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INTRODUCTION

Evapotranspiration (BET) is tue corbined process by
which water is transformed from the ecrth surfece to the
atmosphere, It includes evaporation ot lisuig from soil and

plant surface plus transpiration of liquid water through

rl ant tissue.

_ ET is the major component of ‘the water Pudget after
precipitation.. The interaction of ET with other eorponent
1Lerrooting and soil mcisture profiles and dynamic nature of
these many components. with time make eveluation more difficult.

The amount of liquid water and the energy to vepori;a it will

vary both in space and time over the watershed surface.

ET flux moves large cuantities of water from the soil
back to atwmosghere. "In humid zones, about, 750 to 900 mm/yt
of water  is vaporized. In sub bumid areas, 550 to 700 mm/yr

comnonly evaporate from vegetated surfacés, In driew regioqs

‘where eveporative demands are even higher, most if not a11

of the precipitation is returned to the atmosphere through thic

process., Accurate prediction of &7 ic reuuired for hydrologic
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models e.g. U.S.G. 3. model, TVA model, USDAHL model, CREAMS

model, SHE rmodel etc,

ET amount varies with the time and space because
tenperature, precipitation, irrigation practices, humidity,

wind velocity . varies with time and space.

DEFINI TIONS

Definitions of some of the important terms which are

referrec frequently are ziven below :

BEvaporation

¢

It is the process during which water ehanges to vajyouy,
This is one of the basic components of hydrologic ecycle by
which water changes to vapour through the absorption of heat

ensrgy.

Transpiration :

It is the process by which water vapour leaves the
living plant body and enters the atmosphere. It involves
centinuous moverent of water from the soil;into the roocts,

through the stem and out through the leawss to the atmosplere.

Evapotranspiration (ET) :

It is the process through which water is transferred
fror the earths surface to the atmosphere, It is the amouht of
water evaporated from scil and plant surfaces and transpiration

of licuid water through plant tissues. It is generaily
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expressed as equivalent derth of water per unit area 28 DO

oY Ch,

Potential Evapotranspiration (PET )

The ideas of Fotential Evapotranspiration was first
put forth by Thornthwaite in 1944 after two Gecades of study
of the moisture factor in ciirnate. The water 1lcss taking
rlace from extensive vegetaticn cover under the ideal ccndition
of continuously adegumte scil moisture is termed as Potential
Evapotrasrspiration (FE). It is a thecretical reoisture loss
which eapplies to any rlace but is only avtained in reality
where there is no shortage cf moisture and where other re- .

quirenents are met,

Actual Evepotranspiration (AEq)

It is necessary to distinguish between everotranspiratic
under ccnditions of variable soil moistﬁre and rotential eva-
rotransgpiration.’ Actusl evapotranspiration represents the
apount of water loss actually taking place in the form of
eveporation and transpiration., When precipitation is greater
than potential evapotranspiration, AEq equals Flpe Under thesc
conditicns, there is sufficient roisture so that evaporaticn
can proceed unhindered. When precipitation is less than
rotential evapo trenspiraticn, AET eguals precipitation rius

any soil ncisture which evaporates and transpires,



3.0 PROCESS OF EVAPOTRANSFIRATION

Evapctranspiraticn is a complex process involving
rany climatic, soil ané plant varigbles, It constitutes two
processes nauely evaporation and transpiraticn. The upper zone
of the soil (i.e., the unsaturated zone) cconstitutes the nediur

tetween the atrmosphere and tae saturated grecund weter syster,

Evapotranspiration fren vegetated surfzce is a function
of several process like rediation exchange, vepcur transport
and biclogical growth cpereting within a systen involving he
atmosphere, plant and scil. A schematic representation of the

soil-plant-atmeosphere syster i3 shown in Figure 1,

Evapotranspiration varics as a consequence of variations
in clirate, crops and scils, Unlike preciritation retecrolo-
gical parareters influencing evapotranspiratiocn do not vary
widely freom place to place. However, the variaticn in crops

=nd scils does influence tc a large extent, the veriation in ET

The predoninant soil factors affecting ET are those that
affect the awount cf water that are available at the scil
surfzce and to the plents., When the surface leyer cf the scil
is wet, evaporation is geverned primarily Dy atreospheric ccn-
ditions, However, as this layer dries out, the rete cf
evapcration decreases very repidly and is greatly influenced
by scil properties such as relative mpmidity of soil air, the
diffusion coefficient, the capillary conductivity anc the hy-
draulic conductivity cf the surface layer. These scil properti

govern the rate at which water, either in liguid or vapour
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form is transmitted from lower Gepths in the wrofile

to the surface,

Plant controls a large murber of the rrecesses that
determine ET rates, either by their use of radiant energy
or root interactiorn with svailable scil weter. The elfects
cf plents on ET can te divided into the main categories of
(a) canopy, (b) phenology, (c) root distribution, and (a)
water stress, Many of these interactions of creps with the

atmosphere and scil are provided by Monteith (1976).

3.1 Evezporation

The process of evapcration of water in neture is cne
of the basic ccmponents cf the hydrologic cycle by which water
changes to vapour through the absorption of heat energy.
The essential requirements for evaporation process zare the
source of heat to vepcrize the liocuidé water anc¢ the presence
of a concentration gradiert of wester vepour between the
evercrating surface and the surrcunding air . The scurce of
energy for evapcration may be in solar energy, in the air

klowing over the surface or in the underlying surface itself.

Evaroration can occur cnly when itie varcur crnugentra-
tion st the vaporating surfsce cxceeds that in thie cverlying
eir. Delton (1982) stated thot evaporation is & function of
the difference in the vapour pressure of the water and the

vapour pressure of the afr which may be written as foliows 3

E:(es—ed).F(u) sece (1)



wiiere
E = evaporation

e = sgaturaticn vapor pressure ot the tewp of
evaporatingz surface, mn Hg

eq = ssturetion vepour pressure at the dew point

temperature, mm Hg, and

u)= a functiocn of the horizcntal wind velocity,

The total heat ccntent is the sum of the sensible heat,

depending cn teuperature and latent heat Gepending on vap ur

-
47}

pressure, The rete of evapcration is thus irfluenced by solar
radiation, air temperature, vepourpressure, wind and to certain
extent etrospheric pPressurc, Since solar radiaticn controls
the net energy available for evaporation, eveperation varies

-

with latitude, seascon, time ¥ day and sky ccunditicn,

The rate of evaporation frem e saturated c-il surface
is avproximately the sarec asthat frem an ndjacent water
surface of the same ternerature, As the scil begins to dry,
cvaporation decreases and its terpereture rises to recintain
the energy talance, Evcntuelly eveporation ceéaes since there
is no effective rcehenisnm for transporting weter frorm apprecial

7.

depths. Thus, the rate ¢f cvapcration from soil surizce is

(67}

lirited by the aveilebility of water.

g Treanspiration

Only a small portion of the water absorbed by the reot
syster of a plant rerains in the plant tissues, Almost all the
woter is lost to the atmosphere through transpiration,

Trenspiration is basically an cveporaticn rrocess, However,
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transpiration by plants and trees is redified by the plant
structure, stcratal behevicur courled with the rhysical

nrocesses controlling evapo aticn,

-

L

The fectors affecting tronspiration ray be rhysio-

C

lcgical or environmentel, Irportant rhysiclogical factcrs
sre density end behavicur ofsstcuats, extent and character

of rrotective covering, leatf structure, and plant discaseS.

The essential envircnmental factors include temperature, solar
racistion, wind and scil rcisture when the permaacnt wilting
rercentage is reached. nginfall interceptéd Ly vegetatica is
evaporated, thereby cocnsuming sorie enercy which ctherwise
weuld be available for transpiration. Plant tyre beccrres

en ipportsmt factcr in ccntrolling trenspiratior when eveilabic
scil roisture is limited. 4s tle upper layers of the soil

ary cut, shellow rcoted specics can no longer obtain weter

and wilt, while Jeep rooted snecies continue to transrire

until the soil noisture at greaster depths is reduced to the

wilting point,

4,0 MEASUREMENT AND ESTIMATICN CF EVAPCTRANSFIRATION

The ectual trensfer of water fromo the ground tc the
atmcsphere by evepcration and transpiration from various Crops
under Aifferent atrospheric conditions may be calculated fronm
reosurcnents of such guentities as the vertical gradient of

-~

water vapour and the transier sroperties of atmeosphere near
the ground., But satisfactory instrunentation is elaborate
and costly, Sipple measurements of the loss of water frono

srell tanks containing eit er soil and vegetation or water




ney be made under varicus conditions, but the correct inter-

gretation of the results is Adcubhtful unless the surface of

the sarple i8 horogenecus with the surroundings.

By the use of recisture contrglled scil tanks it has
been found that empirical rel:tianships can be established
between the evaporation fron adecuately watered land and
the meteoroleogical conditicns., These relationshirs very
slightly fronm one crep to ancilier and apply only in the
special case wihere the potential transpiration of the crop

is fully realised,

Two forms of empirical relationship have been used,
one established directly between the consurptive use of water
Ly irrigated crops eand tihc metecrological conditicns and the
cther ostablished hetween the consunmptive ygeand the cvapo-
ration fror a hypothetical standard surface, calculated fron

consideration c¢f the energy svecilable for the evaporstion of

water,
4,1 Thornthwaite's Forrule

The best known of the direct relationships is that
of Thornthwaite (1948), who concluded that thie waternced of

a particular crcp was directly dependent on the eir ternypera-
ture end the length of day light. Tihornthwaite cave t.e
following relationship tc cstiriete potential ET based on riean
ronthly temperature

’ a

-3 -




potentizl evsrnotrenspiration ( enm/month)
= mean ronthly temrerature (°C)

eand a are coefficicnts varying with terperature

= 0,000 000 675 I--0,00007711%+0.017921I +0.49239
s o)

anmizl hZest index = i= rontihly heat index

sl

Tae ~ticonsliips he stablished between these
tities for a anderd vegetative cover of turf veried

from place te place but could be fitted arproxirately

-~

famnily of curves distinguished by an incdex I
wita the form of the norrmal cnnual cycle of terperature.
Curves relating the water neced cf pasture in a stenderd

ronth of 30 days cf 42 2curs tc the nesn air terreraturc are

shown in Figure 2 for se. 28 values of Thornthwaites index I,

1 e

The Thernthwaite's retln” hes been widely uscd fo

estinates ¢f monthly PET the werlc over, 1In India Prcf,

V P Subrahmanyar and his assceciates at the Andhra University

used Thornthwaite's PE for conmrutaticn of water balance by
Thornthkwaite's rethed,

The rethed being entirely dependent cn temperature wes
found tc coverestirate the FET in suncer rmcnths and under-

czstineates FET in winter conths,




4,2

the

1-9

Penran's Forrula for Potential Evapotranspiration (PE)

Leceording to Penman, potential evapotranspiraticn is

arcount of water transpired ir unit tice by a short te

green crep, completely shading the ground, of uni form height

and never short of water'. The fornula develcped by Fenman

for estireting FE cver vegetative cover is

e i . -
iR (1-r)( a+bn) -+ ;1(0.56-0.092;8,4) (0. 10+0.90n)J +0.35( ea-ed)( 1+u
PE =— Y N 100
+1 o0 0 ( 5)
where
IrE = potential evapotremspiration in nm per day
R, = Incident radiation cutside the atmcsphere on a Dori-
zontal surface expressed in rmm of evaporable water
per day
r = reflection coefficient or albedo
n = ratio of actual hours cf sunshine tc theoretical
N duration cof sunshine
o = Stefan - Beltznen constant
a and b= constants
T = nean temperature in degrees absolute
4 e
oT = blzck body radiaticn at mean teuzpeérature
e, = ssaturaticn vapcur pressure in pn cof mercury
e, = actual rean varour pressure in mm of rercury
U = wind speed at 2 metres above grocund in miles rer day

ate of change cf saturaticn varour rressure with
tenmperature in nb, per degree Centigrade

= Psychroretric constant in nb, rer degree Centigrade
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RA(I-r)(a+Q§) rerresents the incoming shortwave radiation

and GT&(0.56-0.092JE¢)(0.10+0.90 %? the cutgoing lengwave

radisticn, Reflection coofficient r (albedo) is teken as 0.25

of Monteith!'s (1959) measurenents.

u_) (ea—ed) is the drying power

100

based on saturation defieit,

for vegetetion on the basis

he aerodynsmic terr 0435 ( 1+

3

cf the atnosphere eir roverent and

extra roughness of vegetaticn cover conpared te water surfece.,

The freter & malres sllowance for the relative significance
T

of net radiation and serodynemic terms,

Three nodificeticns heve veen introduced in the original

cquation by Rac et el (1974) . These are

( i) Correcticn for clevaticn of the station @

he cguation, is taken

In the originel ceriveticn of the
ro only. Recent stucies have

Y

to depend on mean eir temrerstu
shown that this fector derends on altitude, A correction is,

rultirlyingté* by Fc where Fo is standar

Y Fh

sca level pressure and Ph staticon level pressure.

therefore, applicd by

(ii) Correction for latitude of the station @
diation, (0.29 Cos g +

in the terr for incoring ra

0.52 n) is used 2s suggzested by Glover and McCulloch (1958)
Ny

zor (a+bn) , ¢ being the letitude of the atation. This terr
N

tokes into acecocunt toc oblicuencss c¢f sun-rays crossing the
atrosphere and is, therefcre, considered tetter for studying

stotions distributed cover wide latitudinal btelts. Radiation
~easurements pade at stations in Indie gave velues for tal

- 11 -
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ranging from ,27 to .38 and for 'P' frorm ,33 to 4k, Values
¢f 'a' obtained is thus slightly greater and 'b' slightly

snaller than given by Glover snd McCullcech,

(iii) Sunshine date
As sunshine date norasls are not availeble for all the

stations, ﬁ;is taren uniforrly for all stations as egual to

(1-m), where m is the cloudiness expressed as a deciral fraction

he forruwla tihus nodified becornes

a0 R,(1- ) 0.29Cos ¢+o.52(1-m)-c<rr“(o.56—o.092ﬁd) 0.10+0,9
FE = 5
i

X
—

(Fo) __+1 cin 106D

Normal nmonthly =nd annual PET of about 500 staticns in

and near India accerding to the modified formula were ccnruted
by Reo et al (1971)., The isopleths of annual FET are shown

in Figure 3.

L, % Saxton Model

A corprehensive ucizl to comﬁute fdeily actual ET was
cevelored and rercrted by Saxton et ol (1974). This rodel
lays erphasis on a grephicel reprgsentation of various para-
moters. The amcunt of intercertion evaporation, soil evapo-
ration and plant trenspirsation afe corbined to provide ceily
IT estimates. The rnodel is shown in Figure L,

The energy availesble is first utilised for evepcrating

thie intercepted weter, The recaining energy is used for scil

{(1-m) + 0.35(ea—eﬁy
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evaroraticn anc rlant trensriration, The esctuel eveporaticn is

lirited by the aveilable scil weter content,

For dry soil with = plent cancpy a part of tie unused
energy for soil eveporaticn is availakle to the plant treans-
rirption to ascccunt for reraciated energy the heated scil znd
air, Actual transpiretion is ccoputed thrcugh sequential con-
sideration'cf plant thenclegy tc describe the transpirability
of the existing cencpy, a roct distributicn to refiect the
crawing of water frcr scil profile, water stress relationship

expressed as a function cf the aveileble weter capacity cof the

rarticular scil layer end the strospherice derand,

The soil weter is adjusted by avstracting the deily
actual ET fror each rootin: layer, adding deily infiltration

corputed from deily rreciritation ninus reasured cr estirated

runc ff end percolation,

LL Use cof Lysireters

Lysireters are tanks filled with soil in which crops are
rrown under natureal ccnditiéns tc reasure the arcunt of water
lost by evepotranspiration, Soil conditicns inside the lysimete
sre reintrined to be very nearly the sane as Bihose in the
surrcundings, Lysiieters are grouped in three categcrics
(i) non-weighing, constant water table type, which provides
relisble cate in areas where a liigh water table nerrally exists
(ii) non weighing percolaticn type, in which chkenges in water
stored in the soil are determined by sempling or neutron prote

Fethoas end the rainfall and percclation are measured, and (iid)
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weighing type, in which changes in soil water are deterriined
either by weighing entire unit with a mechanical scale, oOr Ly

clectronic weighing balance.

While making veasurerents of ET from a particular crop
species, it i3 essential to see that the rcot developrent should

not be inhibited by tle lirited dimensions cf the lysimeter.

here are at present over 40 lysireters raintained by the
Indian Meteorclogical Department, sgricul tural wniversities

~and theose under ICAR. Their lcocations are shown in Figure 5.

5.0 ESTIMATING EVATOTRANSPIA/TICH FOR CRCTS
The crop evepotranssiraticn depends nn several crops and

£

environrerisl conditicns such as climete, soil woisture, the
tyre of cror, stage of growth and the extent te which rlants
cover the soil, Hence, in order to have accurate estiretes of
crop BT it is necessary to toke into acccunt these factors, 1f
estimates of potential Iy for a reference Crop are available,

the estiveation of 3, for specific crops can be rade using

L

¥

Ep = KCEt
where
Kc = crop ccefficient detercined experirientally
Bp = actual evapotranspiration
Et = potential or reforence evapotranspiration.

Exreririentally derived crop coefficients, reflect the
hvsiology cof the crop, the degree of the erop cover, and the
I L'E ] & 9

o

roference &7, Fectors affecting the values of cror coefficient




are r.ainly the crop characteristics, crop planting or shwing

data, rate of crop develcprent, length ¢f growing scason and

cliratic conditions,

6,0 WATER TABLE INRELATION 0 EVAPCTRLANSIIRLATION
Bvaroraticon and traaspireticn fror irrigated soil causes

o

the water table tc rise within a fow feet of root zone of
crceps. The urward flow fror weter tables can have a substantial
effect on the fluctuation cf grecund water steorage. The rate of

evaporation rmay be controlleé by either the capacity cf the

attaspheric environrent to evercrate water or the capacity of
the scil to transmit water te the surface. The rise cf water
in the scil from a free water surfeace i.e. water table as been

terred as capillary rise,

When a water table is present, soil water generally does
nct attain equilitriur cver in the absence of vegetation, since
the scil surface is subject to the evaporaticn due to atrospher
conditicons, If the scil and esternal conditions as constant,
that is, if the soil is of steble structure, the water table
is at a constant derth anc over a given period of tine the
evapcrative rewer of atrosouere remain constant, then in tire,

2 steady state flow situation can develop fror water to

atrosphere in a scil,

i shallew ground water teble ray be present at a constan
cr variable depth, Where e ground water table cccurs close to

the surface, steady state flow ray take plece fror the saturate

4

zone beneath, through the unsaturated layer tc the surface,
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In the absence of a shallow ground water table, however,

the loss of water at the surface and resul ting upward flow

of water would ceuse the scil to dry. Moore (1939) »ased on
ipnvestigations of upward flow fron water tables ccncluded that

when the water tablc is at greater depth the finer soil

supported high evaporstion rate.

Where the water table is near the surface, the suction
at the soil surface is low snd the evapcraticn rate is deter-
rined by external concitions, However, as the water table
becores ceeper ané the suction at the soil surface incrceses,
the evaporaticn rate approaches a liziting value irrestective

. £ the cveporative power of the atrosphere.
7.0 Estination of iT under variable Soil Iméisture Situation
7.1 Frobler Definition

A shallow ground water teble exists at a constant depth
! 2! Ltelow the ground surface. The soil roisture profile has
reached a static ecvilibriur erd upwerd woverment of capillary
flow has ceased, At such ccndition the sum of the suction head
and the elevation head a1 211 points above the water table will
be & constant. Let the moisture content of the soil at the
ground surface change due to atrospheric irwpact ard let
i—‘sb(n) be the woisture content of the top few centiretre depth
of soil which have heen recorded at various tize, n, Let
Q%b(n) values be less toran the corresponding static epuilibrium

roisturs content. Such a specific situation will occur during



a dry spell,
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For the initisi and boundary conditions pres-

cribed above it is recuired to find the upward moverent of

g0il meistuare Lavii. Lhie

the evaporation rate,

T METIC DOLOGY

The

The so0il oto

v
v (s}

e

thickness, Within

not vary with

witea tol

following ascowmg

sSpace
£

iy . :
! tv +ha ground oy Tocoe o

hava beon weade $n 0.

c 3 3 I L § Aol yai o

wetocr t=2le is homogeneous

The so0il has heen divided into several zones of equal

c=ci: zenes the soil moisture does

The soil roisture of the top layer and of the other

layers do not ircrease at any time (i,e. there is no

rainfalil) ,

iv) The unstezdy state

steady state condi

cretised into small time
the suction heads at the

layer and the hydr~u’ic

time,

with

ticons.

Therzfore, (!

has beer aprroximated by quasi
The time span has beer dis-

o

i

steps. Within tize step

top and botton of a soil

conzductivity do not change

L

12 rate ¢f transfer of scil

noistere from one laver to the layer skove-it alse de

not

vary

AT 5L Be

()
~

flow from (i+1)th layer to the ith

leyer during the 3'“ unit tire step under the quasi steady
state assumption is given by :
qlist,i,3) =¥ ((4.0) + Y (i+1,1) § v (3.40) - (de1.5) - 2
2 Z - Z.+1
i i
wea (13)
w17 =
S S SO e 1. . i
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K (2(i,j) +©(i+1,j) represents the hydraulic
2
o T 5 th Lz Eh
conductivity at the interface of i and i+1 layers,

t th unit tims which

ty(i,j) is the suction head of i A layer at j
will be fUnctioﬁ of #{i,j). The elevation head z is mcasured
upward from the water tcble, The rate of soil moisture flow
to the top layer from the leyer under neath during jth vnit
tire step which is the eveporaticn rate during the jt?;i unit
tivze step, will be given by

o) Ol ey o YD ORI o

vees (1%)

The sofl moisturs of the isith leyer duwring the (Jw1)™®

unit tice step will be given by

G (i+vt, j+1) =C(i+1,j) - g(i+i,i,j) + g(i+2,i+1,1) cae L15)
Z z

Ts 3 APPLICATICN AWD RESULTS

The soil data reguired for estimation cof evaporation
losses have been obtained frorm the experirental results of
Sopu (4973). The variatior of suction head () with the volu-
metric soil moisture conternt () and cvariation of hydraulic
conductivity K(&) with (Y)) are shown in Figure i4 and 15
respectively for podure sané. The evaporation losses have beel
cstirated in a soil system where the water table lies 50 cm

below the ground surface.

- 18 =
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The soil system is divided into 5 layers of thickness

10 cm each, The following steps were used for estiration of

evaporation losses :

1)

3)

1)

The initiel soil moisture at centre of the each layers
were measured and given in Table 1. These soil
roistures corresponds to the static eqqilibrium condi-
tions. If the soil moisture of the top layer dces not
differ frow 0.175 which is eguel to static souilibrium
roisture content, there would not be any evaporation

loss frorm the water table.

The soil roisture c¢f the top layer is set to be 0.15

(1ess than the couilibrium soil roisture) .

At time step 1, the scil moisture will flow frer 2nd
layer to top layer. The initial scil reisture of

opd layer is 0,22, The amount of evaporation has beet
estimated by using cegquation @3) and it was found t
be G.&ihxio—gcm. This is the evaporation 10ss during

first tirce step.

During tirme step 2, the soil poisture of 2nd layer wi.
decrease hy an apount 0.41x10—2 em, At this stage,
the soil roisture flow will take place from 3rd laye.
to 2nd layer anc frog ond layer to top layer respecti-
The flow rate frcr 3rd layer to 2nd layer vwas 0, 1824x -

<

crr and fror 2nd layer to top layer was 0,321 x 10"'g ()
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5) Sirilarly for different time sters, the flow rates
have been estimated frop each layer, At each tire sten,
the scil roisture contents of the layers have been up-
dated by using equation (15) and the results are shown

in Table 1,

6) It was cbserved that the flcw rate is greater frcr the
top layers =as corpared to the layers lies underncath
it. The evaporaticn loss docreases with the incroase

in time step,

8.0 CONCLU SION

Assuring a quasi stoady-staote condition, the rov tent
0f soil rmeisture from shallow water table has been analysed for
a scil for which the relaticnship between the sucticn head
(%') and velurmetric soil roistiure content (H) and relaticnship
between hydraulic conductivity f(m) and volurelrie soil volsture

content () are available,

This rethodology can be conveniently used for prediction

¢f evaporation loss if the scil moisture of the top layer has

been recorded and a initial scil reisture profile is known,
# sample calculation has been shown for an assured value of the

soil moisture ccntent of the surface layer,

20 =
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