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PREFACE

Hydrology is an  earth science, it CHCOMPASSES Lhe
GOu e, di.‘sl.:‘il'JlH‘iuh,uu}v-::lmrnl, and propertlies of Lhe waloers of
the carth wand their environmental relations. Closely allied
fields include geology,climastology, meteorology and oceanography.

A calchment  or draivuge basin ls an  any area of land
determined by  topographlce features in which both surface and
subsurface water drains to its lowest level. Catchments are
Scparated from cach  other  topographi cally hills slopes and
ridges, 16 is conserved and prumtting‘ a  balance  botween  the
incoming  aond oul g;'c';imf fluxes. Catchment is a  lopical pluanning
unit with readily ldentifiable boundaries and characterlstiic
patlerns  of watoer movemenl, i1ls resources and roeadily sulted to
coordinated planniag and wan. VELSTITETEN A

OQue  abld TiLy Lo warnage waber resource:s bs loflucnced Ly thes
Loday "s cavironmental  problews. To understand  Lhe hydrologic
systemws  thal exist in the catchwenls are very much concerned t.(;
wanage Lo a large extent.

This  report has been prepared in connecetion with cngoling
URDP  project IND/99/03 entitled ™ 'Develﬁping capabilities in

Hydrologioal Studies”™.

(E%ATISH CHANDRA )
DIRECTOR
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1.@ INTRODUCTION

Hydrology is  the sclence of the behaviour of water under
unatural conditions. It is a physical science and deals with the
movement of water from th. sea to the atmosphere by evaporation,
the transpert of water vapour by wind, the precipitation on the
land and the subsequent movement, storage and retention of the
water in surface channels, in the s0il, in the saturated zone
beneath the soill and the transference of the water between these
rhases wnd its eventual disposal by reteivers to the sea or by
eyviaporallon Prom  Lhie carbh, Lhe leaves of vegetation or open

Water surfaces.

Hydrology as & sclence has thus many components and in  the
broadest sense would include the movement of water into, in  and
from 1the atwosphere butl these processes are often considered to
be within the domain of their sciences such as meteorolaogy,
climatology and scil science. The influence of the vegetation is

obviously also within the domain of botany.

In the narrower sense Hydrology deals with the movement of
water from its precipitation on the earth to return to the s3ca as
a river discharge or to the atmusphﬁfe as evaporation. It deals
with ULhe movensunt of water on the surface, in sheet flow and in

Open channels, Infiltravion to aund retention in  the aoil,

movement within the s0il and into the zone of aaturation, the
vegetation 301l molsture relaticnship as its affects,.of the water

flua, the process of evaporation from spen water, bear aoll  and




vigsribation  and movoament within tho sono of - aaluration i wral B
and stream channels which pencetrate that sone.

The physical scale of the hydrological ecycle 1s very great,
e water evaporated near the equator may be removed by windas Lo

T

[ ) et

precipitation in temperate zones; fortunately the scale
for moat hydrological processes in the narrower sense 13 very
wuch smaller. If we can isclate on the surface of the earth an
area in which the precipitation having contributed to evaporation
and storage 15 eventually returnasd to the sea through a single
channel, the area represents a CATCHMENT within which water i
conserved promoting a balance between the incoming and outgoing

fluxes,

A catchment or drainage basin can bLe defined as any area of
land, deternined by topographic features in which bioth surface
water and groundwater drainas to itas lowest level, Fior

groundwater flow the catehment may be larger or amaller than 13

apparent from surface relief, Catchments are separated from
sach other topegraphically by hills sleopes and ridges. The

divide or boundary being koowsn as the watershed.

Catohmen Lo el noturally oeeurring uni b o f Lhe:
landscape,which contain complex array of interlinked and inter
dependent  rescurces and activities, lrrespective of political
boundaries. A ocatchment is a dynamic and integrated soclial
ceoonomic and physical system. A typical catchment is likely to

inolude.
1. Forest and trees to protect the land surface, provide
timber and shelter and act az wind breaks.

.
e



- GlLorage g for rural and  urban  purposes  and ot
irrigation and industry.

s Brosion control works such as contoar pl':n,u_z,h_ing contour
bonls, .flume, strip cropping, minimal cultivation and
stubble retsntion to reduce or control run off.

4. HNatural areas such as parks, reserves and rempants of

bushland on private property.

i Towdns , cvdmuinl ot on aied Lo ed Tinlkas.

Coatohment I a Jlogticdal planining undit wlth readily
fdentifiable soundariss and characteristic patterns of water
movement, 1ts resources and iz sulted @o coordinated  planning

and mahadcnsnt.,

Geomophology is science of landforms. It describes landforms
and attempts to explain evolution of landforms in  terms af
lethology, structurs, and climate. The various parameters render
the investigation of Geomorpholeogists are the landforms, the
3lopes, the stream network and the natural process. To quantify
the geonstry of a basin, the fundamental dimensions of length,
time and mass are used. Many drainage basin features that are
Lmportant tor the hydrologists can be qguan tifled in terms of
lenght, lenght sgquared, or leght cubed. Geomorphology  being  the

study  of  landforms has direct influence on  the flow process

Cecmorphological  studles has beconms mach more important in  the
ungauged  catchments sinece different geomorphological  parameter

help in regionalisation of hydrological models dealing with the

St 58T i mations.



The  physical process of catchment hydrology which mainly

depends as follows.

1. The primary procass ofinterception, evaporation,
transpiration by vagetation, infiltration and

Jro bt lavb b,

o, Surface run off inecluding flow in the open channels.
e Groundwater hydraulios including flow in the unsaturated

a e,

The rainfall run of f process in a catechment Is a complex and
complicated phenomencon, in general by large number of known and
unknown phyasicgraphic factors that varyhﬁoth in space and time.
The rain or snow falling on a catchment undergoes number of
transformaltions and abstracticns through various component
process  such as  interception, deténtiun, evapotranspiration,
overiand flow, infiltration, interflow, percolation, sub-base

flow ete and emerges as runcff at catchment ocutlet.

Each catchment comprises of different types of so0ll cover,
vegetation landuses, topography, drainage pattern and density,
alopes  ato, The process i3 which take place are not uaniform
throughout the basin, more over they are alse not uniform in
Cime, 2 interception loss depends on type of vegetation oover
and its denzity and also on rainfall amount, its intensity and
duration. Interception loss i3 high at the beginning of rainfall
but reduces gradually te a constant wvalue equal to potential

evaporation till rainfall continue. Similarly infiltration rate

varies in apace and time and also depends on initial soil




molsture  condition. To  simplify analyses of  thesa complex
provess,  different catchment or watershad models have adopted
different 1laid out approaches, methods or approximations for sach
process and the developed model as a whole is capable to simulate
Ghssrved  proesss.  In the catchment modalling,it can  have four
deneral types of mathematical models which are, i) Deterministic

ii} Probalbilistie 111) Coneesptual iv) Parametric. The type of

mathematical  catohment model celponents can be found in  variety
of  hydrolopgic applications. FPFor example, the kinematic wave
routing technique is deterministic being founded on basic
rrinciples of mass and momentum conservation, The Gumble method
for flood frequency analyses is typical example of the
.
probabilistle methods  in hydrology.  the Gumble method is
atatistical since the Qaramatera of the frequency distributicn
are  evaluated from measured data, Stochastic methods have Dbeen
used primarily in synthetico seneration of hydrologic time series
such as dailly stream flows from mid size catchments. The cascade
of  medium reservoirs is o Lypical example of a conceptual model
fa the case the phyaical process of run-off concentration and’
run-of P diffusion  are  beling slmulated  in the mean by the
diffusion isherant in the mathematical =soluticon of linear

rescrvolr. Hegional analysis is typleal example of the parametric

approach to  hydrologic catchment nodelling. In thia Case
stablistical regression technique are used to develop predictive
equations having regional applicability, The compoanent

process  that have been modelled in the review are interception,
evapotranspiration, overland flow, infiltration percolation,

interflow and base flow.




Determination of the water yield is the solution for number
of waler resources problems such as  design of storage
lacllivies, deterwination of minimum amount of water available
for agricultural, industrial or muncipal use, estimation of
future d=psndable water supply for power generation under varying
pattern of rainfall, adjustment of long records of runoff for
varying rainfall regimes for study of time trends in water yield,
planning irrigation operation and design of irrigation projects
and 30 on. With this concern, water yield aspect has been

considered and available model reviewed in this report.

&
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2.0 CATCHMENT AS A GEOMORPHIC ONIT

Catohment aras nay be defined as the area which contritutes

water to Particular channel or set of channels. It is the

ow

souree  area of the precipitation eventually provided to stream
channels by  various paths. It forms a convenient unit  for  the
consideration  fop the  process determining the formation of
specific landscape in the variocus regions of the earth. It
provides a4 1imited unit of earth surface within which Dasice
elimatic quantities can be measured  and characteristic landforms
described and system within which balance can be struck in terms
wf inflow  and outtlow of moilsture ﬁnqunﬁrgy. The  amount  of
Precipitation  that falls over a givén catchment area can be
Imrasured and, the quantity of water that flows ocut of the
catchment in stream channela, the change in sroundwates atorags,
and evaporation and transpiration by the rlants can be estimated.
In addition rates and kinds of denudation may be measured in  the
catohment,

The drainage net is the pattern of tributories and master
streams in a ecatehment as deliniated con a planimstric map. The
het ineludes all the winor rills which are definite watercourse:s,
@ven  including all Ll clhemsral channel s in the furthermost
headwaters, The network, of drainage has been described as
trellis or palmate and by other terms deseriptive of velnation
of different sorts. The nature often reveals ansimﬂlicitf of
pattern reflects the operation of a few dominant rhyzical
Process which, when unraveled, can be reduced to known  physical

and ~hemical laws.,




Geomophology is sclience of landforms. It describes landforms
and attempts to explain evelution of landforms in  terms i
lethology, structure, and climate. The various parameters render
the investigation of Geomorphologists are the landforms, the
slopes, the stream network and the natural process. 1t is vwvery
puch  possible  toe apply the geomorphological data which was
collected by a geomorphologist for different prospective areas
just because of strong relations which geowcorphology has with the
other disciplines like geology, pedology, hydreology, forestry,
civil engg., landuse, archasclogy ete. Geomorphology being the
study of landforms has direct influ&ppé on the flow process,
Geomorphological studies has become much morc important 1in the
ungauged catchments since different gecmorphological paramstar
help in regicnalisation of hydrological models dealing with  the

runaff estimations.

The part of precipitation runs over the ground as  surface
runoff which the portion of it enter the earth’s surface,aither

becomas subsurface water and joins the main stream after some

time or pereolates  inte  the Dbottom layers and bacomss
groundwater. The apportioning of the precipitation to surface

runcff which collects in the streams and Infiltration which
contributes to the water table is affected primarily by the form
of  the sarth s surface, which is accountable through various
geomorphological aspects like linear, and relief parameters.
Parameters like channel gradients, circularity ratic, elongation
ratio, length of overland flow play important role in the runoff

process and effecting peak runoff. The larger the drainage area



the greater the amount of rain intercepted and the higher {the

peak discharge that results .

The drainage density expresses the number of kilometers of
channel maintained by a square kilometer of drainage area. FPRasin
shape  is very iumportant Tactor influencing the preak flow and
sther hydrograph characterstiecs such as steepness of rising and

Pecession limbs, time spread of hydrographs ete.

Vartables Involving relief aspects of the basin are the most

Slgnificant parameters in the hydrological studies o the
Watarshead . The s3lope is related to the rate at which the

potential  energy of the waters at thé.higher elevaticn of the
catiohments  is converted in kinetio eénergy. Losses in various
forms  ocours in the process.  Water is held in storage and the
travel tlme in the hydrologlic system is  in general Inversely

related to the slope.

The  various geomorphological parameters established in the
study can be broadly classified into three categories.,
1. Linear Aspects of the channels
ii. Areal Aspects of the bazin

1ii Relief Aspects of the catchment and channel networl.,

2.1 Linear Aspects

Various parameters which  involve length of channels in
different ways are grouped under this category .  Linear aspec b
of channel networl are listed and explained bDelow:

a) Length of the main channel (L)

4



b) Length of the channel betwsen the outlet and a point nearer
to C.G. (L)

&) Total length of channels

d) Wandering Ratio

2)  Filneness Ratio

)y Watershed Eccentricity

a) Length of the main channel (L)
This 1is the length along the longest water course from the
outflow point of designated sub-basin to the upper limit to  the

atchment boundary.
=
1]

b) Length of channel between the outlet and a point nearer to

Centre of gravity (Le)

It is the length of the channel measured from the ocutlet of
the catchment to a point on the stream nearest to the centroid of

Lhes Lasin.

) Tobal length of channels:

Tetal channel length i3 the sum total of the lengtha of
channels  of all  the orders in the basin. This parameter is
important as it gives an idea of over land flow and channel flow

a ailmple power function.

d) Wandering Ratio:

Wandering ratio is defined as the ratio of the main stream
length to the valley langth! Valley length (Lv) is the straight
line distance betwsen ocutlet of the basin and the farthest point

o Lhe pildae,

\o



&) Basin Perimeter:

It 1is measured along the divides between basins and may

used as in indicator of basin size and shape.

f) Fineness Ratio:

be

Tha ratic of channel length to the length of the basin

perimeter 1is fineness ratio, which is a measure of topographic

finenaesa.

g) Haterahad ecoentricity:

The watershed eccentricity is given by the expression

{I(L;‘}Q = ’Zcz)s) .
r ) T h
W
where T = Watershed Ececentricity, a dimensionless factor

Le = Length from the watershed mouth to the caentre

mazs of the waterzhed in the same unit.
We = Width of the watershed at the centre of mass

perpendicular o Le

2.2 Areal Aspects of the Basin

The parameters whilch are governed mainly by the area of

of

and

the

drainage basin are oclassed as Areal aspects of the basin.

Aresl aspects as follows,

a) Drainagze Area
b} Drainage Density
¢) Constant of Channesl Maintenance

d) Channel Segment Frequenoy

11
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&) Circularity Ratio

f) Elengation Ratio

&) Watershed Shape Facotor

h) Unity Shape Factor

These parameters haye been discussed in detail and  are

sxplained Lelow:

a) Drainage Area:

Drainage area is defined as collecting area fronm which water
would go to a strean or river. The boundary of the area isz
determined by ridge separating water flowing in opposite
directions. This paramster is hydr@logicéily important Lecause
it directly affects the flood hydrograph and the magnitude of
flood  pealis  in mountalnous areas. The larger the size of the
basin, the greater is the amount af’the rain intercepted and

higher the pealk discharge that results,

L) Deaddnager Dot (A

Drainage density is defined as the ratioc of the total
length  of chaunnels of all orders in a basin to the area of the
baszsin. It should therefore be measured on the topomaps of large
scales  (1:5@,000) 35 that first order streams can also be taken
into acoount. Drainage density is a textural measure of a basin
which i3 senerally independent of basin size. It is considereaed
to be a function of 2limate, lithology, and stage of development.
Humerically this ratio grpresses the number of kilometers of

channel maintalned by a asquare Lkilometer of drainage area.




2) Constent of Channel Maintenance
Constant  of channel malntenance is defined as  the ratio

between the area of a drainaze basin and the total length of all

14
Y

Lhe  channels and is sxpressed in saquare feet per foot or sguare
meters  per meter. It is virtually the reciprocal of drainage
dens ity .

The importance of this constant iz  that it provides a
guantitative crpression of the minimun limiting area requir=d for

the developmental of a length of the channel.

d) Channel segment Frequency

Channel segment frequency or stregm-frequency is defined as
the number of streams per unit area in a drainage basin. Horton
suggested  that the compesition of a drainage basin provided a
more  adeguate characterization of & stream, than did drainage
pattarn. His "ecomposition" was completely describsd using  the

two texdlural measures of drainage density and stream fregquency.

el Cilroularity Ratlo

Basin eireularity ratio is defined as the ratio of  the
Lazin area to the arsa of a circle having a clireumference  aqual
o the  perimeter  of  the basin., © The value of thiz ratio
approaches unity as the shape of a drainage basin  approaches A

girole.

) Elongation Ratio

Elongation  ratic of & basin Is defined as the ratio  Letween
the diameter of a eirecle with the szame area as the basin  and
basin length. The value of the elongation ratio approaches unity

as the shapes of drainage basin approaches a circele.




2) Watershsd Shape Factor
Watershed Shape Factor is defined as the ratio of main
stream lenzth to the diameter of a circle having the same as the

watershad,

h) Unity Shape Factor
Mnity shape factor iIs defined as the ratio of the Dbasin

length to the square root of the basin area.

The indices such as cirecularity Ratio. Elongation Ratio.

Watershed Shape Factor and anity shape factor are the measures to

-

compare  basin  shapes. Basin shape ié very important factor
influencing the peak flow and other hydrograph characteristies
such as steepness of rising and recession limbs, the time spread
of hydrograph eto.

2.3 Relicl Aspects of Catchments and Channel Networks

Relicf Aspecls are ULhe functions of the elevation or
alevation differences at varicous points in a catchment or along
the channels. Contour lines on a toposhest are made use of while
determining the relief aspects. Various parameters involving the
relief aspects are as follows:

a) Basin Relief
) Relief Ratio
o) Relative Relief
d) Ruggedness Number
=) Nash™ s measurs of slops
Variables involving relief aspects of the basin are the

moslt significant parameters  ln hydrolegical studies of the




waltershed. The slope 1o related to rate at which the potentlal
el SN AN of Lhe waler atl ]iiLﬂ; clevation in the headwatera wf Ll
catechment 1o converbed loate Binetdo snergy. Livases  In variouas
forms occur in the process.  Water iz held in storage and  the
travel Cilme  din the hydrologic system bz In general inversely
related to the slope. Mountainous catechments are 'characterised
by the stesp slopes and hence these parameters becoms 3till more
important for mountalnous ¢atchments, Thess parameters,

therefore, have been discussed in the. following text.

a) Basin Relief

Reliel of a baszin is the maximum vertical distance from the
slream  oullet to the highest polnt on the dividing ridae. The
Lotal  relief of 4 Lasin 1s a &aasufe of the potential energy

available Lo move water and ssdiment downslope.

L)y Belicef Katic

The gelief ratio is defined az the ratico bBetuween the basin
relief and  the basin length. Trn normally  shaped  basins Ghe
relicf ratio iz a dimensionless helght length ratio equal to the-
tangent of the angle formed Ly intersection at the basin mouth of
a horizontal plane with a plane passing through the highest polint
on  the divide. This parametsr permits comparison of the relief

of two basins wilithout regard to the z2eale of the topomaps used.

Betlative relicf is defined as Lhe ratio of the basin relict
cHxpressed  in o units of miles to the basin  perimeter. R=lative

ralislf i3 an indicator of the general stecpness of a basin from

L5
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summit to the outlet. It has an advantage over the relief ratio
in that it is not dependent on the basin length. When the main
chianne |l consists  of  two  Dbranches meore  or  loss ol oqual
catchment  the channel slopes are taken as the meanof  the two
values raleulated separately and weighted with the appropiiate

catohment area.

d) Ruggedness Number

The product of drainage density and relief (in  the same
unita) is  termed as the ruggedness of a basin. Areas of low
relisf but high drainage are, therefore, as ruggedly textured as

the areas of higher relief having less dissection.

e ) Nazh's Meusure of Glope I

Nash (196@) defined another measure of s3lope where the
profile of the main channel having been plotted from the gauging
5ite to the catchment boundary, a straight line was drawn through
the zauging station and the vertical through the highest paint of
the main channel . Further the slops of the line being ao  chosen
that ths area of the triangle was squal to the area contained

below the olhannel profile.

16




3.8 BEVIEW

3.1 Interception

Part.  of Lhe otorm precipitation that falls in o  basin  ias
intercepted Ly vesatation and other forms of the cover on the
drainage arca. Interception can be defined as  that segment of
the gross precipitation input which wets and adheres to above
general  objects until it is returned to the atmosphere through
ayaporation, Precipitation striking vegetation may be retained
on leaves of blades of grass, flow down the stems of plants and
become stem flow, or fall off the leaves to become part of the
throughfall. Most interception losz develops during the initial
storm  period, thereafter, the rate of interception rapidly
reaches fero. In studies of major storms and floods interception
loss 13 comnmonly neglected. 1t may however, be significant 1in

water baloanoe studies.

The amount of water intercepted is a function of

i. OStorm characteristics

11, The apecliec. afe and density of prevailing plants and
frees:

iii.The season of the year.

The percentage of interception leoss i3 more for smaller
amount and leas intense rainfall. Dak or Asper leaves may retain
AQimuuh as 100 drops of water. On an average for well  developed
trees, roetention may be of the order of 2P drops per leaf. For
light showers whersa P <« @.91 inch 1@0% interception losses bay
oocur, where as for showers where P& @ @4 inch, losses occur in

the range of 16 to 4% .




Most interception loss develops during the initial storm
period and the rate of interception rapidly approazhes zero.
The total atorms interception can be astimated by using

Li = 8i # KEt

Li = The volume of water intercepted (in).
51 = interception storage that will be retained on the
follage against the force of wind and gravity

(usually varies betwsen .01 and @.85 inchs)

K = The ratio of surface area of intercepting leaves

to horizontal projections of this area.,

Iy = Amount of water evaporated per hour during the

precipitation period (value ranges from 1.1 to

9.2)
L S R (hr)
Total interceaption 1s directly related to the amount of
foliage and its character and orientation. Interception loss

function alse varies with storm characteristics using the above

formalae  only total amount of intercaption losses can be
caleulated but its distribution can not  ba  known. Commoin

bractice is to deduct the estimatad amount entirely. From initial

Period of the storm as initial abstraction.

A general equation  for estimaling such losses is  not
available since most studies have Deon related to particular

apecies of experimental plot strongly associated with a  given

10“41ity.




3.1.1 Stanford Water-Shed model (SWM-1V)

Intercaeption is anytime interval is governad by watershed
cover  and by the current volume in interception storage. All
incomling molsturs anters interception storage until pre  assigned
volume i3 filled. This depends on types of cover and values

generally considered ars

grassland @.18 inch
moderate foresl cover .15 inch

Heavy forest covear @. 260 inch.

Evaporation from interception storage is assumed to cccur at
a rate that corresponds to  the ocurrent rate of potential
cvapotranspiration. Therefore, inteoception will continue during

a storm due to evaporation losses.

3.1.2 Leavesly Model

I'Yaes {'aebors 1ike:  vepetatlon  Lype, canopy density and
precipitation type have been taken into consideration to  compute
interception  of  cach hydrologic response of watershed ocover
density expressed as a pereent of the hydrologic response unit,
surface coverad Dby a horizontal projsation of the vegetation
canopy, a canopy storage for rain in inches depth and  canopy
storase  Tor snow in inches water equivalent depth are input  for

zach hydrologic response unit.

For the precipitation events oceurring as all rain or all
Sheov aand o whioae,
i Procipl tation depth -~ PPT  RNST or SNOT
{IN = (RHST cor SHST) X COVDIN (in)
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Whie e i
RNST = Canopy storage for rain
SNET = Canopy storage for snow

XIN = dn l..r:rr__,"r.;:]_)'[_i o of each Hydl"-:ll‘:lgiu';! J-Q':‘-.‘.‘.i[_-"-‘.’_':l’_\jr_}_
wnit of watarshed.

COVDIN = Cover density

Where  the  procipltation occoures as a mixture of  raln  and

anow, 1t is assumsed that rain occurs first followed by snow.

Interception losses through evaperation and sumblimation are
aBsumaed to vary with precipitation form. For interceptad
rainfall, all intercepted loss, XIN is considered is lost through

evaporation.

3.2 Depression Storage

Precipitation that reaches the ground may infiltrate flow
over  the carface or become trapped in numercous small  depression
Prom  which Lhe only cocape 15 evaporation or infiltration. The
ratained water i3 called depression storage, when rainfall
intensity exceeds infiltration capacity of the soil, the
effective rainfall begins te accumulate, runs off the surface and
begins to 111 surface depressions. The nature of depresalen as
well a3 thelr sizge 1is :largr:.'ly a funections of the original land
Yorm and loecal land use pracbice. Because of extreme variability
in  the nature  of depressicoos and thee  pavelity  of auttloftent
measurements,  no gensralised relationship with enough apecified

fforava b bl e,

parameebars Por ool onoses

In order to subtract deprassion storage from rainfall  and




subscquently detorming effoctive rainfall, we  should determine
the mannsr in which depression storage capacity or volumes varied
with B RTITE {Rat wWer ]l G o with el lfactive  railnfall., T thix, W
conailder a4 depresaion whose astorage capacity V. The atorags  at
anytime  © 15 between O and V; O ¢ 5 <V and storage remaining

Sc to be filled ia YV-5.

dhe
S = - KkSe
t”.l"-

in which Po is the effective rainfall volums (gross rainfall
(FP) -Bvaporation (E) -interception - infiltration (IF)) and K i3 a

constant or parameter).

Ne = C expl[-kPel

Where € is constant intesration using the conditicon that
=@, Sas ¥V ogr B

O oz Vil-exp(-kPe)

The above equation proposed by Linsley et al  (1875) the
parameter k can be estimated by noting that where Pe = ©,d8e/dFe

= 1, dmplying that all the water goes to f£ill depressicons  and

ielding & = 1/V. The typical valus of V  for perviocous and

lmpervious areas given below:

Land Cover ' Surface Htorages Recommended Value
1nmpervious
Large pavad areas @.@h- .15

.1
Hoofs a flat @.168-8 . 3@ ). 1
Roofs slope @.@5-0.10 @.E




Pervious

Lawn grass G2 -, 50 £, 30
Wooded arsa and
open fields B.2-9. 60 . 4

«

J.3 Evapolranspiration

BEvapotranapiration (ET) i3 the conversion of water to vapour
and the transport of that vapour away from the watershed surface
inte  the atmosphers.  The [T varies both in space and time  and
mainly depends on avatlable water and solar radiation. Water 1is
available at plant surfaces, s0il surfaces, streams and ponds  or

sanowWpacks.

Evapotransplration fluxs mwoves large quantities of water from
the s0il back to the atmosphere. Leopold and Langbein (1966)
estimated that 78 psrcent of the precipitation falling on  the
United dtates 13 returned to Lthe atmospherse  through B.T.
Accurate, apatial and temporal predicticons of evapotranspiration
are necessary for hydrologico models. So0il moisture storage can
be determined from the differencs of infiltration and
eyapotranspiration. But the paramsters such  as infiltratian;
percolation, evapolranspiration and olher hydrologle variables
are interdependent on the s0il moeisture both on quantity and 1its
spatial distribution. The important influence of ET in hydrology
has Leen  shown  and  discussed by Woolhiser (1971, 1974),
MeGuinnes:s: and Harrold (1962)m Knisel =2t.al. (1969) and Faramele
{1872 .

ET varies from place to place in a catchment and also varies
throughout the day but spatially averaged daily E.T. values may

be used for hydrelogic analysis of watershed models.




(@) Principles

Evaporation Lakes place from s0il surface and water bodies.
Evapotranspiration takes place from vegetated surfaces. The
Process pegud ees o lar cnergy s fnput, water svallability and o
tranaport proceszs from  the asurface into the atmosphers.
Researchers like Tanmner (1957), Goodell (1966), Penman et al
(1967), Gray (1972) and Campbell (1977 have provided good
dcscript;uns of  these primary variables which determinse E.T.
rates.,

Soll surface and water avallability to the evaporating plant
often limits ET. The rate of Et is limited to the diffusion rate
of s0il water to the 30il surface and to the plant roots and
through the plant system. Transport of water vapour upward fromw
Lhe evapcerating surface for moest vegetated situations doss  not
clten signiflicantly 1imit  the ET  process. Thes hortaontal
advection  of senszible heat from areas of excess enerﬁy 14 araas
of Lilwived  enerasy is another important snergy source  for BT,

This is often called the clothes line or ocaszis effeact.

Evapotranspiration varieas spatially as  a result o f
variations in  elimate, crops, or soils, elevation, orographic
effects and eropping patterns can causs large changes in E.T.
spatial nv;rmgiug of E.T. values for a basin or sub-basins are
generally  done. The dailly E.T. data indicate the annual
distribution cuad dally  wvarlation of | DM 128 values . The
conslderable  daily variation within sach month demonstrates the

dynamic b shavior of BT, values,




ochematically soil-plant-atmosphers sy s tem may b

]

o pebenenbed G obeewin o Clgure L)

Estimation of E T follows a vertical water budget within a
SysTem. It reguires to consider three sets of variable (1)
diztermination of potential E T (ii) plant-water-related

charactaristics and (1ii) s0il -water related characteristios.

(b) Potential ET

The potential E T (or PET)Y iz usually defined as an
altmoapheric determined quantity, which assumsas that thé E T flux
will oot caceed the avallable encrgy from the both  radiant and
convection sources. Tachni@umﬁ for estimating potential ET are
based o oo or more atmospherio variables like solar  opr  net
codiation oad alr temperaturs and humidity or soms meazurenment
related to these variables |, like pan evaporation, Measuremsant
or prediction of some variables such as vapour or heat flux i3

difficult, only radiation 1s measured routinely.

{(2) Fan Evaporation . i
Bvapocration that takes place from szhallow pan is 2alled  pan
avaporation. This is one of the oldest and -most common method of

estimating potential E T which can be expressed as

PET=Cer.Ep

Wl re
Cgr = a pan to PET coefficient

-

The coafficicent Ce 1o necedssary because evaporation for a

N

pain 1z generally more than that from a well-wetted vegetated

surface.,  The value of Crr generally varies from ¢.0 to @.8,




(d) Energy Budget

In  this method, caleulation of potential ET  is done by
cnergy  budget method. Energy limits evaporation where nmnoisture
i3 readily available and the NnEcass3ary Qapour transport occurs.
Energy balance over a vegetated surface is shown schematically in
figure. 3. 9
In this methed vertical compenesnts may be expressed as,

En = A+ LE + 8 + X

Bih = Ks -alla + RI - Rlr

Wlhe e
Re = Inecowing solar radiation (short wave)
alis= Golar radiation reflected
Rl = Incowming radiation (long Wave )
Lle=s BEmitted long wave radliation
Eir = net radiatieon
1\ Sensaibile: beal abe
LI = Latent heat of water vapour
s = gerd 1 hesal
£ = Miscellansous heat sinks like plant and air atorags

and photosynthesis

(ez) Teumperature Hazed Methods

deme correlatlon exlats bLetween the climatic variables
vnuﬁLng potential BT and ailr temperature. Air temperature.  data
are raeadily available., This is one of the most readily availabi&

climatic  wvariables, There are asveral methods for predlicoting

potential B T based on average alr temperatures.
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The Blaney-Criddle (1966) method i3 an extensively u:

stern U3. The

1
[in

method  for irrigation design particularly in w

saquation is

Kp(45.7 ++813)
i = B Baw e ®

s Istimatad ponthly evaporation in mm

K=z An enpirical conszumptive use coefficient

I = mean monthly percentage of annual day time hours and
the year

T = mean menthly alr temperature in degree centigerade,

Experiencs has shown  the results of ensrgy budgets  are

Usually more reliable than temperature based method.

The other methods are (a) aerodynamic  profile methoed  as
described by (1) Dyer (1861) for mass transfer eddy flux  method
gk L1149 Lhat  of Farmele and  Joccoby  (1875)  for the Bowen

measuraments and (b)) Combination method, Penman (1948, 1958)

(f) Plant Tranaplration

Plants control & large number of the processes that
determine ET  rates, such as (1) use of radiant energy (11)
stomatal control of leaf tranapiration (iii) root interaction
wilth availlable Soll water ote. PFPederer (19705) showed the recsut
trand 1o research of ET frow physically contreolled process to a

physiclegically controlled process.

The: o ffectzs  of plants on KT 2an be divided into the  main




categories of (a) Canopy (b) phenology (2) root distribution and

{d) water stress. There are many Iinteractions among thess

categoriss. Hany of the basiec interacticons of crops with the
atmosphere and so0il are provided by Monteith (1876), Kramer

(1969) and Slatyer (1967).

The dynamic development, maturaticn and decay of 2rop
canoples significantly influence plant tranﬁpirati@n‘ elffeots.
The canopy of any particular day largely determine the amount of
intercepled zolar radiation or absorbed adveaction, thus
hydrologic  moedels wusl provide a representation of thia cdynamic

plant bshaviour.

The phenclogical of plants often modifies plants ability to
transpire. Az crop matures, its need for water and ability to

transplre dlminishes;

[B]

The creop effecta on ET have often besn represented by crop

coefficients, either as average zsesasonal values or as  aeasonal
distributions. Most  often the coefficlients acecount for the-
comblned «ffects of crop canopy, phenclogical development and

5011 evaporation.

Crop  rools are also important in the process of  connecting
a3ail Wate witlh almosphorio  energy aundd the resulting
Cranspiration. Howsver, roast diztribution and thalr

cffectivencas are difficult teo astudy and quantify.

Transpiration process reducss at some level of deficiency of
30il  water and eventually ceases 1If water availability is

deverely 1imd ted,

26
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(g) Boll Hater Lvaporation
T procass ol evaporation  from okl Ps  simllar
cranspiration from a plant. Evaporatieon from =scil Lakes placs at

thres stages;

(1) In the first stages, Lthe drying rate iz limited by and @quals
the evaporative demand.

{1i) In the sacond stage, waler waitlability becomes limiting and

»

(iii)yIn ths thipd stage, it bacones Timited to a wmore constant
Mardaer and HETlel (1062), Idso et al  (1274) did s

S Acotiat Methods
There ave different methods to calealate BT from quite
Sl L Wy o ‘lilil."l‘ Hos Ao Lhod ahonnlbd CTRIATR S Sat | e 24 f mad L,

crop, and soll variables in some reasonable fashion under a range

(L TP () T T LMo N (T L N D U et W B G [T ¢ ST g O

(i3 Baszsd on dailly watar budaet

A = P AT . ) T
ARTy = [ ABLi-g 1 B:- 2K

Wheere
ATT; = Artecedent retontion index for day 1

It z Dally retention (infiltration)

I . Seasonally varied coefficient less than 1.0

(ii) Haawo (1972) =imulated dally ET in a modsl writteasnr  to

satimate monthly astreamflow  Lrow daily precipitaticn Ly Lh=

29



B o= Ep(M/C)

(11i)Bair and Roberton (1966) gave a more complex soil molsture
budgetting cquation as:
I
AEi = E K;(5i/8; )Z;PEi e-w (PEi - PE)
J=1
whe e
AE = Actual ET(mm/day)
K = Coefficient of seoll and plant characteristics
3i = Available s0il moisture (mm)
83 = Capacity for available water (mm)
Zj = Factor for different types of soil dryness curves
W = %actor for affects of varying PE rates on AE/PE ratio
PE:i+ Fotential ET (mm/day) and

PE = Average for month or ssason(mm/day)
(fv) Holtan etal (1975) gave a similar simple squation:
BT = (GIIK Ep[{5-BA)/51X

Whixe:

ET = Actual ET {(mm/day)

I = Growth index (percent)

. o of pan evaporation for full canopy
Fp = Pan evaporation (mm/day)
" Total sell poroesity (Fercent)
S8 = Available soll porosity(percent)
X = Baponent eatimated to be 1.8

—

Stanford watershed model
In this model evapotranspiration is considered to take place

from:

(1) Intereeption storags




(1i) Upper zone storage
(1ii) Lower zZone storage

(iv) Streams and lakes sarface and

—
ot
S

——

Groundwater storage |

Bvapotranspiration from intqueptimn and upper =zZone storags
is considered to take place at potential rate Ep which is aszsumed
to  be the lake evaporation rate calculated as the product of a
pan  coeffizient times the input values of the evaporation pan
data.

Lake Bvaporation Rate = Pan ecoefficientxInput valus of

avaporation pan data

The evaporation of any intercepted water i1s assumed to occur
al a0 rate wspaal to the potential  evapotranspliration rate  and

ceanes Wwhen the interceptlon storage has been depleted.

Evaporation from stream and lake surfaces also occurs at the
patsntial  rate. The total volume is  governed by the total
surloace area of strsams and lakes (ETL) a

Tiobal sbreaans and Labas b
KAl I —
Total walershed area

Lvapotranspl ratlon from ground water storage also occeurs  at
the potential rate and is caleulated using a surface area equal
Lo oa factor (K24BL) multbtiplied by the watershed area.

Total area from which ET from the groundwater
storage

K24 = e SO — —

Total watershad area




denerally valus of this parameter is conslidered #qual te the
fraction of the watershed area covered by rhreatophytes. Ita

value is normally small.

The upper zone simulates storage 1in depressions and highly
permeable  surface soll while the lower zone is depleted, the
woedel  will att&myu to satisfy the potential for ET by drawing
moisture from the upper zone storage at the potential rate. Once
the upper zone storage 1s depleted, ET ocecurs from the lower zZone
which is slways less than E . Evapotranspiration opportunity is
considered to  control evapotranspiration from the lower Eané.
Evapotranspiration opportunity iz defined as the maximum amount
sf water available for evapotranapiration at a particular

location during a prescribed time interval.
"

Linear variation of potential evapotranspiration 1s assumed

over a watershed as shown in flgure A5 e

The rate of evapotranspiration from the lower cone  1s

determined from the shaded area or 3
E = Ep - EpZ/2r
The varlable r i3 the evaporation opportunity. Thia factor

variss from point to polint over any watershed from =zero 2 &

maximam valuse of:

y = Ka( LZ8)/LZ5SN

Where

LZ5 - Phe current scoil moisture storage in the lower sone
e I A nominal storags level, normally set caqual Lo thex
2
ey




wedian value of the lowsr zone storage
Ka =~ An input parameter that iz a function of watershed
NOVEY
Table .~ Typical Lower Zone evapotranspiration
Watershed Cover Ka

Upen land .28
Grass land p.23
Light forest _ @.28
Heavy forast @.3a
“atanford watershed Model IV Deptt. of C.E. Stanford Univ.

Tech.Report No.39, July 1966 .

The ratio LZS/LZSH is known as the lower zone s0il meisturs
inpto  and 1 used to compare the actual lower Song storage with

the nominal valus at any time.

B3.0.1 GOAKK Hodel

Evapsteansplration 16w is  determinad from poetential
avapotranspiration supressed  esither as watershed mean wmonthly
values or determined from daily evaporation data. Flow chart wof
the evapotranspiration parameter of the model ia shown in figure

3.4

Evapotranspiration takes place from acil molsture. The s0il
moisture index (SMI) 1s an indicator of the relative 5011 wetness
and is wsed Lo determine runoff. Soil melsture varles from
winimum value sgual to wilting polnt to maximun value egqual to
Fiwld capazity. Thux oMl is depleted only by the

evapotranspiration index (ETIY. The ETI can be specified woither

i~
[
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(1) 1in teble forwm &3 much versas average dally potential
svapotranspiraticns  (Cm per day) or (11) as weighted daily pan

evaporation data (Cw per day) at one or more stations,

The tabular form of average monthly valuss of BETI is usually
Used  when  pan evaporation or other esbimates  on  a  day-to-day

basis are not available, or when evapotranspiration amounts are

=

not  hydrologically significant.  When monthly mean of daily =TI
values are used the SMI i3 calculated at the end of each period

b T 9

SMIz = SMIL + (WP -RGE)-(PH#KE¥ETI) /24

whare

SMI = 501l molsture indew (in inches) at beginning of period

SMI = Dell meisture index (in inches) at end of period

FH = Period length in hours

ETI = Evapotranspiration index, in inches per day

WP = Weighted precipitation for the period

RGE= Generated runoff for the period

KE = A factor for reducing ETI on rainy days, specified (to
the computer) in a table of KB versus rate:of precipitation in
fnches per day.
For zero precipitation KE = 1.8 when rainfall o2curs, the amount

vl S0l water depletion Ly ET1 diminishes and follows A

]

o

relationship as shown in figure 3.

When accurate  accounting of s0il moeisture  change is
roegulred,  Jdally BTI caltulations can be made by entering daily

evaporaticon data (such as pan avaporation). Daily sestimates . of
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ETI

are

basina where evapotranapiration lozses are high in

desirable over monthly indices

precipitation

eyvaporation

ETT4 =

data from one or more atations

in arid and

input. Daily ETI values are caleulated from

as:

ETI1*Wt1+ETI24%Wt2 +. .. ETIn*Wtn

B ey
n
Where
ETFa = Welghted daily evapotranspiration index (inches)
ETI1....ETIn = Pan evaporation amountsz (inches per day)
each station
Wti....Wtn = Welghting percentage for the respective

When daily ETI

avapcoration stations to approximate

evapotranzpiration.

values are uzsed SMI iz calculated as:

GMIz = SMI: + (WP - RGP) (DEE*ETTID)
Where
DEKE = A factor for reducing the daily ETI when
moisture  becomes depleted.
= 1.0 when scil molature is adequate and then
approximates potential evapotranspiration.
When so0il ia dry DKE value in percentage diminishes . with
values this is shown in fig.3.6.
3.3.2 UBC Watershed Model ;

mountaineous

runcff of a basin.

The watershed model iz designed

watersheds and  ecalculates  the total

relation

semi-arid

to

pan

- —

B S

pan

actual

s0ll

ETT

OMI

Thiz Is a daily rainfall runcff model which zimulates  daily
primarily for

runaoff
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contribution from both snowmelt and rainfall. The model is

designed to operate on daily meteorological data inputs of
maximpum  and minimum temperatures and precipitation. The basie
structure of the model depends on a division of the watersﬁad
into a number of clevation bLands. The eievatiun increment for
zach Dband 1is considered as same and an area for each band is
specifiesd, The model can be used for watersheds ranging from a

few square wiles to saveral thousand square miles.

In wajority of the situations, most of the
hydrometecrological stations are located in the valley. The model

considers the following:

(i) Important aspect of the watershed model is  the elevation

distribution of data.

g

(i1) Tempsrature lapse rate is a key relationship because it
influences the precipitation distribution and is significant in

determining snowmelt rates at various elevations.

(1ii) Precipitation inputs are made functionally dependent on

elevation and on temparature regime.

The  response of the watershed to snownslt and rainfall is
controlled by a so0il moisture model. The 30il moisture status of
cach area elevafion band controls the subdiviszion of the total
snownmalt and rain input into the various components of watershed

runoff response.

These components of runoff can be characterised as:

(i) Fast represents Surface runoff
(4E) Medium G5 T 5 E G Interflow

3 49




(idd Yy  Slow € % i @ s 6 Deap groundwater

component
The total souowmelt and rain inpuat to each watershed band 1s

sub-dividead on & priority basis. First pricority 1ig the

coatiouous Ly becaase of evaporative demand.

Each cowponent of raanoff andergoes delay before reaching the
ontflow point of the watershed. These delays, or Lime
distribation of ronoff, are achieved by wsling naalt hydrograph
coavolation.,  VYariows Llme distributloon processes cnn be  thought

ofein terns of cacondes of liaesr reservolrs.,

Estiwstion of evapotransplration 1s divided into three

Pracesbey i

(4:) Fotential evapotranspiration is estimated for the lowest

meteorclogical station in the watershed (EVAP)

KeME$[ 1@ (TX~-14.565@) - 1@(TH-14.58) 1] -
EVAP = e
&4 : 64
Where
K o Evaporation constant

MK = Pactor which iz apecified as a monthly factor to  take

into account seasonal variation of EVAP

[18(TX -14.5) - 1&H{TN -~ 14.5)1]

= Variation of the saturated

64 64 VAPpOUr @ pressure  curve  as a
funotion of maxinum and
minimum tenperaturs. Hinimum
temperature is a good

approximation of  the dew
point temperature.

A0




(11)The BEVAP value 13 then distributed to each elevation mid band
level and is desipgnated by PET
TX(L) - 32
PET(L) 5= ————— $EVAFP

TEX - 32

Where

TX(LY = Maximum Temperature

TREX = Maximum temperature for Meteorological Staion no. 1
{(iii) PET values are then used in conjunction with the calculated
s30il molsture deficit to yield an  actual evapotranspiration

value for =2ach band (AET)

Befure any runoff e¢an ocecur, other than fast runoff, the
5011 moelsture deficits must be satisfied. while =201l meisturs

: ; ; i el .
deficits are being satisfied by incoming water, there is also an

cvaporative  demand which is continually building up a deficlit,

On any given day, in any given elevation band, there will exist a

specified potential  evapotranspiration. The s8odl molisture
deficit which exista in that band will represent the actual

evapotranspiration capacity of that band.

AET - PET#1@(-BBD/AGTGEN)
AET = Actual evapotranspiration

'eT Potential evapotransplration

Hul Jurrent. value of Lhe band soll molsture deflcelt

AT Spectfbed constant. whiah LMAlLFUl:) Lhe rate ot which
BSD influences PET

For each day a new value of s0il moisture deficit 1is

o Ged

Paw value

of BSD




ESD=BE3D-PRN-BM=AET
Where
P Rain luputl
EM = Bnowmelt input
This actual evapotranspiration demand will only influences

the area of the watershed which is not impermeable.

3.3.3 Sacranento Model
In this model evapotranspiration is considered to take place

from:

{1) Upper sone tension water (E1)

{1i) Upper zone free water (Eﬁ)

(111) Falance of upper zZons tension and free water storage

(iv) FPortion of area which is pervious when the catchment is
dry but  becomes  impervious an the tenaion water

podgulrements are satisficed.

(v) Lesizr zone tension water
(wi) ) ances of lower sone bension and Tres water storagan
(vii) Fortion of catchment area covered by riparian vegetation.

(viii) Portion of catchment area covered by streams and lakes

(1) Upper zone tension water (Ei)

The evapctranspiration from upper =zZoneg tensicon water
takes place at the potential rate multiplied by the ratico of
tension water contents to capacity:

EMD (UZTWE)
Bt %

UZTWM




Wherea

EDMD=The ayvapotranspiration demand  is  computed from pan
evaporation or metecrological variables. The potential
evapotransipration is multiplied by.a factor representing
the state of vegetation in the catchment, the catchments
ability to  transpire water from the ground to the
qtmﬂsphere. It is also adjusted to correspond to the

porticon of the day comprising the computational time pericd.

(11) Upper sone fres water (Ez)
The evapotranspiration from upper sone freg Water is at the
residual  rate  and i3 equal to RED or to UZFWC  whichever is

amaller Bz is substracted from UZFWC and RED is further reduced.

UZFWCE = The guantity of watsr in storage at any time as  upper

aone: frec watar.,
RED = [Fomaining evapotranspiration demand

(1i1) Balunce of upper sone tension and free water satorages:

The ratios

Tenzion water content UZTHC
RATIO (7T) = ! = -
Tension water capacity UZTWHM

UZTHC = The aquantity of water in storage at any timse  as

upper zone tension water

UZTWM = The maximum amount of tension water which ecan be

staored in the upper sone and




DZEFWC
RATIO (F)

OZFWH
Whiere,
UZFHC = The quantity of water in storage at any time as
upper sone free water
UZFWM = The maximum amcunt of free water which can Dbe
stored in the upper =zZone

If RATIO(F) » BATIO(T)

Free water is transferred to tension water in such quantity

as to malke the ratios equal.

But if RATIO(F) « Ratic (T)

Ho transfer of water takes place.

(iv) Tvapotranspiration Irom portion of catchment area
(ADIMP) which is pervious when the catechment is dry, but  becomss

impervicus as the tension water requirements are satisfied (E &):

The ovapotranspiration Zfrom ADIMP is eaqual to that taken
from upper sone tansion waters, Fi1, plus an additional increment.
This increment is based on the amount by which the tension waler
in the area, ADIMP, sxoecds the quantity which was in UZTH

before the withdrawal Ei.

Thia excess = [ADIMC - (UZTWC + E1)] or

= (ADIMC - E1 - UZTWC)

This additional increment is equal to the ratio of thiz excess to

the total tension water capacity multiplied by the remaining




damand, RED

Then
E1 RED [ADIMC - E1 - UZTHWC]

ig = e S U

v UZTHM + LZTWY
The quantity ADIMC is adjusted by subtracted E6 and of course B
6 may not execeed ADIMC., After the adjustment by multiplying it
by the ratioc of ADIMP to the total area. Mathematically this  1s

equal to the parameter ADIME,

(v) The evapotranapiration from lower zone tenslion water (E 3):
LZTWC
Es = RED [ 1

_UZTWM + LZTWH
where

LATWC=Lower zone tension water content
(UZTHWM+LZTWM) = Total tenzion water capaclity
As in the upper sone, Ei3  may not excead LZITHWC.

Es is sublracted from LZTWC and RED is further reduced.
(vi) EBalance of lower sone tension and free water storage

Ratios are compuled in o manner similar to the uppel zona:
LZTWC
RATIO (T) = ——
LZTWM
RATIO(F) = Involves both primary and supplemental free water and
is the amount over and above that which is reserved
Rezsrved free water:
RFW = RSERV(LZFSM+LZIFFM)
whers
RSERV=The portion of lower sone free water which is not available

for tranpsfer Lo lower  @one  tension water  and asubasequent
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cvapoltransplration

LZFSM = The maximum amount of supplemental frees water which
b stored in the lowsr zZone.
[ LZFPC + LZFSC - REW 1

RATTO 4B & ssecummn i i
LZFIM + LZFFoM - REW

if RATIO(EY » BRATIOQET).,

a transtfer is wade such as to wmake the ratios equal.

The guantlty to be btransferred, DEL, may be compated as:
[(LZFPC + LZESC + LZTHC - EEFW)}

DEL = LZTWM e ~ RATIGQ (T
LZFFM + LZFEM + LZTWM - EFW

if  the quaatity in lower zone supplemental fres watar BLO
LZFEC  1s =qual to or greater than DEL the water 1s  transt
from supplemnsntal to tenslon. Bat 1f DEL LZFEC, the rewnind

taken frow primary Lree water

o

if RATIO(F) < BATIO(T), no transfer is made.

%

(vii) EBvapotranspiration (Ea) from portlon of catchment
(ERIVA)Y coversd by riparian vegetabhlon.
Bvaporatlion from BIVA is at the residaal rate., It is
Lo the remaiaoing dewand maltiplied by RIVA.
£q = REDFLRLVA
(viii) BEByaporating (EPs) from portion of catchment area
covaraed by streams and lakes.
Evaperation from STLA is at the potential rate and is

to the demand multiplied by STLA:

s = EDMD*STLA

To determine the total evapotranspiration from the catchment

Call

)

rage,
errad

a8y ig

el el

egial

(STLA)

eegqual

, the




individual terms are summed. But the quantities Ei, Ez, and Ea
must  first be meltiplied by the portion of the catchment area
-+

oyver which thess processes take place. This is called PAREA  and

1 g2lven by

PAREA = 1 - ( ADIMP + PCTIM)
Where  ADTMP=Portion of catohment area  which is  continuously
impervious
?CTIH—P@rti&n of ecatchment area which 13  continucusly

imparvioas (Water  coversad area  plus imparvious

surface directly adjacent to channel system)
Thern, the total evapotranzpiration

EODE PAREA(E vz s ) tnairlist e
The quantitles K4 and Es, the evaporation from streamflow  and
viparian vegetation are must  be done after the runcff and
dralnoge coupulaticns Yor the computational time period have beoen
made, and the evaporation subtracted from the runoff volume

before it i3 applied to the temporal distribucion function.

3.3.4 USGES Model
The potential evapotranspiration rate (ep) is  assumed o
yary directly with the dally pan evaporatlon rate,

s = Kp &

Whers _
e = Coastant of propertionality

Durlus periods of no rainfall, the moistures content of  the

unsaburalbed zone will change due to redistribution of moelsture

in the 301 profiles or due to evapotranspiration. The molature
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content e will coutinue to lnersase up to the value of field
capacity me when vertical drainase d takes place from saturated
SONE . The molatures content will decrease if the

evapotranspiration demand 1s not satisfied Ly the melisture supply

from the saturated sone.

When d-@

i) !
mo (t+ 4t) = m Po(t) + d At
when me(t+ ALY« nie
i)
me (ttAL) = madt) e
stherwlse
when d =
i)
me(t=8t) = ma(t) - sp¥ldt
When e it ) = sp4dt
51

fii ( t+ [\t} = [4
where epd At = ep At -[ i(t) - 1(t+At)]

i % aeccumulated infiltration velume in wetted so0il  ecolunn

during a period

3.3.5 Leavesley model

This model considers an empirical relationship relating
potential evapotranspiration (PET) with mean daily temperature
and  daliy solar radiation as develeoped by Jenson and Halse
(1262).  The methoed waz then modified by ‘Jenson et al  (1969) to
better account vardation in PET caused by changes in  the
acrodynamics  of plant canopies, humidity and elevatﬁon. Basie

cguablion used o compute PET isg:




PET = COT % (TAVYF - CTX )#RIN

Where

PET

]

Potential evapotranspiration in inches of water

C: lll

H

An air temperature coefficient and model parameter which

is a constant for a ziven area

TAVE= Mean dally alr temperature in - F

GITX A air temperaturs constant for a given area in -F

1

RIN = Daily solar radiation eydpraszsed in inches of
eyvaperation CT and CTX values o¢an be determinsd by
calibration where accurate evapotranspiration data are
available, if no data exists then they can be estimated

capirically.

For forasted area, CT is computed:
CT = ( Q1 + (13.2940CH)Y -1
whe s

21 = Elevation correction term
CH = Humidity index

53
N
s
U

i oLl bed au:

0l = 68 - (3.64(E/1000))

Wb e
E = Median watershed elevation in feet.
CH is computed Ey ;

CH = (37.5mm Hg)/(e2-e1)
= (5@.Pmts)/(e2=e1)

where
e = Saturation vapour pressure in mb for mean maximum air

tenperature for warmeat month of the year
=1 = Saturation vapour pressure in mb for mean minimum air

tenperature for warmest month of the year.
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This  cwmpirvical  procedure  glves a reasonable  estimate of  the
parameter OC7, howsvar, an optimun valus for CT can be cbtained

for a given basln using the poarameter fitting procedurs:

CTX in -F 135 computed by
CTX = 27.5 - (@.25% (&2 - e1))-(E/1806)

Evapotranspiration valuss are computed month wise.

Evapotranspiration values of a place varies depending on the

condition whatheyr it 1s now free or snow covered.
3.4 Infiltration

Infiltration 15 defined as the entry of water from the
surface inte the s0i1l profile, Infiltration is the kmy_ PEOCESE
at the land saurface which must be carefully considered in
models for describing the hydrology of a catchment. Water may
infilbrate immediastely from railnfall into the soll profiles or it
may flow into temporary storage and infiltrate later. Storage in
the s¢ll proflls ls larvge but direct Infiltration 4in to this
3torage ocours at relatively low rates. Delayed - infiltration
complements dirsct infiltraticn and occurs when water flows into
Lemporary storages of  limited capacity, such as surface
depressions and soll fissures. This water will later infiltrate
or evaporate. Horton (1981) defined infiltration capacity as the
maxiﬁum rate at which a given soil in a, given condition can
absorb raln as it falls. It is the infiltration capacity of the
soil  thatl determines for a given storm, the amount and time

dizstributicn of rainfall excess that iz available or runoff and

o
<
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surface sterages.  The prate of infiltration at which 1t occurs iz
influenced Ly many factors such as the type and extent of vegetal
cover, the condition of the surface crust, temperaturs, rainfall

Intensity, physical properties of the scil and water quality.

The interaction of the direct and delayed processes of
infiltration during rainfall is of major importance. As rainfall
beging, flow enters s3o0ll flssures, losely packed surface soll and
;urfacé dapressiona. Rate of infiltration at the beginning of
rain fall is high. As the rainfall continues the soil mnoisture
alse  contisues to increase till 1t attain: almest & conatant
value o, The  decrcase is primarily due to  reduction 1in the
hydraulic #radients at the surface but may also be affected by
other factoars such as surface sealing and crusting. The constant
e ts geansrally asssamed to be equal to the saturated hydraulloe
conductivity Ko but will actually be somewhat less than Ko due
Ll prnbrapped  alre. [ west  cases Lo bz mors acourately
approximat=3 by I« s, the hydraulic conductivity at residual air

saturation.

(a) Facturs affecting infiltration
Intfiltration rate depends on the jhﬂlflcqvixxg factors
(1) So0il properties
The influence of shapes of s0il and the hydraulic

conductivity on iafiltration was studied by Hanks and Bowers

J

(1863} . They showed that variations in the s0il water
diffusivity at low water content had negligible effect on
infiltration from a ponded water surface. However, variatlons

in e=ither the diffusivity or soil water characteristic at water




contents asar saturation have a very strong influence on

predicted iafiltratlion.

Infillration pra b and cumulative infiltration rat.e
variations for different type of solls are shown in the figure

3.7 and fYaure 3.8 roaspoctively.

(ii) Inftial water content (@1)

This 1is one of the important factors that influences
infilltration of water into the scil profile. Infiltration rates
are high for drier initial conditions but the dependence on
initial water content decreases with time. Infiltration rates
are higher at low initial water contents because of higher

hydraulic gradients and more available storage. volume.

If iafiltration is allowed to continue indefinitely, the
infiltration rate will eventually approach Ks regardless of the
initial water content, The higher the initlal water content, the
lower the lnitial infiltration rate and the more qguickly the rate
approaches Lhe asymnpbote Kg. In other words, high initial water
contents reduce the effective porosity and the range of pore
sizes available for infiltrating water. Phillips (1957) showed
that for all time durlng infiltration the wetting front advances

more rapidly for higher initial water content.

The figure 3.9 shows different infiltration rate ocurves:

depending on initial soil meisture content.

(iii) Rainfall rates
Infiltration depends on rate of water application as well as

seil  conditions. If the rainfall rate R i3 less than Ke for o

- ry
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decp homogeneous soil, infiltration may confine indefinitely at a
rate equal to the rainfall rate without ponding at the surface.
The water content of the s0il in this case does not reech
saturation at any point but apprcaches a limiting value. which
depends on rainfall intensity. For so0ils with restricting
layers, infiltration at R < Ks will not always continue
indefinitely without surface ponding. when the wetting front
reach&é the restricting layer, water contents above the layer
will increaze and surface ponding may result even though the
rainfall rate is less than Ks of the surface layer. Whether or
not surface ponding and runoff oeccuras under such - conditions,
infiltration depends on the s0il propsrties of the restricting
layer, its initial water content and lower h@undary condition as
well as the rate of drainasge in the lateral direction. Detailed
investigations of rainfall infiltration have been conducted by
Rubin and Steinhardt (1963,_1964) Rubin et al (1964) and Rubin

(1966).

(1v) Surface sealing and crusting. c

The s0il matrix or skeleton though generally is  considered
as rigid but actually thé hydrauliec properties at the so0il
surface may change dramatically during application of water.
Such changes on the surface cover influences the rate of
infiltration. Edward and Larson (1969) used the theory of so0il
water movement to inveatigate the influence of surface of zeal

development on infiltration of water into a tilled soil.

The affect of surface sealing crusting due to Rainfall

impact in infiltration rate is shown in fig.3.16.




v) L('x}‘-.—:l‘ff:ri soil

When wabaer £1ows down Gheoueh the Jayered soll, didstrabuation
of water content becomss discontinueous because of the difference
in the soil water characteriaties of the two soils. For a coarse
301l layer over a fine so0il, infiltration proceeds exactly as for
4 coarse soil alope until the wetting front slows down a positive
pressure head develops in the top layer and the inflltration rate
approaches that predicted for fine soil alcene. Whisler and Klute

(1966) worked on infiltration through different layered soil.

(vi) Movement and Entrapment of soll air

Generally constant alr pressure 1s  asasumed under which
infiltraticn takes place. This assumption is usually Justified by
the Tact thot viscosity of air is amall relative to that ot water
and alr can escape through large pores that remaln partially open
during infiltration. While these assumptions may hold in somne
instances, there are numerous cases where air 13 trapped by
infiltrating water causing an air pressure build-up in advances of
the wetting front and a reduction of the infiltration rate.
Entrapment of a certain amcunt of air within individual so0il
pores usually occurs daring infiltration whéther or not there 13
an air pressure build up in advance of the wetting front. Fores
containing entrapped air are unavailable for the transport of

water and result in a hydraulic conductivity Ks rather than Ko.

The difference in Ko and Ko depends on the number and size
of pores blocked by entrappsd air. Wilson and Luthin  (1963)

sugpested  that  eotrapment  oQeurs primarily in larger pores.

EJ(:J JJ tl




Slack (1978) presented a method of avaluating Ks for differont

amounts of air trapped in large pores.

(b) Approximate Infiltration models

Infiltration can be caleulated by scolving the governing
differential cquations under initial and boundary conditions
Wslng numerical methods., But  procedure of such numerical
solutign of  differential gquations are elaborate and usually
expensive  due  to computational requirements. Moreover, it is

difficult to obtain required soll  property  data for suich

aolution. S0, much elaborate procedure are rarely used in
Practice, The numerical prediction methods are grtremely

valuable in  analysing the of fecty of various factors of the
infiltration process but due to above reascons the method is

generally uot applied in modelling catehment hydrology .

Slmplificd algebrale cauatlons In terms of time and soll
rarameters are attempted to calculate infiltration for field
Loeto b b ot ol Ll A ron b ey llle‘lvt Liv haves beon dave Loped Loy
arplying the principles governing so0il water movement for
simplified boundary and initial conditions, The Parameters in
such models can be determined from soil water properties. when
they are available, other models are strictly empirical and the
Farameters must be obtained from measured infiltration data or

estimated using more approximate proceduras.

(i) Kostiakov equation
Due: ol Lhe sluplest intil Lration cauations was proposed by

Kostiakov (1932)
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Fp = Kk t-a

whers _
fp = Infiltration capacity
t = Time alter fnfiltration starts
Krx and a = Constants which depend on the so0il  and
initial conditions

The parametars of this equation have no physical

interpretation and must be evaluated from experimental data.

(i1) Horton Egquation
Horton (1939,194@) presented a three parameter infiltration

equation which may be written as

1

Ty fe + (fo - fe)e Kt

where
fe = Final constant rate of l1Infiltration

capacity

fo = Initial rate of infiltration capacity
'y . Infiltration rate at any time of t
K - A constant dependent on primarily upon

aoll and vegeta t.ion

t. = Time from start of rain fall
& = Base natural logarithm

(1ii) Philip equation
Philip infiltration squation from a ponded surface intoe deep

homwogeneous so0ll i1s expressed as:

fyp = S/2 £178% Ca




wWhesre

5 = sorptivity

L

Ca can be evaluated numerically using procedures given

by

if the zoll properties D) and h(@)are kKnown.

It

where L) Doil water diffusivity

hik) = S0il water characteristics

A regression fit Lo experimental data will tend to glve

Young (19¢8) showsd that Ca ocould be approximated as 3a =
and § = (dMks 3Bg)lie
Whers
M = fillable porosity
(e -@1)
St - PErffective suctlon at the wetting front

(iv) Heoltown

equation

Holton  (19€61) gave a enplrical equation based on a

concept as:

o

Al. 4 + fe

ffpp = GIva% &
where
G7T = growth index of crop in percent of maturity
& = An index of surface connected porosity which 1is
function of surface conditlions and the density o©
plant roocts.
' = Constant or steady state Infiltration rate
is estimated from the hydrologic soll group.
T this metbod the dnitial soll waler content 13 measured
predicted and then the iuitial avallable storage DA is

a3

FPhilip ;

Lo}

2Ks /3

storaga

&

f

whiah

Wl

computed




Whe e

d = surface laygr depth
The infiltrated water will reducé ﬁhe value of SA, but this
value will rocover in part during thé same time, due to  dralnage
frum' Aurtae .layur at a rate of fe up to the limit SAe &and by
evapotranspiration (ET) through plant. That iz, after a period

of time Ot

L5

A= Sho - F + fo At +ET At

Where . .
I = The amount of infiltration during "t

(v) Green-Anpt nodel

This is an approximate model based on Darcy's Law as
proposed by Green and Ampt (1911). The original equation was
derived for infiltration from a ponded surface into deep
homogeneous s0il with a uniform initial water content. Water 1is
assumed to  enter the so0il as slug flow resulting in a sharply-
defined wetting front which separates a zons that has been wetted
from a totally unwetted zone. Application of Darcy’s law given

the Grecn aod Ampts sauation as:

Lo Ki (Hs + 8¢ + Lz)/L¥

H

whers
s = Hydraulic conductivity of the transmission zone
He = Depth of water ponded on the surface
¢ = effective suction at the wetting front




bop o= Dlastance From surfaces to the wetting front
The Green-Anpt model assuming slug flow with a sharp wetlting

front between the infiltrated zone is shown in the figure.J.11.

3.4.1 Stanford Watershed Model (SWM-IV)
In this model infiltration is accounted continuously in
terms of two components:
(1) Direct infiltration into soil profile, and
(1i) Délayud infiltration from temporary 3storages such as

depresalon storage: olc

The moelsture availlable is uubjecf to operations that govern
direct flow into long term 1owey sone and proundwater, storages.
That fraation of water determined to be remaining in  surface
detention after caleculation of direect infiltration 1is disposed
off accoprding to operation of upper zZone storages. The upper
zone is designed to simulate the diversion of overland flows into
depression  storage, soll fissures and disturbed or dry surface
s0il. None of the 30il molsture storages have fixed capacities.
Addition to and losses from  storages are determined {rizm
continuouz  dimensionless storage ratios to aveld Cdiscontinuous
model response. The moisture supply avallable for infiltration in
any time laterval iacluded water in transient storage in overland

flow.

Iufiltraticon capacity will vary throughout the watershed and
the cunulative distribution of infiltration capacity Was
introduced to simulate the effects of these variations on  runoff

and infiltration.
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shown in the figure 3.12 Isnfiltratien capacity is broken

e rvegloos, one for lower zone and  groundwater storags,

all infillrated water 13 assuwed to move into the lower sone

prontindwa by Bloramges. Tlie: vegion shown In between boand o,

Sastmed e e b b b Lo bt P how, Thun,  Lho o Lendoney

infiltrating water to become interflow i3 assumed to

proportional te the local infiltration capacity.

other for interflow. In the region shown below the line o t

The cumulative fraquency distribution of infiltration

A fanned by A Asotiuend To i Liuncar Lrom soro tooa maxbmun valte S

into
the

o by,

Reaction of o watershed to a moilsture supply x is shown 1o

the flgure 3.12.

whers
. X = Melsture supply available for infiltration

L= Maximum iofiltration capaclity

z = The parameter that controlsz the amount of water det

during the {ime increment.

'

alnad

The value of b and ¢ depend on s0ll melsture ratio (LAS/LZEN), OB

wmd GG, CH= The indesx that controls the rate of Infiltravion
depends on the zacll permeability and the volume of molsture

can be astored in the so0ll. The index varies from .3 Lo 1.7
1

CC = The poarameter signifies an input value that fixes the

of interflow relative to the overland flow.

LZS = Curreant s0il molsture storagze in the lower zone

value of the lower zone atorage (inches)

alnd

that

Lleaverl

LZON = A nomlnal storage level normally set cqual to the  median




3.4.2 U5GS wodel
3 O 1) T4

11ex vy
iy ..:-j.ﬂ.;:,

The

A4

dt

where

B =
s
¥
j.ll
wetbad aolamn

The term F[ m
{.I' ].-J),ai

fi=ld

Thus,

Plm-me) =

di/dt

Tafiltration

t.hiez

[aS Y PREER i

model infilteation loss component o maloul] alead

g modification of a method suggested Ly Phillip (1954) .

Phillip equation:

Plm-mue)

Accumulated infiltration voiume in wetted so0il

columnn during perlod (t - te)
Capillary conductivity of s3oil

Capillary pressura(suction) at wetting freoent in

aoll column

(ol Lial molsture Joubent off aoll colubn at Lo

Moisture content unifuormly distributed Lhrough

At Cine t

me Jis assumed to decrease linearly from a masxlmudin

wilting point of the sodl (me=@) te a minimum Pe,

ty of the soil(me=me ).
rPs-Ps(r-1)mo/me

iy = F( =10 )

= yPs-Ps(r-1)me/ me

E(1+tPm/1)

aosura at varyl syer a basin,  but




equation describes infiltration at a point. Following a scheme
nf Crawford and Linsley, Dawdy, Lichy and Bergmaun sohematically
accounted for areal variakility of infiltration as zhown in

fipurs 3.13 and avoided threshold affects.

With a varying infiltration rate ovevr the area, the rainfall

excess Re during At i3]

Re

1

At1/2 52/F1 when G<F1

At [ -F1/21 otherwlse

The cumulatlive infiltration 1(t+ At) at the time t+ AL 15,

i(t+ At) = i(t) + t(5-Re)
During a period of uninterrupted rainfall the antecedant moisturea
content me at the stars of rainfall iz azaumed to remain constant
as the wetting front advances. During periods of no rainfall the
accumulated infiltration will diminish dus te evapobransplration
and vertlical dralnage.

a.4.9 SSARR model

In thiz model effect of infiltratlon into runoff is taken
into consideration by s0il meisture Index and base flow

infiltration Index. N

P

9011 moisture determined as time variable index of runoff

g

affectivenasas determine, in part, the amount of precipitation

which contributes to runoff.

The processes (flow chart) that converts moisture input into

runoff is shown in figure 3.14.
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Ino this wodel radofall loput is divided into:
(1) Runoff
(ii) Soil moisture increase
(111) Percolation into the groundwater system

(iv) Evapotranspiration losses

D ol Lhie most Lwportant puramétcr that affecta.thc runoff
hydrograph 1s the s0il Moisture (SMI). The SMI-Runoff Percent
(ROP) relaticnship as shown in figure 3.15 determines to a large
gxtent, the volume of runoff and also effects the shape of

hydrcgraph.

Baseflow Infiltration Index (BII) is used to separate

bazeflow from ocbserved ztream flow volume.

Variation of baseflow percent with baseflow infiltration index is

.16

L

shown in figure

3.4.4 Leavesley model

The Major factors affecting infiltratioh and subsequent
surface runcoff are soll texture, s0il structure, antecedent
5011 water conditions and water input intensity. It is  observed
that infiltration on  the major portions of most forested
watersheds is not limiting and that surface runcoff contributions
come  frowm source areas lying along the stream courses of  the
basin. This source area is a small percentage of the total area

of the watershed and varies in size with antecedent soil water

conditions and storm amount, duration and intensity.

Dickinson and Whitely (1970) developed a relationship

between minimum contributing area of a basin and a basin moisture

686 %
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ifndex (which was & function of soil water and storm amount)
where contributing area remains small until some moisture index
threzhold 1is reached after which econtributing area increases

rapidly to scome upper limit imposed by the basin.

In this model the contributing area concept 1is used to
calculate the volume of surface runoff from rainfall events which
cocur on snowfres HRU., The percent contributing area of an HRU is
assumed to  be a linear function of the amount available soil
water stored in the upper soil =zone (8MAV) at the time of
rainfall and of a maximum percent contributing area factor which
is defined by the HRU variable SCT. Value of SCT may vary from 3

to 85% depending on soil and vegetation conditions.

Surface runoff contributing area (CAP) expressed as a

percent of the total HRU area for a given storm is computed by:

CAP = SCT*(SMAV/SMAX)

volume of surface runoff is then computed as:

VOL. Surface Runoff = Rainfall *CAP*¥ area of HRU
Wwhere

" CAP = Surface Runoff Contributing Area

SCT = Maximum percent contributing area factor

SMAV = So0il water stored in the upper soil zone

SMAX = Maximum'value of s30il water in upper soil =zone
Units are: ‘

depths in inches

area in acres

volume in acre-inches

LY




Tha  voluma of Lurlaca runoff la removed Lrom Lhe offactlive
rainfall reaching the soll surface and the remaining rainfall is
assumed to infiltrate the upper so0il zZone replenishing any

existing s0il water deficit up to SMAX.

3.4.5 UBC model

In  this model Cwe types of situations are considered.
Normal situation is that when runoff from moderate intensity rain
and snowmelt events can be considered to be controlled by soil
moisture levels., Second situation is that when runoff from high
intensity events iz controlled by the rate at which water can
infiltrate into the scil system and these infiltration rates are
relatively independent of s0il moisture levels. For these high
intensity rain events some of the precipitation infiltrates into
the s0il system and is subjected to the normal soil moisture
budgeting. Intense snowmelt rates do not appear to be adequate
to produce “Flash®™ runoff where as fotal rainfall of lesser
amount but of high intensity may exhibit flash flood.

i) Normal soil molsture budgeting

(1-FLASHR)*(1-PMXIMP)4PRN

FLASHR = Flash share parameters

PMXIMP = Impermeable percentage of the particular watershed
slevation band

PEN Daily precipitation

1i) The portion of total daily precipitaticn which flashes off.

(1-(1-FLASHR) )#* (1-PMXIMP)*PRN

71 91
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3.4.6 Sacramento model

In this model, basin is considered to comprise of two types
of baslec areas (1) a permeable portion of the soil mantle and
(ii) a portion of the soil mantle covered by streams, lake
surfaces marshes or other inmpervious material directly linked to
the streamflow network. The permeable area produces runoff when
rainfall rates are higher than infiltration rates, while the

second area produces direct runoff from any rain.

In the permsable portion of the basin, the model visualizes
an 1initial soll-moisture storage identified as  upper zone
tension. This muzat be totally filled before molsture Dbecomes
available to enter other storages. Tension water is considered
as  that water which i3 closely bound to soil particleas. Upper
zone Tension represents that volume of precipitation which would
be reguired under dry conditions to meet all interception
requiremsnts and to provide sufficient moisture to the upper soil
mantle so0 that percolation to deeper =zZones and sometines

horizontal drainage can bagin.

3.4.7 USDAHL-74 model
In this model Holtan expression of infiltration capacity 1is

used, which is sxpressed as:

f = a 5al-4 +fc
Where
£ Infiltraﬁimn capacity in inches per hours
a = Infiltration capacity in inches per hour per inch

avallable storage

L2

of




S5a = Avallable storage in surface layer

e - Constant rate of infiltration after prolonged wetting

in itnchos per hour,

Gardner found that water entering the s0il under positive
heads through larger pores spreads to the smaller pores both ver
tically and horiszontally by capillary action. The equation above
estimates this slow capillary movement as a constant (fe). The
other term (a.5al-4) iz an empirically derived expression of flow
rates due to positive heads. It represents the sum of products

of velocities and cross sections in flow tubes.

The infiltration process is quite complicated and varies
both in space. and time. It also varies on the rainfall
intenzity. Different equations have been developed by different
persons  such  as Kestiakov, Horten, Phillip, Holtan, Green and

Amp s oo,

3.5 Overland Flow

overland flow is surface runoff that occur in the form of
sheet flow on the land surface without concentrating clearly in
defined channels. This kind of flow is the first manifestation of
surface runcoff. After it reaches to channels it will Dbecome

stream flow.

The interaction between overland flow and infiltration need
to  be conzidered since both processes cccur simultaneously. The
infiltration rate is quite high at the beginning of rainfall and
the rate decay exponentially with time. The rate of infiltration

varies depending on the type of s50il texture, vegetation cover
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etc.. The variation in rates of infiltration allow ovarland flow
in areas with low infiltration while preventing overland flow in
other areas. During overlandflow water held in detention storage
remains avallable for infiltration. Surface conditions like heavy
turf or mild slope restrict the velocity of overlandflow, reduces
the velocity of outflow and thus increases the volume of surface
detention and there by increases the time for infiltration. Thus
simulation of the infiltration-overlandflow process requires

continucus outflow rates from overlandflow.

Overlandflow can be calculated by different methods.
Rigorous methods of numerical solution of the governing partial
differential equations, the continuity and momentum equations
requires substantial amount of computer time. In a natural
catchment there are areal variations in the amount of runoff
moving in overland flow due to areal variations in infiltration
rates. Average value of the parameters like length and slope of
overlandflow taken into consideration for the basin or the
accuracy may be increased by dividing the basin into number of
segments. The analysis depends on condition of ovrlandflow

whether it i3 in laminar or in turbulent range.

The mathematical description of overland flow begins with
the continuity equation of mass conservation. In one dimensional
flow, this equation states that the change in flow per unit
length in a control volume is balanced by the change in_flow area

per unit time.

dx dt

T




his equation doess nol tnelude source ol sink. Alflor inclusion ot

source or sinks which leads to;

dq dA
= e e =P
dx dt
in which r = lateral inflow or outflow or net lateral flow per
unit length. ‘
In small catchment hydrology overland flow assumed to take
place on the overland plane. This plane length L, slope S50, and

of theoretically infinite width. Therefore a unit width analysis

is converted to ;

da dh
e F — = i
dx dt
in which gq = flow rate per unit width, h = flow depth i =

lateral inflow per unit area,and t = time,measured from the onset

of rainfall excess.

the solution of the overland flow 1is in the momentum

equations can be written as,;
c
'q = — S0l1/2 h5/3
n

roughness

in which q = flow rate péer unit length, n

coefficient, h = flow depth, ¢ = a constant, and 5o = bed slope.
3.5.1 Stanford watershed Model (SWM 1IV)

In this model overland flow is considered to be in
natural watersheds tend to collect and move along a preferred

path. Continuous surface detention storage is calculated in the



model,  Bince the voluwo of surfuce detonlion was asucausafully
used as a parameter for the rate of discharge for overlandflow in
the laminar range, the volume of surface detention was also
selected as the logical parameter in this model to relate surface
detention with overlandflow. some useful approximation to natural

behavior has been made .
Amount of surface detention is calculated as:

De = (0.0008181 no.s 11.8)/5@.3
where De = Surface detention in fti/ft
I = Supply rate (rainfall) in inches per hour
S = Slope in ft/ft
1 = length of overland flow in ft
h = Mannings roughness coefficient.
The rate of discharge from ovarlandtlow based on  the

ChezY~Mannings equation is
Q = (1.486/n) Y5/3 S1/2

where qQ = discharge in ft3/sec/ft

]
1

= depth in feet at outlet proint
The depth Y is related to surface detention storage at
equilibrium by;

Y = 8/5De/L

3.6 Percolation

3.6.1 Stanford water walershed model (SUM-1IV)
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The lower groundwater storage zZone recelves water from the
et infiltration and from percolation. The portion of the upper

zone astorage which 1is not evaporated or transplired ia

proportioned to the aurface runoff, interflow and percolation.

Percolation (Upper zone depletion) from the uppcer zone to
the wet zone occurs only when (UZS/UZSN) exceeds (LZS/LZS5SN).

when this occurs, the percolation rate in inch/hour is determined
from

PERC

0.003(CB) (UZSN) [UZS/UZ5N - LZS/LZSN]S

Index that control the rate of infiltration. The

where CB
value ranges from ©.3 to 1.2 depending on the
soil permeability and on the volume of moisture

that can be stored in the soil.

UZS,UZSN= Actual and nominal s0il moisture storage amounts in the

upper zone.

LZS,LZSN= Actual and nominal soil moisture storage amounts in the
lower zone.

The nominal ' value of UZSN 1is appfoximately a function of

watershed topography and co#er and i3 always consldered to Dbe

much smaller than the nominal LZSN value.

3.6.2 Sacramento model

In this model the mechanism of percolation is designed to
correspond with observed characteristics of the motion of
moisture through the soil mantle, including formation and
transmission characteristics of the wetting front. Volume of

water transfer from upper zone to lower zone i3 totally

O



saturated, then purcolation into thu lowar wonu 1s limlted to &

value equal to that water which 1o dralning out of the lower
zone., This 1limiting rate of drainage from the combined lower
zone storage 1s cxprussed as:

LZFM=Lower =zone free water ﬁaximum supplementary storage, which

is the maximum storage capacity for faster draining base flow.

LZSK = Lower zone supplementary storage depletion coefficient.

LZFM= Lower zone free water maximum primary storage which 13 the
maximum storage capacity for slower draining baseflow and
LZPK=Lower zone primary storage depletion coefficient.
During dry period the percolation takes place at a much higher
rate. Upper 1imit of percolation may be defined as
Maximum percolation capacity = PBASE(1+2)
where Z=pultiplying value to incr&asé percolation from the

minimum PBASE to the maximum one.

Maximum percolation occurs when the upper Zzone is saturated and
the lower zone 13 dry, then the percolation demanded by the lower

zone can be. stated as
Lower Zone Percolation Demand

= PBASE*[1+Z#f (Lower zone Deficiency/Lower zone Capacity)l

1t is assumed that the change in *lower zone percolation demand 13
exponentially related to the ratio(Lower Z2oOne deficiency/Lower
zone capacity), the equation for percolation demand with varying

3011 molsture is glven by:

Percolation Demand
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Lower zZone capacities less contents
= PBASE[ 1+Z4 [—— SE——— IREXE

Lower zone capacities

where

REXP=The exponent which defines the- curvature 1in the
percolation curve with change in the lower zone soil
moisture deflclency.

But the actual percolation also deéends on the supply of the

available water, 30 the cffective demand must be modified Dby a

function of available supply of water.from the upper zone 1n

order to define the actual percolation.

3.6.3 UBC model

The snowmelt and rainfall input are divided in this model
between evaporation ioss and fast, medium, slow and very 3low
runoff, Soil moisture deficit is the main parameter which goberns
the subdivision of total watershed input. Fast runoff takes
place from tmpermeable area and from flash floods.' DBefore any
further runoff can occur, other than fast runoff, the soil
moisture deficit must be satisfied. While soll moisture deficlits
are beling satisfied by incoming water from snownmelt and rain,
there is also an evaporative demand which 15 continually building
up a deficit. If the soil molisture deficit of any elevation
band reaches zero, any excess water inputs can be subjected to
further priorities.

Ground water percolation accepts any water exceéss ub to a
fixed limit (GWPERC) . Diagrammetiééll; processes are shown in the
figure 3.17.

The water that percolates to ground water is assumed to be

IF
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divided 1nto two groundwatoer dumponenta, Lha appor dround  watay

and the deep zone groundwater components. This subdivision of

groundwater is controlled by DZSHRE, the deep zone share.

So upper CGroundwater Zone Recharge = (1-DZSHRE ) *GWPERC

Deep groundwater zone recharge=DZSHRE*GWPERC

where

DZSHRE=allocates a daily share of ground water recharge to the
deep =one groundwater storage reservoir. The deep 2zone
storage reservolir is commonly associated with a much
slower release constant than the upper ground water

[

reservolr.
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4.9 CATCUMENT HYDROLOAY LN OTHKR COUNTRILKE

Catchment hydrology has been etudied for mwmany decades
elsewhere. The out come of the studies can be classifled as two
categories such as event-based studles and continuous-based
studies. The event-based studies have been used to simalate for
individaal storms: needed to solve the problewms Like design of
hydraulic structures such a8 dams , cnlverts, bridages A
gpillways, urban and dreinage, planning of flood control works
evaluation of environmental lumpacts of landuse and managenent
practices &and planning of soil conservation works. Continuous
-based studies have been applied for extending streauw flow
forecasting, supplemnenting of streaim gaugling DProgrammne ,

evaluation effect of landuse practices on catchuent respounse,

deslgning urban dralnznge; reservolrs etc., water quality
modelling, flood witigation &nd jrrigation planning and
nanagement.

Large number of models have been developed and used all over
the world. ©Some of the important models used has been discussed

in this report.

4.1 HEC-1 Model

The . HEC-1 flood hydrograph model was developed Dby the
Hydrologic Engineering Center (1981) to simulate thé direct
runoff hydrograph (DRH) to precipitation by representing the
watershed with interconnected hydrologic and hydraulic
components. In addition.thelmodel has options for multiplan-

multiflood analysis, dam-break simulation, aconomic assesament of
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£flond damage, and optimal slelnyg of flood contral .*:.yatulua'.. Thia
model has been extended to determlning discharge-tfrequency
relationships for ungaged watersheds (Hydrologic Engineering
Center, 1982. This 1s perhaps the most comprehensive EBS model.
Many elements of simulation are modeled using several options.
Infiltration i3 estimated using four options (a) initial and
uniform loss rate, (b) exponential loss rate,(c¢) SC3 curve-number
method, and (d) Holtan’s infiltration equation. The DRH 1is
estimated using the unit hydrograph method (with Clark, Snyder,
and SCS dimensionless UH methods as options) and the kinematic
wave method. The conic method, normalidepth storage and
outflow, and modified Puls method are used’ for storage flow
routing, whereas the lag and route and Muskingum methods are
used for channel flow routing. A univariate search technique 1is
employed to determine optimal model parameters. This model is
one of the most commonly used models in the United States and can
be used for hydrologic analyses -under a wlde varliety of

conditions (Feldman, 1981).

4.2 Soil Conservation Service Technical Report-208 (SCS TR-20)
Model

The SCS TR-20 model was developed by the soil Conservation
Service (1973) for inclusion of hydrologic process in project
formulatﬁon. The primary obJjective was to improve the quality
of watershed projects and, at the same time reduce overall costs
by providing a means of analyzing alternative systems of
structural measures. The model uses the SCS dimensionless

hydrograph method to estimate surface runoff resulting from any
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synthetic or natural rainfall, which then 1ias routed through
stream channels using convex method and through reservolrs using
storage indication method. It combines the routed hydrograph
with the hydrographs from other tributaries and produce the
discharges, their times of occurrence, and their water-surface
elevations‘at any desired cross section or structure. The model
provides for continuous analyses of nine different storms over a
watershed under existing conditions and with various combination5
of land-treatment flood water-retarding structures and channel
improvement. These routings can be performed for as many as 120
reaches and 60 structures in one continuous' run. The model has
the flexibility to accommodate other aspeéts of watershed
planning. provision of input data and use of englineering

judgement (Kent. 1966).

4.3 USGS Model

The USGS model, developed by Dawdy et al. (1972) 1s a
parametric rainfall-runoff simulation model for estimation of
flood volume and peak rates of runoff for small drainage Dbasins.
Point rainfall and daily potential evapotranspiration data are
used as input to the model. If more rain gages are avallable,
then their records can be combined by the Thiesaeh polygon method
to produce mean areal rainfall. A soil-moisture accounting is
employed, considering infiltration, soil moisture accretion, and
depletion, to determlne the effect of antecedent conditions on
infiltration. The flood-routing method developed by Clark (1945)
is used to develop the basin unit hydrograph. The model has

eight parameters, which are optimized using Rosenbrock’s

84
€q




optimization method (196@); The sum of squared errors in
logarithuos of slreamflows is used as an  objective function.
Errors of prediction result from both errors of rainfall data and
approximations of the model. These two sources of error seem to
be of the same order of magnitude._ Rainfall errors have a
magnified effect on the simulated streamflow estimates are
approximately 10 mi2. The errors of streamflow estimates are
approximately linearly related to errors of rainfall data. The
1imit of accuracy of prediction of flood peaks with s single
raln gauge seems to be on the order of 25 percent. The model hasa
been modified to accommodate urban watersheds (Dawdy et al.

1978)

4.4 Hydrologic Model (HYMO)

A problem-oriented computer languagé for building hydrologiec
models (HYMO) was developed by Williams and Hann (1972, 1973).
The HYMO was designed for planning flood-prevention projects,
forecasting floods, and research studies. The model transforms
rainfall data into runoff hydrographs using a two-parameter gamma
distribution 1like the Nash model, wherein the parameters are
estimated from their relationships with watershed area, slope and
length-width ratic. These hydrographs are routed through streams
and valleys or reservoirs. The variable storage coefficient
(VSC) method 1is used for streamflow routing, and the storage-
indication method is used for reservoir flowlfouting. ~ Mannings
equation 1s used to compute the normal flow-rating curve used in
the V5C method. The model requires that rating curves must be
avallable at enough locations along a valley to describe

adequately the hydraulics of stream and valley. Most of these
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rating curves are computed, The wodifled unlversal soll loas
equation 1is used to compute the sediment yield for individual
storms on watersheds. The modified universal soil loss equation
is used to compute the sediment yield for individual storms on
watersheds. The model is simple, efficient, and flexible for its

scope is limited to flood routing.

4.5 Storm Water yanagement Model (SWMM)

A storm-water management model (SWHMM), developed by Metcalf
and Eddy, Inc., et al (1971), was originally designed to
represent urban storm water runoff for purposes of assisting
administrators and englneers in the planning, evalustion and
mwanagement of overflow abatement alternatives.. The model has
since been modified to accommodate rural watersheds. It
represents storm-water runoff, both quantity and quality, from
the onset of preciéitation on watershed, through collection,
conveyance, storage and treatment systems, to points downstream
from outfalls that are significantly affected by storm
discharges. The quantity submodels represent urban runoff, dry-
weather sewage flow, infiltration, collection and main sewer
system, storage simulation, and receiving water for river,
estuary, or lake Zaghloul (1983) has studied sensitivity of
these model parameters. The quality submodels are for runoff
quality, dry weather flow quality, changing quality and routing
during | transport, receiving water quality, and = treatment
simulation. A cost effectiveness model include rainfall
hyetograph, watershed characteristics, land use, gutter and pipe

characteristics, street cleaning, storage facilities, 1inlet
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characteristics, treatment devices, and indexes for costs of
facilities, For large watersheds, this may not be a sultable

model due to its excessive detail.

4.6 Watershed Hydrology Simulation (WAHS) Model

The watershed hydrology simulation (WSHS3) model, developed
by Singh (1983.1987). is designed for prediction of the DRH for a
specified rainfall event from an ungaged watershed. Rainfall
hyetograph, observed at one or more points, constitutes I1nput to
the model. In addition, soil—vggetation~land use and geomorphic
Qharacteristics- are needed to estimate model parameters. The
model is a two-parameters. linear model, wherein the watershed
unit hydrograph is determined using geomo¥phologic concepts
involving one parameter-the watershed lag (Singh and Aminian,
1984, 1985)-estimated simply from watershed area. The direct
runcff(DR) amount is obtained from the SC3 curve number method.
Then the effective runoff hydrograph (ERH) is estimated using the
philip  tow-term infiltration equation, where the steady
infiltration parametér is obtained from soil characteristics and
the sorptivity term comes from satisfying the continuity
equation. If streamflow observations are available then the DR
-amount 1s obtained by baseflow separation. If needed information
on scil characteristics is not available. the ROsenbrock—Palmer
algorithm is provided to optimize model parameters based on
minimizing the sum of squares of deviations between observed and
computed DR beaks over a number of rainfall-runoff events. The
model has been verified on more than 4@ watershed:s in the United
States, Italy and Australia, with errors of less than 3@ percent

in predicted DR peak and its time. The model i3 simple, 1is




suitable for ungagad watersheds, and uan avuonnoda te watersheda

of varying sizes and land-use practices.

4.7 Rainfall-Runoff Routing (RORB) Model

The rainfall runoff routing model (RORB) , developed by
Laurenson and Mein(1983), is an interactive streanm flow—rbuting
program used for flood eatimation. design of spillways and
‘detention basins and flood routing. The model can be used for
rural urban or partly urban catchments. Selvalingam et al
f1987)applied it to an urban watershed in gingapur. With slight
modification it can be used for flood fore-casting. Flood can be
routed with single and multiple reaches,networks of streams,and
lateral infiow and outflow.'The model computes watershed losses |
and streamflow hydrographs resulting from rainfall events and
other forms of inflow to channel networks(Mein et lal..lS?{). A
10ss model operates on ‘rainfall tor produce . the effective
,rainfall. Rainfall and losses oqour on the land surface bafore
water enters the channel network. A flood routing ¢odel route
flows ~ through the‘ channels received as ‘direét_‘ run-off
hydrogréph.diversions.1atera1 jnflows,and SO on. variation of
model parameters to obtain satiafactory fit of the calculated
flows to the observed flows is not provided for by the model and
_ has to be done by the user. The model 13 areally distribﬁted and
nolinear. It allows time variation of 1o§s_parameters and can
model at any number of gauging stétions. The model - simple and
efficient. Data requirements variable and matched to  the

particular problem at hand.

4.8 Watershed Bounded Network Model (WBHHM)
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The walershed buounded network model (WENM) was developed by
Boyd et al. (1979a, 1979b), and is, in general, similar to the
RORB model. The main difference between these models 1s that the
WBNM was two different types of storage which correspond to the
two different types of subareas that comprise a watershed
divided along watershed lines. These subareas are ordered basins
and interbasin areas. The collection and drainage of water are
different for these two types of subareas. The model comprises
storage elements, each of which represents a watershed subarea,
connected in the same arrangement as the stream network. The
storage parameter of each element 1is °~ related to the
geomorphologlcal and hydrological characteriastics of the
watershed, with the result that only one fitting parameter 1is
used in the model. The model 1is simple, efficient, and

applicable to ungaged as well as urban watersheds.

4.9 Flood Hydrograph Simulation model (FHSHM)

The flood hydrograph simulation model (FHSM) was developed
by Foroud and Broughton (1981) to estimate, taking into account
storm and watershed characteristics, the design hydrograph and
peak discharge for watersheds smaller than 4920 KmZ. Antecedent
moisture, rainfall 1loss, and runoff constitute the three nain
components of the FHSM. The antecedent molsture is accounted for
by the use of antecedent precipitation index (API) which, in
turn, determines the initlal infiltration rate for a ‘rainstorm.
Kutilek (1982) has pointed out deficiencles in the API method.
The ERH is determined using a modified form of Horton™s

infiltration equaltion and 1is then routed through a 1linear
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raservolr ln  conJunctlon with Llwe area curve., The model
parameters are obtained by an optimization technique based on

nonlinear least squares method. The model was applied to five

watersheds and yielded less than 25 percent prediction error.

4.10 The Xinanjiang Model (XJM)

The Xinanjiang model (XJM) was developed by Zhao et al.
(198@), Zhao (1985). This a conceptual model with distributed
parameters corresponding to the various subwatershedé. The
concept of runoff formulation is introduced to estimate the loss
of rainfall +to infiltration and then to estimate effective
rainfall. The DRH is computed by the lag and route model and
then routed through channels by the Muskingum method. The model
has nine parameters, which are computed from observed
hydrological data. Three of the parameters are somewhat
insensitive, and the remalning four parameters need to Dbe
estimated carefully. The XJM has been widely used in humid and
semiarid areas of the People’s Republic of China.

4.11 The Guelph Agricultural Watershed Storm-Event  Runoff

(GAWSER) Model

The Guelph agricultural watershed storm-event runoff
(GAWSER) model, developed by Ghate and Shiteley (1977, 1982), 1is
a modified HYMO  model incorporating areally variable
infiltration. The model uses the Holtan infiltration equation;
the time-area concentration curve; pértitioning of infiltrated
water to s0il water astorage, to subsurface runoff, and to
groundwater storage and HYMO streamflow routing to produce

runoff hydrographs from up to four s0il groups on a watershed
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The model has been used to produce astimates of surface and
subsurface storm runoff generated by different types of soils for
different storms, to assess pollution from land-use activities to
evaluate effects of snow cover on runoff, and to study the effect
of changes in land use and channel configuration on streamflow.
The model has been tested thoroughly on three watersheds and has

been found to be reascnably accurate.

4.12 The MIT MOdel

The MIT model, developed by Maddaus and Eagleson (1969), 1is
a distributed linear model of direct runoff. Cascades of linear
reservoirs, connected by linear channels and cach having lateral
input, are used to represent the watershad. Separate submodels
of overland flow and streamflow allow simulation of the watershed
response to spatially variable effective rainfall. The model
parameters are related to physical features of the watershed.
This model has the capability to handle spatial variability of
rainfall and can be used to evaluate errors due to lumping of
rainfall and to investigate the importance of inclusion of moving

storms.

4.13 The Huggins-Monke (HHM) Hodel

The Huggina-Monke (HM) model was developed by Huggins and
Monke (1968,1979) and 1is reported by Huggins et al. (1975). This
ijs a distributed model using the concept of ~sub-dividing the
watershed into a definite number of small independent elements.
The elements are azaumed to be sufficiently small 30 that
hydrologically significant parameters are aniform within the

element Dboundaries. The outflow from one element becomes the
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inflow for adjacent elements. Both interception and infiltration
are subtracted from rainfall to determine the ERH. The ER
satisfies depression storage or bLecomes surface runoff, All
surface runoff i3 assumed to flow in the direction of each
element’™s slope. Each element requires a definition of the
interception six Infiltration parameters, surface retention
hydraulic roughness, and slope direction and magnitude. Some of
the model’s parameters are determined from physical measurements
of watershed characteristics. The model has been applied to both

gaged and ungaged watersheds.

4.14 The Kansas Model

The Kansas model was developed by Smith and Lumb (1966) for
large watersheds in Kansas. Areal nonuniformity of rainfall is
handled by subdividing the watershed into Thiessen polygons.
When daily precipitation amounts, hourly accounting is utilized.
The subsurface component is modeled using a soil zone and a
groundwater =zZone. The so0il zone is divided into an upper =zone
and a lower =zone. The groundwater zZone 1s limited to the
alluvial portion of the watershed. Subsurface drainage
elsewhere in the watershed is treated as interflow in response to
geologic and topographic considerations. Evapotranspiration is
calculated at a potential rate based on mean daily temperature
and discounted for moisture availability and depth. A lag and
route  procedure 1s used to develop the DRH. Based on limited
teasting, the médel appears to simulate streamflow reasonably

well,
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4.15 The Instllute of Hydrology Modal (11M)

The Inastitute of Hydroleogy model (HIM) is a physically based
distributed model of watershed hydrology. In principle, the
model parameters can be derived from experimental work or
estimated a priori. Therefore, the model can be applied to
ungaged watersheds or to prediect hydrologic effects of land-use
changes 1in gaged watersheds (Morris, 1980: Morris et al. 198@).
The watershed 1is divided into hillslope areas represented by
rectangular sloping planes and channel lengths represented by
stralght channels of constant cross section. Both channel and
rlane flows are modeled using one—dimensiongl form of the St.
Venant equations for shallow water flow. Infiltration,
throughflow and groundwater flow are treated together as
saturated-unsaturated flow in porous medium described by Richards
equation. In the IHM, evapotranspiration 1s determined using
the Penman-Montelth equation and actual evapotranspiration in the
root zone is caleculated using the method of Feddes et al. (i976).
The model has been applied to rural as well as forested
watersheds. Rogers et al. (1985) undertook a sensitivity analysis
of the IHM parameters and found that the model predictions were
most sensitive to Cheszy’ '3 roughness coefficient and saturated

hydrauliec conductivity.

4.16 Stanford Watershed Model IV (SWM)

The SWM, developed by Crawford and Linsley ﬁ1963, 1966) 1is
perhaps the most widely accepted model for simulation of the land
phase of the hydrologlc cyele (Linsley and Crawford, 1968). The
model  has been applied to many‘watersheds throughout the world,

and many modified versions of it have been developed (Fleming and
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Bkacjm 1974; Liamas et al. 198d). Its applications have
encompassed data extension, flood forecasting flood-frequency
analysis, estimation of peak discharge (Clarke, 1968: Ligon and
Law, 1972), sediment transport, effect of urbanization and land

use practices (Cermak, 1979), and s0 on.

Hourly and daily precipitation, daily tenperature,
radiation, wind, monthly or daily evaporation, and a variety of
watershed parameters constitute input to the SWM. Hourly or
daily streamflow at the watershed outlet iz the output. The time
interval for calculation is 15 min. The model 1s a lumped
parameter representation with 34 parameters. Most of these
parameters are physically based, but four of them are obtained
by using an optimization scheme, automatic or other wise. These
four parameters pertain to infiltration, soll-moisture zones,
and interflow. The remaining parameters (3@) are evaluated from
maps, surveys, or hydrometeoralogic records. When Snow melt

aimulation is not needed, the model parameters reduce to ab,

4.17 Ohio State University Model (OSUM)

Riceca (1972) developed the Ohio State University model
(0OSUM) by adding several significant capabilities to the SHM.
Thus, OSUM is also a modified version of the SWM. It has the
capability of wusing smaller than a 15-min time increment for
streamflow routing and computing other components. The
implication 1is that the 0SUM can be applied to very amall

‘watersheds with a time of concentration of less than 15 min.
Another modification i3 the addition of input parameters that

control amount of water entering soil cracks and that recharge
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watershed swamps and marshes that may dry in summer. To
accommodate geographlc areas of stratified geology, several.
groundwater recesslon constants, compared for applications in
regions with small amounts of snow and relatively 1little snow
data. To facilitate the analysis of tabulated results, several
subroutines are added for plotting of observed aﬁd simulated
hydrographs, with rainfall hyetographs superimposed over selected

storm hydrographs.
4.18 Streamflow Synthesis and Reservoir Regulation (SSARR) Model

The streamflow synthesis and reservoir regulation (SSARR)
model was developed by U.S. Army Engineer Division, North Pacific
(1975) for operational use in hydrologic engineering studies,
reservolr  regulation, and daily streamflow forecasting on large
watersheds. The model has been successfully applied to saﬁeral
major projects on such large rivers as the Columbia River, the
Mckong River, and the like. Both rainfall and snowfall events

are considered in the model.

This 1is a lumped parameter representation model, with more
than 24 parameters obtained by trial-and-error coptimisation.
Daily rainfall, temperature, insolation, and snowline elevation
constitute input to the model. Daily streamflow summary is the
model input. The interval of calculation can be from 1 to 24 h.
Unlike SWM, this model is much more simplified in representation
of components., Based on an index, the moisture supply is
divided into soil-moisture storage and runoff, which, in turn

baszed on indices, is divided into baseflow, subsurface flow, and
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purlace ruoofl . Major caphasis Lo placod oo Clow ronblog Lhrough
channels, reserveirs, lakes, and so on. In a comparative stady
on & 2000 FKmn?2 watershed in north Ontario, Kite (1878) found
significant differences between performances of NWSEFS and SSER

models .

4.19 Antecedent Precipitation Index (API) Model

The antecedent precipitation index (API) model is one of the
simplest and oldest models (Sittner et al. 1969; Sittner, 1973).
Four components are included in the model; an API rainfall-runoff
connection, a unit hydrograph method, sroundwater recession, and
a nethod of relating groundwater flow "to direct runoff.
Precipitation volumes are input to - the model, and both
groundwater flow and DRH are output. The model must be
calibrated on each watershed to obtain reliable simulated
streamflows and hence cannot be applied to ungaged watersheds.

It haa been tested on watersheds of 68 to 817 M2i in area.

4.20 Texas Watershed Model (TWM)

Another modification of 5WM, called the Texas watershed
model (TWM), was made by Claborn and Moore (1974). The THWM
incorporates new parameters to describe evaporation,
infiltration, and scil water movement. The authors argus that
these changes help TWM better model small watersheds than - SWM.
The snowmelt component is deleted from TWM.  The time of
computatiop is considerably reduced and can be as small as 5 min.
Rainfall for time increments from 1 min to 1 day, monthly
evapotranspiration, and pan evaporation values, initial soil

moisture, time area diagram, and watershed parameters constitute
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input to the model. 1f observed streamflows are supplied, the

TWM makes several types of statistical analyazes.

4.21 USDA Model

The U.S5. Department of Agriculture Hydrograph Laboratory
(USDAHL)  model was developed by Holtan et al.- (1975) .primarily
for agricultural watershed engineering by including the effects
of =s0il types, vegetation, pavements, and farming practices on
infiltration and overland flow. The model is a lumped parameter
representation and has been applied'to several amall watersheds
in the United States. A watershed is divided into as many as
four distinct land-use or socil-type zﬁnes. The various
componenta  of the hydrologic cycle are computed for each sone.

There can be as many as 41 parameters for each zone.

Input to the model is constituted by continuous records of

precipitation, weekly averages of daily mean temperatures, weekly

average pan-evaporation amounts, and data on solls, vegetation,
land use, and agricultural practices. Runoff, return flow, and
groundwater recharge form the model cutput. In addition to

predicting streamflow, the model has been applied to simulate
s0il erosion, transport of chemical and environmental impact

assessnent.

4.22 Tank Model

The tank model was first intreduced by Sugawara in 1961 and
has since undergone a number of revisions until its final version
reported Dby Sugawara et al. (1984). The main idea of the tank
model i3 to represent the zonal structure of groundwatelr. Tanks
rearranged in series and or parallel better to reflect watershed
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heterogensity. Each tank has one or more outlets located at the
bottom and sides. If a tank has only one cutlet, then it 1is
analogous to a reservolr, linear or nonlinear. The  tank model
has Dbeen applied to many watersheds in Japan and elsewhere and
has Dbeen found to yield reasonably accurate results for ©Dboth
forecasting and  simulation. The  model  parameters  can be

estimated gither by trial and error or by an automatic

optimization procedure, as done by it builders. Rainfall and
discharge measurements constitute input to the model. Other

information on daily evaporation, scil moisture, infiltration,
and s0 on is helpful in model calibration. The time interval for
computation can be taken to be as small as practically desired.
A major problem with the tank model is that it requires some
to get a good model because the structure and

expertis

ize
parameters of the tank model must be determined subjectively by
the analyst. Ozalkl (1980) presented o mathematical formulation of

tank model with a nonlinear feedback aysten.

4.23 Systeme Hydrologique European (SHE) Model

Three European organizations (the British Institute of
Hydrology, the Danish Hydraulic Institute, and the French
consulting company S0GREAH)  Jointly developed the oysteme
Hydrologique Europeen (SHE) model, which has been reported by
Abott et al (1986a 1986b), and Bathurst (1986a, 1986Dh). It is
well suited for modeling the impact of people on land use change
and water quality and other commercial uses. The model is
Physically based and considers spatial distributlion of watershed
parameters, rainfall, and hydrologic response. Its physical
basis and flexible operating structure accommodate a broad range
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of data. Modeled either by finite difference representﬁtion of
the partial differential equations of mass, momentum and energy
conservation or by empirical equations derived from independent
experimental research. The model has 18 parameters of which so0il
and resistance coefficients are most important. Severél of the
parameters have physical meaning and can Dbe estimated from
watershed characteristics. Rainfall, metecrological data,
vegetation, and watershed characteristios constitute input to the
model. The model is quite flexible in that it is relatively easy
to add new components such as water quality and sediment yield.
The results from watefshads in Europe and elsewhere have been

reported to be very promising (Storm and Jensen 1984) .

4.24 The Hydrological Simulation (HYSTM) Model

The hydrolegical simulation (HYSIM) model was originally
developed for flood forecasting purposes using a minicomputer
(Manly 1977, 1978a 1978b). The model has 17 pParameters, most of
which are detgrmined from physically measurable watershed
characteristics thus rendering the model suitable for
application to ungaged watersheds. Precipitation and potential
eévapotranspiration data are input to the model. In addition
snowmelt  rates, sewage discharges, and river and groundwater
abstractions can be used if available. The data can be monthly,
daily, or of any shorter time interval. The model sinulated
daily flows 86 and monthly flow with the higher correlation
coefficlent, where the model parameters were estimated from
watershed characteristics and withoult reference to measured

flowus.
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4.26 Tennessee Valley Authority (TVA) Model

The Tennesses Valley Authority (TVA) model was developed as
part of the Upper Bear Creelk Experimental Project of the Tenessee
Valley Authority (1972). It is a simple model with three main
components  runoff, so0il moisture, and evapotranspiration. The
model has 16 parameters, 5 of which are primary parameters the
remaining 11 are secondary parameters. The primary parameters
are linked to watershed measures but must be optimized The
secondary parameters can be readily determined or in some cases
may be computed. The model has been found to reproduce about 85
percent of the variation of daily flows .when conpared to
obaerved flows and reproduces monthly and annual flow  volunmes
within elose limits of observed flows. The model has alse  Dbeen
applied to simulate suspended sediment transport and potassium
loads, to detect changes in water quantity and quality
attributable to clear cutting of forest, and to quantify

hydrologic effects of land use changes (Betson et al. 1980).

pl&e
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5.8 CATCHMENT HYDROLOGY IN INDIA

L2 | Regional Unit Hydrograph Studies Conducted in India.

The Small Catchment Directorate of Central Water Commission
(CWEY  (1986)  has doveloped a relatlionships betwoen  the 1 -hour
unit hydrograph parameters and physical characteristics of 22

catohments for Godavary basin subzone 31,

CWC  (1880) also developed the regional unit hydrograph
relationships for Mahanadi basin subzone 3d analysing the data of

16 catichments of the basin.

Mathur and Vijay EKumar (1982) related the FPhysical
parameters of 20 small and medium catchments with an cobjective to
find out the most effective physical parameter representing the

regional unit hydrograph relationships.

Hug et al. (1986) developed generalised synthetic wunit
hydrograph relationships analysing the data of 21 catchments in
Lower Gangetic plains, Mahanadi Basin, Krishna Basin and
Brahmaputra DBasin. They have related the parametors of the
representative unit hydrograph with a suitsble combination of the
physical characteristics of the catchments using regression

analysis.

The small catchment directorate of CWC (1982) developed the
regional unit Hydrograph relationships for krishna & Penner
basins  relating  the physical parameters of 21 catchments with

Lhesdir one hour representabive unit hydrograph parameters.
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The  amall coltchmont Directorato of CWE (1984)  dorlved the

relationships relating the physical parameters of the 23
catchments of upper Indo- Ganga plains with their representative

2-hour unit hydrograph parameters.

Singh (1984) of National Institute of Hydrology developed
the regional unit hydrograph relationship relating the physical
parameters of six catchments of Godavari basin subzone of with
average parameters of Nash and Clark Model for each catchment are
cstimated using the average parameters obtalned by taking the
geometric means of the parameters of the_ unit hydrogaph for
individual storm for the computal model approach. For the Collins
and Leas square methods, the standard averaging procedure 1is

used to estimate the average unit hydrograph.
5.2.0 Regional Flood Frequency Analysis in India

Goswami (1972) rcarried out regional flood frequency analysis
for Brahmaputhra basin in North East India, using USGS procedure.
He analysed annual peak flood series data for 25 sites for 195056-

73 for catchment areas ranging from 63 to 63923@0kmz ., The mean

5

annual floocd & (m?*/5ec) for 2.33 year return period was

graphically related with catchment area A (kmZ ),

Thiruvengadachari et al (1975) carried out regional
ﬁrequency analysis using USGS procedure and annual flood series
data for 16 small and medium catchments ranging in size from 133
Lo B500Km<4in magnl tude having excecedance probabllity of @.43  as
index flocd Qe.43(m3/3ec) which was related to catchment area and

mean annual rainfall.
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Beth and Goswamd (1979) carried out reglonal flood frequency
analysis for ten tributaries of river Brahmaputra in North
Eaztern India with avallable annual flood series varying in
length from 11 to 25 yeara. Three techniques utilised in the
study include:(a) using annual flood szeries of all stations in
the region having more than 10 years of record, (b)) extension of
short records of some  3treams by developing suitable
rolatlionships wilth concurrent peak [lood records of slreams with
long record and (¢) adjustment of statistical parameters obtained
from short records by means of statistical parameters obtained

fromw longer records of neighbouring stations.

Jakhade et al (1984) have applied regional flood frequency
approach of USG5 to analyse the data of fourteen sites (having

data for 19 or more years) in the Brahmaputhra valley divided

lute two dilfterent hydrometeorologlceal sones,

Seth and Perumal(1985) of National INstitute of Hydrology
have carried out regional flood freguency analyses for the region
of 3ubzone 3-d of Mahanadi basin with annual peak flood series
data available at 18 stations for varying number of years. The
following three methods were used for the analysis: (1) the index
flood method (ii) method based on normalisation of peak flood
‘data of different sites with reference to the respective site
mean values and combine these normalised values to form a single
seriea  for reglonal analysis. and (111) the method Dbased on
regional  parameters  of  Wakeby distribullon  and James-Hteln
corrected means. Out of 18 bridge sites, the data of 15 sites

were analyaed and the data of remaining 3 asites has been used for
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vortfflcatlon of Lho resalts oblaloed from Lhe anlyals,

Hug et al (1986) have attempted to evolve the frequency
flood formulae for country wide application using the frequency
storm rainfall and runoff models. Fér developing relationship for
54 year flcocod peak taking into account catchment area,
statistical or equivalent slope of the stream , and 58 year
return pericd 24 hour rainfall for use for ungauged catchments
up to HPYY Lkm2Z in size. The country was divided into four
distinet categories of areas such as alluvial plains of Indus,
Ganga and Brahmaputra river system with sequivalent slope up to
1.5m/km ,for equivalent slopes above 1.5m/km, for remaining
areas with statistical slope up to 3. 0wk and  for statistical

slope above 3.5m/km and evolved thelr reapective flood formulae,

S5eth and Singh (1987) of National Institute of Hydrology
hayve further used frequency storm rainfall and runoff models with
Wakeby distribution using daté of catohments for three typical
regions which are (i) Lower Godavari basin subsone 3f, (1ii)

Erahmaputra basin and (iii) Sub Himalayan region.
5.3.0 Application of SHE model in India

The following six tributary basins of HNarmada has been

apprlied for SHE wmodel By the Naticnal Institute of Hydrology.

i . Narmada upstream of Manot (4988 km2)
ii . Hiran upstream of Patan (4964 km?2)
iii. Bher upstream of Belkeri (1345 km2)
iv . Marna upstream of Berely (153a kmﬁ)-
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v . Kolar upstream of Satrana (82 km?2)

vi . Ganjal upstream of Chhidgaon (1738 km2)

In this application study, SHE model has  been  used  for
modelling entire landphase of hydrological cycle for above
selected  sub-basin of Narmada. Simulation has been done for the
reproduction of streamflows volume, peaks, hydrograph and

groundwater.

The computational grid network and channel system was set up
for the Dbasin, forming basis for the spatial distribution of
topographic elevation, s0il type, land use and rainfall stations
in the data files. The basis network was composed of grid squares
of  1kmxlkm but for simulation work wifh grid size Z2kmxZ2km. Four
land uses were identified such as agricultural land, dense mixed
forest and waste land. 30il has been categorised for low land,
semi-hilly and hilly areas. The calibration was carried ocut for

)

the period of 3 years and validation for 2 years.
5.4.0 Application of Tank Model in India

The Tank model developed by Sugawara for dailly analysis  has
Lizen  usad Lo simulate streamflow of Malaprabha  sub-basin upto
Khanapur and Malathi sub-basin upto Kalmane by K.S5.Ramasastri of
Hational Institute of Hydreoclogy (1988-89).

The calibration of the model was carried ocut by observed
flows for twoe years. The calibrated model has been used to
simulate dally streamflow which were found to be within the 10%
of observed streamflow . The overall performance of the model 1is

found to be satiafactory.
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6.0 WATLER YIKLD

Water yield 1is the volume

stream at a specified point area

The water yleld is determined at

and the period of time a day cr

the volume of the

and reflects

runoff. There are many

depending upon  the period of

factors, and catchment

meteorologlical factors are

precipitation amount,
distribution of

factors include surface

characteristics,

The

water rescources problems such as,

determination of water

agricultural use,

flow rather than the
the volumetric relationship betwesn
factors
the

characters.
intensity

avapotranspiration.

vegetation, s0il

eatimation of water yield will be helpful in number

avallability for

dependable water supply for power

from a

of the water avallable

and at specified period of time.
the point of outlet of catchment

longer. The thrust is given on

instantaneous discharge

rainfall and

which affect water yield

determination, meteocrologic

The most important

time distribution of

S Pae

and duration and space  time

The important catchment

moiature, soil

surface topography and drainage density.

of
design of storage facilities,
industrial and

generation,

planning irrigation coperation and design of irrigation projects.

There

may Dbe c¢claszified as emplirical

aimulation approaches which are employed in the determination

water yield., Models can be

rainfall-runcff models

model

are many approaches to determine the water yield.

classifiad
(1i) Monthly

and (111) Yearly volumetrie rainfall-runoff model.

It

approaches and continucus time

of

Volumetric storm

as

(1)
volumetrio rainfall-runcff

Heveral
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models have been developed to estimate the water yield, scme of
the models have been diacussed in the report.
6.1.9 Volumetric Storm Rainfall-Runoff Model

These models have been developed to estimate direct runoff
from storm rainfall. These models varicusly account for factors
affecting storm rainfall- runoff relationship as the amount of
rainfall, duration of rainfall, the antecedent s0il moisture

conditions and waterashed storage.

6.1.1 Hamon Model i
Hamon (1963) developed a model, based on the water balance

appreoach, for estimating direct runoff from small watersheds

employing storm rainfall Vyp antecedent soil-moisture index M1 and

the amount of rainfall retained V:r before the beginning of direct

runoff Vq The model utilized the water budget equation.
Ve = E + V@ + Vq + AS

in which, E represents evapotranspiration, Ve is direct runcff,
Vé 1a percolation losa to the ground, and AS is the change in

s50il meoisture storage.

Antecedent Soil—MDistdre Index M1

The antecedent sc0il moisture index is defined as the
predicted amount of moisture in the selected upper horizons of
the =so0il profile in excess of the amount existing under extreme
drought conditions. Hamon (1963) considered approximately 45 ecp
of the soil profile. The 301l moisture content at thiaz dry
condition approximately corresponda to that under a tension of 15

atm.
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In +this model M1 i3 repregsented by two =zZones, one UpPRer
sone and one lower zone. The amounts of molsture to be retalned
in these zones are equivalent of theilr holding capacities, which
are conaidered to be different for different parts of the year.
When the amount of rainfall retained exceeds the holding capacity
of the upper sone the excess is passed on to the lower =zone.

When the capacity of the lower zone is exceeded the excess  goes

-

to the groundwater. The moisture in the upper zone i available

i

for evapotranspiration which 1z computed using readily available

long term temperature records (Hamon 1961) as
Ep = kTsDv

where Ts is possible duraticn of sunshine in units of 12 h, Dv is
saturated vapour density in grams per cubic meter at the daily
mean temperature and k iz a constant (equal to Appes if E is  in
inches)

The molisture content in the lower zone is  available for
evapotranspiration at a reduced rate in proportion to the
reduction in 1its  amount.  The veduction in ET 45 apecified

differently for different parts of the year.

Percolation Loss Vo

The daily percolation loss in centimeters is represented as

2Ma-W

Whers Ve = @ when Mas@.5W, Ma is actual initial moisture in
excess of that at 15 atm tension, and W is total moisture minus

the moizture at 15 atm tenzien. This Equation is used to compute
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‘percolation from both the upper and lower zones on the assumption
that Ve from the layer at approximately 10&@ cm is representative

of Ve from the upper s0il layers.

Retained Rainfall Vr

A certain portion of rainfall is retained in the watershed
before runoff begins. It includes the rainfall initially
infiltrated and retained as interception and surface storage. Vr

is related to M1 as
Vr = a - bM1

where a > @ and b » @ are constants that depend upon watershed
characteristiocn. This relationship 1is consistent with that

obtained by Hartman =t al (1869).

Runoff Va
An equaticn for computation of Ve is developed from the
basic concepts of the curve number method developed by Soil

Conservation Service (1964). Accordingly,

Va (Vp-Va)

Vp VR
Where VR is the potential retention of rainfall and dependa upon
Vr available moisture in the upper zone and percolation into the
lower soll profile. It is clear from the previous discuésion
that a certain amount of rainfall iz retained Dbefore runoff

begins. Then Subatituting Ve-Vr in place of Vp and simplifying.
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(Vp-Vr)2

Vg = ———————
(Vp-Vr+VR)

with the condition that V@ = @ for Vr 2 Vp. This equation is used

by Soil Conservation Service for predicting storm runoff, where

Vr is replaced by .2Vr. Hamon suggested that,

VR = ¢ + kVr
where ¢ and k are parametres to be obtained for each watershed by

curve fitting. Hence Ve can be written as follows,

(Vp - V)2

Va
E{Vo -¥r) + (e * kKVij)]

Like most models based on the water balance equation, the
key component in the model is determination of Mi1. First some
initial conditions are known about the variables 1in equation.
Then M1 is computed by daily accounting of Vp, Ve, E, and Vea. For
known M1, Ve can be computed. Hamon (1963) plotted a family of
curves relating Ve to Vp for various values of M1 which can be

used =ffectively for application of the model.

6.1.2 Singh-Dickinson (5-D) Model

The S-D (Singh and Dickinson 1975a 1976b) also based on  the
water balance approach, is similar to the Hamon model in concept.
The model was developed for small agricultural watersheds in

southern Ontario , Canada.
Antecedent Soil Moisture Index Mi

The antecedent soil moisture index is expressed in terms of
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antecedent soil-moiature deficiency Ma which is obtained by using
a s0il meolsture model (Singh 197@, 1971) Singh and Dickison
197%a). The moiature deficiency exiating prlior to the occurrence
of rainfall is the amount of moisture necessary to Dbring
available moisture in a s0il profile to its field capacity. The
s0il moisture model estimates daily s0il moisture from the upper
75 cm of the soil profile. The profile is represented by five
zones of wvarying depths and water storage capacities . This
representation 1is based on the s50il characteristics of the
watersheds 1n question, as enumerated by Webber and Tel (19686).
The depth of soil profile and the number of zones representing it

may vary from one watershed to another.

Fundamental to determination of soil moisture is simulation
of wetting and drying phases of the soil profile. The wetting of
zones  dependa on rainfall and occurs in a sequential order from
the uppermest to the lowsrmost zone each filling to its capacity
before dischafging to the next-lower zone. There iz a maximum
amount of water that a given zone can hold. When rain occurs,
the meisture content of the uppermost zone begins to fill. The
amount of water in axcess of the maximum capacity of the zone is
percolated down. The wetting of other sones takes place in a
similar manner. When all the zones have attained their maximum

moisture contents, additiconal rain is treated as runoff.

Under saturated conditions, the soil moisture is depleted by
evapotranspiration and vertical drainage. Evapotranspiration
occurs at a potential rate. Under unszaturated conditions, the

drying of monea ia canaed by avapotranapiration at actual rate an
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controied by availlable moisture.

Evapotranspiration 1is distributed over the various zones
for simultaneous extraction of moisture from. them. This
distribution corresponda to the extraction coefficients assigned
to the zones, which are considered to be a‘function of plant root
development, soil characteristics, and climatological factors.

The coefficlients satisfy;

Retained Rainfall(V:)
A certain portion of rainfall is retained by the vegetation
and the surface depressions before runoff commences. This part of

rainfall lumps interception loss and depressional storage and 1is

called retained rainfall Vr is expressed as
Vr z=ao + a1 Ma + azMa2 + asMa?

Where Ma is antecedent meoisture deficiency to be determined as
explained before and ai, 1=@,1,2,and 3 are coefficlents. The=
coefficients ai  are to be determined empirically. Singh and
Dickinson (1976b) estimated them by selecting a number of
rainfall events that did not produce any significant runoff and.
fitting a cubic polynomial between them and corresponding

moisture deficiencies.

Runoff (Vq)

Using the work of Kohler(1963), Vg was determined by
Vg = ol V(Vp V)t b Maty/n Ma

where «a and £ are watershed coefficients. a appears to account

for auch losses asz not accounted for by retained rainfall, £




depends on Ma and is expressed as
B = a + bMa

6.1.3 Multicapacity Accounting Model

The multicapacity accounting model was developed by Kchler
and  assoclates (Kohler and Richards 1963, Kohler 1963a. 1963DL)
principally for river forecasting. The coneept of so0il moisture

accounting embodied in this model is incorporated in  the U.5.

Weather Bureau’s model of river forecasting.

The principal hypothesis is that s0il moisture capacity
varies spatial within a watershed and its variation can be
adequately expressed by several average values, for example
5,15,39, and 45 cm. The area represented by each capacity is not

explicity considered in computations.

501l moisture deficiency is the fundamental parameter in the
multicapacity accounting model, which is aatimated by
maintaining a daily water balance. The mean deficiency for the
watershed 1is the weighted average of the deficiency values
associated with the various capacitlies. Thp welights are
determined by correlation analysis to produce the best index to

storm runoff.

The soil profile is divided in two 20nes one upper zone and
one  lower =zone. The moisture in the upper szone 1is always
depleted at the potential rate any deficiency® in this zone must
be satisfied before rainfall begins to recharge the lower =zone.

Depletion of moisture from the lower =zone occurs only when that
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of the upper zone is completely depleted and is assumed to be
proportional to the available moisture. Evaporation i3 compuited

with the help of nomogram (Kohler et al. 1955).

Total Runoff
Tatal runoff (direct runoff and groundwater runoff) 1is

computed using the folleowing relation
var = (Vp® + MaR)1/® - Ma
B = ao + alMa

in which ae and a1 are conatants

This model computes total runoff directly, which includes
groundwater. The direct runcff can be determined by exclusion of
groundwater from total runcoff. This model is flexible and yields

satisfactory results for river forecasting.

6.1.4 5CS Curve Number Model

The B58C5 model was developed by the s0il Conservation
Service (1964, 1973) for estimating direct runoff from storm
rainfall on small ungaged watersheds., Becauss of its simplicity
and reasonable accuracy, it is one of the most frequently
utilized methods for runoff eatimation (Hawkinz 19873; Chiang,
1975, Hjelmfelt 198@; Ragan and Jackson, 1982; Chong and
Teng,1986) . I? employas rainfall and watershed data that are
ordinarily available or easily cbtalnable. The model can  be

appliscd to large waterasheds with multiple 1and uases.

The fundamental hypothesis of this model is two fold (1)

runoff startz after an initial abatraction Ve haz bern satiafied.
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This abstraction conslists principally of interception,

infiltration, and surface storage. (2) The ration of actual
retention of rainfall to the potential maximum retention VR and
equal to the ratic of direct runoff to rainfall minus initial

abstraction. Mathematically,

Ve - Vr - Vg Va

VR Vo - Vr
This can be written as

(Vp - Vr)2

Vq =
(Vp - Vr) + Vn

Vr can be expressed as a function of VrR. The 5Soil Conservation

Service SBtated Vr = .2VrR Phyaically this means that for a given
atorm, 20 percent of the potential maximum retention 1is the
iniﬁial abstractlion bafors runoff begins, The remaining 89

percent iz principally infiltration after runoff begins.

Therefore,

(Vp - .2VR)2

Vp + .8VRr

This equation is the B3SCS3 curve number model and 1is a one

parameter model containing VR as the parameter.

Determination of Vr

The parameter VR depends upon characteristics of the seoil
cover ocomplex and antecadent. soil molasture conditiona In  a
watershed, For each zo0il cover complex, there will be a lowar

limit and an upper limit of VR, The S0il Conservation Service
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expressas VR as a function of runoff curve number Cn.

CnN

1000,/ Vn 1+ 10

or

Vr 1993 /Cn - 10

Cn is related to soil cover complex conditions. Obviously when
Cn  equals 1@@, VrR Dbecomes =ero. This leads to V@ = Vp when VR
_-s infinity, On tends to zero. This yields Va = Vp for all Vo
when Vi = @, Cn = 190@. The scil conservation Service has
developed runcff curve number for various hydrologic soll cover
complexes, as shown in Table 6.1. Slack and Welch (198@) and
Ragan and Jacksen (188@) have estimated curve number from Landsat
data. Wood and Blackburn (1984) showed that the hydrologic =o0il
groups classification system was jnadequate for arid and semiarid

range land.
Initial Abstraction (Vi)

An exact determination of Vi is almost impossible. However
for practical purposes Ve can be related to VR. Based on
analysis of data from a large number of small watershed, the s0il
conservation serviece found V; to be roughly equal to .2 VR. It
can also be estimated by relating to an antecedent soil moisture

index, as done by Hamon (1962) and Singh and Dickinson.
Henee equaticon for Ve can bhe writtaen as,

(Vp-2201/Cn + 2)2

Vg =
Vp + 8@2@/Cn - 8
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Runoll curve numbers for h
Service, 1975)

ydrologic soll-cover complex (after Soil Conservation

(Antecedent molisture condition Il, and V, = .2V,)

Cover

Hydrologic Soil Group

Treatment or Hydrologic
Land Use Practice Condition A B Cc D
Fallow Straight row —_ 77 86 91 94
Row crops Straight row Poor 72 81 88 91
Straight row Good 67 78 85 89
Contoured Poor 70 79 84 88
Conloured Good 65 75 a2 86
Conloured & terraced Poor 66 74 80 82
Conloured & terraced Good 62 7 78 a1
Small grain Straight row Poor 65 76 84 88
Slraight row Good 63 75 83 78
Conloured Poor 63 74 82 a5
Conloured . Good 61 73 81 84
Contoured & lerraced Poor 61 72 .79 82
Conloured & lerraced Good 59 70 78 81
Close-seeded le- Slraight row Poor 66 77 85 89
gumes* or rolalion Straight row Good 58 72 a1 85
meadow Conloured Poor 64 72 83 85
Conloured Good 65 69 78 83
Conloured & terraced Poor 63 73 B0 83
Conloured & terraced Good 51 67 76 80
Paslure or range Poor 68 79 86 89
Falr 40 69 79 84
Good 39 61 74 80
Contoured Poor 47 67 81 88
Conloured Fair 25 59 75 83
Conloured Good 6 35 70 79
Meadow Good 30 58 ral 78
Woods Poor 45 66 77 83
Falr 36 60 73 79
Good 25 55 70 77
Farmsteads —_ 59 74 70 77
Roads (dirt) — 72 82 78 89
(hard surface)® — 74 84 90 92

* Close-drilled or broadcast

® Including right-ol-way

TABLE: 6.1 BONOFF CURYE NOMBERS FoR
COHPLEX
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In this equation, Cn is a parameter that is to be detarmined.

6.1.5 The R-Index Method

The R-index method was developed by Hewlett et al  (1977a,
1977b) using 468 rainfall runoff events from 11 small (forested
and wildland < 5@ Km2) watersheds in the eastern United OStates.
According to Hewlett and Moore (1976) the variable source area
concept serves as the basis of this method. Only those events
that produced 25.4 mm or more of storm rainfall were included.
The hydrograph separation (separation of direct runoff from
baseflow) was based on the approach of Hewlet and Hibert (1967),
wherein a line of constant slope of 1.13 mm/da is projected from
the beginning of the rising hydrograph to the point where it
intersects the recession limb of the hydrograph. Storm rainfall
was taken to include all rain falling up to 2 hr. before the

initiation of the storm hydrograph and until the termination of

direct runoff.

The R-index method hypothesises that stormflow depends on
three factors, namely storm rainfall, antecedent moisture
conditions, and the hydrologic or inherent, storage capacity of
the watershed. In metric version (Hope 1983, 1984), the R-index
method can be written as

Vo
Va = 25.4 biR(———)P2[1.@ +(2.0136Q0)P3
25.4
where Vg is direct runoff in millimeter R is the R-index, Vp 1s
storm rainfall in milliheters, Qo is initial flow rate in 1/s/

km, and bi bz and b3 are fitting parameters. By examining a
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number of rainfall, storage, and watershed variables. Hewlett et
al (1977a) fitted from above equation to the observed storm flows
using a nonlinear least squares, method (Marquardt, 1963). The
addition of 1.8 to (.@136Qo)®3 prevents an indeterminate Ve when
Vo approaches zero.
The R-index can be computed as follows;
R = pfn.gl[VQ(i)/Vp(i)]
i=

where n is the number of observaticns and Vp(i) is storm rainfall

In the eaatern United BStates, the optimal values of the
parameters were found ((Hewlett et al., 1977a) to be. b1 = .4, bz
= 1.5, and ba = .25. In order to enhance practical applicability

of thia method., Hewlett ot al. (1977a) suggested an  alternative

for the initial flow rate as
51 = ain{369Dy3RnLY) * 2.9

where 51 i3 the sins-day factor and D is the number of the day
counted  from November 21 = @. The term 51 replace (1.9 + .2136

Qo) in the above equation.

L |
Q

Hope (1983,1984) extended the R-index method to six small
humid and subhumid near Grahamstown in BSouth Africa. The
physical and environmental characteristics of these semiarid
watersheds differ markedly from those of the watersheds where the
method wazs developed @riginally. Hope (1983) introduced
antecedent rainfall AFn as an alternative to Qo which Dbetter

reflected  the effect of antecedent conditions on stormflow. The

quantity APn as an alternative to Qo, better reflected the effect
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of antecedent conditions on stormflow. Thus squation becomes
Vg = 26.4D1R{Vp/25.4)bvz [1.80 + (APn)ba]

The aquantity APn computed by totaling rainfall for a given
antecedent peried (n daysz), and the total was eﬁpressed as 1@-2
for humid and sub-humid watersheds, Hope (1983) computed APn for
5-, 18-, and 15-day periods. The parameter values were markedly
different for different antecedent pericds. Using AFn resulted
in the most accurate estimates of Va for four watersheds whereas
APs and AP1e each was the best for one watershed. For semiarid
watersheds, Hope (1984) used 1-,7- and 1@-da periods and found
them somewhat comparable. He found that the watershed wetneas
index  wan Important for amall and intermedinte afze  eventa  but

not for larger events.

6.1.6 Coaxial Graphical Correlation

The coaxial graphical correlation method was developed by
Linsley et al. (1949) and is discussed in Kohler and Linsley
(1951) and Linsley et al (1975). This method represents perhaps
the earliest satisfactory attempt to eétimate storm runoff from a

given volume of rainfall.,

A large number of factors, some of them being Iinteractive,
affect the storm runcff. A detailed catalogue of these factors
is given by Chow (1964). 1In their analysis Linsley et al (1949)
aclected  the following Independent. variables: (1) antecedent
precipitation index (AFI) (2) season or week of the year (3)
atorm duration and (4) atorm rainfall. They replaced the

dependent variable, atorm runoff, by basin recharge defined as
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the difference between rainfall and runoff. The reasons for
selecting these variables are discussed by Kohler and Linsley
(1951). Nash (1966) has discussed the motivation underlying this

selection.

The variables to be selected for graphical correlation may
change from one watershed to another. This 1is shown by
Witherspoon (1961), where he selected storm runoff as the
dependent variable and antecedent precipitation index, cover
condition, duration of the effective rainfall, and the amount of

the effective rainfall as independent variables.

The API is a measure of z0il moisture deficiency existing
pricr to the occurrence of a storm. By assuming a logarithmic
receszion of antecedent moisture. API can be defined during

period of no precipitation as
Iat = Taokt

where Tat 1is the APT at time t,1is the initial API, and k¥ 1is a

constant. t is usually in days. If t equals unity,
Iai1 = kIao

Thus, the API for any day is equal to that of the previous day
multiplied by k. If it rains on a given day, then the amount of
rain must be added to the API of that day. The value of k
usually ranges from .85 to .99 over most of the eastern and
central portions of the United States (Kohler and Linsley, 1951),
although it depends upon bazin phyaiography. API can be computed

either from average daily rainfall values over the watershed or
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from daily rainfall recorded at various stations, which are then
averaged. The usual practice to compute AFI is either to start
computations at the and of a dry spell with an aszumed low value
thereof or to start computations 2 or 3 wk in advance of the
first storm with an aszsumed value equal to the normal 1@0-day

‘ precipitation of the season (Kohler and Linsley 1951).

The effective rainfall is the rainfall veolume per unit area
that generates runoff. The rainfall volume is determined from
only those rainfall intensities that are in excess of a specified
value, say g em/h.  depending upon the infiltration
characteristics, interception, and detention storage. The
duration of thils effective rainfall 1is the effective storm

duration.

The ecover conditions can be defined wvariocusly. Their
specification by the S0il Conservation Service (1975) 1is one
example. Witherspoon (1861) classified these conditions as poor,
intermediate, and good. 1If we follow his <lassification, then
the cover oonditions are defined as follows. Poor cover
condition 1is when the surface is not covered by vegetation or
vegetative residues. This is a common condition in agricultural
watersheds prior to planting or subsequent to harvesting.
Intermediate cover condition is when the surface is partially
protected by vegetation. This occurs after planting but before
the crop reaches its height. Good cover condition is when the
surface iz fully covered by vegetation, such as good grass cover

or a fully grown.
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6.1.7 Derivation of Graphical Correlation

The graphical correlation consists of four graphs,
designated as A B C and D as shown in fig. 6.1 The construction
of these graphs may involve the following steps. For illustration

we use the variable selected by Witherspoon (1851).

1. Construct graph A, which is a three variable relation.
Plot storm runoff versus API labeling the points with cover
condition and fitting a smooth family of curves representing the

various cover conditions.

2. Construct graph B, which plots computed versus observed
runoff such that computed runoff is on the vertical scale
matching exactly the vertical scale of graph. A Label the points
with the effective rainfall duration. The computed runoff Iis
obtained from graph A by entering API and cover condition. A
smooth family of curves is then drawn, which incorporate the
effect of +the effective rainfall duration on storm runoff.
Graphs A and B, when combined, represent a graphical relation for
estimation of storm runoff from API cover condition and effective

rainfall duration.

3. Construct graph C by plotting computed versus observed
storm runoff, such that computed runoff is on the horizontal
scale matching exactly the horizontal scale of graph B.. Label
the points with the effective rainfall amount. The computed
runoff is obtained from graphs A and B in manner similar to that
of step (2). Fit a smooth family of curves, which incorporate the
effect of the effective rainfall on storm runoff. Graphs A, B and

¢ pepressnt  the flrat approximation of the coaxial graphical
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correlation,

4. Construct graph D by plotting computed versus observed
storm runoff., Computed storm runoff is obtained from graphs A B

and €. This graph is an indication of the overall correlation.

5. Check the accuracy of the first approximation. First,
graph A can be checked with the assumption that other graphs are
correct. The vertical coordinate of an adjusted point and graph
A can be obtained by first entering into graph C and then B the
observed runoff, effective rainfall amount, and duration. The
abscissa for the adjusted point corresponds to the observed API.
Therefore, the cover condition curves must be revised first to
the adjusted point 30 that the relation yields a computed value

equal to the observed value.

Likewiase, graphs B and C can be checked for the second
approximation. BSubsequent approximations are made in a like
manner, In each case the points are plotted by entering the
graph sequence from both ends with observed values to determine
the adjusted coordinates.

The coaxial method is flexible and predicts storm runoff
satisfactorily. DBPBecause the variable selected for estimation of
runoff are considerably interactive, it is very difficult to
develop a regression equation. The problem is circumvented by

coaxial correlation.

On the other hand, the coaxial method has certain
deficiencies. The method invelves successive approximation and it

is, therefore, time consuming. The selection of variables and



their plotting in a preferable sequence requires considerable
Jjudgement. Only a limited number of variables can be used to
keep the method a practically attractive tool. Rainfall

intensity has usually been omitted in the analysis. The effect

0

of rainfall variability on runoff was discussed by Fogel (1966).
Since rainfall depth and duratian are considered, average
rainfall intensity becomes an integral part of the coaxial
method. This, however, does not acecount for the effect of space

time variations in rainfall intensity on runoff.

6.2.@ Monthly Volumetric Rainfall Runoff Model

The problem of relating long term say monthly or annual
volumes of rainfall and runoff is relatively easier. Over a
longer pericd of time, the averaging of a variety of rainfall
storms tends to minimize the effect of rainfall intenzity and
antecedent moisture conditions on the volumetric relationship.
Indeed, in many cases a simple plot or a linear relation may Dbe
adequate to define the relationship betwesn annual volumes of
rainfall and runcoff if the water year is properly
selected(Brakensiek, 1959), Smith (1973) tested three simple
models for eatimating monthly runoff from mountainous
watersheds. In a similar vein, linear or nonlinear regression
analyses have been carried out to relate monthly runoff to
monthly rainfall and some other characteristiecs (Schicht and
Walton 1961; Ledger 1975; Sharma and McCuen, 1983; Tsykin, 1985).
Mare reallstic models are based on water balance. Some of the

simple models are discussed here.
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6.2.1 WaLtor Balanow Modal

A monthly water balance model was developed by Van Der Beken
and Byloos (1977) and applied to Grote Nete basin, having an area
of 533 km2z , in the north of Belgaum. The governing model

equation can be expressed as
A5 = N - Vg - R

where AS is the change in storage S,N is effective precipitation
V@ 1s streamflew, R 1is the net 1loss resulting from deep
percolation (Loss) and seepage (gain), and the time period is 1
mo. Thus, theis model computes actual evapotranspiration, watr
storage 1in the watershed, direct runcff, infiltration, baseflow
and total stream discharge, deep infiltration into the

underlying aquifer, and constant seepage from the canals.

Evapotranspliration

The storage at the beginning of & month has a value of 8.
Actual evapotranspiration E is assumed to occur at a rate equal
to or less than the known potential evapotranspiration, E.

Therefore,
Ba = Epll - exp(-alld)

where a1 13 a parameter ( a1 :0). The underlying hypothesis of
the above equation is that Ea = Ep until the so0il moisture
content drops to the wilting point. For the same values of 5, a1
should decrease when the soill texture is more sandy. An initial
e3timate of a1 can be obtained as follows. For a sandy scil
Ea/Ep - may be taken as .75. If the average groundwater level in

the region i3 I m above the river bed and the effective porosity
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of the éandy layer amount into 15 percent, then average active
water storage becomes 158 mm. Substitution of these values into
above equation gives an initial estimate of a1 =.@1; this can
be used in a pattern search procedure for automatic optimization

of model parametera.
Effective Precipitation

Effective precipitation minus actual evapotranspiration.
When Ea exceeda Vp the storage In the next month is depleted by
the effective precipitation N = Vp - Ea. 0On the other hand, if
Ea 13 less than Vp prart of N fills the storage reservoir and the

other part goes to the river directly.
Streamflow

The streamflow has two components: (1) baseflow and (2)
immediate runoff. The former depends upon the storage and the

latter on the affective precipitation. Therefore,

where @ = a2z £ 1, and @ £ a3 £ 1.az2 will increase when the s0il
texture 1is more szandy, whereas a3z will increase with the degree
of wurbanization and the average watershed slope. An initial
estimate of a1 and az can be obtained as follows.

If N ia negligible, which i3 true in dry periecds.

R = az=28

This then leads to the exponential baseflow formula.

Q= Qo exp(-az(t - to))
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and thereforas,

5 = J Q dt = Qo/az
in which Qe is @ at time t = to (initial value). Van Der Beken
and Byloos (1977) analyzed some baseflow periods and reported an

initial estimate of az to be 2

The parameter a3 1is analogous to rational runoff
coefficient. It represents the percentage of N that immediately
becomes Vg . Therefore, a3 is related to the percentage of
impermeable surface. From a study of a hilly basin that 1is 18
percent  urbanized. From Van Der Beken and Byleoos (1977) found
an 1initial estimate of as to be 2. They however, suggested that

az and a3 are interrelated. In their model they recommended that

az ¢ aa/(l-a3s)
This condition may hold in using initial estimates of az and as

but can be used in optimnization.
Deecp Percolation and Canal Losas

R is composed of deep percolation, Ly,  which 1is partially

compensated for by canal losses Le.
R = Lp - Le

The deep percolation may be evaluated as a linear function
of the water storage 5. If S = 0, deep percolation must be zero.

Then

7]

Lp = az

The canal seepage remains more or less constant,
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Therefore,

where a4 i3 a parameter relating to deep percolation and as

relates to canal loss.

An 1initial estimate of a4 can be made from an estimate of
the average deep percolation Lp..Van Der Beken and Byloos (1977)
made an initial <estimate for the Neogene basin as follows., The
permwanent groundwater flow in this agquifer depends on the slope
of the agquifer. This slope can be evaluated at .25 percent in the
north eastern direction for Neogens agquifer. The average
thickness of the aquifer is about 17¢@ m, and the average width
of the drainage Dbasin is 2b km. The hydraulic conductivity is K
= 10-4 m/s. The transmissivity is then Ts = 1708 m2/da. Thus,

groundwatsr flow can be evaluated as
Qg = 1862 m2/5

If the groundwater recharge is uniformly distributed over tLhe

whole basin.

_Ep = RQg/area = 5 mm
Therefore,
s4 = Lp/S = 0.93
An initial estimate of as can be made by determining long term
average of N, Vg, and Lp. A value of as = 3 mm was recommended by

Van Der BEeken and Byloos (1977).
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Initial Storage

At the beginning of the pericd of computation 5 is normally
unknown. It can bLe estimated by correlating with the long term
o

average discharge volumes. As an initial estimate 5i = 2 5% is

reasonable to use, where 5% 1is average watsr storage.

6.2.2 Haan Model

Haan (197Z2) presented a four parameter water yield model for
small watersheds. The central idea of the model is that moisture
helding and moisture transmitting uharactefistics of the s0il and
underlying strata, along with rainfall intensities, are the moat
important factors governing the runoff volumes from small
waterasheds. This model relies heavily on the s0il moisture model

developed by Ligon et al. (1965, 1967).

Evapotranspiration

The s0il molsture zone s divided into an upper =zone and a
lower zone. The noisture helding capacity of the upper =zone is
aszumed to be 2.5 em. The water of this zone Mu i3 readily
available for ET. In other words, ET occurs from this zone at
potential rate. The moisture holding capacity of the lower =zone
iz Mc The water available ML in this zZone 1is less readily
available to evapotranspiration, that is, ET occurring from this

zone is at a rate less than potential.

Evapotranzspiration occurs at a potential rate az long as
water 1s available. It is reduced by the ratio of the amount of
moisture available in the lower zone to its moisture holding
apacity ., On days when ralnfall ocours, 1L 1o reduced by a factor
of w account for cloudy conditions and low zolar radiatieon. Thus,
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the daily ET is computed as follows;

Ea = Ep; Vo = @, b ¢ Mu = 2.5
= Ep ML/Mc; Yo = [0, M =
= 1/2 Ep; Vo 2 §.825, 8 £ Mu = 2.5
= 1/2 Ep MuMe ; Vp = 0.025, Mu = @

The potential ET iz estimated by the Thornthwaite method
(Thornthwaite, 1948). Vp represents precipitation volume that

occurred on the day in question.

Infiltration
Rainfall 13 partitioned into infiltration and surface
runoff. The infiltration rate f is estimated az follows:

£ = fa; p = fo Mu <« 1 or ML < Me

e

=P, P £ fo; Mu 1 or ML < Me

= B Mue = 2.5, M. = Mg
where fo represents maximum infiltraticon rate. All infiltrated
water 13 stored in the upper z30il meisturs =zcone until 1its
capacity is filled. Thareafter any additional infiltrated water
automatically goes to the lower s0il molsture zone. The entire

rainfall 13 aszumed to be runoff after both zones are filled to

their capacity.

Surface Runoff
The surface runoff iz determined from
Ya = (p ~ £}AL; p ¥ f
@, p < f

where At denotes the time increment.

132
|29




Deep Seepapge

Deep seepage Se 1s determined frow
De = S ML/Mc
where Bm is the maximum possible seepage rate on a daily basis.

Therefore, the volume of daily seepage Vse is equal to Se.

Return Flow Vr
A certain amount of return flow is permitted within the
watershed, which is obtained from

Vr = aVs

where « 1is a constant defining the portion of seepage that

aprears as runcff.
Total Runoff Vrt
The total runoff is the sum of Vg and Vi

Vr = Vg + Vi

Parameter BEotimalion

Average potential evapotranspiration and daily rainfall data
constitute input to the model. The model has four parameters fo,
Sm, Me and a. These parameters are estimated by an optimization
procedure minimizing the sum of the squares of deviations between
the observed and computed montﬁly runoff volumes. Thus,
approximately 3 years of observed monthly flows are required for
parameter optimization. The daily rainfall is broken into hourly
rainfall . To account further for temporal variability of
rainfall on runcff, hourly rainfall data are divided into ten

periods  of 6 minutes ecach and the ralnfall intensity for each 6

133

'

V49



min period is determined by proportioning the hourly rainfall by
the rainfall distribution. Thusa, this model provides for runoff
that may occcur when the two 30il moisture zones are not filled to

thelr capacity.
6.3.9 Yearly Volumetric Rainfall-Runoff models

The simplest linear models for volume take the form
Vg = aVp - %
where V@ 1is annual runoff volume, Vp is annual watershed mean
rrecipitation, a and b are coefficients esztimated by linear
regression analysis. This type of relationship has been used Dby
several investigators (Suteliffe and Rangeley, 1960 Pike, 1964:
Rodier 1976 Marsh Littlewood 1978). Woodruff and Hewlett (197@)
predicted and mapped Va/Vp for the eastern United States 1281
watersheds, up to 2@0@ M). Bosch and Hewlett (1982) reviewed the
experiments conducted to determine the effect of vegetation
changes on Vg and evapotranspiration but found in conclusive

results,

The difference between annual rainfall and runoff from a
watershad comprizes principally evapotranspiration, seepage, Vg

and the change in groundwater storage 455
Ve = Vg + E + Vg + AS

The term AS in this equation can be negative or positive. If the
watershed 1is watertight and AS is negligible, then equation

reduces to

Va = Vo - E
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Equating these equations,
E=Db+ Vp(1 - a)

It is thus seen from these equations Lhat water yield and
evaporation increase linearly with precipitation. This assumption
is reasonable in temperate  and subhiumi d regions where
precipitation is moderate and well diztributed temporally. 1t was
. hade by Sutecliffe and Rangeley (1968) in their water balance

study in Iran.

On comparing of these equations it is clear that the key to
determination of annual water yield is the accurate determination
of annual evapotranspiration. Ayers (1962) suggested that the
annual evaporation 13 approximately half the annual precipitation
for the relationship rxpressed by equation . On the other hand,

equation (1©.6%) gives a linear relaticnship between them.

P

Several other types iod evapotranspiration precipitaticn
relationships have Dbeen proposed (FPile 1064: Soleomon, 19677
Majtenyi, 1972). For exanple Schrelber, referred to by Budyko

(1948), suggested the following relationship in 1904,
Ea = Vo[ 1 - exp(-Pe/Vp)]

where Ea i3 the actual evaporation (land and 1ake evaporation as
well as transpiration and Pr is the maximum possible  value for
actual evaporaticn in the given condition; this will amount to

potential evaporation.

Another well known relation is given by Ture, cited by Pike

(1964);
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Vo

E =
[.9 + (Vp/LY2 ]J1/2
where E 13 anoual evapotranapiration in millimeters V, iz in

millimeters L = 3@@ + 25T + @.p0T7T% 15 willimeters and T is  the
mean annual air temperature (-C). The above equation was
developed using data from a large number of  worldwide sites.
Inclusion of temperature in this equation reflects indirectly
the eneragy available for evapotranspiration as done by

Thornthwaite (1048).

Pike (1964) suggested that squation (18.67) would be more
realistice 1if L were replaced by Penman™s estimate Ee (Penman
1948,195@), or adjusted pen data, and if the constant were made
unity. Since Eo 13 an approximation of energy balance. It would
be a more realistic estimate than L of the energy available for

evapotranspiration. Therefore,

VoEo

[Vp%2 + Eo2].5

Another formula for determinipsg E is the Eritzki and Menkel
formula (Kritzki and Menkesl, 1949), which employs saturation

deficit instead of temperature:

E = Vp[l- K/(1+.5d)3.5]

Where K is a coefficient depending upcocn local condition ( K< 1 )
and d 1s the saturation deflelt, Jdetlned as the differcence
betwesn  the saturation vapour pressure  at  the recorded air
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temperature and the actual vapor pressure.

Enploying Bouchet’ s concept of actual and potential
evaporation (Bouchet, 1963; Morton, 1965), Solomon (1967) derived

an expression for computation of E;

E + Pg = Nk
and

Wa = E(Ng - E)/[Pe(Ng - 2E)]-°

where Wa is avalilable moisture. Pe is potential evaporation and
Ne 1is net energy. It may be noted that the variation of Ne is
generally not significant from one year to another, and can  be
assumed to Dbe a function of net solar radiation Rn. For the
tropical equatorial zZone, N = Rv = (1 - € )R1, where R1 1is
incident solar radiation and € is albedo. Wa approaches Vp for a

water year starting at the lowest wvalue of flow.

Thease models do not lncorporate seasonal  differences  in
avaporation demands  that may deplets s30il molisture storage.
Consequently theres may be significant crrors in estimation of
actual evaporation and so0il molature, Ax  an alternative
Glaspoole (196@) suggested a multiple linsar regression for water

yvield utilizing seasonal precipitation values.

Vg = ao + a1Vpso + auVepwe 1 auVpsir + a4Vpwil
where ai, 1 = 1,2,3 and 4 are regression coefficients, Vpsi 1i=0,

1, i3 asummer precipitation for the previous and current years,
and Vpwi 1i=0,1 i3 winter precipitation for the previous and

current years Glaspoole (1960) applied it to the Thames River of
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England and  was to able  to account for 952.9 percent of
variability. A similar study was conducted by Mustonen (1967)
for finnish watersheds, which incoluced fall, winter, and sunmsyr
precipitations, average annual temperature, potential
aevapotranspiration in summer, frost depth, percentage of dralnage
area with coarse soils, volume of forest growing stock and
chang= of z0il melisture during water year in a multiple linear
regression analysis  to determine annual water yield. He found
that 89 percent of the flow variability was explained by his

analyais.

Along similar lines. Hann and Read (1978@) ‘correlated mean
annual runcff with mean annual precipitation, watershed
perimeter, Pe and watershed relief ratioco Rr for small
agricultural watersheds in Kentuky;

Va = ac + A1Vp + AzPe + wulRy

where a 1=0,1,2,3, are regreasion coefficients Equation (10.73)
explained 91 percent of wvariation in Vg. On the other hand,
Sutecliffe and Carpenter (19867) used annual precipitation and
elevation in their correlation study on mountainous and semiarid

area in western Tran and found
Vg = aos + A1Vp + AzFe + asly

where this equation explained 66.4 percent of variation in Vaq
Vg = as + aiVp + azE

Hawley and McCuen (1982) related Ve to several physicographic

characterisztics from 6@5 watersheds in the western United States




divided one for each region of hydrologic similarity, were
derived. The equation explained from 57 to 95 percent of the
variance in Vg. Sharp et al. (196@) and Harris et al (1961)
reported multiple regression equaﬁions for eatimation of Vaq.
Similar studies were conducted by Wang and Huber (1967) for

ungaged wateraheda.
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7.0 PROPOSED STUDY DURING AND AFTER TRAINING

The estimation of water yield will be helpful in number of
water resources problems such as, design of storage facllities,
determination iof water avallability for industrial and
agricultural use, dependable water supply for power generation,

planning irrigation operaticn and design of irrigation projects.

Water vyield 1is the volume of the water available from a
stream at a specified point area and at specified pericd of time.
The water yield is determined at the point of ocutlet of catchment
and the period of time a day or longer. The thrust 1s given on
the volume of the flow rather than the instantaneous discharge
and reflects the volumetrice relationship betwaen rainfall and
runctf.

During the tenure of training, it is proposed to work on
developing water yield model for smaller catchments with the
available data. These models may be design to extend it to the
bigger catchments. There are many approaches to determine the
water yield such as empirical approaches and continuous tinme
simulation approaches to determine the water yield of a
catchment. Models can be classified as Volumetric storm rainfall-
runoff models, Monthly volumetric rainfall-runoff model and
Yearly volumetric rainfall-runcoff model. The model is proposed
to develop on the basis of the hydrelogic characteristies and

hydraulic characteristiecs of the catchments.

Water yield models are quite essential for Indian conditions

as  in most of the reglons, though the c¢atehments recelve enough
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rainfall , there is ne provision for the control or +to utilise

the available water resourcea in a proper planned manneyr. This i3
due to the lack of knowledge on water yileld eatimation.
Personnels involved in water resources planning should need
training on problem related to water yield in the catchment. The
present training will give a insight of the problem and trainee
may be able to guide or train the local engineers and scientists

with the specific problem.

In this region anomaiy is found in estimating water yield or
discharge of the catchment which leads to over or under design of
water storage facilities. The concerned local authority have
cited this problem to our inctitution to come out with proper
methodology or model to estimate water yield from the catchment
for thelr proper design of water storage structure.

We have selected two representative basins for hydrological
atudies 1n this region. After successful completion of training
on catchment hydrology, the knowledge acquired during the
training may be extendsd to apply it to the representative basins
selected for the hydrological studies as initial application of

the model developed during the training in abroad.
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