Estimation of Potential and
Crop Evapotranspiration

THE. engineer or agriculturalist
wishing to estimate irrigation re-
quirements may be required to select a
method fiom approximately a dozen
frequently used equations. Most of the
methods require mean air tempera-
ture and some form of radiation or day
length. Other factors include satura-
tion vapor dencity, saturation vapor
pressure, vapor pressure deficit, dew
point temperature, relative humidity,
wind speed, percentage of possible
sunshine and elevaticn. Each method
assigns a different degree of impor-
tance to the various factors. Nearly all
commonly used methods can with
minor adjustments be made to
produce a good degree of correlation
with lysimeter evapotranspiration
measured at given locations.

This paper analyzes the relative im-
portance of weather elements on
potential evapotranspiration and pre-
sents a methodology requiring a
minimum of data, providing for
simplicity of computation and pre-
senting a good fit of lysimeter
evapotranspiration measurements for
a wide range of climatic conditions.

IMPORTANT WEATHER
ELEMENTS

‘McGuiness and Bordne (1972)
summarized mean lysimeter grass
evapotranspiration, ETG, from a
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S-term harmonic curve fitted to the
average of 15-year lysimeter measure-
ments at Coshocton, Ohio. This
procedure eliminates much of the
variance from the data. The effects of
alternating arctic and tropical air
masses is to an important degree
compensated. Periods of high advec-
tion are largely balanced by data
collected during and following rainy
periods. The 15-year average data
correlate to a significantly higher
degree with results from various
equations and with the various
weather elements than is the case for
the data from individual years and
provide a good general index of
relationships in the Ohio area.

Based upon the average monthly
values of ETG given by McGuiness
and Bordne (1972) and the climatic
data measurements, regression analy-
ses were made. Several elements or
factors predict a high percentage of
the variance or explained variability in
ETG (have high values of R?. These
include the following:

Element or factor R.2
Dew point temperature 0.88
RS (solar radiatlon) 0.94
RN (net radiation) 0.94
Extraterrestrial radiatlon 0.92
Day length 0.90
Mean temperature (degrees

Fahrenheit) 0.88
Hargreaves “MF” factor (ref 3) 0.93
MF times mean temperature, deg F 0.99
Christiansen’s sunshine coefficient

(ref 3) 0.94

The above illustrates the complexity
of the problem of developing satisfac-
tory potential evapotranspiration
equations. It would seem that there
are at least a half dozen different
satisfactory ways to start. Since
relationships are not all necessarily
linear, the above analysis does not
prove that one element is superior to
another. It is, however, clearly
indicated that the unique variance
predicted by each element is not great
and that there is a high degree of
interaction or interdependence in the

effects of various weather elements on
grass evapotranspiration.

Although the relationship is not
linear and the Ohio data (McGuiness
and Bordne 1972) do not illustrate its
importance, relative humidity be-
comes an important factor in areas of
high relative humidity. If extraterres-
trial radiation and/or day length are
used, then a factor for sun angle is
required for latitudes of about 35 deg
or more {rom the equator.

THE USE OF PAN EVAPORATION
AS AN INDEX N

Evaporation measurements from
the Class A evaporation pan have been
widely used as an index of evaporative
demand and of potential evapotrans-
piration. The California State Depart-
ment of Water Resources (1967) found
that Class A pans located on large,
well managed, irrigated pastures ware
better indicators of evaporative de-
mand than those located in non-stan-
dardized surroundings. Data pre-
sented by Pruitt and Lourence (1968)
for three years at Davis, California,
indicated that Class A pan evapora-
tion from a pan located on bare
ground averaged 1.23 times evapora-
tion from a pan located in an irrigated
grass field.

Pruitt, Lourence and Von
Oettingen (1972) have used evapo-
transpiration from alta fescue grass as
a standard measurement for develop-
ing crop evapotranspiration curves for
specific crops. Evapotranspiration,
ETG, from alta fescue grass grown on
the weighing lysimeters at Davis,
California, is used in this study as an
index of potential evapotranspiration,
Class A pan evaporation, EVP, from a
pan located in an irrigated grass arca
was also reported by Pruitt and
Lourence (1968) for the period June,
1964, through May, 1967. Monthly
ratios of ETG/EVP varied from 0.72
to 1.04, with an overall average of
about 0.80. Although there is consi-
derable scatter in the relationship,
ratios of ETG/EVP increase with in-
creasing relative humidity. This is also
indicated by data from Aspendale,
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Australia, given by Mcllroy and
Angus (1964). At Aspendale monthly
ETG/EVP ratios for the approximate
frost-free months of a three-year
period varied from 0.68 to 1.03.

Mustonen and McGuiness (1968)
presented monthly values of grass
lysimeter evapotrancpiration, ETG,
for a 15-year period for Coschocton,
Ohio. Class A pan evaporation data
are available from the summaries of
climatic data given by the U.S.
Weather Burcau (1958-65). Lysimeter
data are not available for 1964. For
the May through September growing
scason for the 7-year period monthly
ETG/LEVP ratios varied from 0.42 to
1.25. A -cgression analysis of ETG as
a funcuon of EVP indicates that 21
pereene of the variance in ETG can be
predicted from measured values of
EVP. Ratios are not significantly
influenced by monthly ditferences in
relative humidity.

A review of data available from the
three locations, Davis, Coshocton,
and Aspendale, indicates that
ETG/EVP ratios are high following
rainy periods. During and following
rainy weather radiant energy is largely
utilized for evaporation and advection
is at a minimum. Pan evaporation is
reduced relative to plant evapotrans-
piration resulting in high ETG/EVP
ratios. There is a wide fluctuation in
ratios with changes in advection when
the pan is located in a large irrigated
area and a still greater fluctuation
under dry land exposures. When
precipitation in the gencral area
exceeds potential evapotranspiration
over a period of time, average values
of ETG/EVP arc frequently about
1.00 or more. When the surrounding
arca becomes quite dry, monthly
ratios in the range of 0.65 to 0.80 are
more usual,

A generalized relationship or equa-
tion for the above ratios is dif-
ficult to derive as many factors
influence vapor transfer from the pan
and advection or sensible heat trans-
fer. Important factors include air
mass stability, temperature gradients
above the pan and vapor pressure
deficit gradients. The normal range of
weather clements reported in the
climatic data summaries is not
sufticient for a definition of these con-
ditions.

Peck (1967) has shown that air
circulation or air drainage conditions
have significant effects on pan evapor-
ation. These conditions will also
influence ETG/EVP ratios. Ratios
from pans located in depressions, on

small hills, in narrow valleys, or near
the foot of mountains may not be
typical or representative.

Changes in relative humidity with
height above the pan or vapor pressure
deficit gradients and turbulent mixing
have large influences on ETP/EVP
ratios. In the coastal areas of
Ecuador, and particularly in the
Guayas Basin, cool moist air from the
Humboldi current moves inland. Due
to a warmer layer above the overcast,
turbulent mixing is minimized. Mois-
ture above the cool but moditying sea
air increases near the mountains, with
little vapor pressure deficit gradient.
Under these conditions prevalent at
Pichilingue, La Clementina and
Pasaje, it is estimated that ETG/EVP
ratios average significantly above 1.00
and possibly as high as 1.15 to 1.20.

Pan evaporation data are widely
available. Considering the scarcity of
lysimeter evapotranspiration data,
significant value can be had from
evaporation measurements providing
an adequate cvaluation is made of
exposure conditions and climatic en-
vironment. However, as shown above,
ETG/EVP ratios vary widely with
changes in advection and in exposure.
Use of the evaporation pan as an index
of potential water demand is improved
in areas having fairly uniform advec-
tive conditions in the various parts of
the area and throughout the growing
season.

USE OF AN
EVAPOTRANSPIRATION
EQUATION

In the development of methodology
to be used for the estimation of
potential evapotranspiration consider-
ation needs to be given to availability
of data, simplicity and ease of
computation, and consistency and
reliability of results over a wide range
of climatic conditions. Hargreaves and
Christiansen (1973) present equations
that provide a good fit of lysimeter
data from Davis, California; Coshoc-
ton, Ohio; Copenhagen, Denmark;
Aspendale, Australia and threc loca-
tions in Lebanon. Christiansen’s
Formula represents an attempt to pro-
vide the best fit possible of the data
using available climatic mecasure-
ments. Hargreave's Formula empha-
sizes simplicity and uses a minimum
of weather data. It can be written

PET =MFxTxCH.......... (1]

in which PET is potential evapotrans-

piration (ETP in the paper by
Hargreaves and Christiansen), MFis a
monthly factor depending upon I ti-
tude as _resented in Table 1, T is
mean temperature in degrees Fahren-
heit and CH is a correction for relative
humidity to be used only for mean
24-hr relative humidities greater than
64 percent. As shown by Hargreaves
and Christiansen (1973) the coeffi-
cient, CH, is not generally required for
climatic conditions similar to those
prevailing in most of the western
portions of the United States. The
equation for CH can be written

1
CH = 0.166 (100 -H)/’ ....[1a]

in which H is mean 24-hr relative
humidity. Adjustments in equation la
are required whenever relative humid-
ity used differs significantly from a
24-hr mean. For relative humidities of
64 percent or less CH becomes 1.00
and is therefore not required in the
cquation. Values of MF can also be
calculated from a computer pro-
gram. *

McGuiness and Bordne (1972)
compare the 15-year mean values of
lysimeter evapotranspiration calcu-
lated by formulas proposed by
Thoruthwaite, Blaney-Criddle,
Hamon, Papadakis, Grassi, Stephens-
Stewart, Turc, Jensen-Haise,
Makkink, Christiansen, Penman, Van
Bavel, U.S. Weather Bureau (Lake
Evap.), and U.S. Weather Bureau
(Pan Evap.). A regression analysis was
made between the measured evapo-
transpiration, ETG, as a function of
the values calculated by the above
mentioned equations. These resuits
were compared with those from the
recent equations given by Hargreaves
and Christiansen (1973). A perfect fit
of the data would have an intercept of
zero, a slope of 1.00 and an R2 of 1.00.
The simplest equation of the 16 evalu-
atcd, Hargreaves’ Formula, comes
closest to meeting these criteria. The
regression equation with R? = 0.985
for ETG and PET in mm per month is

ETG = 0.864 + 0.998 x PET

Equation [1] was ecvaluated by
regression analysis using evapotrans-
piration data from the following loca-
tions and conditions:

*Copies of the computer progrum may be
obtained from the author.



Elevation

Station Period Latitude Type of grass
Davis, California 1960 38°32'N 18 M ryegrass

Davis, California 1965 38°32'N 18 M alta fescue

Davis, California 1966 38°32'N 18 M alta fescue
Coshocton, Ohio 15 yr. ave. 40°22'N 360 M deep rooted mix
Copenhagen, Denmark 1971 56°41'N grass and clover
Aspendale, Australia 1961 38’s pasture mix

Tyr, Lebanon 3 yr.ave. 33°16'N 5M ryegrass or ryegrass

and Bermudagrass

Values of PET for the 84 months of
data were calculated from equation [1]
using a computer program. The
regression for ETG in mm per month
from these values is

ETG = 3.72 + 0.966 x PET

with a value of R? of 0.97. This
equation is close to a one-to-one rela-
tionship and predicts 97 percent of the
variance in measured grass evapo-
transpiration.

It seems desirable to evaluate equa-
tion [1] for climatic conditions
prevailing near the equator. Here
reliable evapotranspiration data are
scarce. Brutsaert (1965) gives lysime-
ter data fo1 1957 for Bahiagrass grown
in the Ruzizi Valley, Congo Republic,
2 deg to 3 deg S latitude, elevation

about 960 m. When the data from the
Congo are added to the other data
then the regression equation for the 96
monthly values becomes

ETG = 3.96 + 0.963 x PET ...[4]

with an R? of 0.96.

From this analysis it seems evident
that equation [1] provides satisfactory
results with a minimum of data and a
maximum of simplicity ard ease of
computation.

Tke correction for relative humidity
is a good average value. Significant
scatter is to be anticipated, however,
as the humidity efiect depends upon
the thickness of the humid layer, upon
temperature gradients and upon
turbulent mixing.

For high elevation locations some
correction in equation {1] for elevation
is desirable. This is because the humid

layer is thinner and temperature
gradients above the land are much
greater. Temperatures fall off rapidly
above these high elevation locations
resulting in increased turbulent mix-
ing and transport of vapor away from
the thin humid layer. Reliable evapo-
transpiration data are not available
from high elevations. Some Class A
pan evaporation data can be used to
evaluate this cftect, providiug sound
judgment can be made with respect to
ETG/EVP ratios. Evaporation data
from FEcuador and Central America
would appear more consistent with
equation [1] if it is assumed that a cor-
rection of about 8 percent per 1000 m
of increase in elevation above sea level
should be applied. This correlation for
elevation, CE, will also vary somewhat
with topographic surroundings and
position, making the effect more
pronounced over mountain peaks than
over large land masses.

Equation [1] was developed to be
used with 24-hr mean temperatures
and relative humidities. The climatic
data used for the computer program
and the regression analysis were not
all measured at the same hours. Data
from Tyr, Lebanon, are for a different
period of years than the evapotrans-

TABLE 1. POTENTIAL EVAPOTRANSPIRATION FACTOR, MF, FOR PET IN MM PER MONTH
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TABLE 2. CROP COEFFICIENTS, KC (FOR USE WITH
POTENTIAL EVAPOTRANSPIRATION PET).

*Average
KC for tAverage
Crop Full Crop Seasonal
Cover KC
Field and oil crops including beans, castor
beans, corn, cotton, flax, peanuts,
potatoes, safflower, soybeans, sorghum,
sugar beets, tomatoes, and wheat 1.16

Fruits, nuts and grapes

Citrus fruits (oranges, lemons and

076

grapefruit)
Declduous fruits (peaches, plums and o
walnuts) 0.80 :: |
Deciduous fruits with cover crop 1,26 ¢ .
Grapes 0.75 ; : 50
Hay, forage and cover crops e ‘ L
Alfalfa 1.36 1.00
Short grass 1.00 1.00
Clover pasture 1,15
Green manure 1.10 0.96
Sugar cane 1.26 1.00
Summer vegetables 1.16 0.85

* To be used in designing system capacity

+ T»n be used in economic calculations. Racommended for
scheduling frrigation where solls have good capacites to store

available moisture.

piration measurements. These consi-
derations probably result in some
errors in computation. However,
equation [1] closely approximates
the average measured grass evapo-
transpiration from the locations giver
above and is therefore considered to
be adequate for purposes of schedul-

ing irrigation or for calculating
irrigation requirements for purposes
of planning and design.

CROP COEFFICIENTS

Crop coefficients used together with
PET provide for the estimation of
irrigation requircments and for irriga-
tion schedulirg. An equation for
actual crop evapotranspiration, ETA,
similar to that presented by Jensen,
Robb and Franzoy (1970) can be
written:

ETA = KC x PET ..[5]
in which KC is the ratio of erop evapo-
transpiration to that for grass as used
by Pruitt, Lourance and Von
Oettingen (1972) and PET is potential
evapotranspiration from equation [1].
Full crop cover and approximate
average scasonal crop coefficients,
KC. are reproduced from those given
by Hargrecaves and Christiansen
(1973) and presented as Table 2.

Various methods of scheduling irri-
gation produce satisfactory results.
These include a modified Penman
Equation (Jensen, Wright and Pratt
1971), a modified Jensen-Haise meth-
od (Jensen, Robb and Franzoy 1970},

the Class A evaporation pan (Jensen
and Middleton 1965) and others.
However, equation [1] predicts 96
percent of the variance in measured
grass evapotranspiration from a wide
range of climatic conditions and in
addition is simple and casy to use.
This methodology should therefore be
considered for use in those locations
where data are available for tempera-
ture and relative humidity and where
ease of computation is an important
consideration. For a major portion of
the irrigated areas temperature data
alone produce satisfactory results.

CONCLUSION

Grass evapotranspiration or poten-
tial evapotranspiration can be approx-
imated from a variety of equations.
The most frequently used elements for
computation include mean air tem-
perature and some form of radiation
and/or day length. Other elements are
of relatively minor importance in low
clevation arid locations. For these
locations the simple equation (PET =
MF x T), requiring only temperature
measurements produces satisfactory
results. In humid arcas a correction
for mean relative humidity is added.

NOTATION

Notations used in the text are defined
as follows:

CE = dimensionless coefficient
for elevation
CH = dimensionless coefficient

for mean 24-hr relative hu-
midity

ETG = grass evapotranspiration in
mm from lysimeter mea-
surements

PET = potential evapotranspira-
tion in mm (monthly)

EVP = measured Class A pan
evaporation

*H = mean 24-hr relative humid-
o ity for the period

‘KC. . = crop cocfficient for estimat-
o ing crop evapotranspira-
o tion
"MF - = monthly evapotranspira-
Do tion factor in mm

T = mean temperature in de-
' grees Fahrenheit
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