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ASSTRACT

The objective of this preliminary study using a closed chamber to
control temperature, relative humidity, wind velocity and using a ten-
sion table to control soil moisture to determine evaporation losses from
"sandy clay loam and sandy loam soil was intended to find the effects of
soil moisture and soil type on evaporation, The equations derived from
this laboratory test chamber study were fairly adaptable to the physi-
cal characteristics of the variables. The formulas were not assumed to
be used in practical problems, However, they shoi«( that both soil moise
ture factor and soil type factor would exert significant effects on eva-
poration and play an important role in the process of evaporation,

Two equations of evaporation from soil in terms of air tempera=-
ture, wind velocity vapor pressure deficit and soil moisture and two
equations of evaporation from soil in terms of air temperature, wind
velocity, vapor pressure deficit and soil tension for sandy clay loam
and sandy loam soil were derived from the results of this experiuent,

The equations based on soil moisture for sandy clay loam and sandy

loam soil were:

(1)s For sandy clay loam soil;

E=thcﬂcchccsc""‘."""'°"“"’(l)
where

E is the evaporation from the soil in inches per day
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Cio = 04209 = 0,004 T + 0,000033 T2; Cic is the subcoefficient
of air temperature, T is the temperature of the overrunning
air in °F

Cye = 04559 + 0.L43 W + 0,000305 W3 Gy is the subcoefficient
of wind, W is the velocity of overrunning air in feet per
second

Gpe = 048233 = 0,1029(eg = ) + 1,706(eg = €)2; Cnc is the sud-
coefficient of vapor pressure deficit, (eg - e)z; Cye is the
vapor pressure deficit at a given overrunning air tempera-
ture in pound per square inch

Cq = 242791 = 0,2395 S + 0,00666 S%; Cge is the subcoefficisnt

of soil moisture, S is moisture in the soil expressed by

parcentaze of moisture on oven-dry basis,

‘2)e For sandy loam soil;

E=Ctg Cyg Chg Css o o o ¢ o o s e o o oo o oo e0eoaq ()
where

E 1is the evaporation from the soil in inches per day

Cps = 04133 = 0.00226 T + 0,0000349 T2

= 0,599 + 0,0309 W = 0,00297 W

Cus =
Chs = 0,726 + 1.3401(eg = ) + 0.4706(eg = 6)2
Cig = 1.013 = 0,0647 S + 0.00371 §° \

Except the second subcript "s" of the subcoefficient was used to
distinguish sandy loam from sandy clay loam, the other symbols had the
same explanation as used in equation(1l).

The equations based on soil tension for sandy clay loam and sandy
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loam soils were;

(3). For sandy clay loam soil;
E'—:thcwcchcc’rc anoc.oono’oooa'oooa-(B)

where

E 1is the evaporation from the soil in inches per day

Ctcs Cyc and Cy¢ are equivalent to the values of Cy., Cp and
Cc in equation(l)

Cre = 24281 = 0,0803 Tgp + 0.000225 Tenz; Crc is the subcoeffi-

cisnt of tension, Tep is tension in centireters.

(4). For sandy loam soil;
E=Ct’scwsonscrsooooooooooooooooooo-(h)

where
E is the evaporation from the soil in inches per day
Cgs Cys and Cpg are ~qiivalent to the values of Cig, Cys
and G,g in equation(2)

Crg = 1e515 = 0402658 To, + 0,000225 Tenz; i-5 is tension in

Approved by /?4/4 /ZZ/@/

centimeters,
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INTRCDICTION

The consumption of neat from the sun in the evaporation of mois-
ture from land and water surfaces and in the transpiration of soil moise
ture by vegetation is the process by which precipitated water is return=-
ed again to the earth's atmosphere as vapor to perpetuate the hydrologic
cycle,

Evaporation is the process by which water is changed from the li-
quid or the solid state into the gaseous state through the transfer of
neat energye.

The study of evaporation from soil has important applications in
the field of irrication, The complex nature of the relating facfors of
temperature, vapor pressure deficit, wind velocity, solar radiation,
type of soil an’! soil moisture produces a very difficult problem. In
particular the variation of soil moisture and the soil type are phases
of this study which seems to have been wholly nezlected by previous re-
searchers, Most researchers are concerned wita the evaporation from tne
free water surface. Therefore it was not possible to find a formula
which included soil moisture and soil type factors which must be taken
into consideration,

Since it was apparent that work had not been done on tne effects
of soil moisture and type of soil on soil moisture loss, a study to in-
vestigate these factors was proposed. This study had tnhe following ob-

jectives:



1. Construct a suitable test chamber which would enable control of air
temperature, relative hunidity and wind velecity.

2. Construct two tension tables for maintenance of tensions which would
maké possible the control of the moisture content in soil samples.

3. Determine suitable equations from experimental results to predict
evaporation from soil on the basis of soil moisture, soil tension
and soil type in addition to the factors praviously studied.

It was known from previous studies that the factors affecting eva=-
poration had linear combination, therefore the expected equations based
on soil moisture and soil tension for these factors were assumed to be:

E=CuCuChiCg o o o o o o o v e o oo oeoeoeoesaal)
E=CpLCyuCpCT o ¢ e oo oo oooseeeeoeeoesssa(2
where

E i

"

evaporation in inches per day

Cy is the subcoefficient of air temperature

Cy is the suhcoefficient of wind velocity

Cn is the subcoefficient of vapor pressure deficit, which is
expressed by (eg - e)
eg is the saturated vapor pressure at a given temperature
e 1is the actual vapor pressure ab the given temperature

Cg is the suhcoefficient of soil moisture

Cp is the suhcoelficient of soil tension.



REVIEW OF LITZRATCRE

Reparts on evaporation and evaportranspiration in the literature
are extensive, Robinson and Johnson's compilation of the literature for
the period 1800 to 1958 was published by U.S. Geolo-ical Survey in 1941,
Christiansen and lLauritizen(1963) compiled a bibliography of 225 publi-
cations with emphasis on recent publications,.

The methods used in investigating evaporation fro: lakes or resere
voirs fall into fowr categories: 1, The "water budget deterrinations of
evaporation". Tnis approach is simple in theory, but application rarely
produces reliable results since all errors in rneasuring outflow, inflow,
and change in storage are reflected directly in the computed evaporation.
2. The "energy-budget detensination of evaporation". This approach like
the water budget, employs a continuity equation and solves for evapo-
ration as the residual required to maintain a balance. Application of
the energy budget has been attempted by nuamerous investigators, with
cases selected so as to minimize the effect of terms that could not be
evaluated, The principal limitation of this approach is tie lack of su-
fficient climatological measurements in most localities. Only a few clie=
matological stations record the needed solar energy data. Tne formuula,
even though quite reliable, has serious practical limitations. 3. The
"massetransfer determinations of evaporation"; The theoretical develop-
ment of turbulentetransport equations has followed two basi:z approaches,

the discontinous, or mixing length and contino.s .jxing concepts, ihe
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derived formulas are according to the differences of wind and vapor pre-
ssure at two levels near the surface, This method is simpler and can
utilize readily available climatological data. Thorathwaite(1955) theo-
rized that temperature was a good index to enerzy in a zone of essential
equilibrium. In essence, the procedure developed by Tnornthwalte has the
same limitations regarding areas of application as en=rgy buiget, It
applies quite well to hunid, welle=vegetated areas. Increased errors are
observed in arid, low-humidity regions. L. The "estimation of evaporation
from pan evaporation and related meteorological data"; Th= pan is the
most widely used evaporation instrument today. Its application in hydro-
logic design and oneration is of long standing. Several authors have
developed pan coefficients to transform pan evanoration to lake evapo-
ration,

Mann(1871) concluded that evaporation fro. a freze water surface
depends almost wholly cn three factors; 1. T:ie area of the water surface,
2. Tne tenperature of the water at its surface, 3. Vapor pressure of
water in the air above the water., Fortier(19C7) :=ted that the factors
having the greatest influence on evaporation fron scils are the quantity
of water in the top soil, the temperature of the soil and air movement.
Fukuda(1955, 1956) studied the effect of wind on soil. ile reported that
the soil depth to which air can penetrate as a result of wind gustiness
is very slight. Even in sandy soils the particles of which have a mean
diameter of 0,5 = 0.25 mm, the wind penetrates only about 5 mm below the
surface. Staple(1956) sugzested that computation of evaporation must be

stepwise process involving the calculation, in short time intervals, of



both the changing moisture profiles in the drying soil and the resulting
evaporation at the surface. Cnchukov(1957) concluded that evaporation
should not occur below 25 cm but that extensive evaporation occurs within
S cm of the soil surface. Richards et al.(1956) reported that vapor
transfer was agriculturally insignificant below the 15 cm depth. Peter-
son(1959) found that maximal evaporation occurred at a depth 1/2 to 1

inch below thne soil surface.

Evaporation formulas

The fundamental law of evaporation from a free water surface was
enunciated by Dalton in 1882, He stated that if the actual vapor pre-
ssure of the air ahove the water is less than that at the water surrace,
then evaporation will occur. Several empirical equations to estimate
evaporation are based on Dalton's law, It ma; be written as:

E= (eq = e3) £()
where
E 1is the evaporation in a unit of tiie
e, is the vapor pressure of the evaporeting surface
€5 is the vapor pressure in the atmosphere
f(U) is a function of the wind velocity thati can te of the
form - a + b u, orc u” where a, b, ¢ and n are constante.

vmyer, 15L2) suggested a formula for estinating evaporation from a
lake which can be expressed by the equation:

E=cleg -ey)(1+ -1’;-\
where

E 1is evaporation in inches per day



es is the vapor pressure of tlie water sarface(in. of ig)
a 1s the vapor presswure of the overrunning air(in. of Hg)
v is the wind speed (mph) about 25 ft above the surface
¢ is the coefficient (about C,26 when the formula is applied
to daily data for an ordinary lake),
Edney(1957) expressed it as:
E = K(P, - P,)
where
E 1is the rate of evaporaticn
K 1is a proportionality "ccnstant"
P, is the partial pressure of water vapor in air saturated
at temperature of the surface
P, is the partial pressure of water vapor in air a snort dis-
tance away from the surface.
Rohwer{1931) working at Fort Collins, Colcrado, proposed an equz=-
tion of tte form:
E = (1.LE5 = 0.01€6 B)(0.Lh + 0,118 W)(e, = e5)
where
B is the barometric pressure in inches of mercury at 32°F
W 1is the wind veloccity near the ground in miles per hour,
Perran(19L8) proposed a formula in England:

Eg = 0.25(1 + ¢.8 x 107> Us)(eg = e,)

Eo is the evaporation in millireters per day

Uy 1is the wind velccity in miles per day neasured 2 meters



Christiansen(1960) derived a formula, which can be expressed by the equa=

tion:

where

where

above the surface,

In investigating evaporaticn from shallew lakes near COgden, Utah,

is the evaporaticn (or evapotranspiration)

is the extraterrestrial radiation that is received at the

outer surface of the atmsphere expressed as an equivalent

depth of evaporaticn in the same units of E

E=KCR

E

K is the dirensionless constant
R

C

is a dirensionless coefficient that is the product of se-

veral subcoefficients, each one a function cf climatic and

related factors that affect evaporation,

The value of the coefficient C in the above equation is:

C =0Cp CyCsCyCpCrL oy

is
is
is
is
is
is

is

the subcoefficient
the subcoefficient
the subcoefficient
the subcoefficient
the subtcoefficient
the subcoefficient

tre subcoefficient

Linear equations were found

of tenperature

of wind

of sunshire percentage
of hurijity

of elevation

of latitude

of month

for t'.e subcoerficients Cp, Cy, Cg,



Ciy and rean values were found for the monthly coefficient Cy.

A further study in determining the subcoefficients was conducted
by Mathison(1963) in Utah. He used data from LO weather stations scatter-
ed throughout the weatern United States and proposed a formula for com=
puting evaporation from a Standard Weather Bureau Class A pan:

E = Cg Cp Cy Car Cs Cg

where

E 1is the evaporation in inches per month

Cc = CR Cecos(L = D)CM

Cp is the coefficient of radiation, where Cg = 0,20 R + 0.015 R%;
R is radiation in inches water

Ccos(L = p) is the cosine of the latitude minus the declina=-
tion coefficient, where Coog(p, - p) = 1.16 + 0.L2 cos(L - D)
- 0,7 cos?(L = T} in which L and D are tie latitude and the
declination

Cy is the monthly coefficient, where Cy = 1 + C,00155(L = D)
cos(N + 1) in which N is the number of month

Cp = - 0.26 + 0,03L25 T = 0,000075 T2, where T is air tenpera-
ture

Gy = 0.8 + 0.0035 W - 0,0000027 W, where W is wind velocity
in mil2s per day

Cap = 0.1 + 9.6 x 107laT? - 2,76 x 10~7aTl, wiere AT is the
difference in average naximum and mininum temperature fcr
the month

Cg = 0,622 + 0.C05875 S = 0.000011 52, where S is the sunshine



percentage
Cg = 0.967 + 0.35 E - 0.00156 E%, where E is the elevation in

_thousands of feet.,

Pan evaporation

The U.S. Weather Bureau Class A evaporation pan is widely used in
the United States. Records were published for 350 stations in 1956. Pan
coefficient is defined as a ratio of lake evaporation to pan evapora=
tion. Mean annual USWB Class A pan coefficients range from 0,81 at Lake
Okeechobee to 0,60 at Lake Mead(linsley, Ray K. Jr. and Max A. Kohler
and Joseph L. H. Paulhus, 1958). The subcomrittee on evaporation of the
special committee on Irrigation Hydraulics of the American Society of
Civil Engineers, adépted 0.70 as a ratio of the annual evaporation from
a USWB Class A pan to that from a reservoir, This value would result in a
maxium difference of 12 percent from 0,81 at Lake Okeechobee., Young(19L2)
reported that Lake Elsinore has an average annual coefficient of 0,77
for the Class A pan, but the monthly coefficient varied from 0,63 in Fe-
btruary to 0,97 in November, A sumrary of pan coefficients (Lake=to-pan
ratios) has been published(Linsley, Ray K. Jr. and Max A. Kohler and Jo-

seph L. H, Paulhus, 1958),



DZSIGN OF EXPERIMENT

In order to meet the objectives of this study, it was necessary to
evaluate the factors of temperature, relative humidity, wind velocity:
and soil moisture in a closed chamber. The factors of elevation and la-
titude were kept constant since all tests were conducted in the same
place., Since the test chamber was closed, the factors of radiation or
sunshine and monthly variations were eliminated.

From the literature survey it was concluded that the factors in-
fluencing evaporation from soil, except soil moisture, were limiting only
within a thin top soil layer, In order to eliminate the nonuniform verti-
cal distribution of soil moisture it was decided to use a thin layer of
soil and conduct an experiment in which the soil moisture and scil type
factors were taken into consideration. The only factors consedered in
this experiment were temperature, relative himidity, wind velocity, soil
moisture and soil type, Each of the variables was controlled separately

in order to obtain various combinations of treatments.

Environmental variables

The tenperature levels consisted of three average values of 60°F,
75°F and 95%F. The relative humidity ranged from about 20 to 95 percent.
Three wind velocities of 0, 8 and 16 feet per second were used. Soil mois-
ture was varied to three levels by soil tensions of 0, 27,5 and L5 crm.

Two soil types were used.,
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The treatments of these variables were arranged sc as to have all
pcssible combinations of factors, The combinations of the treatments are

listed in Table 1,

Table 1. Combinations of treatments

Temperature Relative Wind velocity Soil moisture Types of soil

(°F) m(m;d%ty (£t/sec) ﬁ?,fg‘;gisi;’, 23:.)
60 20 0 0 Sandy clay loam
95 95 16 LS Sandy loam

From Table 1, it was apparent that 162 conbinations of the treat-
ments must be evaluated. Each combination had three replications. A total

of L,86 otservations were made.

Soil samples

In order to compare the effects of two soil types and to eliminate
the errors due to the effects of different operating conditions, it was
decided to run the two soil types at the same operating conditions during
the test, The moisture content of the two soil types was controlled by
tension tables,

The soils were taken from locations on the Michigan State Universi-
ty farm, Mechanical composition was determined by the hydrometer method.
Mechanical composition, bulk densities and saturated moisture are listed
in Table 2.

Table 2, Properties of two soil samples



Mechanical composition

Sand  Silt
(%) (%)

Sandy loam 66 19

Sandy clay L8 28
loam

Cl
&
15
2,

12

Bulk density

1.412
1.3

Saturated moisture

(%)
23,27
35.87



AFPARATIS

Test chamber

In order to contrel the factors affecting evaporation from soils,
a closed test chamber was constructed in the land Development laboratory
in the Departrent of the Agricultural Engineering, Michigan State Univer=-
sity. The chamber was 8 feet high, 8 feet wide and 3 feet deep(Fig. 1).
The walls of chamber consisted of 1/L inch plywood inside and outside
with 2 inches of glass wool insulation in between, Four doors were set
in the front face of the chamber to handle and check the salt solution,

heat exchanger and soil samples,

Soil samples

Two sample boxes 1 foot long, 6 inches wide and 2 inches deep

were constructed of 3/8 inch plastic, Two samples were placed side by
side with the greatest dimension parallel to the direction of air flow
at the top portion of the chamber(Fig. 1 and Fig. 2). The required ten-
sion was established prior to filling the sample box. The box had a 1/L
inch hole in the middle of the bottom and was connected by a 1/4 inch
tube to a glass bottle (Fige. 3). The box was cleaned with soap and dis=
tilled water. The next step was to fill the box and the plastic tube with
distilled water, The tube was clamped, A mesh screen L inches long, 2 in-
ches wide was put in the middle bottom of the box, then three layers of

blotting paper were placed on the screen, In order to prevent air from

13
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coming in at the edges of the paper, four plastic strips were used to
press down these edges. The box was raised above the glass bottle about
one foot, then the clamp was loosened to drain the water until it reach-
ed one foot of tension, This unit was observed for at least 6 hours to
determine whether the tensicn would hold. The disturbed soil sanple was

uniformly placed on the blotting paper up to the top of the box.

So0il moisture control

The moisture content of the soil samples was controlled by ai-ferent
tensions, The tensions were measured by the difference of water heads be-
tween the soil and the free water surfaces which were controlled by a
glass bottle mounted on the front face of the chamber(Fige 3). The bottle
was filled with distilled water and a 1/l inch diameter tube was connecte
ed to the bottom of the sample. In order to maintain constant water level
in the bottle it was necessary to ha%e an automatic water surface control
device, A one foot long, one inch diameter cylinder with its top s=aled
with a rubber plug was used for this function, A 1/} inch diaeter glass
tube with both ends open was inserted from the rubber plug to one inch
from the bottom of the cylinder, The top end was exposed fo atmosphere
and the lower end was immersed in the water in the cylinder. A second 1/i
inch plastic tube was connected from the bottom of the cylinder to the
Zlass bottle in prder to keep water supply contimious, The cylinder was
movable so that the lower end of the glass tube could be adjusted at the
same level as the water surface in the glass bottle, Since there were
two soil samples, two sets of the above equipment were prepared.

Graduations of 1/5 c.c. were placed on the side of the cylinder,



Fig. 2 Soil samples

Fige 3 Soil moisture control system
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The water lost from two samples was rmeasurzd here,
The moisture contents in the soil samples for various tension le-

vels were measured by taking small samples from the soils,

Humidity control

Three saturated salt solutions were praparéd to control the humie
dity in the chambere. Lithium chloride, magnesium nitrate and potassium
nitrate were used to supply low, medium and high humidity respectively.
Saddle porcelain of 3/} inch size was used for a contact area between
the salt solution and the air coming in from the air blower in order to
obtain the desired himidity,

A container 2 feet long, 2 feet wide and 1 foot deep having a
screen at its bottom was placed in the left central side of the chamber,
This container was filled with saddle porcelain(Fig. 1). A tank 3 feet
long, 2.5 feet wide and 6 inches deep was placed under the container to
catch the salt solution, The solution was circulated by a pump equipped
with a 1/2 hp electric motor through a one inch rubber hose and sprayed
by four nozzles onto the saddle porcelain(Fige. 1 and Fig. L).

An automatic recording hygrometer was placed below the s0il same

ples.

Air speed control

The air flow passing over the soil samples was controlled by an
air blower, It was placed at the right hand side of the chamber, An 8
inch diameter pipe covered with glass wool insulation connected the blo-
wer to the top and to the bottom of the chamber to circulate the air(

Fig. 1 and Fig. 5). The blower speed was regulated to control the air
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speoad,
A pitot tube was inserted from the top center of the chamber near
the surface of the samples to measure air velocity over the soil samples

r

(Fige 1),

Temperature control

A tank filled with water and a heat exchanger were prepared to
control the temperature in the chamber, The temperature in the tank wa;s
adjusted by putting ice, running cool or hot water through the water in
the tank, Tne ‘eat exchanger was placed 2 feet away from the outlet of
the air blower, It was comnected to the pump and tank by a one inch pipe
(Fig. 6).

The air temperature in the chamber was measured with a glass bulb
thermometer inserted from the top of the chamber and close to the sur=
face of the two soil samples(Fig. 1). It was checked by the above men-
tioned recording hygrometer. The soil samples were so small that the
temperature of the soil was essentially controlled by the temperature

of the chamber,



EXPERIMENTAL PROCEDURZ

The first variable to be controlled in the chamber was humidity.
Three levels of soil tensions were set to correspond to the controlled
humidity. Temperatures and air velocities were changed and set so as to
meat t.he‘ required combinations of the treatments, While humidity was
changed, the same procedure for tension, temperatwre and air velocity
was repeated,

During the test, while tension was changed, the time needed for
the tension to reach equilibriwn was about 2} hours, It was also nece-
scary to run the whole system of the chamber for two hours to obtain the
desired conditions for each day's test, All test runs were for 30 mi-
nutes, The readings for 3 replications were talken when each combination
of the treatments was being conducted,

Evaporation losses from the two soil samples were measured by the
water lost in cubic centimeters from the cylinders which were mounted
on the front face of the chamber(Fiz. 3). The loss readings were con-
verted into inches per day. The correction of the error of the lost wa=-
ter volume due to the glass tube in the cylinder was also made,

The temperatures of the air overrunning the samples were measured
by the glass bulb thermometer. The temperatures in the samples were also
measured at the end of every treatment, It was found that the tempera-
tures in the soils were the same as in the air,

Wind velocities passing over the samples were measured by the pitot

21
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tube in feet per second. Three wind velocities of O, 8 and 16 feet per
second were controlled by the air blower,

Relative humidities were measured by hygrometer and were converted
into vapor pressure deficit in pound per square inch by using Psychro-
metric Charts prepared by the American Society of Agricultural Engineers.
Since there was some chamber leakage, it was difficult to control the
low and the high hwnidities, The saturated lithium chloride solution on-
1y brought the humidity down to 27 percent of relative humidity., The hi=-
ghest relative humidity varied a small amount during the test. The sa-
turated lithium chloride solution lost its ability to control the humi-
dity while the tests at zero tension were being conducted, The relative
humidity for the experiment on zero tension controlled by the "saturated
lithium chloride solution was found to be around LO = 50 percent.

The moisture content of the soil samples was controlled by various
tensions. The soil moisture for each tension was determined by taking
small soil samples from the soils. It was expressed by percentage on

oven=dry basis,



DISCUSSION OF RESULTS

Presentation of data

Bach value of evaporation for 81 combinations was obtained by tak=
ing the a%mge value of three replications. The mean low, mediwn and
high temperatures oI 61,99F, 76,0°F ani 25,8°F of .over all observations
were found, Three values of wind velocities(0, 8 and 16 feet per second)
were obtained, Since the humidities found from the experiment were so
scattered, it was almost impossible to get three average values close
to the designed values, Five average values of 0.638, 0.15L, 0.252, 04342
ant ~. 08 pound per square inch of vapor pressure deficit for the ranges
06035 = 0,09, 0,10 = 0,19, 0,20 = 0,29, 0.30 = 0.39 and C.LO = 0,57 were
found and the method of least squares was used to find the bestefit
curves and the equations of the subcoefficient of vapor pressure defi=-
cit. Soil moistures obtained from three tensions were fairly stable,

The averare values of moisture content for 0, 27.5 and LS5 cm of tension
were 35.87, 27.22 and 11.61 percent for sandy clay loam and 23.27, 15.L9

and 9,71 percent for sandy loam soil respectively,

Procedure to find the coefficients

For determination of the formula presented here, 81 average va-
lues of evaporation for both sandy clay loam and sandy loam soils, three
average values of temperature, three average values of wind velocity,
five average values of vapor pressure deficit, three average valuss of

moisture for both sandy clay loam and sandy loam soil and three tensions
23
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were used to plot the curves and to find the equations of the subcoe-

fficient,

1. Temperature coefficient:

The first coefficient found was C¢, and C¢ge A1l data of evapora-
tion were grouped in 3 lots of 27 according to low, medium and high tem-
pemt,m-es(61.9°F, 76.0°F and 95.8°F) to find average values. The equa=-
tions for the curves were found to be(Fig. 7):
= 0,209 = 0,004 T + 0,000033 T2

(@]
g
|

0.133 = 0,00226 T + 0,00003,9 T

(2]
ct
©

"

where
Cic is the subcoefficient of air temperature for sandy clay
loam soil
Cyg 1s the subcoefficient of air temperature for sandy loam
soil
T is the temperature of overrunning air in °F.

From Fig. 7, it was obvious that the effect of air temperature on
evaporation for the sandy loam soil was greater than that for the sandy
clay loam soil, As the temperature of the air increased, more rapid in-
crease of evaporation occurred in the sandy loam soil, It was also found
that the effect of temperature on evaporation from the sandy clay loam
soil was less if the temperature of air was less than TSOF-

The next step was to divide values of E (evaporation) of each of
81 average values by calculated values of Cy, and Cyg respectively to

eliminate the effect of air temperature,

2, Wind velocity coefficient:
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Tne second step was to arrange all data according to wind velo-
cities(0, 8 and 16 feet per second) into 3 lots of 27 to find average
values of E/Cy. and Eg/C.g for each lot. The values of 3 points for
sandy clay loam and sandy loam soils were plotted and equations for the

curves were found(Fig. 8):

Cwc = Bo/Cye = 0,558 + 0.LL3 W + 0.000805 W
Cys = Es/cts = 0,599 + 0,0809 W + 0,00297 w2
where
C.e is the subcoefficient of wind for sandy clay loam soil

wC

Cys 1s the subcoefficient of wind for sandy loam soil
W is the wind velocity near the surface of the soil
Fig. 8 showed that the effect of wind on evaporation for the sandy
loam was greater than that for the sandy clay loam when the wind velc=
city was less than 1C feet per second, but the reverse phenorencn was
found when the wind velocity was greater than 10 feet per second,
Values of E./Ci; and Es/Cyg were divided by Cy and C,g respective-

ly in order to take out the effect of wind.

3. Vapor pressure deficit coefficient:

The third step was to arrange all data of vapor pressure deficit
in increasing order and to group the datz in 5 lots according to 5 in-
tervals of vapor pressure deficit, The average value of vapor pressure
deficit and the corresponding average value of E,/CicCyc and Eg/CgCys
for each lot was found. The vglues of these 5 points for each soil same-

Fle were plctted and equaticns for the best=fit curves found by the me-

thod of least squares were(Fig. 9):-
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= 0,8233 = C,1029(eg - e) + 1.,706(eg - e)2

Q
=
Q

|

= 0,726 + 1.3U01(eg = o) + 0.L7C6(eg = e)?

(]
o
©

!

where
Chc is the subcoefficient of vapor pressure deficit for sandy
Chs 1s the subcoefficient of vapor pressure deficit for sandy
loam soil
(eg = e) is vapor pressure deficit; where e; is the saturated
vapor pressure at a given temperature, e is the actual vapor
pressure at the given temperature,
Fig. 9 showed that when vapor pressure deficit was greater than
0.060 pound per square inch, the effect of vapor pressure deficit on
evaporation for sandy loam seered greater than that for sandy clay loam,
When vapor pressure deficit was less than 0,06, the effects of vapor
pressure on evaporation for both sandy clay loam soil and sandy loam
soil seemed similar,
Values of Eg/CycCip and Eg/CgCys Were divided by Cp. and Cpg res-

pectively to take ocut the effect of vapor pressure deficit,.

L, Soil moisture coefficient:

The final step was to determine the average value of E./CtcCwcChe
and Es/btscwschs for the lot corresponding tc each of three various ten-
sicns(0, 27.5 and L5 cm), Each tension had its average value of mois-
ture content for each soil sample, The values of these 3 points for each
sample were plotted and equations for the curves were(Fig. 10):

22791 = 0.2395 S + 0.00666 S

CSC

1}

Css = 1,013 = 0,047 S + 0,00371 §2
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where
Csc is the subcoefficient of soil moisture for sandy clay loam
soil

Cgs is the subcoefficient of soil moisture for sandy loam soil

Another relations were found by expressing soil tensicn vs,
Ec/CtcCucChc and Eg/C4gCysCpge The data used for finding C_, and Cgg were
used here, and were plotted vs. tensions., The equations for the curves
vere found(Fig. 11):

Cpe = 24281 = 0,0603 Tgp + 0.00085k Tepn?
Crs = 1,515 = 0.02658 Tgpn + 0.000225 Tgy2

where
Cpc 1s the subcoefficient of tension for sandy clay loam soil
Crg 1s the subcoefficient of tension for sandy loam soil
Ten is the soil tension in cm, -

Two interesting results from Fig. 10 were found., At the same soil
moisture percentage, evaporation from the sandy loam was greater than
that from the sandy clay loam. The other fact showed that the higher
saturated soil moisture resulted in higher evaporation, It was apparent
that the sandy loam had lower saturated soil moisture and the sandy clay
had a higher saturated soil moisture,

From the aspect of tension, higher tension applied to sandy clay
lcam resulted in less effect on evaporaticn, wWhen tension wzs reiuced te
18 ¢m or less, the effect of tension in the sandy loam on evaporation

was less than the sandy clay loam,
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Final equations

The formulas derived for sandy clay loam and sandy loam soils from

the experimental results are:

(1),

vhere

(2).

For sandy clay loam based on soil moisture;

E=thC“cCthsc..-........-.o.......(l)

E

Cte

Coc

scC

is the evaporation from the soil in inches per day

= 0,209 = 0,004 T + 0,000033 T?; Cy. is the subcoefficient
of overrunning air temperature, T is the temperature of
overrunning air in OF

= 0,558 + Oull3 W + 0.000805 W'; C, is the subcoefficient
of wind, W is the velccitly of overrunning air in feet per
second.

= 0.8233 = 0.1029(eg = e) + 1.706(es - )} Chc is the sub-
coefficient of vapor pressure deficit, (eg = e) is the vapor
pressure deficit at a given overrunning air temperature in
pound per square inch

= 2.2791 = 02395 § + 0,00666 S°; Cgc is the subcoefficient
of soil moisture, S is moisture in the soil expressed by

percentage of moisture on oven-dry basis,

For sandy loam soil based on soil moisture:

E‘:CtscwsChscss.ocoooooccoocoooo.oo(z)

E

Cts

is the evaporation from the 80il in inches per day

= 0,133 = 0,00226 T + 0,00003L9 T2
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L}

Cys = 04599 + 0,0809 W = 0,00297 W

Chs
Cgg = 1,013 = 0,0647 S + 0,00371 S

0,726 + 1.3101(eg = o) + 0.4706(eg = €)°
2

Except the second subscript "s" of the subcoefficient was used to
distinguish sandy clay loam soil, the other symbols had the same nota-

tion 25 used in equation(l).

(3). For sandy clay loam soil based on moisture tension:
E=Cto Cuc Chc CTc o o o ¢ o o o o o o o o o oo o oo o(3)
where
E 1s the evaporation from the soil in inches per day
Cies Cye and Cpe were equivalent to the values of Cic, Cyc and
Chc in equation(l)
Cpe = 24261 = 0,0803 Ty + C.000225 Tgr2; Cpo is the subcoeffi-

cient of tension, Ten is tension in centimeters.

(L), For sandy loam soil based on moisture tension:

E = Ctg Cug Ohg CTS o o = o o o o o o o o o oo nooaooll)

where
E 1is the evaporation from the soil in inches per day
Ciss Cys and Cpg were equivalent to the values of Cig, Cyg and
Chs in equation(2)
Crg = 1.515 = 0,02658 Tep + 0,000225 Tepns CTg is the subcoeffi-

cient of tension, T, is tension in centimeters.



1.

3.

7.

The use of the tension table to control soil moisture in the thin
layer of soil gave a very stable moisture content and uniform mois-
ture distribution,

Soil tension was a good‘index of soil moisture, The moisture content
of the soil depended on the tension applied, The moisture in the soil
was inversely proportional to the soil tension,

Increasing air temperature produced more evaporation in the soil of
coarser particles than in the soil of finer particles,

The effect of wind on evaporation in the soil depended on wind velo-
city and the particle size of the soil, liore evaporation occurred

in the soil of coarser particles when the wind velocity was low, but
the reverse phenomenon was observed when the wind velocity was hizher.
Maximum constant wind effect on evaporation was observed from the
sandy loam soil.

Evaporation does not depend on the moisture content of the different
soils, however it does depend on the moisture content of the parti-
cular soil, More evaporation occurs in a specified soil when its
moisture content is hizher. In comparing the evaporation from di-
fferent soils, the type of soil as well as the moisture content of
soil has to be taken into account,

Maximum evaporation occurring in the saturated soil depends on the

maximum capillary capacity of the soil. The soil of the finer par-

35
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ticles has more capillary capacity than that of the coarser parti=-
cles, Ther={ore in the close saturated conditions, the evaporation
occurring in the soil of the finer particles is greater than that
of the coarser particles,

8. When soil is unsaturated, the rate of evaporation depends on the
size of the particles in the soil. The soil of the coarser parti-
cles has more evaporation than that of the finer particles although

the moisture contents are the same in these different soils,
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APPENDIX

Procedure for finding the constants of the best-fit parabola equa-

tion may be stated as follows:

1, For determining the constants of the parabola equait.ion of the co-
efficients Cy, Gy, Cg and Cr;
Three points on the curve were given by the results of the ex-
periment, The assumed parabola equation was
Y=a5+2a) X +ap X2
where
235, a) and ap were three constants to be detemmined.
Three sets of (X, Y) were substituted in the equation and three
simutaneous equations wéne obtained;
Y =a,+a) Xy +a 112
=a, ta) X, +ap 122

w5
[

Y3 =ay ta) X3 +ap 132
Then, solved the equations to obtain ay, aj and a,,

2. For determining the constants of the parabola equation of the co-
efficient G,3 |

It was necessary to use the least square method to obtain the best
-fit equation for the coefficient of G . The least square parabola
approximating the set of 5 points (X4, Y1), (X2, Y2), (x3, 3{3), (X YY)

aad (X5, Yo' cbtatned from the results o7 the experirent ha® the equation
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(3piegel, Mirray R, 1961);
Y=a,+a; X+a, x2

where
ayy 83 and ap were determined by solving simultaneously equa=
tions:

ZY=a,N+a) EX +ay =X
ZEXY=a,EX+a3 ZX% +a, = X3
Ex’ Y=a,E2x% +a; ZX> +a,= X!

where

N is number of set. In this experiment, N equals 5,
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