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Effect of Irrigation Frequency on the Average

Evapotranspiration for Various Crop-Climate-Soil Systems

A. L. Norero, J. Keller and G. L. Ashcroft
MEMBER

UMBROUS formulas have been de-
veloped to predict evapotranspire.
tdon based on climatic data (ASAB,
1966; ASCE, 1966). Most of these
formulas can be successfully applied to
conditions where there is o 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 unavoid-
able even under conditions of good
irrigation. Hence, many of the formulas
based solely on climatic varisbles 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 atmo-
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 system, and it cannot be charac-
terized by any single component. Better
decisions will be possible in peactical
plant-water problems when the quanti-
tative limits imposed by these three
interacting components are better un-
derstood. Working mathemstical models
will play an important role in achieving
4
Several modcls 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 cakulations of
ET,. Tanner (1967) has reviewed these
methods. The major proposals for em-
pirically relating the ET/ET, ratio to
soil moisture are: (a) A ratio of unity
(czml 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;
Glover and Forsgate, 1964); (b) a linear
decrease of the ET/BT, ratio between
FC and PWP, (Thomthwaite 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 asusme equal availability
between FC and PWP, although experi-
mental evidence indicates that this is
not a cofrect 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
soil moisture and the ratio ET/ET .
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-
tion (1] to express cvapotranspiration
as a function of soil moisture and
evapocative demands of the atmosphere.

dET | k(—)(l-ETIET)

dy

1)

tion
= the total
potential
= a proportionality coefficient
. ° the evapotranspiration that
would occut from a particu-
lar crop-soil unit when soil
moisture was not limiting.
Equation (1) provides a good fit for
the evapotranspiration—soil moisture re
lationship under widely differing condi-
dons. 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 [1].

soll moisture

which

ET = the actual evapotranspira-
v

k

ET

ET = (——)ET ....... 2]
Ceyt ' ®

in which

C = aconstant of integration.
By utilizing the relationship ¢ = 3 6°°
and consolidating the constants, equa.
tion [2] can be stated in terms of soil
moisture content, 8, as

= (-

0"‘ JET, ..o.... (3]
in which

6 o the average volumetric
soll moisture content in
the root zone
n&m = consolidated constants.

These models (equations [2] and [3])
express the following three ideas. First
when the soil moisture is plentiful (very
small ¢* or 0°™) evapotranspisation
from a cxopsoil unit is at a maximum,
ET,, and is primarily a function of the
amount of energy available to cvaporate
water. Under wet conditions, equatiuns
(2) and [3) simplify to:

ET = pET, = f(ED)=gE_ ...[4]

in which
p = a variable which is spproxi-
mately equal to 1.0 when
the soil is wet

This asticle is reprinted from the TRANSACTIONS of the ASAE (Vol. 1S, No. 4, pp. 662, 663, 664, 663, 666, 1972)
Publithed by the American Society of Agricultural Eagineers, St. Joseph, Michigan
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ED = the evaporative demands of
the atmosphere, as mea.
sured, for example, in terms
of evaporation from a frec
water surface (evaporation
pan)

a measure of the evaporative
intensity of the atmosphere
a propoctionality coefficient
expressing the ratio
ET,/E,.

Second, when (%e soil begins to dry,
water may not be conducted to the
cvaporating surfaces fast enough to
meet the atmospheric demand. Then the
actual cvapotranspiration falls behind
the maximum tate, and the level of soil
moisture becomes a controlling factor.
In equation [4].p, which represents the
terms in the brackets in equations {2]
and [3]. becomes increasingly less than
1.0. The tenn p then expresses the
degree of inhibition of ET, that is
imposed by limiting soil moisture.

Third, the general shape of the vari-
able function p is sigmoidal having a
degrec of curvatuwe which is determined
by interactions between atmospheric
factors, the nature of the soil, and the
conditions of the vegetation. These in-
teractions determine the capacity of the
soil-plant-system to conduct and tran.
spitc water and arc cxpressed by the
value of the cocfficients c and k of equa-
tion [2] or n and m of equation [3].

The term ET, is considered as the
maximum possible cvapotranspiration in
responsc to the cvaporative demands of
the atmosphere. It may differ from
‘*potential evapotranspiration”
(Penman, 1956) because it does not
involve the stringent conditions
specifice for the latter. For most practi-
cal situations ET_ cquals the evapo-
transpiration at field capacity, ET,..
However, there may be exceptions in
which ET, may not be obtained even
when the soil i1 at field capacity
(Godard, 1964).

Equation [3] may be used to analyze
the cffects that the irrigation trequency
has on evapotranspiration under differ-
ent environmental conditions. To sim-
plify the computations it is necessary to
derive  the relation between  evapo-
transpiration and time. This may be
accomplished by rearranging equation
131 to produce

ET = | ] ET,
1+(-)0"

.15}

snd then introducing

ET hdo
e

in which :
h = the effective rooting depth or
water extraction depth
¢ = time. and

1
m
(;—) =07 .
in which
8, = the volumetric water content
at which ET = 0.5 ET,_ (Norero,
1969).
Substituting equations (6] and (7]
into equation (5] yields

49 1
il B Syl L
N

....................... (8]

Separating varisbles and integrating
equation (8] gives

LR e,
ll-(ﬁ)(}") je=c-(—*)

Letting t = 0 when the water content
ratio is at field capacity, 8 = 8, the
value of the constant of integration C, is

1 )
= o [—) (=)™
C 0“ (m -l ) (a'e) fo

in which
0 = the volumetric moistute
content at field capacity.
The second term on the right hand
side of equation [10] is negligible,
therefore, C in equation [9]) can be
teplaced by 8,.. Upon rearranging and
solving for t, equation [9] becomes

t=

1 6
By, - [1- (=) (5" 16

~

Equation {11) can be used to convert
the data expressed by equation [3) toa
time basis. The necessary parameters h,
ET,, and 0, are known from the
experimental conditions and 0, and m

can be obtained by fitting equation (3]
to the experimental evapotranspiration

~—,
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F1G. 1 Actwl evapotrampiration versus wois-
ture content curves foe various ET_ intensities
taken from Denmead and Shaw (1362).

data. Note that equation (11] is dimen.
sionally consistent; therefore, h and
ET, must be in the same length units
and t will be in the same time units as
ET,. Furthermore, the volumetric mois-
ture content values, 0, should be in the
decimal form.

PROCEDURE

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 lowa,
was evaluated. The coen plants were
gown in 24 in. deep, 20-gal. ficld
lysimeters filled with Colo silty clay
loam.

2 Experimental data from Bahsani
and Taylor (1961) concerning the
evapotranspization 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 a Millville silt loam soil, and mecasurc-
ments were taken during a period of
high atmospheric evaporative intensitics.

Fig. 1 shows the relation between
ET/ET, and 0 for four of the five ET,
intensities investigated in the coen
study. The plotted points are actual
field data and the curves depict the
functional relationship described by
equation (3], which approximately fit
the data.

The data available from the alfalfa
study was in teems of ET/ET, venus v
for a single high valuc of ™1, = 0.46 in.
per day. in order to utilize these data,
the soil moisture ¥ values were con.
vezted to 0 values by utilizing the
relation between ¥ and 0 presented by
Ashcroft and Taylor (1953) for Milville
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F1G. 2 Actual evapotranspiration versus mois-
ture coalent curves for various ET_ intensities
synthesized from ET versus v data for ET, =
0.46 in. per day, data taken from Bahcani and
Tayloe (1961).

sit loam. Fig. 2 shows a plot of
ET/ET, versus calculated 0 data for a
constant ET_ = 0.46 in. per day and the
functional relationship described by
cquation 3] which approximately fits
these data.

Fig. 2 also shows the synthesized
telationship 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, |
to water flow through the soif-phm
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):

+1,,

W' = crit \'41 - (lp+ l.)(ET' -E)

...................... [12)
in which
Y = the value of ¥ at Bt =
0.95 Ee,
crity; = the critical water poten-

tial at which the plant
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FIG. $ Average evapotrampiration ratio ver-
sus days since imigation for varlous ET
Inteasities, corstructed from the data o
Denmead and Shaw (1962).
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FIG. ) Instantcous evapotranspiration ratio
versus time since ivigation fot vanous ET
Intensities, constructed from the data o
Denmead ».ad Shaw (1962).

begins to close the
stomata (a value of 4
atmospheres was a3

sumed for the alfalfa)
= the impedance to water
flow through the plant
the impedance to water
flow through the soil
toward the plant roots
= the cvaporation from the

soil surface which was

assumed equal to zero
for the dense stand of
alfalfa.

The estimated I, + 1, was then used
to compute v, values for the three
assumed ET_ intensities.

The minimum soil moisture potential
at  which evapotranspiration nearly
ceases, Et = 0.05 Et,, was also assumed
to be the same under all 4 atmospheric
evaporative demands. This minimum
soil moisture potential, ¥, was ob.
tained from the experimental dus for
Et, = 0.46 in. pcr day and used for
the three assumed ET, intensitics.

The estimated ¥, and vy, values for
the three assumed ET, intensitics were
converted to 0, and 0, values. To
obtain the general relationship between
ET and 0 a straight line was drawn
between 0, and 0, on a logarithmic
plot having 0 as ihe abscissa and
ET/(ET, - ET) as the ordinate. (By dcfi.
nition, when 0 = 0_, ET/(ET_-ET) = 19
and when 0 = 0. ET/(ET, - ET) =
0.053.)

The primary relationships between
ET/ET, and 0 presented in Figs. 1 and
2 were used in equation [11] to com.
pute estimated ET values at various
times, t, since the plant root zones were
filled to ficld capacity. Each of these ET
values was then converted to an instan-
tancous ET/ET, ratio, ETy,. Figs. 3and
4 show plots of the relationships be-
tween ETp, and t for four different ET,
intensities for the corn and alfalfa re.
spectively.

Tme swe o goran ¢ * Sors
FIG. 4 Imntancous evapotranspiration ratio
versus time since irvigation (oc various ET

intensities, comstructed from the data o
Bahrani and Taylor (1961).

The ETy, versus t curves presentcd
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, ETp,. anc v
{The graphical mcthod of integration
was used because the ntegeal is quite
complex.} Figs. 5 and 6 show a plot of
the relationship between ETg, and t for
the four ETg, and t for the tour ET,
intensitics for the corn and alfalfa re-
spectively.

DISCUSSION

In general ET/ET, may be con.
sidered as a gavge of rclative growth or
plant productivity. In ordcr to assurc
high productivity, this ratio must be
maintained near 1.0, ic., ET = ET,,
during the rapid growth, flowering,
and/or fruiting stages of crop devclop-
ment. [t is apparent from Figs. 1 and 2
that in order to accomplish this, the
average soil moisturc in the root zone
must be maintained at a high level. In
other words frequent 1rrigations are
necessary in order to optimize produc-
tion especially when ET_ is high.

The importance of itrigation fre-
quency is rcadily apparent from the
ETg, versus t curves shown in Figs. 3
and 4. For example, the following dc.
ductions can be made trom Fig. 3.
During the 7th day following an irriga-
tion which brought the corn root zone

rd
- .
5 home e
“ .
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FI1G. 6 Average cvapotranspwation ratio ver-
sus days since wrigation (o¢ various ET
intensitics, comtructed from the data o
Bahrani and Taylor (1961).



to field capacity, ETgy, = 0.5 for the
maximum ET, = 0.25 in. per day curve
and depth of ET = (0.5) (0.25) = 0.125
in. instead of ths 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 progressing at less than the poter-
tial rate. On the other hand, from the
minimum ET, = 0.13 in. per day curve,
ETg, = 1.0 on :he 7th day and it takes
24 days before it decreases to 0.5,

The ETy, versus t cutves presented
in Figs. 5 and 6 can be used to predict
actual moisture requirements and antici-
pated productivity under differing irri-
gatior regimes and climatic conditions
for the corn and alfalfa soil-crop sys-
tems. For cxample, in Fig. 5 for corn, if
ET, = 0.25in. per day and the irrigation
frequency, F. is 7 days, ET, | = 0.8, and
the average cvapotranspisation 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 | ex-
pected that the crop productivity nay
only be 80 percent of optimum during
this period. To obtain optimum -rop
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 irrigaced daily
by a continuously moving sprinkler irri.
gation system, which has a capacity ol
only 0.20 in. per day. With daily appli.
cations, a great deal of superficial mois.
ture would bc present, and it scems
reasonable to cxpect that the regulatory
devices of the plant would not function
in a usual manner. As long as sufficient
soil moisture were present, the ET,
would approximate 0.25 in. per day and
the 0.05 in. deficit would be taken from
soil moisture storage. At some level of
soil moisture 'eplction, the corn might
begin to alternate between daily periods
of rapid growth and wilting. This could
cause scrious growth problems and e
sult 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 described carlier,
may produce ncar uptimum resules.
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 cvapotranspiration, ET,, s

equal to ET,. The irrigation frequency,

TABLE | FPREQUENCY, F,  AND DEPTH OF IRRIGAI:ON, D, AS DETERMINED BY
DIFFERENT SCHEDULING CRITERIA FOR THE CORN GROWN UNDER THE
VARIOUS CLIMATIC CONDITIO)NS®

Ritiunal method

60 percent method "R. =070 ) "R. ~0.80
ET_. T .. r. D, BT, F, D, LT r, D,
z s . s

in. per day in. pet in, pee in. per

day days in. day Jays in. Qay days ln.
0.26 0.28 [} 1.8 0.23 8 1.1 020 ? 1.4
0.22 0.22 1 1.6 0.20 ® 1.8 0.8 13 2.3
0.16 o0.18 10 1.6 0.14 18 2¢ 012 3 29
0.13 0.13 18 1.7 0.12 28 29 G.10 0 3.1

*Based oa 3.36 in. of available molsture in the 100t 300e and the Information presented In

Figure 5.

F, is then determined by dividing
approximately 50 percent of the avail-
able soil moisture holding capacity of
the plant root zone by ET,. Tae depth
of water required per irvigation. D, is
then assumed to be (F) (ET,) or ap-
proximately 59 percent of the available
moisture in the root zone. A more
rational scheduling practice would be to
sclect an irrigation frequency which
would produce a given ETg, as deter-
mined from an ETy, versus t curve for
the specific situation.

Table 1 shows a comparisn between
these two scheduling methods when
applicd to the corn grown in the 24 in.
decp lysimeters which contain 3.36 in.
of available moisture.

The same types.of deductions which
were developed from Fig. 5 for corn
grown in shallow field lysimeters car. be
made from the deep rooted ficld alfalfa
data presented in Fig. 6. However, it is
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
ETg, for alfalfa remains higher for a
longer period. The shallow rooted corn
tequies 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 cosn
and alfalfa can be explained by the
amount of available soil moisture in the
root zones. While the corn had a2 2 ft
root zonc with an available moisture
supply of only 3.36 in., the alfalfa had a
9 ft root zone containing 24.8 in. of
awailable moistu.c. When ET, = 0.22in.
per day and the corn is irrigated every 7
days, ETg, = 0.95 (scc Fig. 5). When
ET, = 0.23 in. per day and the alfalfa is
urigated every 56 days, ETg, = 0.95
(Fig. 6). The ratio of the irrigation
frequencies (56/7) = 8, at which both
crops having a similar ET, havc a similar

ETg, = 0.95, is of the same magnitude
as their respective root zone soil mois-
ture holding capacities (24.8/3.36) =
7.4. .

In order to use 8 or y field records
for irrigation scheduling purposes, a
value of ETy,. which gives an indica-
tion of relative production, should first
be selected. This value of ETg, :an be
related to an ETy, for the same irriga-
tion frequency and then ETg, can be
telated to @ or v. For example, if an
ET, of 0.46 in. per day is anticipated
and a value of ETg, = 0.90 is sclected
(approximately 99 percent relative pro-
duction is desired) for the decp rooted
alfalfa, from Fig. 6, a 24 day irrigation
interval is indicated. From Fig. 4 ap.
proximately 24 days following an irriga-
tion, ETg, = 0.7 and from Fig. 2 when
ETg, = 0.7. 0 = 19.2. This value of 0
would be approximately equivalent to v
= .1 atmosphere at a depth of between 2
and 3 fect in the alfalfa crop-soil system
investigated.

SUMMARY AND CONCLUSIONS

The general relationship between
ETg, and the time since the root zone
soil moisture has been completely re.
plenished (fully irrigated) was developed
and discussed. The development of this
relationship began with a knowledge of
the relationship between ET/ET, and
cither 0 or v for at lcast one ET,
intensity. Mcthods were explained for
expanding ET/ET, versus @ or v data
for a single value of ET, to produce
data for various other cT, intensitics.

Examples of the above manipulations
were given and the final development of
ETg, versus t curves were produced
from ficld crop data found in the
literature. The data sclected were for
corn grown in shallow ficld lysimeters
and decp rooted field alfalfa o
demonstrate rather extreme cases in
terms of the irrigation frequency re-
quired to maintain 2 high ET,, or
relative productivity. The usefulness of
these curves for designing isrigation
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systems and deveioping irrigation sched-
uling was discussed.

An ability to extend the data froma
single ET, experiment to other ET,
intensities plus - knowledge of the
relationships between 0 and ¥ for the
soils ‘1 question should prove very
aseful, 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-
ferences for a whole crop group from
experiments conducted on only one
crop within the group.
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