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167 sEffect of Irrigation Frequency on the Average 
Evapotranspiration for Various Crop-Climate-Soil Systems 

A. L Norero, J. Kdslr and G.L. Adoft 

N UMEROUS formulas have been d-
veloped to predict evapotranspim. 

tio. based on climatic data (ASAp, 
1966; ASCE, 1966). Most of these 
formuls can be successfully applied to 
conditions where there is a continuous 
and abundant supply of soil water. For 
economical and technical reasons, how-
ever, an abundance of soil water cannot 
be maintained continuously and a dry. 
ing cycle of the soil is almost unavold-
able even undeT conditions of good 
irrigation. Hence, many of the formulas 
basedesolely on climatic variables are of 
limited application since they do not 
take into account the soil moisture or 
the nature and condition of the plants. 

The soil, the plant, and the atrno-
sphere form a single continuous system 
for the movement of water. The evapo-
ration of water from plants is the result 
of interactions of all three components 
of the sys:em, and it cannot be charac-

terized by any singk component. Better 
decisions will be possible in practical 
plant-water problems when the quanti. 
tative limits imposed by these three 
interacting components ate better un-
dentood. Working mathematical models 
will play an important role in achieving 
this. 

Several models have been advocated 
for the relation between soil water and 
the ratio of actual evapotranspiration, 
ET, to potential or maximum evapo-
transpiration, ET.. Thus, ET, can be 
estimated from empirical calculations of 

has reviewed theseETV Tanner (1967) 
methods. The major proposals for em-
pirically relating the ET/ET. ratio to 

soi moisture are: (a) A ratio of unity 
(equal availability) in the whole range of 
soil water between field capacity, FC, 
and permanent wilting point, PWP 
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(Veihmeyer and Hendrickson, 1955; 
Glo and Forgate, 1964); (b) a linear 
decrease of the ETIET, ratio between 
FC and PWP, (Thornthwalite and 
Mather, (1955); Wu, (1967); (c) a linear 
decrease in availability between FC and 
oven-dryness (Havens, 1956); and (d) 
various curvilinear relationships (Pierce. 
1958; Engleman and Decker, 1965; 
West and Perkman, 1953; Butler and 
Prescott. 1955). 

It has been customary in irrigation 
practices to ausme equal availability 
between FC and PWP, although experi-
mental evidence indicates that this ii 
not a correct assumption in many cases. 
Gardner and Ehlig (1963) have also 
demonstrated that the lower limit of 
available water can be less than the 15 
atmospheres percentage (PWP), being 
more nearly in the 30-50 atmosphere 
range. 

The experiments of Denmead and 

Shaw (1962), Holmes (1961), Zahner 
(1967), and of Holmes and Robertson 
(1959) have done much to resolve the 
controversy about the relation between 
soi moisture and the ratio ET/ET2 . 
They have demonstrated how the evapo. 
ration intensity of the atmosphere, 
moisture retaining property of the soil. 
and extent of the root system influence 
the relation between soil water and 
evapotranspiration. Shaw (1963) in­
cluded the effect of evaporative de. 
mands of the environment in his 
ET/ET. model. In similar models 
Holmes (1961) and Zahner (1967) in­

clude the influence of soil types. The 
model of Holmes and Robertson (1959) 
takes into account the influence of root 

systems. Their experiments demonstrate 

the influence that the interactions be-
tween the soil, plant, and atmospheric 
factors have on the relationship between 
soil moisture and water consumption by 
crops. 

THEORY 

Norero (1969) has developed Equa
don (1] to express evapotranspiration 

as a function of soil moisture and 

evaporative demands of the atmosphere. 

d ET ET 
- = k( 0)(1-ET/ETa)..1I 

in which 
ET - the actual evaporraspira­

tion 
, - the total soil moisture 

potential 
k - a proportionality coefficient 
E t a the evapotranspiration that 

would occur froan a parlicu. 
lar crop.soil unit wh'n soil 
moisture was not limitin k 

Equation I11 provides a good fit for 
the evapotranspiration-soil moisture re 
lationship under widely differing condi­
tions. If proper valucs are chosen for its 
coefficients. the formula yields relations 
that are similar to several of the models 
taken from the literature. 

The following expression may be 
derived from Equation I1 ]. 

C 
ET a( - )ET...... 2 

in which 
C = a constant of integration. 

O"bBy utilizing the relationship ' a 
and consolidating the constants. equa­
tion 121 can be stated in terms of soil 
moisture content. 0, as 

n 
ET - ( - ) ET ....... 131 

n + 0 
in which 

0 the average volumetric 
soil moisture content in 
the root zone 

n & m - consolidated constants. 

These models (equations 121 and 131 
express the following three ideas. First 

when the sol moisture is plentiful (very 

small *k or 0"m ) evapotranspar,,,
from a cfopsoil unit is at a mnaxin.u n, 

ET., and is primarily a function of the 
amount of energy available to evaporate 
water. Under wet conditions, equations 
[2) and 131 simplify to: 

ET- ET = f(ED) - g E .41
E - E o " 

in which 
p a variable which is approxi­

mately equal to 1.0 when 
the soils wet 
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ED - the evaporative demands of 
the atmosphere, as mes. 
sured, for example. in terms 
of evaporation from a free 
water surface (evaporation 
pan) 

Eo n a measure of the evaporative 
intensity of the atmosphere 

g a a proportionality coefficientexpressing the ratio 

ETr/E " 
soi bein to.y.Second. when t e sod begins to &y. 

water may not be conducted to the 
evaporating surfaces fast enough to 
meet the atmospheric demand. Then the 
actual cvapotranspiration falls behind 
thc maximum rate, and the level of soil 
moisture bccomcs a controlling factor. 
In equation 14 J.p, which represents the 
tcrms in the brackets in equations 121 
and 131. bcc,,,nes increasingly less than 
1.0. The term p then expresses theXdegreTe ofciniitn ofEpres th ianddegrec of inhibition of ET1 that Is 
imposed by limiting soil moisture. 

Third. the general shape of the vari. a
function p is sigmoidal having

ible 
degree of curvatuwx which isdetermined 
by interactions between atmospheric 
factors, the niture of the sod, and the 
conditions of the vegetation. These in. 
tcractions determine the capacity of the 
soil.plant.system to conduct and tran. 
spire water and arc expressed by the 
value of the coefficients c and k ofequa. 
tion 121 or n and m of equation 131. 

The term ET. is considered as the 
maximum possible evapotranspiration in 
response to the evaporative demands of 
the atmosphere. It may differ from 
-potential evapotranspiration" 

(Penman. 1956) because it does not 
involve the stringent ccnditions 
specificc for the latter. For most practi, 
cal situations ET. equals the cvapo-
transpiration at field capacity, ETtc
Howcver. there may be 
which ET may not be obtained even 
whcn the soil is at field capacity 
(Godari.1964). 

Equation (31 may be used to analyze 

the effects that the irrigation frequency 

has on evapotranspirationcndiios.Totimunder differ.
entenirnmeta 

plify the computations it is necessay to 
derive the relation between evapo-
transpiration and time. This may be 
accomplished by rearranging equation. 
131 to produce e-.. 

1 
ET --1I I ETa . . .151 

+ ( 0-)0 
n 

and then introducing
dO 

ET - - - ........... 161dt 

Li which 
h - the effective rooting depth or 

water extraction depth 
- time. and 

M6 
(-) 0.. ........... 171 

n 

inwhich 

0 = the volumetric water content 
. (Norero.at which ET05ET 

1969). 
Substituting equations 161 and (7) 

into equation [5 yields 

d. 
- _ ET 

dt h(1 + ( ) J 

....................... 181 


Separating mriables and integrating 

equation (8) give 

1 mET 
[12-(-)(-0 ) 

i-1 a h 

....................... 191 


Letting t - 0 when the water content 
ratio is at field capacity, 9 a Ore, the 
value of the constant of integration C, is 

1 81 
C • oft - (-7) (.L.t) ae 

m 1 
...................... 1101 

in which 
01, a the volumetric moitute 

ontent at field capacity.
The second term on the right hand

of equation 10 is negligible, 
therefore, C in equation (9) can be 
replaced by Or,. Upon rearranging and 

solving for t, equation (91 becomes 

1 (im )X- h( 0Pe 1 -a-1)(OL 

EXa m 

........ I ............. 1111 


Equation 111] can be used to convert 
the data expressed by equation 131 to a 
time basis. The necctary parameters h, 
ET., and 0 e are known from the 

experimental conditions and 0€. and m 
can be obtained by fitting equation (3) 
to the experimental evapotranspiration 

I 

2 t 

I 
_ 

M __. 
Vokw,ic Mo, o,, co ,..t. 0 

FIG. I Actual craporampiratioavmuaoi. 
ture Content Curves fog wmious, ET intcruities 
taken (rom DcTheSad and ShAw (1462). 

data. Note that equation (11I isdimen. 
sionally consistent; therefore, h and 
ET, must be in the same length units 

t will be in the same time units as 
ETa Furthermore. the volumetric mois. . 

ture content values, 0. should be in the 

PROCEDUREPROC-CEDU
 

The following two sources of field 
data were selected to study the effect of 
irrigation frequency on evapotranspira. 
tion. 

1 Data from Denmead and Shaw 
(1962), concerning the influence of 
atmospheric evaporative demands on 
the evapotranspiration of corn in Iowa, 
was evaluated. The corn plants were 
grown in 24 in. deep. 20.gal. field 
lysimeters filled with Colo silty clay 
loam. 

2 Experimental data from Bahrani 
and Taylor (1961) concerning the 
evapotranspiration of an established 
crop of alfalfa, with an extensive 9 ft 
deep root system, as a function of soil 
moisture potential was also analyzed.
The experiment was conducted in Utah 
on aMillville silt loam soil, and measurc­
ments were taken during a period of 
high atmospheric evaporative intensities. 

Fig. 1 shows the relation between 
ET/ET, and 0 for four oi the five ET. 
intensities investigated in the cornstudy. The plotted points are actual 

field data and the curves depict the 
functional relationship described by 
equation 131, which approximately fit 
the data. 

The data available from the alfalfa 
study was in terms of ET/ET. versus , 
for a single high value of '' 3 * -0.46 in. 
per day. In order to utilize these data. 
the soil moisture v' values were con. 

ve:.ed to 0 values by utilizing the 
relation betwecn , and 0 presented by 
Ashcroft and Taylor (1953) for Milville 
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FIG. 2 Actual evapotranspiration venim mois. 
ture coacnt curves tot variow ET i-nttnries 
synthesized firom ET versw data (of EL'T# I 
0.46 in. per day. dau taken from Bahsani anid 
Taylor (1961). 

silt loam. Fig. 2 shows a plot of 
ET/ET, versus calculated 0 data for a 
constant El', - 0.46 in. per day and the 
functional relationship described by 
equation (3) which approximately fits 
these data. 

Fig. 2 also shows the synthesized 
relationship between ET/ET, and 0 for 
three lower ET, intensities. The follow-
ing procedure was utilized to develop 
these three curves. 

The sum of the impedances. I + I, 
to water flow through the soS.plant 
system when the stomata first begin to 
close was considered to be the same 
under all four evaporative demands. 
This impedance was calculated from the 
experimental data for an ET, of 0.46 
in. per day using the equation presented 
by Norero (1969): 

i, *crit '2 - (I + 1.) (El" - E) 

12 
....... ............ .., 


in which 

.5thevalue of at Et 
crit4'1 the critical water poten-

the 
tia at which the plant 

10 

" 

. 
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FIG. 5 Am le eirapo rniP tsor ratio -. 
jns days s4nce 6-iption for Vaiow ET' 
Intcqllies, corumacted from the da.ta ol 
Dwamead and Shaw (1962). 

0 
t.-. 

FIG. 3 Isstanteous evapo transpiration ratio 
vem time since initPtion for various ET 
Intcnitits. constructed brm the data 01 
Dmrnead a,.d Shaw (1962). 

begins to close the 
stomata (a value of 4 
atmospheres was as. 
sumcd for the alfalfa) 

IP - the impedance to water 
flow through the plant 

Is * the impedance to water 
flow through the soil 
toward the plant roots 

Es - the e'vapor.ation from the 
soil surfacr which was 
assLmed equal to zero 

for the dense stand of 
alfalfa. 

The estimated lP + 1 was then used 
to compute t', values for the three 
assumed ET. intensities, 

The minimum sol moisturc potential 
at which evapotranspuation nearly 
ceases, Et = 0.05 Et,, was also assumed 
to be the same under all 4 atmospheric 
evaporative demands. This minimum
soil moisture potential, 1'n, was ob. 
tained from the experimental dta for 

0.46 in. per day and used for 

the three assumed ET, intcnsitics. 
The estimated ii, and %nvalues for 

the three assumed ET, intensities were 
converted to 0. and O values. Ton 
obtain the general relationship between 
ET and 0 a straight line was drawn 
between 0. and On on a logarithmic 

plot having 0 as the abscissa and 
ET/(ET, - ET) as the ordinate. (By dcfi. 
nition. when 0 0,. ET/(ET, - El') - 19
and when 0 1O.ET/(ET, - ET) 

0.053.)
The primary relationships between 

ET/ET'X and 0 presented in Figs. l and 
2 were used in equation (1 to com. 
pute estimated El values at various 
times, t, since th. plant root zones were 
filled to field cap, ity. Each of these ET 
values was then converted to an instan. 
taneous ET/ET, ratio. ETRI. Figs. 3 and 

4 show plots of the relationships be-
tween ETR, and t for four different ET 
intensities for the corn and alfalfa re-
spectivcly. 

F IntlanLantouse1apotranspuatio ratio
vtus time since inrriaion fo ,,ajious ET~ 
intensties. corstructcd frnm the data 01 

Iahuni ndTaylor (1961). 

The ET 1 versus t curves presented 
in Figs. 3 and 4 were then graphically 

integrated (in 2.day steps) in order to 
obtain the relationships between the 
average ET/ET, ratios, E'1" n(. . 
(The graphical method of integration 
was used because the i tcegral is quitc 
complex.) Figs. 5 and 6 show a plot of 
the rclationship bctwccn ETR. and t for 
the four ETR. and t for the tour ET, 
intcnsitics for the corn and alfalfa re. 
spcctivcly. 

DISCUSSION 

In general ET/ET, may be con­
sidcrcd as a gauge of relative growth or 
plant productivity. In ordcr to assure 
high productivity, this ratio must be 
maintained near 1.0. i.e.. ET E',, 
during the rapid growth. flowering. 
and/or fruiting stacs of crop develop. 
ment. It is apparcnt frorn Figs. I and 2 
that in order to iccomplish this. the 
average soil moisture in the root zone 
must be maintained at a high level. In 
other words (rcqucnt irrigations are 
necessary in order to optimize produc. 

tion especially when El' is high. 
The importance of irrigation Ic 

quency is readily apparent from the 
ETj. versus t curves shown in Figs 3 
and 4. For exampic. the following dc. 
ductions can be ,nadc from Fig. 3. 
luring the 7th day following an irriga­

tion which brought the corn root zone 

M 
-

., 
" 

........---...
.... '' 
... .' 6 

FIG. 6 Averalp mpouanspirslon ratio ver­
sus days sice iription for Various ET 
intensities. constructed (ru-m the data O 
Kthrani and Taylor (1961). 



to field capacity. ETRI a 0.! for the 
maximum ET. - 0.25 in. per day curve 
and depth of ET = (0.5) (0.25) = 0.125 

in. instead of th: potential 0.25. This 
reduction in ET results from partial 
closure of the stamata and it might be 
expected that the growth process are 
also progressinZ at less than the poter. 
tial rate. On the other hand. from the 
minimum ET. = 0.13 in. per day curve, 
ETRI = 1.0 on :ec 7th day and ittakes 
24 days before it decreases to 0.5. 

The ETR, versus curvcs prcscnted 
inFigs. 5 ad 6 can be used to predict 
actual moisture requirements and antici. 

TABLEI FMXQUJENCY.F. ANDDEIPIOTIRRIGAION.D. AS DETERMINED BY 
DIFFERENT SCHEDULING CRITERIA FOR THIE C 0.N GROWN UNDER THE 

VARIOU. CLIMA1C CUNDIT|OIS0 

Rs flunal method 

60 percent method LRTRe O.,0 ERR. 0.80 

Z-r.. LT F. D. T . F. D. LT r. D. 

in.pt., n.yM I. In. parPaz 

day days In. day jLrs tn. day days to. 
0.25 0 * 1.1 0.23 5 1.1 0.20 7 2.4 
0.22 0.22 7 1.1 0.20 9 1.J 0.18 13 2.3 
0.26 0.16 10 1.6 0.14 is 2.4 0.13 23 2.9 
0.13 	 0.13 i8 1.7 0.12 26 2.9 0.10 30 3.1 

0Band on 3.36 tn. of avaitable mo4lure In the root son*e d the InformaUon prten*ad In 
Figure 5. 

paled productivity under differing irri.F, is :hen determined by dividing 
gatior rt-incs and climatic conditions 
for the corn and alfalfa soi:.crop sys. 
tems. For cxjmiplc. in Fig. S for corn. if 
ETx Ix0.25 in. per day and the irrigation 
frequency. F. is 7 days. ET, , 0.8, and 
the average evapotranspiration rate, ET, 
during the 7 day period is (0.8 x 0.25) = 
0.20 in. per day. At this average rate, 
the depth of water, D. consumed be. 
tween irrigations would be (7 x 0.20) = 
1.4 in.Furthermore, it might I ex-
pected that the crop productivity may 
only be 80 percent of optimum during 
this period. To obtain optimum .top 
production, daily irrigations would have 
been required so that ET, = ET, = 0.25 
in. per day. 

It is interesting to speculate on the 
productivity of the corn when ET = 
0.25 in. per day and it is irrigated daily 
by a continuously moving sprinkler irri-
gation system, which has a capacity of 
only 0.20 in. per day. With d.il) appli. 
cations, a great deal of superficial mnois, 
ture would be present, and it seems 
reasonable to expect that the regulatory 
devices of the plant would not function 
in a usual manner. As long as sufficient 
soil moisture wcrc prcscnt, the ET, 
would approximate 0.25 in. per day and 
the 0.05 in. deficit would be taken from 

soil moisture storage. At SomeIclevel of 
soil moisture 'eplction. the corn might 
begin to alternate between daily periods 
of rapid growth and wilting. This could 
cause serious growth problems ,r,d re. 
suit in greatly reduced productivity. On 
the other hand. a system with a similar 
0.20 in. per day capacity. but operated 
on a 7 day cycle as dcscrit-cd earlier, 
may produce near untimum results. 
According to the above arguments. 

when short irrigation intervals are em-
ployed, it is important that the system
capacity be sufficient to meet ET, 

demands. 
A broadly used irrigation design and 

scheduling practice is to assume that the 
average evapotranspiration, ET, is 
equal to ET,. The irrigation frequency, 

approximately 50 percent of the avail, 
able soil moisture holding capacity of 
the plant root zone by ETX.T'ie depth 
of water required per irrigation. D. is 
then assumed to be (F) (ET.) or ap-
proximately 50 percent of the available 
moisture in the root zone. A more 
rational scheduling practice would be to 
select an irrigation frequency which 
would produce a given ETR, as deter. 
mined from an ETR, versus t curve for 
the specific situation. 

Table 1 shows a comparix)n between 
these two scheduling methods when 
applied to the corn grown in the 24 in. 
deep lysimeters which contain 3.36 in. 
of available moisture, 

The same typesof deductions which 
were devcloped from Fig. 5 for corn 
grown in shallow field lysimeters car. be 
made from the deep rooted field alfalfa 
data presented in Fig. 6. However, itis 
more interesting to note the differences 
between the figures. Although the ET. 
intensities for the alfalfa are consider. 
ably higher than those for the corn, the 
ETF. for alfalfa remains higher for a 
lunger period. The shallow rooted ccrn 
requics very frequent irrigations to ob. 
tain maximum production when ET, is 
high. however, little or no additional 
crop growth would be obtained by such 
frequent irrigations on the deep rooted 
alfalfa. 

Much of the difference in the irriga. 
tion frequency requirements of the corn 
and alfalfa can be explained by the 
amount of available soil moisture in the 
root zones. While the corn had a 2 ft 

root zone with an available moisture 
supply of only 3.36 in., the alfalfa had a 
9 	 ft root zone containing 24.8 in. of 

a'ailable moistu... When ET. =0.22 in. 
per day and the corn is irrigated every 7
days. ETa, =0.95 (see Fig. 5). When 

El', - 0.23 in. per day and the alfalfa is
irrigated every 56 days. ETR. - 0.95 

(Fig. 6). The ratio of the irrigation 
frequencies (56/7) = 8.at which both 
crops having a similar ETahave a similar 

ETR . 'C0.95, isof the same magnitude 
as 	their respective root zone soil mols. 
lure holding capacities (24.8/3.36) ­
7.4. 

In order to use 0 or , field records 
for irrigation scheduling purposes, a 
value of ETR,. which gives an indica­
tion of relative production, should first 
be selected. This value of ETR. :an be 
related to an ETRI for the sam irriga. 
tion frequency and then ETRI can be 
related to 0 or ,.For example, if an 
ET. of 0.46 in. per day is anticipated 
and a value of ETRA = 0.90 is selected 
(approximately 90 percent relative pro. 
duction is desired) for the deep rooted 
alfalfa, from Fig. 6. a 24 day irrigation 
interval is indicated. [rom Fig. 4 ap. 
proximately 24 days following an irriga. 
lion, ETRi = 0.7 and from Fig. 2 when 
ETRI = 0.7. 0 = 19.2. This value of 0 
would be approximately equivalent to ' 

- -1atmosphere at a depth of between 2 
and 3 feet inthe alfalfa crop-soid system 
investigated. 

SUMMARY AND CONCLUSIONS 
The general relationship between 

ETRA and the time since tl.e root zone 
soil moisture has been completely re. 
plenished (fully irrigated) was developed 
and discussed. The development of this 
relatioship began with a knowledge of 
the relationship between ET/ET ald 
the relai fori.bten ET 

either 0 or , for .t least one ET.
 
intensity. ethods were explained for
 
for a single value of ET0to produce 
data for various other ET intensities. 

Examples of the above manipulations 
were given and the final development of 
ETR, versus t curves were produced
from field crop data found in the 
literature. The data selected were for 
c 
and deep rooted field alfalfa to 

demonstrate rather extreme cases in
 
terms of the irrigation frequency re
 

quired to maintain a high ETR. or 
relative productivity. The usefulnes of 
these curves for designing irrigation 

http:24.8/3.36


systems and developing irrigation sched.tl~ng,'/a d~cused.17:171-174. 
uiling was discussed. 

Ab ability to extend the data from a 
single ET, experiment to other ET
intensities plus knowledge of the 

relationships between 0 and i for the 
soib- i question should prove very 

aseiul. With this capability it is possible 
to take the crop data obtained from a
few field experiments and extend it to 

other climatic zones and/or field sites. 

Furthermore, it may also be possible to 

group crops which have similar leaf-root 
development relationships and draw in-
ferenccs for a whole crop group from 
experiments condacted on only one 

cropwithin thegroup. 
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