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SUMMARY
{ Heey investigators have studfeﬁ rates of evaporation from soils
where water table is at shallow  depth. The rate of evaporation may
be controlled by ‘either the capucity of the - atmospheric environrent
to evaporate water or the capacity of the soil to tranemi.t water to
the surface. A review note has been prepared. which gives . in deteil
the methods for estimtion of evqﬁl:mpiration which considers both
the soil propertzes and meteorologigni factors. The evaporation rate
docreaeee with uater table depth lg§$§§toeply in coarse textured soil

than in- ﬁ.ne textured goils.
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1.0 INTRODUCTION

Evapotranspiration(ET) is the conversion. of water to vapour
a@d transport of that vapour away from the watershed surface into the
atmopshere. Water is available at plant surface, soil surface, streams
and ponds. Evapotranspirationf flux moves large quantities of water
from the soil back to atmosphere. Solar fadiation is the main energy
source. The amount of liquid water and the energy to vaporize it will
vary both in space and time ovef the watershed surface. In humid zones,
about 750 to 950 mm/year of water may-be_vaporized. In subhumid areas,
550 to 700 mm/year commonly evaporate frbm vegetated surfaces. Leupold
and Langbein (1960} estimated that 70 percent of the precipitation
falling on the United States is returned IJ‘I:c:c the atmosphere through
ET. | |

When the surface is partly bare, evaporation can take place
frqm the soil as well as from plants. In the absence of 'vegetation
and when the soil surface is subject to radiation and wind effects,
evaporation occurs directly an& entirely from the soil. It is a prbcess
- which if uncontrolled  can involve very considerable loss of water in
both irrigéged énd unirrigated agriculture. Upward flow from water
tablgs subsequentz to evaporation and transpiration from soils is a
significoant phenoménon, particularly in irrigated areas. Evaporation
of soil water involves not 6nly loss of water but also the danger of
80il salinization. IThe_ hydrologist, also, is concerned with upward
flow from water tables since such flbw can have a substantial effect

on the fluctuation of ground water storage.



1.1 Physical Conditions necessary for Evaporation

The following three conditions are necessary if the evaporation

process from a soil surface is to persist:

].

There must be a continual supply of heat to meet the latent

heat requirement, which is about 590 Cal/gm of water evapor-
' o

ated at 15°C. N

The vapour pressure in the atmosphere over the evaporating

body must remain lower than the vapour pressure at the surface

of the body i.e.there must be a vapour pressure gradient

between the body and the atmosphere and the vapour must be

transported away by the process of diffusion or convection

or both.

The third cendition is; that there should.be a continual supply
of watér from or th:_:ough the interior of the body fo the
site of evaporation. This condition depends upon the content
and potential of water in the body as well as upon its conduc-
tive properties, which together determines the maximum rate

at which the body can transmit to the evaporation site.

If the top layer of soil is initially wet, as it is at the end

of a storm, the process of evaporation into the atmosphere will generé.-

lly reduce soil wetness and thus increase the matric suction at the

surface. This in turn, will generally cause soil water to be drawn -

upward from the layers below provided they are sufficiently moist.

1.2 Conditions under which evaporoation may occur

1. A shallow groundwater table may be present at a constant

or variable depth. Where a ground water table occurs close

to the surface, steady state flow may take ..place from the



" and

or three dmnsional(as in the

saturated zone beneath;J_th:ouqﬁ' thé_.gngatufated‘llayer to
the surface. In the absence of_}ﬁ#llbw §£qundwatér; the loss
of water Iat the surface andt.t{efesualung -t'lpward flow. of
water in the_profile will be'h‘%?lﬁfigﬁt?ﬁthté‘prdcess causing
the soil to dry, e _ |

The soil profile may be unifoﬁ%éneoﬁs_"'ahd iéotrbpi_c.).'

or its -properties' may change graﬂimll’y in various directions'_

'o: the profile may consist of ditttﬁ& iayers.,'

e

The profile may ‘be shallow or deep,
'I‘he flow pattern may be’ one mionaltvertlcal) or two

of. the vertical crakes

-'wluch form secondary e'baporatia#‘ planes 1ns:.de the prof:.le,

External environmental condition may remain constant or

flqctuate_




2.0 REVIEW

Evaporation and transpiration from irrigated soil is an iﬁpbrtant
phenomenon which causes the water table to rise within a few feet of
the root zone of crops(Anat et al.,1965). The upward flow from water
tables can have a substantial effect on the fluctuation of ground water
storage. . |

Many investigators have studied rates of evaporatfon from soils
in whigh there is a water table. The rate of evaporation may be contro-
lled by either the capacity of the atmospheric environment to evaporate
water or the capacity qf//tﬁe s0il to transmit water to the surface.
The maximum rate of upward floﬁ will_be lesser of these two capacities.

Gardner (1958} suggested a convenient equation for describing
hydraulic 'conduﬁtivify, the most'lfelevant s0il parameter and from it
developed methods for evaluatiﬁg -soi;élimited evaporation in cases.
of higher water table. Anat, Duke and COrey(JSGS) and Stallman(1967)
émployed:cardner'g generai approach but used differént sdil parametric
equations. They demonstrated .the usefulness of dimensionless curves
in solving problems ofcthe type under consideration. The above ﬁentioned
work stressed the cases in which Qoii properties were the determining
factpr of evaporation. Cases of evaporation in which the atmospheric
conditions play the main role can be treated by means of several pufely
meteorological equations (Slayter and Mc 1Ilory, 1961). This review
note gives in detail .the work done in both the cases i.e,estimate of
evaporation considering various soil, properties and secondiy the use

of various meteorological equations for hgtimation of'évapotraﬂgpiration.



2.1 General Theory

Water in soil moves frcm_po;ntg-ﬁhere if.has a high energy status
to points where it has a lower one. The energy statual_of ‘water is
the water potentiai which consists of‘aévéral ﬁoméonents. In hydrolegy,
potential is usuvally expressed a§ enérgy per unit weight of soil water
which has the dimension of length (.cm). and potential.is den_ote'd as 'head,'
Gonsidering the matrit head, hm, arising.fiam local interacting forces
betweén 80il and water and gravitatiohal _head, _z; arising from the

gravitational force, total'.(hydraulic) 'head. H, can be expressed as:

H =hmfz | : _ eaa 1)
Where the vertical coordiﬁate z is cqnsidered.positive in upward
direction.
For éach soil there exists a relation between the pressure head,
h{cm), and thé soil water content,g (cma. cmf?),i.e.
| 8 = £(h) | | e {2}
The flow of ﬁater in soil sgystems can ;be desgtibed using :Dﬁréy law.
For one dimensional  vertical flow; the veolumetric flux can be written

q = -xS8
Kdz eeo(3)

Where K is the hydraulic conductivity.

For ‘saturated(groundwater), flow, the total . soil pore space

s
!

is available for water flow and the hydraulic conductivity is constant.

With unsaturated flow, however, part of the pores are filled with -air.

Therefore K is not a constant but depends on the soil moisture content
@ or on the pressure head because [§ = £(h) ].

K= f (f )or XK = flh) -ea(4)



Substitution eq.(1) in eg.(3) yields

—

LTI o NP L
WCompiete-mathematical;degg:iptioﬁ can he'othined-py applying_th¢ conti-

nuity principle

| .Q%E_. = ._%29 o ) ..'-I \-.;.(6)
Substitution of eq.(5) .'i_:i eq.(6) yields _ - |
—gg—F = ;g-; [ -x_th}""[_ g—:— *+ 1)} | <o (7)
Let C = —g£1 = soil wﬁte?jcﬁpéqity ) | j  - | . _---(8)-
Wwriting 66 - abd Sh | - .o {9)
8¢~ dnh ot | E R

" and substitution of eq. {9) in to eq.(7) yields the one dimensional equa-

A

tion for water flow in heterogeneous soils

§h 1 .8 . |
St - om &z [ KM (g

2.2 Capillary_Riae_fraﬁ a Water Table
‘The rise of water in the s0il from a free water surface i.e.water
table has been termed as. capillary rise. The equation relating the

equilibrium height of capi_llafy ri.sé,_ hc, to the ‘radius of ' the,'porea

is : :
he = 21C08% CLLan
rp.ug. : -
where.

¥ = surface tensionm,
a= wéttir__lq ;angle. _

r = capillary radius,

w = water density, and

g = gravitional acceleration.



The rate of capillary rise generally decreases with .time as
the soil is wetted to greater height and as equilibrium is approachéd.
The wetting of an initially dry soil by upﬁard cﬁpillary flow as shown
in Figure 1, is a raré occurrenée in the field. In its initial stages,
this process 'is similar to infiltration, except that it _ﬁakes place
in the _opposite direction. At later stages of the process, the flux
does not tend to a coﬁstant value, as in downward infiltration, but
to zero. The reason is that the diréction of the gravititional gradient
is opposite to the direction pf_the matric suction gradient and when
the matric suction approaches the‘magnit#de of the gravifional gradient,
the overall hydraulic gradient approaches zero.‘In general..the conditions
of soil water is not statié but dynamic, that is, sgil water is const-
antly flowing. Where é water table is present, soil water generally
does not attaih equiiibrimn or rest even in the absénce of vegetation,
since the soil surface is subject to the evapo:ating, action due to
the atmospheric conditions. if the _ééil. and external conditions are
constant, that is, if the scil is of stable structure, the water table
is at constant depth; and the atﬁospheric evaporativity also remains
constant(at least approximately) then, in time; a steady state flow

situation can develop from water td the atmosphere via the soil.

2.3 Steady Evaporation in the présence of a Water Table

The steady state upward flow of water from a water table through
the soil profile'to an evaporation zone at the soil surface was studied
by Moore(f939). Moore was one of the first research workeré'to investi-
gate upward flpw from water tables as affécted by the hydraulic propertieé
of soils. He introduced water tables at the bottom of so0il columns

and afiows the soil to imbibe water. The surface was subjectéd to eva-
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. Figure 1- The upward infiltration of water from a water table

into a dry soil



poratibn and, by employing tensiometer cups élaced at'intervéls along
the leﬁgth of the. c¢olumn, he observed tﬁe relationship between watér
pressure, moisture content, and rate of water loss from the water table.
From his studies, with materials of widely varying téxture,
H&o;e coneluded that at complete saturaticn,permeabilities of soils
weke arranged in the following order
| Sand >fine.sandy loam > light clay >clay
JWhen the capillary _potential ~was decreased. to -100 ergs per
gram, he found the order to be |
Sand < fine éandy loam < light clay < clay
Moore(1939)- concluded that when. the 'Qaﬁer' table is at greater depth
the finer sdil supported high evaporation rate. Theﬁretical solutions
of the flow eéuation of this process has been given by several workers
(Philip (i95? d).'Gardher(1958), Anat et al.(1965) and Ripple et al.{1972).

The equation describing upward flow is

a=K(¥) (@] dz - 1) ' CLa12)
. or  q=D(0) Q%; - K.(Y )

lo.(lB}
uhere., '

q = flux, equal to the evappration-?ate under éteady state conditions.
T=-§uctibn head.

'K = hydraulic conductivity,

D = hydraulic diffusivity,

B= volumetric wetness, and

z = height above the water table;

The equation shows that flow stops (q=0) when dy /dz=1. The

equation(12) can be written as .

qa_ - . |
xtgy * 1= |az - eea(14)



The integration of equation{14} will give the relation between depth

and suction or wetness i.e.’

K (Y Yy ' _
2 =f "%y qu‘l’ ... {15)
_ D(6 ) | S
or _ 2 = I'ETE—T:—E dg | ...{16)

In order to perform the integration in equation{15), the funct-
ional relationship between K and ¥ [i.e.K(T.)]-must be known. an empi-
rical equation for K(V¥ ) given by Gardner(1958) is ‘

K(¥)=a (¥ +p) " e (1)
Where the parameter a,b, and n are constants which must be deter-

mined for each soil. Accordingly eguation(12) becomes

esa=g o b - 18)

Where e is the evaporation rate.

Equations(15) and (17) can be integrated to obtain suctibn distri-
:butions.with height for different flﬁxeé as well as fluxes fﬁr_different
surface suction values. The theoretical solution is shown by Gardner(1958)
in Fiquré 2 for a fine séndy loam soil with an n value of 3.

.The curves show that the steady rate of.caéillary rise and eva-
poration depend on the depth of the water table ar3 on’-th; suction
at the soil surface. The maximal transmitting abiiity of fhe profile
‘depends on the hydraulic conductivity of fhe goil in relation to the
suction. | | = |

Gardner (1958) obtained the following function for qmax

| qmax = Aad | :..(19)
where |

d= depth of water table below the sdil surface, -

a,n = constant from equation{17),

10



A = conatant which depehds on n,
gqmax = maximum rate at which the so0il can transmit the water
from the water table to the evaporation zone at the surface.
Where the water table is near the surface, the suction at the
s0oil surface is low and the evaporation rate is determined by external
conditions. However, as the water table becomes deeper and the suction
at the soil surface increases, the evaporation rate approaches a limit-
ing value regardless of how external evaporativity may be. Equation{19)
derived by Gardner suggests that the maximal evaporation rate decreases
with water table depth, more steeply in coarse-textured scil than in
fine-textured soils. Sandy loam s0il“ can evaporate water even when
the water table is as deep as 180 om. Figure 3 shows the effect of
texture on the limiting evaporation rate.
Anat et al.(1965) developed a modified set of equations employ-
ing dimensionless variables. Their theory also leads to a maximal evapor-
ation rate € nax varying inversely with water table depth d to the power

of n.

e =1 1+1.886/(n® +1))a™ .v.(20)

A theoretical analysis of steady evaporation from a two-layered
soil profile was carried out by Willis(1960). The following assumptions
were taken into consideration:

(a) the steady flow through the layered profile is governed only
by the transmission properties of_the prolile,
(b) matric suction is continuous at and through the interlayer boun-

dary, though wetness and conductivity may be dlscontlnuous i.e.

change abruptly,

(c) the empirical function K{( ¥ ) glven by--equatioﬁ{l?) holda for"

the both layers,- but the values of parametera a,b, and tr-are :

11
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i
400 800 1200 1800

SUCTION HEAD AT THE SOiL SWFAC?(CM’)

Fig. 2 Steady réte of upward flow and evaporation from

a water table as functaon of the suction prevailing
at the soil surface.
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————

 EVAPORATION RATE FROM SO (MM/DAY)

. ) ... - . . - . oL
° 4 N 12 13 20
EVAPORATION RATE OF FREE WA‘IER {(MM]DAY)

Fig.3 - Theoretical relatlbh between the rate of evaporation
from coarse and medium textured sgoil and the rate of
evaporation from free water surface, '
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different, and
(d) each soil layer is internally homogenous.
Willis (1960) derived'the following relationship, with the above

assumptions, for a two layered soil profile.

L a+L o, ¥ ¥L.+d
fdz + f dz=f ———a—+ [ a4 ¥
o L yo /KTy Ve (1) - (21

Where L and d are the thickness of the bottom and top layers, respect-
ively. The integral in this equation relates water-table depth L+ d
to the suction at the soil surface for any given evaporation rate.
By assuming that the suction at the soil surface is infinite, the maximal
evaporation rate for any given water-table depth and profile layering
sequence can be estimated. Willis(1960) developed a graphical method
for obtaining the necessary solution.

All of the above treatments apply to cases in which soil prop-
erties are the sole factor determining the evaporoation rate. A more
realistic approaoch should include cases in which meteorological condit-
tions can also play a role. A more flexible treatment of steady-state
evaporation from multilayer profiles should be based on numerical,

rather than analytical or graphical, methods of solution.

2.4 Estimation of Evaporation Using Meteorological and Soil Parameters

- Ripple et al.{(1972) developed a procedure that combines meteo-
rologi;:al and soil equations of water transfer for estimation of steady
state evaporation from bare soils under conditions of high water table.
This procedure takes into account the various atmospheric factors like
air temperature, air humidity gnd wind velocity and the soil factors

like soil water retention curves, water table depth which are responsible

13



to convert water into liquid and vapour forms. The evaporation rate
can be estimated for homogeneous soils as well as fqr layered soils.
The results of their work are shown in Figure 4 and 5 respectively.
2.4.1 Theory
The Steady-State evaporative fluxes across the boundary between
any given so0il atmoséhere system may be described by two functional
relations. The fi;st deals with the fluxes leaving the soil surface
and entering the atmosphere. It can be represented by the meteorological
equation.
SugFm (E) | -..{21)
The second describes the fluxes between the_water table and the soil
surface and may be expressed by the soil equation
L = Fg lSu. E) e 00 {22)
where,
L = total distance between the water table and@ the soil surface,
su = water suction at the soil éurﬁace'defined as the negative
of the soil water pressure head,
E = rate of.evaporation from the s§i1 cm/day,
Fq = a function which relates E and Su using soii parameters, and

Fm = a function which relates E and Su using meteorological

parameters.

2.4.2 Meteorological equation

The basic meteorological equation used for estimation of evapo-
ration is of the type generally known as the bulk aerodynamic, or Dalton,
(Slatyer and McIlory,1961).

E = G(V,)[p(T )h -p(T )h_] ...(23)

14
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where,
G(Va) = a theoretically or empirically derived known -function
of wind speed, cm/day/mb,
v, = wind spged at height H» cm/day,

h = relative humidity, dimensionless,

T = temperature K

saturation vapor pressure of water,mb,

P

p(T}) = a known relation between the saturation water vapouar
pressure and temperature,

a = a subscript indicating a variable determined in the air,H_
cm above the soil surface and

u = a subscript indicating a variable determined at the soil surface.

The above equation has been used extensively for estiomating the loss
of water by free water surfaces, plants and bare soils. The wind function
G(V,) can be determined using the equation of Van Bavel{1966},

2 v
pac k a .o (24)

P (Tog, Ha/Hu)z

G(v_) =
(v} b

where,

= air density at Ta' gm cﬁB.

Water density at Ta' gm cm_3;

"
E'D - 3]
|

= water air molecular ratio = 0.622, dimensionless,

k = von karman constant = 0.41, dimensionless, |

P = ambient pressure, mb(P=1000 mb as suggested by Ripple et al.),

Ha = height of meteorological measurements, above the soii sur-
face, cm, and

Hu = roughness parameter,cm(usually for bare soils,

0.01 ¢ Huc 0.03)

16



The surface relative humidity, h » can be obtained from equatiem(23)

i
h =
u p(Tu)

{ +p (Ta) ha] ... (25)

E
G(Va)

The surface relative humidity, hu' specified by equation(25) can be

substituted into the thermodynamic relation (Edlefson and Anderson,

1943}
R'ru -
- - e h .= {26
S, Mg loge " (26)
where,

M= moleéular weight of water (18gm mole ')

g = acceleration of gravity ‘(981cm seéz)

R = gas constant (8.32 x 107 ergs 0!d1 mole-l
The above substitution would result in an equation expressing Su in
terms of atmospheric variables, the so0il surface temperature Tu, and
E.

To completely attain the form of equation{21), the variable
on the right hand side of the equation should be, except for E, entirely
meteorological. The term surface soil temperature, Tu’ is present in
the combination of equations(25)} and (26). To replace Tuf with meteoro-
logical variables "and parameters, an appropriate expression for Tu'
may be developed. The Tu term is relaéed to sensible heat transfer
in the air by .the following equation for twrbulent transfer (Slayter
and McIlory, 1961); van Bavel, 1966)

A= -lj‘G(V;) (‘I'u - Ta) eee(27)
where,

A = gensible heat transfer into the air,

A = latent heat of vaporization of water.at_Ta,

Y= psychrometric constant.

"



Secondly, substitute A term' into the following heat-balance eqﬁation
{Slayter and McIlory, 1'961; Van Bavel 1966)

Q

Nslpwg+pr+Qg - : ..o .00 28)

where,

net radiation flux received by the soil surface, and

o

%

The combined equations(27) and (28) after rearrangement yield the follow-

soil heat flux into the ground.

- ing for Tu:
Q. - Q - A E
- N q w
Ta=Ta? Mput;: G(Va)

«--(29)

Substituting the value of Tul into a combination of equations (25) and
(26) will give the overall meteorological equation, equivalent to equa-

tion(21}.

2.4.3 Soil Equations
The simplest system for a single layer and multilayers for esti-
mation of evaporation using soil parameters is shown in Fig.6(a). Consider
a homogeneous soil, underlain by a shallow water table, with the reference
height 2 measured positively upward from the piezometric surfnée. The
soil is at Z=L.
Three cases have been considered for estimating evaporation
under different soil layers and water table conditions,(Ripple et al,1972)
Case A - A homogeneous soil in which water is éransfer;ed exclu-~
sively in liquid fofm,
Case B - A. layered soil in which wﬁter iz transferred exclu-
sively in liquid form, and
Case C - A homogeneous so0il in 'which_ water is transféfred in

liquid and vapor forms.

18
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Gardner(1958) suggested an empiricial equation for estimating hydraulic
conductivity for water -transfer in liguid form. In 1964, Gardner presented
a modified form which demonstrates more clearly the physical significance

of the coefficients:

K
Sat |
K = K(S) = ... (30)
where, (3 P + 1
. 1/2
K = hydraulic conductivity for liquid flow, cm day-1,
Ksat = hydraulic conductivity of water saturated soil,cm day_1.
s = goil water suction, defined as the negative of the soil
water pressure head, cm of water,

S1 P = a constant coefficient representing S5 at K = 1/2 K“t cm

of water, and h= an integer soil coefficient.

. Assuming that Darcy's equation holds for flow in both saturated and
unsaturated soils, the flux q, which under steady state conditions

must equal the evaporation rate E, may be described by

das
Q"E’K(dz-” .-.(31)

On rearranging and integrating, equation(31)} becomes

z! !
z' = [ az =f %ﬁ eve(32)
o o + 1
where, K(s)

S'=8at 2=2'<1L

Substituting the value of K{(S) from equation (30} into egquation (32)

will yield
sl
z. - f E dS .ll(33)
© K—[{S—sjn-ﬂ] +1 |
sat 1/2

Eguation (33) expresses explicity Z' as a function of S8 and E. It also
defines implicitly the relation between E and S8' for any given 2'.
Both facts have been ptilized in the past(Philip,1957a; Gardner 1958).

Equation(33) can be converted into another form by using the following
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_ transformation, Assuming

e = E/Ksat | ...‘34)
st ' _
2t = = : f Ssdi .+ (35)
€ 1+~ ° [—L—m1—]“+1
a+ 1 )n
with the subsatitution

1

S e .-

Y= : { Tie yn
/2 ...(36}

_'. ' Y'I 4 . (37
(e+1) { B = — : .o )
e+1 ; 51/2 é yn + 1 ) .
where,
1
V- s' ( ...e.....)h'
sz e+l
At the soil surface, when 2' = L,
‘:;"' L yu a .
(e+1) e = ! =L . (38)
° y 4+ 1

wvhere,
= L =

u SVZ e+l

The integral on the right hand side of .quations(B?) and (38) is known

Y

in closed form for any positive n(Gradnhtlyn and Ryxhik, 1965). The
form of equations(37) or (38) makes it pp..ihle to determine the relaiion
between e and the suctionleither s' ordq“)lfﬁr any n by means of simple
graph. | | | ‘ |

The use of equations(37) and (38} can bﬁ.further gimplified by adopting

the dimensionless variables

s = 2 o .. (39)
S |
z-—"'t-a— ...(40)
1/2 )
and -
' ] - i ...a1)
Sip
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in addition to the dimensionless- e = E/Ksat . With the exception of
s, these dimensionless variables are similar to those employed by Staley
{cited by Anat and others, 1965}, whose hydraulic conductivity equation
is also somewhat similar to equation(3Q).

The above dimensionless variables reduces the basic equation(38)
y

to e 1 fu dy
(e+1) ( —57 Inl =7, N . .e.(42)
where, ' 1
\ yu = Su ( ei‘l ) n

] .
It is clear from physical considerations that an increase in the evapo-

fative capacity of the atmosphere will produce an increased suction
at the soil surface. This higher suction, in turn, must magnify the
upward water flux through. the sdil. If eczquation'(38) correctly describes
reality, such a flux cannot increase ﬁithout bound, because as su(and
hence yu) approaches infinite the integral on the right hand. gide of |
equation (38) approaches a finite limit,. n/(n sin 1 /n) as described
by {(Gradshteyn and Ryzhik,1965). It folloﬁra that a limiting soil-water-.
flux and hence a soil limited evaporation; em . exigts.

For any particular soil system, a soil limited evaporation e_

is given by
e 4
o n L n
(e + 1) ¢ ) = - 43
> ot SVZ n Sing— (43)
or in completely dimensionless form
1
e —
n m
(e + 1) (ew+1 ) l= ;ﬁ ...{44)
n
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The equations (43) and (44) can be simplified considerably if e ¢¢ !
= -

{that is if E <<K }. In such a case, ¢ + 1 =1,
Sat o

and above two equations lead to

s 2 n
3 1 mﬂ n - & & 45)
B = Kgae 7111 =7 ! (
n31nﬁ~
and

1 g
&= — [ - ]n

1 n Sin . .. (46}

Equation(45) is similar to the formulas for ELim given without derivation

3 ' . .
= - 2 . f_
by Gardner{1958) for n = 2 ' 2,3,4 and yields identical numerical coeff

icients.

2.5 Investigétions at Colorado State University

Staley{1957) conducted anl experiment to determine(!) how the
evaporation rate from a fipe sand is affected by independently varying
the wind velocity and the depth of watér table, and (2) how the funct-
ional relationship between evaporation rates under specified ambient
conditions and@ the depth of the water table can be related to easily
measurable properties of the sand.

To determine this, Staley(1957) conducted an experiment on wind
tunnel. Two columns of a fine sand were placed side by side in a test sect
on of a wind tunnel. Each column was 46 inches in length and 12 inches
in a diameter. One column, in which the water table was maintained at
the surface, was used to evaluate the evaporativity while the water
table depth in the second column was varied.

Both columns were initially fully saturated before the water

table was lowered in ohe of the columns. The columns were supplied by
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water from a constant head source such that the rate of intake could .
be measured. Runs were made with the wind velocity varying from 0 .to
50 feet per second while the water table was varied independently between
the surface and a depth of 30 inches. The runs were conducted so that
the column with the variable water table was always on the drainage
cycle. EBach run was conta:.nued until steady state flow was approached.

A critical depth of water table for the fine sand was found at
about 24 inches. With the water table above this depth, evaporation
rate were of the same order of magnitude as from the free water surface.
When the water table was below 24 inches, the flow rate decreased rapidly
with depth and at 30 inches the rate was too small to be measured accu-
rately with the apparatus used for this study.

Staley(1357) also related the critical water table depth with
"capillary pressure-desaturation curve. He found that the critical depth
corresponded to the wvalue of Pc/pg at which the initially saturated
sand began to desaturate rapidly with further increase in capillary
pressure, Pc. This value of Pc has been called bubbling pressure Pb
by Brooks and Corey(1964).

In analysing the problem of upward flow from water tables, Staley
(1957) expressed the flow rate, the capillary pressure and the elevation
above the water table in terms of scaled variables as follows:

- the ratio of the flow rate to the hydraulic conductivity, gq/c¢

= the ratio of capillary pressure to the bubbling pressure Pc/Pb

- the ratio of elevation above the water table to the bubbling

z
FbAorg

Staley (1957) also derived an equation for the steady upward

pressure head

flow rate q but used an approach somewhat different from Gardnexr(1958).

Staley wrote Darcy's law for the case of one dimensional flow in the
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vertical direction and re-arranged this equation to give an expression
‘describing the rate of change of capillary pressure, Pc, with 2 _aé a

function of volume flux q, and the effective conductivity Ce, i.e.

a [%"gl
= = '
— 1+ c ... (47)

Solution of above equation for z, yields.

.o F 0% gtz e ta8)
S + g/Ce
He assumed that Ce is a constant for Pc< Pb' and Pc> 2N Ce is given by
_ n
Ce = C [ Pb/Pc] .-+ (49)

Where C is the value of Ce when media are fully saturated and
n is constant for particular type of soil.

. Staley(1957) computed the value of n for sand using a method
proposed by Burdine(1953) and arrived at a value of 16. Gardner'.s(1958)
observation was that n would not be larger than about 4. After reviewing
the literature, Staley concluded that a value of p equal toc 8 should
be about average for sands and that the larger value of n for his sand
was due to its extremely uniform pore size.

Using n=8, . Staley solved equatioN(48) by a numerical method for
a particular water-table depth to obtained a relationship between Pc/?b.
(at the surface) and q/C. The water table depth assumed was such as
to give a value of z/Pl;/Og) aL the surface of 2.5.

Because the experiments of Staley were run in a wind tunnel which
was not equipped to supply radient energy at the column surfaces, it
was impossible for him to produce evaporativities sufficiently high
to cause the evaporation rates to reach limiting wvalues for most of

the water table depths studied.
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Schleusener(195é) conducted experiment in a chamber with controlled
temperature, humidity and radiation such that evéporativitg ‘could be
raised to ‘much higher levels. He found that when evaporativity was inc-
.reased beyond a critical level, the flow rates decreased.

Schleusener and Corey(1959) tried to discover the failure of
Schleusener(1958) theory. They found that it may be due to severe temp-
erature gradienf at the surface was heated by incident radiation. They
tried, therefore, to produce a decrease in upward flow from wet soil
to drier soil by artificially producing an enormous temperature gradient.
They finally concluded that the reduction in flow rates at high evapora-
tivity was due to a reversal in the direction of pressure change at
a point below the evaporating surf;ce. They reasoned that a high evapo-
rativity initially moves water out of the surface layer faster than
it can be supplied from below. They also presented a capillary model
to describe in detail how this hysteresis takes place.

King and Schleusener{(1961) showed that cyclic conditional of
radiation, temperature and humidity(simulating the daily fluctuations
of these variables in the field) resulted in the same trends as were
cbserved with steady ambient conditions. In particular, the reduction
of flow rates at high levels of evaporativity(depending on the water
table depth) were still observed.

Staley{1957}, Schleusener(1958) and King and Schleusener{1961)
measured the temperature gradients existing in soil profiles during
evaporation. They observed, however, that large temperature gradients
weré confined .to the upper surface layer which usualiy becomes dry.
They concluded that the temperature gradient could have little effect
on the liquid flow rates upto the dried layers and that the rate of

liquid flow upto the dried layer usually controlled the evaporation
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rate.

Duke(1965) attempted to determine how the steady flow rates from
water tables can be predicted for any soil with any water table depth.
He analysed his data in terms §f dimensionless variables introduced
by Staley i.e. g/c, Pc/Pb, z/(Pb/pg), and n He designated these as
q,P.2 and nrespectively.

Duke (1965) -adopted the empirical equation for the functional
relationship Ce(P)'introduced (1956). He presented equation in the form

w
d=_1+<11m R .. (50)
_ 1 5
Where d is the elevation from the -wai:_ei table to the bottom of. layer
of dried surface soil, which is the. particula_r value of z at elevation
of the bottom of the dried soil iayer. The subscript m implies that
9, is the maximum value of g occuring when P~ at the scaled elevation d.

Duke{ 1965) devised a graphical solution for equation{50) involving
the detenﬁinatioln of the area under the curves as shown in Figure 7.
He also developed a computer program which determines the integration
in equation(50) for integral values of n from 2 through 20. This range
of n includes all values observed for porous media to date. The solutions
were compiled into a nomograph relating q, to 4 for each value of n
The complete nomograph is presented in Figure 8.

 Duke also devised a method of measuring flow rates for columns
in which the capillary pressure was maintain=d at ;\‘zero value at a
fixeq elevation near the bottom of the column. Rathe.r than depending
on évaporation from the surface to produce upward flow, the liquid was

removed from the surface through 'a capillary barrier attached te-a siphan

Flow rates were determinad by measuring the outflow from the siphon after
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the outflow rates becamé steady with a particular capillary pressure
on the top barrier. A temperature control system held the temperature
within reasonable limits.

Duke {1965) obtained the maximum flow rates by lowering the out-
flow siphon in increments until the flow rates appeared to approach
a limiting value. The water table depth was varied by cutting the column
after the maximum rate had been established for one particular length
of column. A wide variety of soil types were used ranging in texture.
from heavy clay to sands.

Anat(1965) conducted an experiment at Colorado State University
of  determine more p_.r.ec.:_i:.s._o_a'],_._y:'.the effect;.' Jof 7 h.y.s'_t':erésis on upward flow
from water tables. He has u.s.led' .-the same experiﬁental setué used by Duke
but his procedu_rég, in most cases,l differed sigﬁifiéant.’__i.y from those
followed by Duke.

Anat(1965) packed the columns by first filling them with soil
and then vibrating them with an electric power.ed vibrating device until
thev reachéd a relatively stable degree of‘ compaction. Curves of relative
conductivity as a function of capillary pressure were obtained which
could be represented very well by equ;tior;(so). Both n and Pb were deter-
mined with prec:li.sion'as .shown in Pigures 9 and 10.

Anat(1965) obsérved that in some cases, curves of relative conduc-
tivity as a function of capillary p:_:essurel were also obtained on “the
imbibition cycle. This was accomplished by first draining the c¢olumns
to a .very.low saturation(high P.c) and then raising the inflow reservoir
and outflow siphon in incremeﬁts. The conductivity was determined after
steady state was obtained for each increments.

From these measurements, he observed that the conductivity at

particular values of capillary pressure on the imbibition cycle is one
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or two orders of magnitude less than on the drainage cycle. The exception
is for capillary pressures less than. the bubbling pressure, in which
case, the conductivity on the imbibition cycle is about half that on
the drainage cycle, and the values of Pb were about 0.6 those obtained
on the drainage cycle.

Bloomsbu;g and Corey(1964) pointed out that for capillary press-
ures less than the bubbling pressure on the imbibition cycle, the 'cond-
uctivity is a function of time sinqe the entrapped air will eventually

diffuse from the system and the medium will become fully saturated.

2.5.1 Measurement of upward flow rates

The procedure used by Anat for determining maximum upward flow
.rates differed from that employed by Duke in se;reral ways. The columns
-used"_were usually slightly longer than hecessary for determining conduc-
tivity as a function of capillary pressure. Instead ‘of shoi:tening the
‘column after a series of runs, Anat simulated greater depths to a water
table by '1owéring the inflow siphon. When the system reached a steady
state, -the lower tensiometer was read and the outflow rate was measured.
Knowing the fully saturated conductivity of the soil, it was possible
to compute an equivalent depth to a zone of zero capillary pressure
by using Darcy law. The first runs were made with the zone of zero capi.-
llary pressure at .the elevation of the lower tensiometer. The capillary
pressure at the surface was gradually increased in very small increments
until the outflow appeared to approach a maximum, but the outflow siphon
was not lowered more than thié. After.this, the inflow siphon was lowered
to simulaté a greater depth  to the - water table, but the elevation of
the outflow siphon was not changed. This procedure. resulted in no pre-

ssure reversal at the upper tensiometer. Furthermore, the flow rates
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agreed very closely with those predicted from equation(25).  Results
are shown in Figure 11. Anat (1965) plotted q, as a function of d on
log log paper. His reason for plotting was that, theoretically, this
curve should approach a slope of n a‘; low values of I thus indicating
a relationship to the relative conductivity curves shown in Figure 9

and 10. This result was experimentally confirmed by Anat(Figure 11).

2.5.2 Upward flow on the imbibition cycle

One series of runs was also made by starting with completely
dry soil and allowing the soil to imbibe liquid from the lower inflow
barrier. The initial imbibition was produced with the inflow siphon
at a low elevation. The imbibition took place at an extremely slow rate
and a considerable time passed before any flow from the outfiow siphon
was observed. When the inflow siphon was raised, the system reached
site'ady state at increasingly shorter times, and it is probable that
the data obtained represented maximum upward flow rates. At any rate,
the data for the higher elevation of the inflow siphon agreed very closely
with theoretical rates computed using conductivity data obtained on
an imbibition cycle as shown in Figure 12.

An‘other series of runs was made in which the imbibition cycle
was started after draining the soil to a high capillary pressure. The
inflow siphon was then gradually raised in increments. The flow rates
agreed very closely with the theoretical curves obtained by usi._ng the
soil paraméters .obtained in an analogous manner, i.e. on the imbibition
cycle starting with the soil moist but at a high capillary pressure.

The results obtained by Anat are shown in Figure 12A and 12B.
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. 2.5.3 Effect of hysteresis

Figure 13 presents the results of one experiment in which the column
was first saturated and the outflow siphon_ was lowered in increments
while the zone of zero pressure was maintéin‘ed at. f.he iower .tensjl.ometer.
Afterwards the outflow siphon was raised in increments while the
zone of zero pressure was maintained at the same elevation. The broken
line in Figure 14 .represents the theoretical curve for the drainage

cycle.

2.6 Lysimeter Study

Shih(1983) conducted an experiment Iin lysimeters for studying
the evaporation from soil surface in relation to water tablé depth and
standard pan evaporation. The experiment were conducted in lysimeters
at the Agricultural Research and Education Center, Belle Glade, Florida,USA.
The experimental set up is shown in Pigure 15. The system consisted
of four concrete lysimeters. Each lysimeter was 108 cm long, 76cm wide
and 64 cm deep. The lysimeters wefe designed to maintain a constant
water table at given depth. The water table depths studies were 8 cm
and 38 cm with one replication. The so0il was subjected to three wetting-
drying cycles to permit any settlinq of the material. Tﬁe STandard Class
A National Weather Service Evaporation ?an 1o¢ated at the AERC was used
to measure the standard pan evaporation. The distance between the standard
class A pan location and lysimeter site was monitored by measuring change
in water level at the water supply tank. The Standard Pan Evaporation
from the Standard Class A pan was neasured_daiiy.'h linear regression
model was used to express.the relationship between soil surface evaporation
and standard pan evaporation. The form of the model was:

SSE = ao +'ai SPE ees (51)

37



Jatazeq
MOTJIINO 3R PESY SATIVHSU JO UOTIOUNI B S@ 838X MOT3F UO sT80I9384Y 3JO 309333 - €1 ‘brg

.Euln:
oS! Ob) Of1 021 OlIF OO0t 06 08 0oL 09 05 Or O oO2 ]| 0
T T. T T | | ! Y ] 1 T LE— "1 o.
<120
<10
f
190
180
40’1 )
»
O
I.N.— _z
0
2w
=R A “~
w
3
-1 9
-8l
TRITEZLENT , Joz

38



* 19TIIRg MOTIINO
3% PESY SATiebou Jo 28WSIDUT JO JUSWOIOUT JO 93BI MOTJ UO 3093JF - p1°bTd

wo - 9Y

OGi Obl oO£r 02! 01 00! 06 ' o8 0L 09 0S5 Obv oOf 0z o] o

1 T T T T T 1T 717717 17T/ T T1T737°
wy 02 = Wy o
ws 01 = YWy o

_ ¢
Wy o

j021}910

02

39

0ol X ¥b



mm:.(s SS33X3 ¥4 13 TUNO

I932WTsATT 333I0Uc) ® 103 waysAs sbeuteag pue A1ddng aajeM - g1°b1d

dNd ANOLY NI AL INSKT—==r—= — YNV TOUINOD ¥31WM

3dIdONVLS

_ MNVL JOVNIVHO

JATR HI3HD

JOVNIVIQ — WNVL JOYLNOD 13A37 ¥3iwm

HILINSKT— .

3did ONVIS

ATBW3SSY VO3

WNVL AlddNS dU3LVM

40



in which a, fnd a, are coefficients uhichuwere estimatéd from the experi-
-mental data by using the regression analysis. A linear regression model
was used to analyze the possible relationship between the ratio_éf soil
surface evaporation to standard pan evaporation and the water table
depth(WT). The form of the model was:
| . R=b_+b W - .. (52)
in ﬁhith bo and bi'were-coefficients which were estimated from the exp-
e:imental data. |
- shih(1983) concluded that the soil surface evaporation for both
8 and 38 om water depths were directly proporotional to the standard
pan evaporatidén. The soil surface evaporation for 38 cm water table

depth was significantly less pProportional to the atandard pan evaporation

than'the s0il surface evaporation for the 8 cm water table depth.
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3.0 REMARKS

Evapotranspiration (ET)} is the amount of water transpired by
the plant and evaporated from the soil. The knowlédge of the amount
and rate of ET is useful not only for irrigation studies but also for
the development of_hydrologiqal models. Evaporation of soil water involw=
ves not only loss of water but also the danger of. sﬁil salinization.

when the surface is at least partially bare, evaporation‘-.--_oap
take place from the soil as well as from plants. Since j.t is genefally
difficult to separate these twq process, they are commonly lumped toge-
‘ther and treated as a single process called evapotranspiration. |

Many investigators have studied rates of evaporation from soils
in which there is a water table. The sfeady state upward flow of water
from a water table through the soil profile to an evaporation zone at
the soil surface was first studied by Moore(1939). Theoretical solutions
of the flow equation for this process were also given by Philip( 1957 a,d)
and Gardner(1958). The work done by Moore, Philip, Gardner etc. stressed
the cases in which soil properties were the determining factors. for
evaporation. Some authors like Slayter and Mc Ilory(1961), Van Bavel
{1966) etc., have developed some purely meteorological equations where
atmospheric conditions play the main role in estimating magnitude of
evaporation.

This review note gives in detail the work done in both the cases
_i.e.estimate of evaporation considering various soil properties and
secondly the use o.f various meteorological equations for estimation
of evapotranspiration. |

Staley(1957) and Duke{1965) conducted an experiment on wind tunnel

42



at Colorado State University to determine how evaporation rate is affected
by depth of water table and wind velocity which has been reported in
this, review note. Shih's (1983) work on lysimeters for studying the
evaporation from soil surface in relation to water table depth and stan-
dard pan evaporation has also been mentioned briefly.

Very less work has been done in India in the area of evapotrans-
piration considering grouhd wgter table fluctuation,soil profiles and
external environmental conditions etc. The various set of conditions
under wﬁich evaporation may occur are:

1. a shallow ground water table at a constant oy variable depfh,

2. soil profile may be shallow resting on bedrock, or it may

be deep. Soil profile may be uniform or may consist of distinct
layers differing in texture or structure,

3. the soil surface may or may not be covered by a layer of much

differing from the soil in hydraulic and diffusive properties,and

4. external environmental <conditions may remain constant or

fluctuate.

To be more accurate and precise, systematic research work must
be carried out for the various soil profiles condition, environmental

and water table conditions.
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