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INTRODUCTION

Evapotranspiration formulas which
utilize routine meteorological data
have been developed by Thornthwaite
(16), Blaney and Criddle (1), and
Penman (7, 8, 9). Some of the
methods are based upon empirical
correlations of measured evapotran
spiration and air temperature (1, 16)
whereas others (7, 8, 9) account for
the radiant energy available at the
evaporating surface. Each of these
methods has enjoyed considerable
success in the area for which it was
developed and when applied under
restrictive conditions similar to those
which prevailed during its period of
empirical evolvement

Unfortunately, each of the methods
noted above is used under widely dif
fering climatic types where the crop
development, soil moisture, and en
vironmental conditions are at variance
with those for which the method was
originally developed.

This manuscript compares esti
mated evapotranspiration by these
empirical methods to lysimetric mea
surements of actual evapotranspira
tion from irrigated alfalfa in a semi-
arid climatic region at Swift Current,
Saskatchewan. The applicability of
the empirical estimates is evaluated
for the purpose of day-to-day irriga
tion scheduling and long-range irriga
tion planning.

METHODS

Lysimeter and Observation Site

Evapotranspiration from alfalfa was
measured by a lysimeter located in
the center of an irrigated area of 3.7
acres. The irrigated area was sur
rounded by extensive dryland cereal
and forage crops and was subject to
severe advection (3) as are irrigation
projects throughout the Canadian
Prairie. Soil moisture within the ir
rigated area was maintained between
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field capacity and 50 percent avail
able moisture by supplementing the
natural precipitation with sprinkler
irrigation. During the test period
(June 25 to September 12, 1967) a
total of 12.91 inches of irrigation
water was applied in nine applica
tions. Precipitation during the period
was 3.96 inches.

The lysimeter was six feet in dia
meter by five feet deep and weighed
approximately 15,000 pounds. The
soil, classified as Wood Mountain silt
loam (5), was excavated and back
filled in six-inch layers. The lysimeter
was supported on three temperature-
compensated strain gage load cells
connected to a strip chart recording
potentiometer. Changes in lysimeter
weight were recorded on a 2 mv
scale. The chart was read tc the near
est 0.01 mv which represented a
weight change of 1.4 pounds, equiv
alent to 0.01 inches of water. Periodic
calibrations throughout the summer
indicated that the measurement sys
tem maintained this sensitivity and
was not affected by temperature var
iations when the recorder was closely
coupled to the load cells and their
power supplies.

Thornthwaite Formula

Thornthwaite (16) proposed a
method which relates potential evap
otranspiration to mean air tempera
ture and latitude. The solution of his
equation requires only the mean air
temperature for the desired period
and the location of the station. Tables
and nomographs can be easily con
structed to give potential evapotran
spiration (PE) as a function of mean
temperature.

Blaney-Criddle Formula

H. F. Blaney and W. D. Criddle
(1) also proposed a method which re
lates evapotranspiration (or consump
tive use, CU) to mean temperature
and the percentage of daytime hours

H. C. Korven
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in the period of observation. In addi
tion, this method incorporates a fac
tor which varies for crops and takes
a value of 0.85 for alfalfa.

Both the Thornthwaite and the
Blaney-Criddle methods were origin
ally intended for seasonal or monthly
use. However, they are widely used
over weekly and even daily periods.

Penman Formula

Penman (7, 8) has derived a form
ula for calculating natural evapora
tion by combining energy balance and
aerodynamic theories. The original
method was based on relationships of
sunshine, vapor pressure, temperature
and wind velocity and was designed
to estimate evaporation from an open
water surface (Eo). An empirical co
efficient was then used to convert
estimated evaporation to evapotran
spiration from vegetated surfaces.
Later, Penman and Schofield (9)
modified the equation to compute
evapotranspiration (E ) directly from
turf by the inclusion of a stomata-day-
length factor. A solar radiation term
dominates the Penman and Penman-
Schofield equations. This term is usu
ally calculated from sunshine data
and in view of the importance of the
term (2, 15), this test included mea
sured short wave radiation and net
all-wave radiation as primary com
ponents in modified versions of Pen
man's equations.

Net radiation (R ) was measured
continuously with a ventilated net
radiometer (14) installed at a height
of six feet over the irrigated alfalfa
and the remaining supporting data
were measured in an adjacent agro-
meteorological enclosure which in
cluded an Eppley pyranometer, a
Campbell - Stokes sunshine recorder,
and an instrumented Stevenson
screen.

Observations were obtained on 53
days during the period June 25 to
September 12, 1967. Data were en-
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tered on I.B.M. cards and estimated
evapotranspiration was calculated and
results were analysed on an I.B.M.
1130 computer at the Defence Re
search Station, Suffield, Alberta. In
addition to analyses on a daily basis,
the data were analyzed in groups of
consecutive three-, five-, and seven-
day periods by using mean values for
the available periods.

RESULTS AND DISCUSSION

Evapotranspiration (PE) as calcu
lated by theThornthwaite method has
been plotted (figure 1) against actual
evapotranspiration measured by the
lysimeter. Figure LA indicates the
scatter of daily values about the linear
regression line. Even though a sig
nificant correlation was obtain, the
standard error of the predicted evap
otranspiration b y Thornthwaite's
method is 0.08 inches per day or about
30 percent of the mean daily evapo
transpiration from alfalfa at Swift
Current. On a daily basis, only 27
percent of the variation in actual
evapotranspiration is accounted for
by its regression against the Thorn
thwaite estimate.

Sections B, C and D of figure 1
show the effect of calculating the
daily evapotranspiration over three,
five, and seven consecutive - day
periods by using data averaged over
those periods. The correlation be
tween measured and calculated evap
otranspiration fell off markedly when
calculated over three-day periods, but
improved as the length of the observ
ation period increased. Although only
five, 7-day periods were available, the
correlation of the two methods was
good. The linear regression fitted the
plotted points quite well and account
ed for 79 percent of the variation in
actual evapotranspiration.

In all sections of figure 1 it is evi
dent that the Thornthwaite method
seriously underestimated actual evap
otranspiration in this semiarid cli
matic region by about 40 percent as
indicated by the differences in mean
values. Reasons for the failure of this
method have been thoroughly dis
cussed by Pelton et al. (6).

The performance of the Blaney-
Criddle method (CU) was almost
identical to that of the Thornthwaite
method, and the correlation with mea
sured evapotranspiration was much
lower than that found under more
humid conditions by Stephens and
Stewart (12), and by Stern and Fitz-

Figure 1. Relationships between measured evapotranspiration (ET) and Thornthwaite's
odr /W~-|ndlvldual davs' B—3'd°Y Periods, C—5-day periods, cmd CX-7-day

Patrick (13). This similarity to Thorn
thwaite's method was expected be
cause both methods are based on the
mean air temperature during the ob
servation period. The Blaney-Criddle
method underestimated actual evapo
transpiration by 31 percent on a daily
basis and by 34 percent on a seven-
day basis.

Penman's estimate of evaporation
from an open water surface, E0, is
plotted in figure 2 against measured
evapotranspiration. A radiation term
dominates the Penman equation and
the original equation (E0I) for which
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this term was calculated from sun
shine data was modified. Data in
section B (E0II) figure 1 were ob
tained by using the measured short
wave radiation to calculate the Pen
man radiation function and those in
section C (E0III) were obtained by
replacing the Penman term with mea
sured net radiation. Each modifica
tion improves the correlation slightly
but not to the same degree that has
been shown in other climatic areas
(4, 10, 11, 15). Figure 2A shows that
sunshine data caused the Penman re
lationship to overestimate actual
evapotranspiration by about seven
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Figure 2. Relationships between measured evapotranspiration (ET) and Penman's evaporation from an open water surface (Eo),
calculated from Ar—-sunshine data, B—incident short wave radiation and C—net radiation.
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Figure 3. Relationships between measured evapotranspiration (ET) and Penman's
Eo for clear and cloudy days.

more quickly to variations in direct
solar radiation than would be indi
cated by Penman's equation and sug
gest that this may be an area in
which Penman's equation could be
modified for use under predominantly
clear-sky conditions.

Grouping the Penman E0 data into
three-, five-, and seven-day periods
failed to improve the correlation or
predictive ability of these methods
over the single day relationship to
any marked degree.

Penman's value for evapotranspira
tion from turf, E t is plotted in figure
4 as calculated from sunshine data.
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Figure 4. Relationship between measured
evapotranspiration (ET) and Penman's
evapotranspiration from turf, Ef.

This method does not improve the
correlation of calculated and mea
sured evapotranspiration over that of
the E0 values, figure 2A, but it does
reduce the absolute value of the cal
culated data substantially causing an
underestimate of about 30 percent.

The Penman Et calculations re
sponded to the modifications which
used short wave and net radiation to
about the same degree as the E0 cal
culations. They also followed the pat
tern of the Eo behavior in the clear
and cloudy day separation and the
three-, five, and seven-day groupings.

Studies in more humid regions (2,

percent whereas the use of short wave
radiation leads to an underestimate
of 16 percent and net radiation causes
an underestimate of only three per
cent on a daily basis.

The original Penman equation,
figure 3 and each of the modified ver
sions, gave higher correlation coeffi
cients when the regression was calcu
lated for cloudy days only (i.e., days
with less than 75 percent of the max
imum possible sunshine) than when
calculated for clear days (75 to 100
percent of the maximum possible sun
shine) or all days. The authors feel
that this is because crop plants react
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TABLE 1. STANDARD ERRORS OF ESTIMATE (SET) IN INCHES PER DAY
FOR EVAPOTRANSPIRATION CALCULATED ACCORDING TO VARIOUS
EMPIRICAL METHODS.

Number of
observations

E0I E0II E0III V Etn itm EE CU *n

All days
>

53 0.058 0.055 0.055 0.063 0.061 0.060 0.081 0.082 0.087

Clear days 29 0.058 0.056 0.061 0.063 0.061 0.665 0.077 0.074 0.084

Cloudy days 24 0.060 0.057 0.049 0.066 0.062 0.056 0.086 0.087 0.088

3-4bj periods 15 0.050 0.045 0.045 0.057 0.052 0.052 0.068 0.068 0.064

5-day periods 6 0.049 0.047 0.046 0.049 0.048 0.047 0.045 0.048 0.052

7^ay periods 5 0.043 0.043 0.042 0.038 0.039 0.038 0.025 0.031 0.045

6, 15) have reported that net radia
tion alone accounted for as much as
80 percent of the evapotranspiration
from crop plants. In this study varia
tions in net radiation accounted for
only 16 percent of the variation in
measured evapotranspiration on a
day-to-day basis. Standard errors of
estimate of the evapotranspiration
predicted by all methods and mod
ifications are shown in table 1. These
figures indicate the relative accuracy
with which each of the empirical
estimators predict actual evapotran
spiration.

CONCLUSIONS

Analyses of the data reported here
indicate that the mean temperature
methods of Thornthwaite and Blaney
and Criddle cannot be used to pre
dict the evapotranspiration or day-to
day water requirement of irrigated
crops in this semiarid region of the
Canadian Prairie. They do, however,
provide a reasonable estimate of long
er term irrigation needs and appear
to be the best methods available for
predicting weekly or seasonal water
requirements from meteorological
data for irrigation planning purposes.

Net radiation cannot be used as the
sole predictor of evapotranspiration
in this climatic region. This probably
results from the fact that a relatively
greater proportion of the available
solar energy goes into sensible heat
than into latent heat whereas the re
verse is true of more humid climates.
The importance of net radiation as a
component of evapotranspiration re
lationships cannot be discounted,
however, because this term does im
prove Penman - type relationships
which are developed from energy bal
ance considerations.

Penman's method for estimating
evaporation from an open water sur
face is the best of the empirical
methods tested for estimating irriga
tion requirements on a daily basis.
However, even when measured values
of net radiation are used in this
method about 35 percent of the daily
variation in actual evapotranspiration
is still unaccountable. Improvements
in the Penman equation are available
and one of these suggests the use of
a more suitable function erf wind
travel over the crop (4, 15). This fur
ther complicates an already difficult
procedure and for these reasons the
Penman method in any form cannot

be recommended for general use by
the irrigation farmer. It will, how
ever, remain a valuable research tech
nique.

Each of the empirical methods dis
cussed here requires further testing
for possible use in estimating irriga
tion requirements of crops other than
alfalfa in the semiarid region, and
each deserves a thorough evaluation
for monthly and seasonal use.

SUMMARY

Empirical methods of estimating
evapotranspiration from meteorologi
cal data proposed by Thornthwaite,
Blaney and Criddle, and Penman
have been evaluated for application
on the Canadian Prairie. Lysimeter
observations were used as the stand
ard of comparison over 53 days in the
1967 growing season.

The Thornthwaite and Blaney-
Criddle methods are inadequate to
describe the actual evapotranspiration
regime on a daily basis but predict
the water requirement of alfalfa on a
weekly basis with reasonable accur
acy. Penman's method can account
for about 65 percent of the variation
in daily evapotranspiration and re
quires extensive modification before
it can be recommended for general
use in this semiarid climatic region.
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TABLE II. RESULTS OF DRYING BARLEY

Trial Number
Aw

(lbs/lb grain) <°F)
T

(hours)

w

Uo3)
Q» (est.)

(ft3 x 106)
Q (actual)

(ft3 x 106) QVQ

1 .072 9.5 •4 3.1 1.3 1;4 .9

2 .075 9.0 95 3.4 1.5 1.1 1.4

3 .060 11.4 •4 3.2 1.1 1.2 .9

4 .063 11.6 51 2.9 1.0 .90 1.1

5 .071 10.2 83 3.3 1.4 1.3 1.1

6 .056 10.7 51 3.2 .88 .75 1.2

7 .067 9.0 66 3.3 1.4 .9 1.6

8 .069 7.6 '4 3.3 1.6 .9 1.8

9 .063 7.5 >4 3.2 1.5 .9 1.7

lation found between the water loss
or moisture removal and the amount
of air pumped through the grain. If
the drying period had been extended,
the rate would have been reduced
and become curvilinear after the dry
ing front intercepted the grain sur
face. The water added (negative
water loss) during the first few hours
was due to the initial grain tempera
ture being lower than the wet bulb
temperature. The drying period was
considered to be the interval between
the time that the water loss was zero
(for the second time) until the grain,
was in the 13 to 14% moisture range.

The change in air flow with respect
to time, Figure 5, is partially attrib
uted to an increase in static pressure
due to a reduction in volume or gain
in density as the grain dried.

The significant result of the drying
experiments is the ratio of the esti
mate, Q', (calculated from the record
ed values of t and tw) to the total
quantity of air pumped, Q, which
may be noted in Table 2. Values of
Q'/Q much greater than one are at
tributed primarily to errors in Q,
which were calculated from measure
ments of the air velocity. The grad

ient across the inlet duct was steep
and a small change in position of the
air probe would alter the measured
air volume Q significantly. The pos
sibility of values greater than one due
to Q' seems remote. This would occur
only if the air picked up more mois
ture than that specified at equilib
rium. In this regard, equilibrium was
close to the saturation curve. In view
of this, and the foregoing, reasonable
values of air flow apparently can be
estimated from the amount of mois
ture to be removed and the prevailing
wet and dry bulb temperatures, pro
vided the air flow is not large.

CONCLUSIONS

An equation was developed to as
sist in estimating the quantity of air
required to dry grain and hay. The
wet and dry bulb temperatures of the
Edmonton area, on a per week basis
from August to November inclusive,
were processed to simplify the use of
the equation for small grains.

The validity of estimating the re
quired air flow from the wet and dry
bulb temperatures appears reason
able, provided the air flow is not
large.
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Tempering the air by as little as
5° to 19°F provides for drying under
adverse climatic conditions and/or
on a 24-hour basis.
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