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CLinalwy, Kotiiay aid Paullws, 1949), mebsozobogtebs, Lrrigetionlsts | Pemmen,
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svaperation dacraasna Fapldly, Tt has hean shoarwed that aviescatlon Fran
sand saturated at the surface ls slightly Lniexcass than tha eveparatfon fron
a fres water surface.  Eveporation from the aversgs loamy well is sbout S0
of that from & Frae satetr surfata, Far whala of the Lasd sucFacs of the
@arth, the foliowlng quantitative estinate has baon dorived by Wust and Svaz=
drug.,

Total pracipitation on lend = 99,000 h'l:a paE yudr,

Fvaperatisn from land surfacec 3
ond inland water = 2,00 km par pear,

Iwaint supalied Lo cohans by
run—off

37,000 Kn® ger vear,

2.2 It must ba emphasised hars that 1t [a oot posslble o detaralon sctual
avaporation from coll or from free water surfaces by meacurlng tho rate of
toss of wator from an exposad pén.  When the ecil surface s molst Ehe evape-
ration escendd pan measurTefents bocauess the soil with ite Alsuis Dcregulari-
tlas presants @ grestar evaporatlng surface and bacause its surface temoara=
tures during the part of the dey whan most of the eveporation eecurs ara
highmr than witer Lamperatires, Héwmirar, whieti the soil surfacs bacomas dey
or gartially dey, leas eyaporation occurs from the so0ll than From & pan,  Even
thenigh the gubasil s maisl, capillary mction cancot supply the surface with
water At & pats st &kl comparabls to tha eveporation from the surface of a
body of wetar, Henos, water molecules cen aacape to the dutar alr ocly by
A vary slow diffusion process shich taked place fron tha lower a0l laweln
fhrough the sall sir nd fesults in o decaleration im the rate of molituTae

Inae,
3, PFuwmporation from Ocoans,

3.1 A warly se |BBE, Hallay set sut to determing Epie quantity of vapour
ralsed out of tho sea by the wermth of the sun™.  The first reasonable answer
to Halloy's problem oppears to have besn given by Brikner (1906). He sxtra-
polatad walues fren avallable abasrvaiices on Ses ecasts and astimetod that

an gyerpge thickrees of 106 oo wae evaporated In a year from all tha ocoans.

S of tha total =olar enargy dbsorbed &t the ses surfece during Lha
couren of & year, spprovimetely Fifty percent is sced for oveporating ses
Watar, Sora quantitative results of 'ﬁll-lt and Sverdrup for the oemima are

gLvan balowt

Total evaporation From otpana = 334,00 kn:l PeT Yebr,

Tatal praclpitatlon en eceans = 297,000 h;' pag puen,
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IF pesan ares bebwean TO°W asd T0%5 is baken iobo considerstinon the sverage

aremial svaporatlon 14 found to Be 99 4 17 tn per ymer,

3.3 Figs. 1 12 3 show the anrwnd end seasonal wariation of evaporation
ovar tha Trdlan Ocean (Varkabmesaran, DEE), & centre of nysimm evaporetion
Is found bstwsen the lofitusdes 199 and 205, The lowest awagmratlen acduse |a
the smelsrisl zane or in tha Blghar Istitude regloma of the. southern hamis=

phire,

AL It has been known for o long time that evaporstion 1= comtrolled by
stmowpberic bovldity, surface water temperature ond wind spesd.  Wany seplri-
cal mathads hwa bean dealopell 4o gelete svsporatlon &0 the shovs fecbom but
nomi of then gisves Satisfacbary rasalts. Eatinrs daveloped om thearailnel
basin to determine evapnration glwe divergost =esulte. So Tar thevs 1o m
#ingle theorstical pethod which has » general applisetion whes uae 1a made of
tamparatuce, Mmidity and wind deta, Howewst, oetion can be made of the

following squation which has baen used to compots aversgs ewssoratiom awver

aotrans, Using avalleble morine climatic datsc



= (e -
E Kle, ea) w, peeel(3.1)

where K is an empirical "svaporation fautor" arzived at by comparing the long
“erm annual ocgan evapora..on, ey is the vapour pressure at the sea surface,
e is the vapour pressure at helght 'a' above the sea surface and ", is the

4 g

wind speed at height ‘a’

3.5 The first measurement of evaporation from pans on board ship was made
by Mohn (1883) in 1876-78, He used a pan that floated in a large container
and dztermined the evaporation in 12 hours. In later experiments, mostly
between the years 1908 and 1914, evaporation from oceans has been determined

by measuring the increass in salinity during the pesriod of exposure.

3.6 Wist in 1920 showed that evaporation from pans on board ship depends

basically on wind veloaity

w and evaporation potential @, The latter is
defined as
T
® = 575" (as - e) veeaa(3.2)

whete T is absolute temperature of water in the pan, ey the vapour pressure
at watar surface and e the vapour pressure in the air measured on board ship.

The vapour pressure e. is givan by
3

e, = eyll - 0.000538) ceela(3.3)

w

where ey is vapour pressure over distilled water and S the salinity in parts
per thousand. It should be noted that ey is somewhat lower than eq. The
evaporation E in cm per 24 hours could then be represented by

E = 0,40 9 (1 + 0.40w) , vee..(3.4)
e, whizh comes in term @ is measured in millibars and w in metres per second.
Wost claimed that values of evaporation thus derived have an accuracy of + 8%.
But later, Schmidt (1936) showed that the evaporation from sea surface was
probably oniy half of that from the pans. This matter has been discussed in

great detail by Wist (1920, 1935) and Cherubim {(1931).

3.7 From pan oh%servations at sea Wast has derived average values of the
evaporation from the diffsrant oceans in different latitudes (Table I).
Similar annual values can also be computed by means of energy equation assu-
ming that the net transport of heat by ocean current can be neglected, Com~

parison of these computed values with the observations shows that the compu-—

ted values are higher at the lower latitudes and lower at the higher latitudes.
This indicates that in low latitudes, part of the radiation surplus is stored
in water, is carried north by ocean currents and is used for evaporation in

higher latitudes. According to Jacobs the energy transported by ocean cur—

16 -1
rents across 30°N is 1.4 x 10 cal min ",
4, Determination of Evaporation

There are several approaches to the problem of determination of eva-
poration in the atmosphere. Methods based on the following have been tried

so fars—

(i) Formulae based on meteorological elements

(ii) Theoretical methods
This is approached in different ways by different workers in the
field, The first method concentrates attention on the mechanism
of the removal of vapour by diffusion and is primarily applicable
to the determination of local rates of evaporation. We shall
also include in this the approach by Thornthwaite and Holzman
which is the best known and widely used formula. The second
approach relies on estimating the amount of energy used in the
change from the liquid to vapour phase and henze the rate at which
water is being removed.

(111) Correlation with climatic records

(iv) Direct measurement from pans
5. Formula based on Meteorological Elements

5.1 Observations of evaﬁoration from lakes, reservoirs and pans have been
used in the development of many empirical formulae in which evaporation is
expressed as a function of various meteorological elements such as tempera-—
ture, relative humidity, barometric pressure, wind velocity and solar radia-
tion. Dalton (1802) was the first to point out that evaporation is propor-
tional to the differente between vapour pressure of the air at the water sur-
face and that of the overlying air, although apparently he never expressed

this relationship in mathematical terms.

5.2 In Rohwer's "Evaporation from free water surface", published in
1931, a number of evaporation formulae are presented and discussed. Most
of these formulae contain the expression (es— ed), eg being the vapour pres-
sure at the surface of the liquid and eq the vapour pressure of the air,

and a factor w expressing the influence of wind velocity. Rohwer's empi-

rical formula is:



E = (0.44 +0.118w) (g, ~ eg)
5.3 A few other empirical formulae have already been discussed in the pre~
vious section.  Thornthwaite and Holzman (1939) have carried out experiments
on theoretical and observational procedures which have given promising results.
In their method they measure moisture at two or more levels using theoretical
developments of Prandtl (1932, 1935),Rossby {1932, 1935) and Sverdrup (1936).
From their formula evaporation can be determined by knowing the vapour pres-—
sures and wind velocities at two levels. We shall be referring to this again

in theoretical methods.

6. Theoretical Methods ~ (i) Evaporation as a Diffusion Process

6.1 Evaporation from smooth and rough surfaces
6.1.1 The moisture concentration of air can be represented by pq, where p
is the density of air and q the specific humidity. This will be considered
as a conservative property, that is, a property which is altered locally

(except at boundaries) by processes of diffusion and advection only, and we

may write
Woe 2wy
. 2 ('-;1 8oa) )
_%(pqwx) - a%("q”,,)"%(m"z)- cenen(601)

A
Here f‘px s B\[_ and ';_z represent the diffusion coefficients(of dimensions L2'I‘_l)
which are supposed to be different in different directions and wy, Wy and w,
are velocity components. This definition implies that the following consi~

derations are not valid if droplets are present in such numbers that con~.

densation on or evaporation from droplets, cannot be neglected. Assuming

stationary conditions (jggsg) = 0), motion along x ~ axis only (w, =w, =0)
. . : 5 alpq). = 3pg) = 0), we can

and neglecting horizontal diffusion (Ax Ix Ay Y )s

rewrite equation (6.1) as

A
3 (z 3!992)_ pg wy)
9z p ¥z = x . veeea(6.2)

Equation (6.1) can also be applied to evaporation from ocean surface which is
a water surface of infinite extension, directly above which horizontal gradi-

ents of moisture content are negligible. Very near the sea surface the ver~

tical velocity can be neglected and density can be considered constant. Then

egn. (6.1) reduces to

4. (ada =
dz ( dz) °
or
add = const (6.3)
I . veeea(6,

This expresses that near the boundary surface the vertical flux of water
vapour is independent of height. If the vertical flux is dire~ted upwards,
gg must be negative. In this case the flux must equal the evaporation

from water surface and, therefore evaporation E is given by

- d -2 -1
E = - aq <
A g lgom Sec ) e (6.4)

This is the general form of an equation for evaporation. This shows that
the problem of evaporation is the problem of finding A, the eddy diffusivity.
At some distance from surface we may write

A ™ pkowez veeea(6,5)

Defining for convenience a term T, (Montgomery, 1940),

conea(6.2)

(where gy and g are the specific humidities at the surface and at height z

respectively) and putting (6.5) and (6.6) in (6.4) we get

E = kopweI (gg - a). veeea(6.7)
T is called the evaporation coefficient, ko von Kidrman's universal turbu—

lence constant (k0 = 0.4) and wy the "friction velo:ity"” whish is defined by

W = Nr/p : vee..(6.8)
where *is shearing stress.
In equation (6.7) we shall determine the evaporation coeffisient I’ , whizh

is the unknown factor, for smooth and rough surfazes.

6.2 Evaporation from smooth surface

Over a smooth surface, there is a thin boundary layer in whi:h the flow
is laminar. Above this laminar layer the turbulent layer begins. Plazing
the origin of the vertical axis at the top of the laminar layer we have in

the turbulent layer.

A = p(¥ + kywe) vee..(6.9)



and in the laminar layer

A = N = ¥ (6.10)
here /¥ is the viscosity and ¥ kinematic viscosity of air.
Shearing stress ¥ is defined as

ro- A ven(6.12)
It is supposed to be independent of height, near the sea surfave and equal to
%, the wind stress at the sea surface. The friction velouity van be
expressed by the wind at any level, w, as

we = Yw } e
where Y is the resistance coefficient which accerding to von Kérmés, Lan be

obtained from the equation

L L L = 1
¥ + K, In ¥ = 5.5+ D3 In<% L (6.13)

Further, from dimensional consideration, Montgomery (1940) expresses the

thickness of the laminar layer by
§ = ANX
Wy

where N is a constant for which von Karman found the value 11.5 and Mcr.tgomery

obtained 7.8.

fully applicable in the case of eddy diffusivity also. We may expeut close
to the sea surface a layer through which the flux of water vapour takes plawe
by molecular diffusion, and the thickness of which is equal to that of tne
laminar layer. The eddy diffusivity in the turbulent layer may, therefore,

be written as

At = plk + kg, wyz), ereen(€.14)
where k is the coefficient of diffusion of water vapour through air. Whers
z» d , eddy diffusivity differs only imperceptibly from the <ddy viscousity.

The flux of water vapour through the twe layers is avcording te equation

(6.4)

Eo= k(98 = plkguge) (92

1 ) cienn(6.15)

z 't
where the subscriptsl and t denote that the differentials apply to the laminar
and the turbulent layer, respectively. Integrating we get ( z =0 at q = dg

at the top of the laminar layer)

_ B g _ E

9GS~ 9% T e T opwx Kk , oo (6.16)
ag - E_ ), Kk ‘ v
6T 7 ke T veeen(617)

For z»d , k is small compared to kowez and we may rewrite equation (6.17) ‘as

= B, B
kS Koo X . vevn.(6.18)

AMdding (6.1€) and (6.18) we get

_ _E__ v kow»z
9 ~ 9 = oWy {’“‘og toln =— 1 ceea (6.19)

Rearrarging we get

_ q -
E = K pwg ———etem o
o Yoy, Sl

Ak ¥4y n . co...(6.20)

Substituting w trom eguatiovn (6.12)

qs -~ g
E = s oW T
M, ¥+ In o eee..(6.21)

Henue rrom equatiovi. (€.7) we get

-1
k _Wxa
ra = l:x k, l_‘: + 1u AT’E-]

Here { is independent of temperature ( ¥/ k = 0.602), but k itself increases

_.l)

ven..(6.22)

2
a littie with temperature (at 0U°C k = 0.22, at 20°C k = 0.25 cm” sec ).

With k = G.24 cm? se ™ and a = 800, I; is shown in Fig., 6 as a function

ol w.

Acvourding io Ressby (1936), the sea surface has the character of hydro-
~1
dymamically smouuth surtace at wind velovities upto 6-7 m sec =~ as measured at
a height uf about 8 mi. At wind velu:ities exceeding 7-8 m sec™l the sea

surface appears tu be hydrudynamicaily rough.

¢.3 Evaporation from Rough Surtace
6.3.1 Various attempts have been made to describe evaporation from

rough surfa.es. Ea. h wocker in the field has assumed different character

as to the nature of diffusivity uluse to the surface.

6.3.2 Millar (1937) and Montgomery (1940) have assumed that next to the
surfave there is a true difftusion layer followed by an intermediate layer
of thickness Z in which the eddy diffusivity corresponds to that over a

smooth surtace. At Z the eddy diffusivity suddenly increases to the



walug of the sddy viscoslty over o rough surface, ard for z2 I,

b=k g dx o 3,) whereozy 1 the Toughness lensth of the surfam.

6.3.3 Thie s=cgnd gesumpiion B8 thet el o the wurfess tharm is s trus
k
Al fuslon 1syer of thlckmizs & = ﬁ' o WheTE W, sppliss fa 4 rough sle—

Face. Freom thi top of this laver the eddy diffusivity Incroscas ot Ehe o
rabte’ o5 the eddy vi=zcoalty siowe o rough serface. These asssaptlons are

alailar 4o thena of Burkar end otbars {1599},

£,3,4 While sbudpie ovsporstlon fron aceans vardoup (1937) sesumesd
thiat nadl to The surfeor Lthers 14 8 brus diffoalon Yayus of Uilckrews

d = & Whara We. applies tu 2 rough surfaca, At the top of this layar
the diffusivity incresses abtruptly from the soleculsr wvalue to the walus
over 8 Tough surfice A = kg wapld = 25} and for 224 ¢ A kgp wglz = 35kl
In arother papst Svecdrop (1944) come ta the conclueion Lhet trers doss rob
axist a tron dlfTusian Layer, Tha eddy diFFusivi®y iz ab all lewmis idan-

tical with thy eddy viocosity Lo, A = L] u.:_[.; + :u].

625 Horeis (198B) while sgresbng with WLler dnd Montsesery on the
exintonce of lanmlnar layvar, the lntarmodiate layer and tha outsr turbalest
layer, pssumed thet at the top of the Lotermedisbe leywzr, ot ¢ = 2, tha
yartical Flue of water vepour incressed shuptly from By to E where E,,n"i -

g g )

Bod.h On Lhe basks of ths abows asdumpilons we. arrive st fiwe diffarent

squatlons to sapreass I"n_, Thasa arg

=1
Wi L

uw By == [1n§-:—:hkﬂf+m - 5} RN (- IrE L
a —

2. Ty = {hkkpg+m 3"%'3—1 1, BER T h
a =]

3 Ty = I-‘I‘l‘aE"'l"' "-h;ﬁ:l ' P =1

-1

Gy = LT veraalBia8)
[ |

- P b = [ in :— l.?ﬁa] . PR S|

H,3.7 In Flg, & tive 'y curves for a = BOU on are shown as funotioae of the

mind valecily, arresponding to fiwe sets of assurptions.  From Montgenary's

darlvation we find that the svaporation cosfriclant for a fully rough surface

i= one half of that for swooth surface, bot sloos the fristion welopity incresses
irn passing from s smooth to s Tough surfoce, Lt Is concloded that mwesporatiod
fron & wroelh ass 18 puch Lis same g8 Phal Frem rolgh ses,; edceph for Lhe tomivi-
otion from spray, Thin, ss we find, doss mot agres with the wore of Korris
[1043), whe ssmasid Ehal the ratis of the flux of vapour in U Inferesd,sls asd
turbualapt layers 1s proporbiora] Lo Lhe reblo of She #hedrled sttsses le thade
layyers, and tharetors to the sguare of the Tatio of the friction welocities
appropriate to the two loyers. On this basis; Morris concluded that the retic

of avaporation from a fully rough surface 15 Four tlmes that For o emcoth sorfdoe.

L I On the whole; the saloht of observablopal wvldenca Is In Fayour of tha
thanrien of Horris and Sverdrup snd agoeinst Montgomery, Eor winds (ot & m) lon=
Ehan BOO cx wec™l, w11 fhres theories ledd to much the sape resull and sew i
modarate Bgreesent wiih obssrestion, For winds secesdipg 800 m e T
gy s farmala gluen roles of evspotation Tar below theds ubeeryed, shetess

thiri Lo 3 Albaurs of airesnent wlih the satlnetes of Brerdiup and Rorela.
T, Theprebical Metbods — {14) Enargy Bulamns Welbod

T.1 Thin matipd Gu bewed on the principds of comservaillen of smergy,  This

consiste in eqoatleg the energy recoived [rom the sun to, the energy uaed By ovi-

paration, wamming, Back raliabion etu,  Ensrgy halsnes bn Ehe case of noesn cap
be written »e

& = Gi +8, + qh waranlT:10
mlhints

l:l‘ = Shortwive radlation From sun and Sky.

q, = Ugmard Flux of loro-wave radlation.

Q2 = Hest uend in eweporation,

Q, = loss of hest by tondustion to the stoepsphess,

A1l thia abews guantlties are eadpresaed  In g cal Ld"-"l:.ln_J. 1t is sesumed
that uiber socress of hest galns or Josses, such as eeoduction of heek fee
interior of the sarth, smergy changes Telstsd to the chenicsl wnd blp=Chmalcal
provesess in &sa end frictlon losdes; are neglligible and ihat averogn tempe-

rature of the ooeans remalns nearly constant from one yoar to the other.
Introductng Bosen Ratla, R r% equation (7.1} becomes

g, = —t= SR L



How @ = LE, whars L s the Intent haat oF waoaur”cut’ v
Harta tha rats of evepatrsbion ser undt sres Qe

&___ﬁ;_-
LI+ wisrs Pt ]

B ]
The problee kere is ta deteTelios R Tha other geant!ty (0, - 0,0, radie
tion surplus, is known of cam be measussd essliy. Soweldl detarminad tha
yalus af (G = 0.) by using meesuremenis of radiatliso st sea conbined with
tata parkalning to Elnudiness snd wes surfece temperature (Fig, 71,  Mosby
|T93A) napputed it by using cortain empirical eelattons bebwesn the Lacanleg
rediation and the altituds of tha gon. His welues egees well wi4h Ehase of
Schwlde [Pig.7) except betwesn Letitudes 3N and 3075 where Scheldt's
rasulbe akow & ainloun radlation surpluk near the eguator whareas Mosby
obtains no such minieem,  This difference 18 dos ko the Fact thet Scheldt
han Entroduced a constderably greater cloudinecs sk the equator dhes st 30%
op 0% (5.0, 4.2 and 4.0 respectivaly] whereas Boshy hes used nearly the
Eamr valimi of cloudineas in all latitodes batweesn JG°M and J0°F [valuss
batsean 3.6 and 3.5, MoBews (1938) hes alkn sowputed the radistion sur—
plud betwsan iatitudss 209 and 0N in the eastern Horth Pacific, His
mathod 4 wery slabarats ans. Tha mgresment betwoon his resolt and thooe

of Sobnldd end Meshy 16 quita good (Fig. 7).

Ted fccording ta Bosen R can ba compoted Lf tamperaturs T; snd the wapoar
prassure #;-af @ Beight 'a® abovwe tho ses curfans 13 knows and IF the famee=
Tature akt tha ses surfoce 'l" has besn recorded, The vapour pressura at the

aan Gurfacs is obtained by ueing the aqeation.
wg = ngll-0,000633) PR v}
wWhaTa § Lé the kalimley 1A palts far thousamd,

fowas's formula can be doriwed Lo s alople menner. If Lhioeddy coaffi=

plente fay dLFfuslon of water wapour end <onduction of heat sre. assumed to ba

sama, the upsord Fluged of lakent smergy of watear vapour ard of baet cen ke
writtan as

e

-~ Lw 0,601
3 = E P
Yitis

dar
B = =G A A ek

whare p 16 the almacpharlo prasgsurs; A& the eddy comlectiviiy [ 'd'I.'FFl.liiu'I.t"'h
EP the spercific heat of alr end T tha ale twrparaturs:; To ba nore sppropriute,
patartisl tewparasture should bo veed, but near the soa surfase, due to large
vartioe]l bempareburs asad!as®, mly 8 anpnll ecror e Introdussd by gelng the

ardinary temparature. It follows ikt

o= % = ;ﬁpr‘f Eﬁ PR L

Remlacing E‘ﬁi By ATenT, b/ (o =&, ) and muttisg Gp = B.24%y p = 10X w5 ond
L =585, bore obialng B, the Bowwn Rrtla s

Roa e EITR wereelTa)

7.3 Thie Boessn Fabin Man bass used extasiiwly by Omings and Blskardson
{15297} In the study of eveparatian From Lakas ard by Jasoba {1542} im his eve—

minptlon af enmrgy exshangs bebtwnsn the ooson and the atmosphers,

i Jacobe ditermlesd tha Bowen ratls ac & Functlon of latlitads for Becth
Atlantis and Morth Pacific Jomans. Though in botn coses B |ncresssi with
Intit:de, the walues found for the Rorth Atlentls serd sspsiatontly smellar
than those of the Morkh Pacifle.  Thin was due b the Fact that rasefal
obsaryalions From soecltally pdpZpped ships ha'ss shosothal Sn o the troplie af
tie o Atlantlc Dzeen, the alr tespersture 18 aboot GL.A%C Dosar thin the Sak SUI=
fo3= tempecsturs, but the wolues Found in clipeiolagle=sl charts show o snallsr
diffaranss ar evan blghsr air tenpoaratizes acd Jacsla Bad used Thess waloss &nd
tharaFore his B velusd are probably tise small 1o 1ow Detitodes whish semalm

8 coevactlan.

7.5 Wa giva balow tha awerage waluss of R far the twe northurn oomand,
Tabla 1T
Hy Lat, [ A B
g ) {Fnaute ] {CarTa=—ad] (4n otnrvals of
Letitudal

T 053 .53 s
60 o.xr L% b PAET
50 ] e B
A0 0.l B 18 file
n .08 ol3 ol
= B0 0,19 .10
ta £.00 .12 .10
a 6.8 f.1n



8. Theoretical Methods -~ (iii) Method of Thornthwaite and Holzman

8.1 Jeffreys (1918) and Giblett (1921) mere among the earliest investiga~
tors who studied the problem of evaporation in terms of atmospheric turbulaence.
However, because of various non-rigorous assumptions regarding the nature of

the Austausch coefficient, their results are limited and can be applied only

to the evaporation from bodies of water. Sutton (1934), making use of Taylor's

(1922) researches, has extended Jeffrays's analysis by assuming that the Austausch

coefficient varies with height, His theoretical work was found to be in very
good agreement with experimental evaporation measurements for variously shaped
areas. Schmidt (1935) has made use of a formula devised by Ertel (1930) for

calculating the Austausch coefficient and claims to have measured the actual

evaporation from a meadow.

8.2 With the help of researches on turbulence by von Karman (1930, 1994,
1935, 1937) and Rossby (1932, 1935), Thornthwaite and Holzman (1939) formula-
ted a method for determining evaporation from observations of moisture concen~
tration and wind velocity in the turbulent layer. The derivation of the
formula follows directly from an expression for the Austausch coefficient
obtained from the concepts of the mixing length and the shearing stress as

developed by Prandtl (1932, 1935) and von Karmdn. The formula is:

s . Kely-a)w
n 2,2
21 B ceeen(801)
in which
kg = von Karman's coefficient
p = density of air
9 and q2 = moisture concentration at lower and upper lsvels
respectively
w, = wind velocity at upper levels
zp and 2z = height of upper and lower instruments respectively
zo = roughness coefficient

The roughness coefficient is determined from observations of wind velocity
at two-levels by means of the following formula

W2 lnz; — w) Inzp
wy = W cenl(8.2)

I

1n Z,

Since the intensity of turbulent mixing is dependent on the wind velocity and
the roughness coefficient and since the latter can be determined from wind
velocities at two levels, it is possible to simplify the evaporation formula

to the followings

ke (g = a) (wy = w))

B =
(1n 222 v (8.3)
Z1

8.4 The formula giving evaporation in inches per hour for an installation
where the upper observations are taken at 28,6 ft. and the lower ones at 2 ft.

above the ground is

0.0274 P(qy - q2) (wy = wy)

E = ——

T +459.4 veeed(8.4)

where P is pressure in inches of mercury, 9 and g, are expressed in gm per
kg, the wind velocity 'w' in miles per hour and temperature T in °F, If

expressed in terms of vapour pressure the formula is simplified to

17.1 (eg - ep) (wy = w))

T + 459,4 vea.a(8.5)

pressure
where e, and e, are vapour/in inches of mercury at lower and upper levels

respectively.

The formula is rigorously correct for an adiabatic atmosphere. Some
corrections are made for other conditions but these are minor except when

inversions are strong or when adiabatic lapse rate is considerably exceeded.
9. Correlation with Climatic Records

9.1 This is another method by which evaporation from large areas can

be determined, provided complete and accurate records are available. Thus,
if total precipitation and runoff by surface and ground water of a place and
also the change in the storage in the area ae known, the difference will
give the total amount of evaporation taking place from soil, free water sur-
face, snow surface and vegetation, This method has been applied with some

success by the United States Geological Survey.

9.2 In his method Thornthwaite (1943) obtained all available observations
of water losses from land areas in different parts of U,S,A, These include

water requirements in various irrigation districts in the western region of



the country snd the dete on evapotranap! ceflon From &8 Ffacart tpee uf coer
6n the wailghing lysimetams of the Sail Csnbarvation Saevled 1A Coghicten, Bba.
Thay aleg {ncluds comgribations of welur loss from deall webarshads Troa values
of pravipitation and runoft far manths whan 1t was sppered. that thers wan 0o
raduction af svepotrsoeplrsbion beddicks of & moldtures deficlenty Io Ehe Soll
and whare §% wis possible to estimate the leg in the munoff ard thus to ssslon

the watar avellsble for Tanaff fo tbe monthe when tha rainfall occurrad.

9.3 From these obsarvetions Thornthwelts decived & ganars] agquation by
maach of whizh dally, mentily and snrual evapetranspiration can be datsrmdndd
from Tanords of tesperaturae, length of day ard precipitation since ruroff camn

then ke computed Bs a differsnce beatwesn precipitation acd esvapotranspliration.
19, Troct Measorerant From Pans

1o, 1 Thic mathod k& sost wldaly used Tor evaperatlon meacuresante, Rl—
though dirdct measurements rom pans have Limitations on theoretlcal grounds,
1% bms, revnrthaless, advantagss in some soplications (Kohler, 1985}, &

wariety of pans and specinl surfaces have boen desigred for this purposs,

10,2 Theta ars thres types of exposure enployed for pens instollations=

surken, abeve ground ed floeling, Bivergent views paraiet as &0 the best

sxposura:  Some lmporbant sdverkeges ard dissdvartsges of Chess ars given

L Jarwve

(1} Floating Panss Tha aveporatlon from o pas Flosting la & laks mara

near ly spproximates svaporation frem the Eake ltselF. But it 1s
influsnidd by the liks Ln which 1t is lowersed snd therafors 1t iz
reak pmtaasarily & goed 'clipetic® indicetar, Obsarvatlosmsl dif=
Floultias arp the chlaf dissdvantsges of floating penos and splazhing
frequently sanders the data unraliabls,

{14} ‘Sunken Bansr Burylng the pans tends to sllmlnats cbiectionabie
boundery effects, such as vadlation en the side—mall and haat
oxchange batwean the atmosphara ond tha pan propar, B thedw
wra some operstionel problems. Thesa pans coblact more trash,

are AifPieylt ba clasn and leaks cancak ba sedlly date=tad ared
rectifiad.  Helaht of vesmiatlics wdiacent to tha pan 1z slso

qulteritical, Mareovar, appreciable heat exchangs dosd Eaks

LR

[n]

(v}

plade batwean tha pan and sall depending nn o enil kyps, molatore combant
=l veprtatinm cowe, 1€ 15 edvigalsls t4 vea & largs pap By padios
thase affocts ralatively.

Sarfase Panes Thasa tvpma of pan srparlanis gresler wresasetlan than
SUnan pdoil betwusa of pdidsd radisnt eeepgy Unfarosptad oy the side
walls, Kohler {1957 %n his stodiee hee drd®setad thet thie fart-r
has no advarss =ffoct althoogh beat transfer ot the pas/siz Sntarfans
doms. introduce geographies]l {elimadclegleal] vurle®loom, Tha achit—

tags in wuse of this Tvps of pany 16 Tthe aska of aperelion &nd pelnte—

manna,

102 Evapsrinetara 15 Uas

Opon tank oveporimetar: TR 1a & eyllsderizal feabk 4 FE, L5 d1dmebay
and 10 Inches desp. Tt 1s ot on Elpbers wiih the botfom 4 inzhes
From the ground.  Thls permits adr to clzsalote baneath 1b. It ia
quastinonahla Jiskt how mich sush sn arrangement recuces tha lag b= Ehe
diurnal changss of Lhe waker Lemparaturs o8 Eompasad with ply Lewpers=
furs. Sinca the mass of watis in the ek L relativels largs, this
Lag may be comeldsrable. Thara may 2lay be » rlg sffet b=omis of
vyurlakione kn the rougtmess of the surrvondisg grownd.

Ploks Evaportmtays. This ssnuleds of gredustad gless tubs rpen 3% ona
and and clesnd sf the other, The tubhe 1z Filiad with setse and &
porous dino placesd owves the opem end. Tha Fuba 14 then ioesrted.

The porous diss iw ows=t 53 long s watss 16 4n e Bubes, Eraperre—
tien ia measured by noting the drop of the watsr lowsl In the gsadus—
tod tute, The whals spporatus 18 plassd inaids the Stavanses
Strenns  For this ressap; 1t wospands to vapsvar pressurs defi=zid

and wariation in wind =pesd Wt not te varlatinn Lo snlas o by
&nargy, In dry rteglons 1t hes been found thet bhe porous dlss
dries aroond the odpes and so eveparating surfaze is not alwem of

the mamy nraa. Annthaer difficulty 4w that £hs tubs barsly holdd
noough watnr for oom day's ewsporation.  Decawmws of the shaps of

tha dise and the panner of mounting 14 In ropdect with the apam and
pf Eha glass tiba, 14 1s difFimult %o staandardiss the slrs and effe=—

Eiversss of tha evaporating surfass.



[n} Hallami Flata AMposaters  Thic conslsts of sseentially a parosisc o flesk;
tha wulls of which ars water proofed end ihe Flat pearl porovs. Thle
pureas plete 13 about 7.5 mn in dismster, Tha Fless 18 opareted Lnoan
| vardad poaltion &o Ehak fha Flal part Lo axpossd to tha sky horleons
tally, Water is supplied to the flask from & resarwoir. DBy neam of
m sp=cial velve, water can Flow to tha Flask Dl pel awsy From 18 a3
wiyld Be bhe cass when reln 07 dew Falls on tha porous plate. The mass
of tha Iretrument 15 small eo that ite tempersture follows Flurtustions
nf it tesparsiurd falrly eloaaly, Oipsa thae le s protrading ring
hsra cun e no ebEtruction o wind flow over the pleta. Tha Imstrument
oan b placsd al wny dpnlred halght, Thus L 1% posalbles to placa LT at
ke epiieun lewal For sase of ppzration and mmay from the Influsnce af

wind spesd dis to variations in surtses rosghness.
11. Donclusion

(50 We have sean thet the atody of evaporation hes prepanted both thaore=

thoal and practical dAFFIcGlCles. T Tochnigue For ewaluatlisg awaparatlon

sishar by dirert messureneit of cotgeing medetures or by competatico From enoToy

balarcs, turbulent trensfer or sny other theory is atlll inexsct.

112 Even though the ovaporation pan is a wvary obd tocl, 1t will, probably
For many Years tn com, contime to be the ondy cheagp and gunerally acoapiad
Lrkbriinecil . Mary azpaslreobal studles have been oonduétead ln Che past wlther
tn natura [Rofeer 1933, 198, Blckox L3268, Xohler 1952, Fitrpetrick 1983,
Fritashen and van Baval 1963) or in wind timeels (Hiees 1929, Powsld and Oelfe

fiths 198%, Willar 1937, Shophord. st, al. 1938, Pasguill 1943, Yanomats, 194,

Tt an apites of this largs amcunt of dats there is no evidertes In tha 1lteraturs

Lhat tha ghesomanesn of eveporation from pan Is completaely uwndarstood.
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