dupits formuia,

Steady Unconfined Flow

f’umpmf' weltdia= 2 w\ Q
. wd | b Ground surface
e R | e
True water table under pumping i (}ngmal water table
. G | | W S
“T"‘“Q{r R =l
I -1
- \\‘\\\:“\ e Water tnblc by
Flow N Dupit’s asstmptions
A b
i 5
...... - g ; } ; 'y Unconfined agquifer
{11
IR R
i
o I
OO e i

WRIPREITRIAFTR, rxxn"x;t PR R IRV RRIYRE o O

, F ru.t-«r - . Empervious’
t

[STRURY . - r

¢

o K él}'
r dr
dh
v f ey = Oy -
& = {2nrk) .= 2mrKh ar
G dr
E =} dh

Integrating between hmits 7, and r, where the water-table depths ave A , and A, respectively and on rearranging

Lo BB 0 CMASTER \ Offiga: F105 Fariwhrrs Smend o Thebhe - 1H01E i
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This is the equilibrium equation for a well in an unconfined aquifer (Yhiems formula). As at the edge of the
zone of influence of radius R, H = saturated thickness of the aquifer. Hence

K {H*~h]
gl
In
T,

+

R is normally between 300-500 m.

where i = depth of water in the pumping well of radins 7.

“The main drawback of the equilibrivm formulas given by Thiem and Dupzz was the problem {o aftain

equilibrium condifions, which is not an easy job to do. The pumping has to be continued at a uniform rate for
a very long time, so as to achieve steady flow conditions.

Henee we adopt non-equilibriam formula. As per this

I 45::* {1% ;% -0 5772] = 431,; x [Well function]

ha

where § = Di‘aiwéown 1n the ohservation well after a t:ime i
T = Coefficient. of transmissibility. _
@ = Constant dischaxge pumped out from the well
S = Coefficient of storage of measared _{h:aw{_iew.ﬂ.\
» = Radial distance of the observation well from the main pumped well.

if in an observation well at a distance r, the drawdowns are respectively s, and s,-at time £, and ¢, after the
pumping was started in the main well, then

In an artesian aqulfel the drawdown is 1.2 metres at a radial distance of 10 metres from a pumped well
after two hours of pumping. On the basis of non-equilibrium equation, determine its pumpmg time fcr the
same drawdown (.e. 1.2 m) at a radial cimtance of 390 metres from this well -

Sol: The non-equilibrium equation is
s = _ég_“ {1{}{;}5 ﬁi“@ 772}
28 .

1n the given equation, the drawdown is the same in both the obeervation wells, therefore, s, = 5, = 1.2 m.

well (1) C well (2)
ry= 30 m r, =30 m
£, = 2 hrs lo=7

Haed S PMAASTER Gf!’:ce P12, I\mnaux wmz New i) i - }if}t‘ii §
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e 1 40— QB TTE
I 4??1’{0&”2%_8 ¥ }

it
=3

or .

Putting the respective values, we get

o0 gm0

ty =TTy X 2 s,

tz"-m'is hrs. Ans.

When two wells, situated near {o each other, are discharging. their drawdown curves intersect within their
radiug of zero drawdown. Thus, theugh the total discharge is increased, the discharge in individual well 15
decreased due to interference.

Flgme blox\ shcws 1nt91felence mi:w een bwo weiis If the two wz:lia ave a dzstance B apalt and i}ave the same

&Q; *(\:’
. - "
' : et O B
Drawdown curve AT B P L -
for &, only A Drawdoswn curve
) OTL} 3 T Composite T for @, only
] (OrAwdown Quve
] H
b plih 7 H Confined aguifer
E
1 ¥
PRI T I TN PP AT I A AR A B N I T

Fig. 10.18. Interference between two wells.

s |- QO MASTER Giffice: F- 124, Warwaria Sorat. New Dol 130014




230 Hydrology

CIVH. ENGINEERING

where R is the radius of area of influence (R >> B

Similarly, if there are three wells forming an equilateral tria ngle a digzé_ace Bon a sidé, and if ail the three

wells have the same characteristics

then, QI = Qz = Q3 -

In a pumping artesian well. the total draw down at the well Sw can be considered to be made up of three parts:

1. Head drep required to cause laminar poreus media flow, called formation loss, w L

I

Reynolds number may be larger than unity, 5., and

3. head loss through thie well screen and casing, 8 e

Of these three, .
Swf. * Q

a9
Pumping well —f Lané surface
it criaasars

TP FTIETIE
Original piezometric surface

drop of piezometriec head required to sustain turbulent flow in the region nearest to the well where the

Brawndown curve

St = CiQ

s,
Wa.t?? Ifz\fel Y 1 H
inn thé well ol O
AN PP IS ) P IF TNV NV NNIIIN. [N

P

E Confined aquifer ""“‘

R R R N R R A R o R R B 3 SR o

¥ig. 10.17. Definition sketcl: for well loss,

¥

and{s,, and s ) x @

thus, 5, = C,Q + C,Q° = total loss

While the fivst term C,@ is the formation loss the second tetins C,@” is termed well loss.

The magnitude of a well Ioss has an important bearing on the pump efficiency. Abnormally high value of wel]
loss indicates clogging of well screens ete. and requires immediate remedial action.

Specific Capacity

The specaific capacity of a well is defined as the well vield per unit of drawdown. Hence, the

PR CAASCTER . T Y L e 1
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) Discharge of well
Sp. eapacity = T rawdown
.9
,Q+C, @

) 1
8p. capacity = tc'z +02Q]

The equation clearly shows that the sp. capacity of the well is not cgﬁ;ist_;éﬁt but decreases as the discharge
increases. R :

‘Safe Yield

The maximum rate at which the withdrawal of é;‘*én'ﬁﬂ{ﬁater in -'éi-hiazgi__r_.i can be carried without producing
undesirable results 1s fermed safe yield. The "undesirable” results include {i) permanent lowering of the
groundwater fable or plezometric head, (i) maximum drawdown exceeding a preset Hmit leading to metficient
operation of wells and (iii) salt-water encroachment in a coastal aquifer. Depending upon what undesirable effect
15 to be avoided, a safe vield for 2 basin can be dentified. : ’

. Although the pumping test gives accurate value of safe yiei(f._ 1t sometimes becomes very difficult to adjust the

rate of pumping, so as to keep the well water level constant. In such circumstances, recuperation test is adopted,

In this method, the water is first of all drained from the well at a fast rate so as to cause sufficient drawdown.
The pumping is then stopped. The water level in the well will start rising. The time taken by the water to come
back to its normal level or some other measured level is then noted. The discharge can then be worked out as
below: ' : '

T Ak B
52
E{ H F
&
¥ 8t
\\\\\\\\\\\ N ds X
h !
¢ p L

AB = Static water level in the well before the prmping was started.

CD = Water level in the well when the pumping was stopped,

sy = Depression head in the well at the time the pumping was stopped

EF = Water level in the well at the noted fime (say after a time T from when the puingng is stoppedh
5, = Depression head in the well at time T after the pumping is stopped.

Let X-X be the position of water level at any time ¢ after the pumping was stopped, and let the eorresponding
depression head be s, et ds be the decrease in depression head in a time df after the time ¢, Hence, in a time

FE S MASTER Office: 108, hatwarin Sares New Helhy - LE0 016 i
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t after the pumping is stopped, the water level recuperates by (s, - s}, It again recuperates by ds in a time
dt after this.

Volume of water entering the well in the small interval of time {dt)
= gV = Adi {h
where 4 is the cross-sectional area of the well at the bottom

Also, if @ is the rate of recharge into the well at the time # under a dep
entering the well in this small time interval is

res o head s, then the volume of water

But
2
V= Csdi @
Equating (1} and (3), we gef ' -

-Ads = (st

{The —ve sign indicates that s decreases as ¢ increases)

we get, . df =

. oo X .
Krowing the values of 8, $; and T from the above test, the value of L can be caleulated. C is called the specific

ot

capacity of the open well. Knwoing the value of e the discharge @ for a well under a constant depression
head H can be calculated as follows: -

Q=5

Office: ¥ 120, Katwaria Serad. New Beshi- 19 016 {
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= 1._15?_‘1;;'_

C_ 23 25
A1 157 %1009
= 0.875 m%zr:‘mga’m of &eplesswn head

(a) Yld{! fmm a well of 3 m diameter, under a depression head of 35 m :s gwen by .

CF
= As -
¢ ( A) ’
. T 9\
= 0.875x(—x3‘J><3,5
. 4 '
= 2}1.65 m¥Yhr
= 6.02 -{ifresfsec. Ans.
(b I @ = 1§ Bires/sec, '

_ 10x80x 80 3 fir
1600

= 46 m*hr

[ FEE TF CRAASTER Offico: F. 197, Fatwarin GaraT Sew Totisi -
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fay permeability of soil

() avea of aquifer opening into the wells
{c} actual flow velocity o
@) all of the above

2. Match List-I with List-II and select the correct answer using the codes given below the lists:

List-1
A. Specific yield
B. Specific capacity
€. Specific retention
D. Specific storage
List-1]
L Volume of water retained per unit volume of aquifer
2. Volume of water drained by gravity per unit volume of aguifer
3. Difference of povosity and specific storage
4. Well vield per unit drawdown
5. Volume of water released from unit volume of aquifer for unit decline in piezemetric head
Codes:
A B ¢ D
fa} 2 4 i 5
by 4 z 3 3
{ 2 5 i 4
@ 1. 2 3 1

3 1 E S MASTER Offica: £-120. Ratwars Seras wen Gt - F19 01
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3 Water present in an artesian aquifer is usually
@} at sub atmospheric pressure
() at atmospheric pressure
{) at 0.5 times of the atmospheric pressure
{d) above atmospheric pressure

4. An aquifer confined at top and bottom by impermeable layers is xf_ied into three layers as follows:

Layer Thicknes (m) | Permeabihty (miday) | -
- Top layer ' 4 ‘
Maddle layer 2
Bottom layer &
The transmissivity (m¥day) of the aquifer is
{a) 260 by 227

& 80 @ 23

5 Specific capacity of a well is the
(@) volume of water that can be extracted by the force of gravity from a unit volume of aquifer
by discharge per umit drawdewn of the well '
{c} drawdown per unit discharge of the well __ _
@ rate of flow through a unit wdith and entize thickness of SGiiifa

6. Match List-T (Equation) with List-II (Applicébilify or principle of equation) and select the correct answer
using the codes given below the lists; :

List-¥

Theim's equation
Dupit's assumption
Bernoull's equation
Continwty equation
List-H

vews

1. 1s based on energy conservation principle
% 18 based on mass conservation principle
3. is applicable to steady 8ow towards a well in a ¢confined aguifer
4. 15 applicable to steadv flow in an unconfined aquifer
Codes:
A B C D
{a) 4 3 2 1
iy 3 4 2 1
{c 4 3 1 2
B @ 3 4 i 2
7. The performance of a well is measured by is
{a} Spetific capacity (b} Specific field
{} Storage coefficient (d} Permeability coefficient

8  Consider the following statements:

; ;: < r\/}f—”lq-]—;:!? T A S B T A i Fe b2 = pms oo ¥
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A well development

L involves resersal of flow through the well screen

2. increases permeahility towards the well

4 decreases permeability towards the well

4. iscontinued till sand/silt free water is pumped out
Which of these statements is/are corvect?

&} .1 3and 4 ) 1,2 and 4

foj 3only ) Iand2

Match Listd (Well hydraulics parameters) with List.J{ (Defmztmn} and select the correct answer using the
codes given below the hists:

Listd

Specific yield

Safe vield

Specific capacity

Field capacity

Last-il

Discharge per unit drawdown of well

Same as specific retention

Measure of water that can be removed by pumping

- Limit of withdrawal from well withous depletmn of the aquifer

Wates-bearing capacity of aquifer

Co&es
A

(@ 4

@ 3

{cy 4

@ 3

0w

[
LI S R o]

I

Consider the following statements:

Assertmn {A) ’Z‘he yeild of a well varied from 10 m*fday to 20 m¥%day when the aquifer area changed from
50 m? to 75 m?,

Reason (R): The y1eid 18 found to be directly proportional to the area of an aquifer opening into a well.
Of these statements:

(2} both A and R are true and R is the correct explanation of A

b} both A and R are true but R is not a cerrect explanation of A

{c} Ass true but Ris fnlse

() A 1s {alse but R is true

Which one of the following correctly defines aquiclude?

(@) A caturated formation of earth material which not only stores water but also vields it in sufficient
quantiy.

{by A formation through which only seeﬁage 15 possible and thus the yield is insignificant compared to an
aguifer.

{} A geological formation which is neither porous nov permeable.

{d} A geological formation which is essentially impermeable to the flow of water.

} ; <: 1\14 A ‘:rfw I? Gffice: F 198 Rarwaris 8o New Telhi o 110008 !
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12. The discharge per unit drawdown at the well is known as

; {a} Specific vield ¢y Specific storage

e} Specific retention i) Speeific capacity

13, How 18 the determination of aQHifé‘l parameters S (Sterage Coefficient} and T {(Transmissivity Coefficient)
done?

I By recording the drawdown i 1 a pumped well at different time intervals.
2 By recording the drawdown in instafled ohservation wells at dlffezent time intervals.
Select the corvect answer using the codes given below: T

{a) 1only ) 2only
(c Both I and 2 () Neither 1 nor 2

14. An unconfined aquifer of porosity 30%, permeability 35 m!éay al speczﬁc yield of 0.20 has an grea of 160
km? If the water table faiiss by .26 m during a dmugh the volume of water lost from storage, in million
cubic metres, is e

@ 2.0 ® 50
| © 10 @ 40
| L @ 5 (b e () 13. (©
9. (a) 6 @ T 0@ 14 ()
3 () 7. @ 11 @
4. (a) 8 (b 12 (d)

E %E j IE (\ !\u’;/’-‘-\‘ QT{'_ {\Tﬂ Offlee: F-190 Hawaria Sarad New Dolhi- 1104848



~ "PRACTICE SET

PRECIPITATION AND ITS MEASUREMENTS

Q1. Explain how the average depth of precipitation over an area due to a storm is computed from isohyetal

map of storm.

Q2 The mass curve of precipitation resulted from the storm of 149 August 1983 gave the following values:

. Q3

Q.4

Hour Accumulated depth at the end of
periods in mm

22:00 ‘ 6.0 {(Beginning of storm)

22:06 i 10.2

22:10 208

2215 330

22:20 : 47.2

22:25 56.8

22:30 . 64.0

22:35 716

22:40 78.8

2545 85.4

22:50 914 (End of storm)

For the above storm, construct hyetegraph and draw maximum intensity-duration curve,

Estimate the average depth of precipitation. from depth-area curve, that may be expected over an area
of 2400 km?, due o the storm of 27t September, 1978 lasting 94 hrs, assuming the storm centye to be
located at the centre of the area. The isohyetal map for the storm gave the areas enclosed between
different isohyets as follows:

Isohyets in mm | Enclosed area in km?
21 543
20 1345
14 30
i5 2543
17 2055
i 3280
13 35335
i 3710
13 3880
iz 34915

Hence determine the depth of rainfall, due Lo the storm. that may he expected to be recorded by a rain
gauge placed at the storm centre.

Explain how maximum intensitv-du ration-frequency curve is obtained.
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Q.5 A precipitation station X was inoperative for some time during which a sterm occurred. At three stations
A, B and C surrounding X the total precipitation recorded during this storm are 75, 58 and 47 mm
respectively. The normal annual precipifation amounts at stations X, A, B and C are respectively 757,
826, 618 and 482 mm. Estimate the storm precipitation for station X

Q.6 . The information availabig from 2 isohyetal map of 1100 igm? basin is as follows:

Zone | Area (km®) | Rain gauge stations | Normal annual vainfall (em)
1 85 A 120

i 290 B,C U495 96

il 395 D,EF - 60,65, 70

v 230 G s

v 65 H BT -3

Vi 24 - -

How many additional rain gauge stations will be required if the desived Himit of error in the man value
of rainfall is not to exeeed 10 cm? Suggest how you piropose o distribute these stations.
What factors will you consider in locating the additional raingauge stations between different ischyelals?

Q.7 Compute and draw the storm hyetograph and the intensity duration curve for the following storm {of &
given frequency} on a drainage basin.

Duration (min} | Accumulated precipitation {cm)
0 o -
30 Y
60 . 75
s . | 85
120 17 9.0

Q.8 For a drainage basin of 6§40 km?, isn?z}'etéls based on a storm event yield the following data:

Isohyetal interval {erm) | Inter-isohvetal area (km®)
14°12 90
12~10 ' 140
10-8 125
84 140 _
- BT -
49 40
99 %0
: Estimate the _a\r.e__rag'e' tl_epf,h of precipitation over the basin.
i Q.9 A watershed has five 'ﬁc}n&'emrding rain gauges, installed in its area. The amount of rainfall recorded for

one of the years iz given below:

Rain gauge station | Annual rainfall in {em)
i 1000
; 1 120
: U1 ; 190
§ v 95
3 v 125

Office: 126 Ravwaris Sarat. New Delbi- 110015 i
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Find the required optimum number of non-recording and recording rain gauges for this watershed.
Assume an error of 10% in the estimation of mean rainfail,

Q.10 What are the limitations of Theissen polygen method when compared to isohyetal method?

Q.11 There are five rain gauge sections viz. P. Q. R, 8. T. Theissen polygon network details are given in table
below. Calculate the quivalent uniform depth (FUD)

Rain gauge | Area (%)
P 24
Q 21
8 08
T 19

Q.12 The annual rainfail at station X and the average annual rainfall af 18 surrounding stations du ring 1952
bo 1976 are as follows: '

- Annual rainfall in cm 3t X

305, 38.9, 43.7, 32.2, 27.4, 32.0, 49.3. 28.4, 246, 21.8, 282 17.3, 22.3 284, 24.1, 26.9, 26.6, 295 and
28.4.22.8, 350, 30.2, 27.4, 25.2, 282, 36.1, 18.4, 25.1, 23.6, 83.8, 23.4, 36.0, 31.2, 23.1, 33.2 and 26.4.

Explain how the consistency of the record at station X can be verified and how to determine the vear in
which a change in regime has cccurred.

Q.13 The recorded annual rainfali from five réjngauge stations in a catchment and the corresponding Thiessen
polygon areas are as follows: '

Thiessen polygon areas (cim?) | Rainfall (cm)
s 25 125
36 175
30 225
0 37E
o 5 _ 325

The scale of the map is 1 50.000. Estimate the volume and the mean depth of the rainfall. Estimate
the average annual discharge at the outlet, if the runoff coefficient of the catchment is 0.3,

Q.14 Following observations were made for conducting a water budget of a reservoir over a period of one month:
Average surface are = 10 km®, Mean surface inflow rate = 10 cumee, Mean surface outflow rate = 15

cumee, Rainfall = 10 cm, Fall in the reservoir level = 1.5 m, Pan evaporation = 20 em. Assuming the
pan-factor as 0.7, estimate the average seepage discharge from the reservoir during the month.

'. I E S MASTFR Cffice: F-126. Kutwaria Sarns Now Flalhe . 520 0556 i
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EVAPORATION, TRANSPIRATION AND STREAM FLOW MEASUREMENT

Q.15. What are the factor affecting evaporation from water surfaces? Describe briefly a method of estimating
the evaporation from weather data.

Q.16. In order to compute the flood discharge 1n a stream by the slope area method, the following data have

been obtained:

Dawnsfzeam

Upstream | Mid dl'e
section sectmn _-section
Area (m?) - 108.6 103.1 ° 99.80
Wetted perimeter {m) — 65.3 60.7  59.40
Gauge reading (m) — 316.8 e T 316,55

Determine the flood discharge assuming Manning’s n = 8.029 and length between downstream section and
upstream section as 250 m,

Q.17. During the passage of a flood, the following data were estimated at two sections; 500 m apart:

Section Water surface | -Avea of flow | Hydraulic mean
elevation (m) | section (m*) depth {m}
Upstream, P 85.233 91746 2.835
Downstream, R 85176 84 354 2917

The eddy loss coefficient for gradual contr actlon is £ he taken as .1 and for giaéuai expansion as 0.35.

Estimate the flood discharge passing tbmugh the reach, Manning's n = 0.022

Q.18. Using the squation V{m/s) = 0.65 N + 0, 03 obtain the velocity at 0.6 times the depth from the free
surface, Here N stan{is for revolutionsfs. Data on current meter observations are given belm\ in Tabulay

form.

Alse compute the discharge t.hmugh the section:

Current meter observation at 0.6 v

No. of revolutions

Time in seconds

Distance from one bank {m}). _ Depth (m) {7
3.4 6.4
54 0.5
4.0 i3
120 LAY
150 3.0
15.¢ 25
AR} 2.2
240 1.

30
B

200
1340
aiy

40
130

Q.19. A 25 ¢/ solution of a flourescent tyacer was discharged into a stream ut a constant rate of 10 cm¥/s. The
background concentration of the day in the stream water was found to be zero. At a downstream section

sufficiently far away, the dye was found to reach an equilibrium concentration of 5 parts per billion.

Estimate the stream discharge.

24 1B S MASTER

Offiee: F-EIS Katwarks Sarat. New Delhi- 510015

E




o
i

242 Hydrology CIVIL. ENGINEERING

INFILTRATION, RUNOFF AND HYDROGRAPHS

Q.20. One a catchment ares of 20 hectares rainfalls of 7.5 cm, 2.0 em and 5.0 em occurred on three conserutive

days. The average ¢-index was 2.5 cw/day. The distribution graph percentages of surface runoff which

" extended over six days for every rainfall of such magnitudes are 5, 15, 40, 25, 10 and 5. Determine the
ordinates of the discharge hydrograph and determine the peak discharge. Neglect base flow.

Q.21. Explain briefly the concept of a unit hydrograph.

Q.22 In a typical 4 hours sterm produ cing 100 mm of runoff from 3 fjé_ts"ip': the stream flows ohserved ave as
follows: . AT

Timeinhrs | 0 [ 2. [ 2 {76 |8 112 T16 "5
Flow in cumecs | 0.00 | 244 | 810 [ 13.50 [ 1134 | 6.75 | 2.50 | 0.00
Estimate the peak flow in the stream and the time of He ocmzwncem a flood created by an 8 hours storm

which produces 50 fam of runoff during the first four ‘hours and 75 mm of runoff during the second four
hours, Assume base flow to be negligible.

Q.23. What are the basic propositions of unit hydrograph theory as propounded by L.K. Sherman?

Q.24, Explain briefly Infiltration indices’

+ Q.25. How do you determine storage capaciiy of a resewcn with the help of 2 mass curve of vunoff, if a constant

or a variable demand is known?

Q.26. Define unit hydrograph.

Ordinates of 8-hour unit hydrograph for a drinage basin are given below. Obtain a 24-hour upit hydvograph
by tabulation method, Neatly sketch it. :

Time (hrs) Ordinate of 8hr | Time (hirs) Ordinate of 8-hr unit
-} unit hydrograph continued hydrograph continued
G - (.00 48 57.00
4 5.50 52 42.00
8 13.50 56 31.00
12 C 26540 60 22006
16 ) 45.00 65 14.90
20 82.00 68 9.50
24 162.090 72 £.60
28 : 240.60 s 4.40
32 23100 &G . 2.66
38 165.00 81 1.04
10 : 112.00 8 0.00
44 79.00

.27, A 2-hour unit hydrogaph in a rather steep catchment 18 given below:

E—' Time in hrs ; 0] 2 4 6 8 16 112}
| Discharge (<100 m¥sec) 1 0 | 0.54 | 0.175 | 1.27 | 0.58 | 023 o]

Compute the I-hr unit hydrograph for the catchment.

2] > §E S f’\,’%AST}_ R Office: F 120, Krtwasris Sarar, Sew Dol o 11400 i
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Q.28, The average storm rainfall values over a catchment in three successive 2-hour intervals are 3, 5 and 2
cm, respectively. The ¢-index for the catchment is faken as 0.2 em/hr. The 2-howr unit hydrograph
ordinates are given in the table. Base flow can be taken as 7 m¥sec at the beginning of the storm, hinearly
increasing to 9 m¥sec at 2 howrs after the direct runoff peak discharge and later linearly decreasing to
8 m¥sec at 4 hours after the end of the direct runoff. Compute the resuiting flood hydrograph.

Timte {hys} 61214 6 8110121314116
Discharge (m®/sec) | 6 | 10 | 40 | 76 peak | 50 _.20_'_;-1{} 610

Q.29. The following is the set of observed data for successive 15 mmutes perzod of 105 minutes storm in a
catchment: : .

Duration (min) | 15 | 30 | 44 | 60] 75 96 105
Rainfall e} | 20 20| 50 0115|195 | 45

{ Q 30, The ordinates of a flood hydloﬂuaph resulting fxom two su('('eqswe storms each of 1 cm rainfall excess
" and § hour duration, ave tabulated below. Find a 6-hour umt hkydregraph.

; \\;\&.\f; J Fime (k) 676 |12 18 | 24 |30 | 36 | 42 |48 | 54 |60 |66 |72
i{@f/‘\\ﬁ% o® " | Ordinate of 6 b flood | 10 | 30 | 90 | 220 | 280 | 220 | 166 | 126 | 92°) 62 | 401 20 | 10
' s }ci Y hydrozraph (m®/sec) : : '
\“.;_.z}\‘ LT -
¥
\.\Q\‘k Q. 31 What are the assumptions and linitations of Sherman’s Unit Hydrograph Theory?
’\;{g\ X T A'" i
Q.32 The amounts of water flowing from a certain Latchment area at the propesed dam site are as tabulated
W below:
-._..“1"‘\|._
{.}\:‘_,‘ . .
Month Jan. | Feb. | Mar. | Apr. | May | June | July | Ang | Sep. | Oct. | Nov. | Dec.
Inflow (10°m?) | 2.83 | 4.25 | 5.66 | 18.40 | 22.64 | 22.64 | 1981 | 849 | 7.10 | 7.10 | 5.66 |5.66
Determine: .

) the minimum capacity of reservoir if water is to be used to feed the turbines of hydropower plant
at an uniform rate and no water is to be spilled over. _
(i} the initial storage required to maintain the uniform demand as above.

@.32. The following are the ordinates for & flood hydrograph resulting from an isolated storm of 6 hours

duration.

i Time thr} | Ordinates of flooed
i hydrograph {cumec)
i 5

i 12 15

: 24 40

i 36 80
.8 60
bo60 50

: 72 2%
- 15
i...96 5

Determine the ordinates of 1 om-6 hy unit hydrograph if the catchment area is 450 kin®

FESAA QTF R ' Office: F-126, Karwaris Sara. New Uolhi. 10 0_]‘.1
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Q.34. The daily flows 1n a river for three consecutive years are given in the table by class intervals along with
the number of days the flow belonged to this clase. What are the 50% and 75% dependable flows for the

river?
Datly mean Number of days in each
discharge {m%/s) class interval
1981 1982 | 1983

166-90.1 0 6 '
90-80.1 16 19
80-70.1 27 95
0601 21 60
60-50.1 43 51

- hir40.1- - 59 38
40-30.1 64 26
30.20.1 22 48 -
20-10.1 59 63 |

16 neghigible 54 26 13

Q.35. Given below are the monthly rainfall, P, and the corresponding yunoff values, R, for a period of 10 months

for a catchment. Develop a correlation hetween Rand P.

Q.36. In a catchment, the average rainfall for a storm at two successive 6 hour intervals was 3.0 cm and 6.0
cm respectively. The abstraction losses ¢ index were estimated to be 0.20 env/hr. For the same catchment,
the calculated data for a 6 hr unit hydregraph is available and is given below. Find the divect yunoff

hydrograph due to the storm,

hlonth Ne. | P {cms) | B (cms)
v 4 o 02
2 22 7.1
3 28 0.9
4 15 4.0
5 12 - 3.0
8. '8 1.3
7 4 0.4
8 15 4.1
9 0 2.0
10 3 4.3

Time (hr} {Unit hydrograph ordinate {m¥%s)

¢ )

f 10

12 25

i5 44

24 104

34 150

36 1460

42 73

18 25

34 15

60 ! i

LES MASTER
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Q.37. A 30 minute unit hydrograph for a catchment 1s given in Table 2. The ¢-index is 4 mm/hr. The storm
details are given in Table 1. Obtain the runoff hydrograph for the storm.

Table-1

Time {min} | Rainfall {cm)
.30 3.3
3060 2
60-90 1.9

Table-2

Time (min) |0 30 |60 |90 |120 1150 | 180 | 210.{ 240 | 270 | 300 | 330 360 | 390
Runoff (m®/e) 101121287117 114118 (L1~ 0951074 1061105 .1 028017 1 0

€3.38. What are the assumptions made in unit hydrographf’ﬁ_i’ecry?

Q.39 The catchment area of a drainage basin 18 2160 km?. The length of main stream (L} i equal to 80 km.
The distance along the main stream from the basin outlet to a point on the stream which 18 nearer to
the centxoid of the basin (1) is equal to 50 km. Compute the widths of the 3-hr synthetic unit hydrograph
at 50% and 75% of peak discharge using Snydér's method.

Take the coefficients

€, = coefficient accounting catchment slope
Cp = dimensionless coefficient

Q.40. The run-off data a stream gauging station for a flood in m¥sec at three hourly intervals are as follows:
56, 56, 75, 125, 285, 290, 2’?‘0. 145, 116, 90, 80, 70, 60, 55, 51, B0

The drainage avea is 40 km? The duration of the rainfall is 3 hn. Derive the three hour unit hydrograph
for the basin. Assume a constant base flow of 50 m¥sec throughout the duration.

Q.41 Define unit hydrograph. What are its Limitations? When do you recommend to use triangular uni
hydrograph? Write down the expressions for peak discharge, base width and period of rise for triangular
unit hydrograph.

Q.42. The ordinates of 6 hour unit hydrograph of a catchment are as follows.

Time (hours) [0 ] 6 |12 |18 124130 36|42

Disaharge(mafsec}!g{) 10§ 40 55145 3017104

The unit depth of the unit %13‘dmgraph is 1 cm. Arrive at the direct runoff by drograph resulting from the
following excess rainfall hyetograph occurring over the catchment.

Tume (hours) 1 0.6 612 ]
Rainfall intensity (em/br) | 1 | 05 |

i F S MASTER Office: :—E"J Rpiwaria Sapal. New Delhi- 110016
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"‘LOODS, FLOOD ROUTING AND FLOOD CONTRO

Q.43. A fiood of a certain magnitude has a retarn period of 25 years. What is its probability of exceedence? What
18 the probability that this floed may oceuy i the next 12 years? :

Q.44. In estimating the peak discharge of a viver at X, the catchment area was divided into four parts A, B,
C and D. The time of eoncentration and the area for different parts are as follows:

Part | Time of concentration | Area in $Guare melers

A One hour 600 x {04
B Two hours 750 10t
C Three hours (300 x 10
D Four howrs 1200 x 16

Records for an air storm lasting for four hours, as oé)s;éf{r_ed, and the runoff factor during different hours
are as follows: :

Time in hrs Rainfall in mm  Bunoff factor
From - Ta _ _

0 1 9.50 . 00

1 2 5000 e 0.70

2 3 50.00 o 0.80

e 4 2350 . 0.85

Calculate the maximum flow to be expected at X in ciumecs; asswming a constant base How of 42.5
cumees. '

Q.45. Define: (1 Maximum probable flood: {1) Standard project flood

Q.48. For a data of maximum recorded flood of a river, the mean and standard deviation are 4200 m¥sec and
705 n¥s respectively, Using Gumbel's extreme value distribution, estimate the return period of a design
flood of 9550 m%/s. Assume an infinite sample size.

QA47. A large sample of peak floods data was available for a river, Fiood frequency compuiations, using
Gumbel's method, vield the following results

| Return period, T{years) | Peak period {m” /sec) J
50 30,800 !
100 36,300 R

fstimate the znagnitude of a flood for this river with veturn period of 200 vears.

Q.48. The regression analysis of a 30 year flood data at a point on a river yvielded sample mean X = 1200 m¥
sec and standard deviation s, = 650 m®sec. For what discharge would you design the structure at this
point to provide 95% assurance that the structure would not fail in the next 50 years? Use Gumbel's

. method. The value of mean and standard deviation of the reduced variate for n = 30 are 0.53622 and
1.11238 respectively.

Q.49. Flood frequency computations for a fashy viver at a point 50 km upstream of a bund site indicated the
following: :

Offfee: 1126 Hoiwaria Sarei, New Delbi- 116 0EF 1
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Return period, T{years} | Peak flood {m/sec)
50 20,600
160 22,156

Estimate the flood magnifnde in the river with a return period of 500 vears through use of Gumbel's
method.

Q.56. A hydraulic structure is sized for a 50 year recurrence interval design discharge. What is the rigk that
the flow capacity will be exceeded during any future 20 year penod" What is the probability that the 50

year recurrence interval peak fow rate will be exceeded in the next 60 years?

Q.51. Define recurrent intewai and return period.

Q.52 Detsstiine the design flaod discharge {aﬁ()wamg an mcrease of one third} for 2 bridge site with the

following data: : o
Catchment awa = 2 % 16% hectares, éulatmn of smrm = § hr. Storm precipifation = § m, time of

concentration = 2 hr. gauged discharge f01 a past flood with average maximum daily rainfall of 18 cm
was 3460 m“!aec

Q.53. The inflow hydrograph reading for the stream reach i# m¥¥sec at 12 hourly intervals are as follows:
42, 45, B8, 277, 342, 288, 240, 198, 162, 133, Iii} 90,.79, 68, 61, 56, b4, 51, 45, 45 and 42

The Muskingum coefficient for the stream reach are K = 36 hr and x = 0.15. Determine the athenuatwn

in peak flow discharge and the time of pea}\ outflow.

Q.54. A flood series have mean equal to 300 m¥s and standard deviation as 50 m%s. Compute the magnitude
of 5§ years flood using Gumbel and Chaw methods.

Q.55. Fload frequency computation yiéids the following results:

Returns peried {years) | Peak flood (m?/s)
50.0 20,500
100.0 25,400 .

Using Gumbel's method, estimate the flood for a return period of 150 years. ’

. Elevation {m) 100.00 | 100.50 101,50 | 102.00 | 16256 | 102.75 | 103.00
T VA ; , g —
AV Storage (10°m?) 3.350 18472 13.380 | 4.383 | 4.882 |5370 {5527 | 5856
A { Outflow discharge (m* ffs) 4] 14 26 - (46 72 160 116 130
i'%"‘" ' .
\Q‘What the reservoir level was at ZUE) "}{) m, {he following flood hyvdrograph entered the reservoir,
Time (BTG (12118 124 |30 136 (43 748 15160 | 66 72
\\“\f Dmharge (m¥s) $10 | 20 |55 |90 |73 158 {46 36155 120115 13 {11!

Q.57.8how that in the level pool routing the peak of the outfiow hydrograph must interseet the inflow hydrograph.

LB TT
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