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ABSTRACT

A computer program is developed for computing reference evaporation (ETo), crop coefficient (kc) and crop
evapotranspiration (ETc) under various regional and climatic conditions. The program requires for input basic
climatological data (temperature, humidity, wind speed and sunshine duration data) that are routinely available at most
weather and agricultural research stations. The program calculates ETo simultaneously by three different methods
(Blaney-Criddle, radiation and modified Penman methods) and generates results on screen and in output files that can be
easily converted into graphs. The program has a large built-in database for essential global parameters needed for
calculations such as distribution of extra-terrestrial radiation, maximum possible daily sunshine hours and other
information and mathematical relations. The database also covers crop information needed for calculation of ke and ETc
such as seasonal and stage lengths for a variety of field crops. The program is designed such that most required data are
input in a single file and line inputs are very limited for convenient usage. Extensive testing of the program under various
conditions showed very stable performance, consistency and reproducibility, and revealed that the program is capable of
providing accurate estimates of reference evapotranspiration, crop coefficient and crop evapotranspiration for many crops.
The program is believed to provide a convenient tool for use both by growers and in pertinent scientific applications.
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INTRODUCTION

The ability to estimate crop evapotranspiration
(ETc) represents one of the basic elements required
for successful planning and management of
irrigation systems. Irrigation scheduling is based in
principal on data of daily ETc and soil
characteristics Kovda et al., (1973); Hansen ef al.,
(1980); (Withers and Vipond, 1980). It has long
been acknowledged that actual evapotranspiration
(ET) is a function of both the weather and the soil’s
physical  properties and that prevailing
environmental conditions significantly determine
the limitation of crop production (Pruitt, 1960);
(Penman, 1963); Pruitt et al., (1972); (Slatyer,
1967); (Kramer, 1983). The amount of water
available for ETc is strongly correlated with the
amount of dry matter production (Taylor, 1965);
Pruitt ez al., (1972); (Black, 1981). When designing
water management or irrigation projects, the use of
climatological and meteorological data, soil
characteristics information and crop parameters
becomes particularly valuable. In many cases,
justification for supplemental irrigation depends on
crop  production-evapotranspiration  relations
(USDA-SCS, 1967); (Withers and Vipond, 1980);
Hansen et al., (1980).

Throughout the past 60-70 years, numerous
studies on parameters influencing ET were
conducted and attempts were made to materialize
these parameters into mathematical functions that
allow for quantitative estimation of ETc (e.g.
Blaney and Criddle, 1947); (Blaney and Criddle,
1962); (Olivier, 1961); (Stanhill, 1965); (Jensen,
1966) among many others). Several of these

attempts were successful and resulted in the
formulation of equations or the development of
techniques for ET  determinations and
measurements.

Among the earliest developed formulas were
those of (Blaney and Criddle 1947), Penman (1948),
(Thornthwaite 1948), and (Olivier 1961). Several
years later, new methodologies were developed
involving the use of evaporation pan data and
measurements  (Hargreaves, 1968) or field
lysimetry.

The methods of Blaney-Criddle (Blaney and
Criddle, 1947); (Blaney and Criddle, 1962),
Thomthwaite (Thornthwaite, 1948) and Olivier
(Olivier, 1961) are empirical methods based
essentially on temperature, which implies the
advantage of requiring only the more commenly
measured data- and hence usability in most areas-
and the simplicity of calculation. The empirical
nature of these equations, however, may markedly
limit the scope of their applicability and usefuiness

. Evapotranspiration is a function of the effect
of the total energy environment on the plant
Obviously, neither temperature nor humidity alone
is a measure of the total energy, although they are
significantly influenced by it. Empirical equations
are therefore most appropriate if applied to climatic
zones similar in general to those for which they
were originally derived. One approach to resolve the
limitation problem is done by calibration of these
equations for locations where they are applied
against other, more sophisticated equations, or
against field measurements (e.g. evaporatlon pans or
lysimeters).
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If local evapotranspiration variations are
induced mainly by temperature, with other elements
(e.g. humidity, or wind speed) remaining fairly
constant, a method based on temperature will be
more appropriate. On the other hand, if temperature
fluctuations throughout the season are minimal, a
method based on humidity will give more realistic
results. Due to this often-encountered uncertainty, it
is commonly resorted to using all available methods
and choosing the one method that gives the most
likely results (Withers and Vipond, 1980).

The Blaney-Criddle (B-C) original formula is
written as:
U =KZpT=KF [1]
where U is consumptive use of crop in inches during
growing season
F = sum of the monthly consumptive use factors
for the period (ZpT) :
T = monthly mean temperature in °F
P = percentage of daytime hours of the year
occurring during each month of the growing
period
K = an empirical coefficient (annual, seasonal,
monthly).

Values of seasonal coefficient for different
crops are given in tables in various literature (e.g.
Withers and Vipond, 1980).

Among other —non empirical methods- are the
radiation method (Jensen, 1966; Doorenbos and
Pruitt, 1977) and Penman method.

The radiation methed is suggested to predict the
effect of climate on crop water requirements for
areas where available climatic data include
measured air temperature and sunshine but not wind
or humidity (Doorenbos and Pruitt, 1977). For the
radiation method, only general or approximate
levels of humidity or wind speed are required and
such information may be accessed from published
weather descriptions or from local sources. Potential
evapotranspiration results obtained from the
radiation method are usually more reliable than
empirical methods in areas of high radiation such as
equatorial zones or small islands or at high
elevations. Radiation equation usually takes a form
where potential evaporation is a linear function of
net solar radiation, with other factors involving
temperature, relative humidity and wind speed.

The Penman equation was created by
combining the energy balance equation (Tanner and
Pelton, 1960; Withers and Vipond, 1980) with
Dalton’s equation (Marshall and Holmes, 1988).
The energy balance equation states that:

R;=oRr Ry + H+E [2]
where R; is the radiation reaching the earth’s
surface, cal cm” min™
@ is the reflectance (albedo) of the surface
(dimensionless-fraction)
Ry s the long-wave back radiation, cal cm™ min™!
H is the increase in sensible heat of the
atmosphere, cal cm? min’!
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E is the energy available for evaporation from the
surface, cal cm™ min™

The combined Penman formula calculates
evaporation energy (E) as:
E=((A) R, +E)/ (Aly+1) [3]

where R, is the net radiation (i.e. R;(1- @)-Rp)

A is the slope of the saturation vapor pressure-
temperature curve

y is the psychrometric constant, mbar °C™

E, = flu) (e,~ey), e, is the saturated vapor pressure
at air temperature (mbar) and e, is the vapor
pressure of the atmosphere above.

Penman method has undergone several
modifications and adaptations (Doorenbos and
Pruitt, 1977), (Smith, 1992); Allen et al., (1998) in
order to improve its applicability and to account for
variables not included adequately in the original

equation.
Newer approaches in evapotranspiration
measurements take advantage of technology

advances and utilize computer programming and
models (e.g. Smith, 1992); (Droogers, 2000),
{(Mahmood and Hubbard, 2003); Mo et al., 2004)
for faster and more accurate calculations, or even
the use of satellite images and information (Kite and
Droogers, 2000). Computer modeling facilitates the
inclusion of numerous parameters and complex
mathematical expressions that should bring
predictions and estimates to higher levels of
precision and reliability.

MATERIALS AND METHODS

The program

The computer program presented in this article
was developed to provide a fast and accurate
method of calculating reference and crop
evapotranspiration. The program is based on
recognized formulas and methods widely reported
(e.g. Doorenbos and Pruitt, 1977); (Smith, 1992);
Allen ef al., (1998) and executes calculations by
three different methods. These methods are: Blaney-
Criddle (B-C), radiation method, and the modified
Penmen equation. The program was compiled in
Basic language wusing Turbo Basic sofiware
(Borland International, Inc, Turbo Basic V. 1.0,
1987) and was completed in 2002.

The data required for the program are tabulated
such that each set of information occupies on line
and represents a “run”. A run can therefore
represent a single day, a week, a decade (10-day
interval), a month or any other number of days. The
data include: month of the year (m), number of days
per run, temperature (maximum, T, and
minimum, Ty, Or averages, T,,), relative humidity
(maximum, RH,,,, and minimum, RH.;,), wind
speed (u), height of wind speed measurements, h,
(or else height is assumed to have the standard value
of 2.0 meters), and sunshine duration in hours (r1).

Other required input data are provided to the
program as line-input and include: name of region
or location, location latitude (degrees) and altitude
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(meters), inquiries regarding the requested
calculations (ETo or both ETo and ETc), number of
runs, and input file name (file containing the data).
File types accepted by the program include virtually
all non-formatted, plain text types such as: dat, txt,
prn and doc files. Values in each line of the data
input file can be written in space- or comma-
delimited format.

In case the user chooses to have the program
calculate both ETo and ETc, the program will ask
for additional information concerning the crop,
namely: crop name (selected from a list), length of
each of the 4 growth stages (expressed as runs), and
run number representing the start of the growing
season. For example, if the crop in question is corn
(maize), and if the input data are set-up such that a
whole year is covered in 10-day intervals (i.e. 36
runs) and taking growth stage lengths of 20-25-25-
10 days for initial, crop-development, mid-season
and late stage, respectively Allen ef al., (1998), then
number of runs covering the 4 stages would be
approximately 2, 3, 3 and 1. The program will ask
for the number of starting run, here we take the
planting date of early June Allen et al., (1998), say
June 1%, and the starting run for the growing season
will thus be run number 16 (preceded by 5 months,
3 runs each). A detailed explanation of data
preparation and input method and format, as well as
comprehensive agronomic information on growing
season lengths, lengths of different growing stages,
and planting dates for different crops in different
geographic zones and under different climates are
shown in an overview section of the program. This
section is provided within the program database and
includes all source information required for
calculations as well as a complete background of
each of the calculation methods along with pertinent
information and equations.

Although the program is intended to be valid
for global application, local conditions were given
special consideration in the selection of the
calculation methods. Blaney-Criddle formula was
originally developed for the Westem USA and
therefore most suitable for arid regions, particularly
under coastal climates which are the prevalent
conditions in the Middle East- North Africa region.
Also, the radiation method is most applicable to
areas where solar radiation is significantly effective,
which is also the case in the arid climate region of
the Middle East and North Africa. The modified
Penman method was included in the program as it is
acknowledged to be the most comprehensive and
inclusive of all methods.

The program displays the results immediately
after completing the inputs. Displayed results
include a first screen with input location
information, then it displays consecutively 3 result
screens for each run (one for each of the three
calculation methods), then a screen of a summary
table listing the results of all runs, all methods and
their averages. Upon user’s request generated output

result tables can be obtained in hard copies by a
regular printer. An example of program-gencrated
ETo result table is shown in a following section on
program validation.

If the program is instructed to calculate ETc¢ in
addition to ETo, a second summary table is created
and displayed, containing calculated crop coefficient
(kc) and ETc for each run within the growing season
in addition to average ETo values of all input runs.

A statistics summary follows with information
on seasonal crop water use, and peak and seasonal
average ETo, among other useful information. An
example of program-generated ETc result table is
shown in the program validation section.

In each of the three result screens displayed for
each run, details of intermediate calculations of the
run are shown. This is intended to provide a
convenient tool for tracking the calculations and
monitoring detailed steps for different cases.

Program validation and testing were carried out
through comparing results with results calculated by
FAO’s Cropwat program, which is based on adapted
Penman-Monteith approach (Smith, 1992), or with
field measured results such as those obtained from
evaporation pans (Hargreaves, 1968).

1. Blaney-Criddle method

For ©  Blaney-Criddle (B-O) equation,
calculations are based on the determination of f
factor (Blaney and Criddle, 1962); Doorenbos and
Pruitt, 1977) where:

S=p (046 T, +8.13) [4]

where T,y is mean temperature (°C) and p is the
mean daily percentage of annual daytime hours. The
parameter p is a function of the time of the year
(month) and latitude. Tabulated values of p were
provided to the program’s database; therefore a p-
value is supplied to the program automatically based
on location (latitude) and time of the year.

One of the important parameters required for
calculation by the B-C method as well as by the
other methods is the ratio between actual and
maximum possible sunshine hours (# and N,
respectively). Data of actual sunshine hours (n) are
provided in input file, while N is obtained from the
program’s database. Since N is a function of latitude
and time of the year, it was possible to provide it in
the program’s database so that it is available for
calculations automatically. Tabulated N data were
converted into equations to provide continuous N
functions with time of the year. For a given latitude,
the relationship between N and the of the month
number (m, where January =1 and December = 12)
was found by regression to take the linear form:

=g m+b (51

Where a and b are latitude-dependant
coefficients, with @ having positive values for the
months of January through June and negative
values through the rest of the year in the northern
hemisphere. In the southern hemisphere, the sign of
a is reversed.
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According to the approach utilized by
(Doorenbos and Pruitt 1977), the ratio /N is
grouped into 3 categories: low (<0.6), medium (0.6-
0.8), and high (>0.8), and RH,,,, is grouped into 3
categories: low (<20%), medium (20-50%) and high
(>50%). As a result, there are 9 possible
combinations between n/N and RH,y, Within each
of these nine groups, two new parameters, a and b,
are determined based on wind speed, where in each
group three ranges of average daytime wind speed
are possible; namely, light (0-2 ms™), moderate (2-5
ms’) and strong (>5 ms™’). After parameter f is
calculated and after the program determines the
appropriate values of parameters 4 and b, ETo is
calcutated according to the Equation:

ETo = a+bf [6]

An example showing a part of the input table
and the program’s output calculation screen is
shown in Tables 1 and 2. In Table (1) input data of
the first 10-day run of the month of January, 1998
for Alexandria is shown. This run represents the
first of 36 runs covering the entire year.

Table (2) shows, as an example, the calculation
screen generated by the program for this run as
calculated by the B-C method. In total, 36 screens
are generated for the 36 runs. Similarly, for each of
the other two methods (radiation and modified
Penman), 36 calculation screens are also generated
covering the 36 runs of the year.

2. Radiation method

Essential input data required for the radiation
method include temperature and sunshine duration
or cloudiness and radiation information. Since
temperature measurements and sunshine duration
data are included in the input data file, calculations
based on the radiation method are readily possible.
The basic equation for calculating ETo from
temperature and radiation data is:

ETo=a+b WR; [7]

where R, is the solar radiation received at the earth’s
surface, expressed in equivalent evaporation (mm d’
), W is a weighing factor which depends on
temperature and altitude, and 4 and b are
coefficients determined by the prevailing mean RH
and wind speed.
The weighing factor W is defined as:

&
e 8]
where A is the rate of change of the saturation vapor
pressure with temperature and y is the
psychrometric constant (Penman, 1963).

For different altitudes ranging between 0 and
4000 m, the correction factor W was converted from
tabulations (Doorenbos and Pruitt, 1977) into a
continyous function by a power equation of the
form:

W=a+ bl 9]

Table 1: A section of the data input table showing the first line representing the first
run with data of January 1 through January 10, 1998 in Alexandria, Egypt

Month no. No. of days Trax Tmin

Tavg RHpey R U h, n

1 10 18.6 89

-- 93.6 53.6 3.14 2 4

Table 2: Example of program output screen, showing results of run number 1
(Alexandria data, 1998) and intermediate calculations (Blaney-Criddle method)

Summary of Entries and Intermediate Calculations For Run Number For / During The Month of January

1. Blaney-Criddle Method
Mean temperature 13.750
Relative humidity (min) input = 0.536
Relative humidity (max) input = 0.936
Wind speed input = 3.140 m/s
= 271296 km/day
Height of wind speed measurements = 2.00 m
Wind speed adjusted for elevation (u2) = 3.140 m/s
= 271296 km/day
Mean actual sunshine hours 4.000 h
Mean max. possible daily sunshine hrs. = 10.448 h
n/N ratio (calculated) = 0.383
Mean relative humidity (calculated) = 73.600 %
p-value {Blaney-Criddle} = 0.240
f-value {for charts- Blaney-Criddle} = 3.469
Parameter a (intercept) { Blaney-Criddle} = -1.550
Parameter b (slope) {Blaney-Criddle} = 0.880
[1. Calculated reference evapotranspiration (ETo) {B-C} = 1.503 mm/day
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where / is the altitude, and g, b, and ¢ are constants.
In Eq. [7], R; is only a fraction of the radiation
received at the top of the atmosphere which is
termed extra-terrestrial radiation (R,). This extra-
terrestrial radiation is independent of weather
conditions and depends strictly on the latitude and
time of the year, Tables of R, for various latitudes of
both hemispheres and for different months Allen ez
al.,, (1998) were converted into mathematical
functions through regression, and the equations
were fed to the program’s database so the values of
R, are calculated automatically from information of
hemisphere, latitude and time of the year. For a
given latitude, R, was found to correlate to the
month of the year by the power equation:

R=am’ [10]
where m is the month number (January =1 through
December = 12), and a and b are coefficients
depending on latitude. The coefficient a assumes
positive values for the months of January through
June and negative values through the rest of the year
in the northern hemisphere. For the southern
hemisphere, the sign of coefficient a is reversed.
The amount of solar radiation R, is related to
extraterrestrial radiation by the equation (Withers
and Vipond, 1980):

R, = (et n/N) R, (j
where a and P are often given the empirical values
of 0.25 and 0.50, respectively.

As mentioned above, coefficients 4 and b in Eq.
[7] are controlled by prevailing mean relative
humidity RHyueqn and wind speed. In the program,
RHyyean is divided into four classes: 1) RHyeqn<40%,
2) RHpean = 40-55%, 3) RHpean = 55-70%, and 4)
RHpear>70%. Within each of the 4 classes,
coefficients ¢ and b are determined based on
average prevailing daytime wind speed, which is in
turn divided into 4 levels: light (0-2 ms™), moderate
(2-5m s™), strong (5-8 m s™), and very strong (>8 m
s™). After parameters g and b are determined, the
program calculates ETo according to Eq. [7]. A
printout of the program output result table of the
radiation method for run 1 (shown in Table 1) and
its intermediate calculations is displayed in Table 3
as an example.
3. Modified Penman method

The modified penman method is appropriate
where available data include temperature, humidity,
wind and bright sunshine hours or radiation. With as
many parameters involved, the modified Penman
method is believed to provide reliable results in
predicting ETo under a given set of climatic
conditions. In the modified Penman method,
difference from the original Penman method
involves a revised wind function term and an
additional correction for day and night-time weather
conditions not representative of climate for which
the wind function was determined (Doorenbos and
Pruitt, 1977), Allen et al., (1998).
The equation.used by the program takes the
form:

ETo (unadjusted) = W R, + (1-W) f{u) (es-es) [12]
where W is the temperature-related weighing factor,

A&
equaling ~~~ as defined before (Eq. {8])
Aty

R, is net radiation in equivalent evaporation, in
mm d*!

fu) is wind—xelated function

{e,~ez) is the difference between the saturation
vapor pressure at given mean air temperature and
the mean actual vapor pressure of the air (mbar).
Saturation vapor pressure (g,) is a direct function of
air temperature, Tp..,. For program use, tabulated
relation between ¢, and T,,.., Was converted into the
exponential equation:

e,= exp (1.873+0.062 Tpea) (= 0.998) [13]
The mean actual vapor pressure of the air, e4 is
calculated by the equation:

v [14]
and the wind functi%i Au) is calculated as:

A =027 1A+ 5 [15]

where U, is total wind run (km d”) at 2 m height.
Height of wind speed measurement is corrected to
the corresponding speed at 2 m height by means of
the equation:

cf=1.1552 b, "% [16]
where cf is the cormrection factor and A, is
measurement height (m).
The net radiation (R,) in Eq. [12] is defined as the
difference between net shortwave radiation (R,,) and
net long-wave radiation (R,), i.e.:

Ri= RusR (17}

and R, is calculated by the program by the equation
(Withers and Vipond, 1980):
R (1-0) (0.25+0.50 /N) R,  [18]

where a is the crop surface reflectivity, or albedo,
given the average approximate value of 0.25.
Typical a values are approximately 0.05-0.10 for
water and 0.20-0.25 for most crops and farmlands
(Henderson-Sellers and Richardson, 1988). Other
terms are defined as before.

Net long-wave radiation (R,) is determined
from temperature (T), vapor pressure (e;) and ratio
n/N data, and is defined (Doorenbos and Pruitt,
1977) as:

Ry = AT) flea) Au/N) (19}

Temperature function is calculated based on the

following  equation  (Henderson-Sellers  and
Richardson, 1988):
A= 0Ty [20]

where o is the Stefan-Boltzmann constant (¢ =
567x10° W m? K* where T, is absolute
temperature, Kelvin).

Correction function for effects of vapor
pressure fle;) and actual-to-maximum sunshine ratio
f(n/N) on long wave radiation (R,;) are calculated
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Table 3: Example of program output table of the radiation method, showing the
results of run number 1 (Alexandria data, 1998) and its intermediate

calculations

Summary Of Entries And Intermediate Calculations For Run Number 1 For/During The Month Of January

2. Radiation Method

Extra terrestrial radiation (in equivalent evaporation) = 8.052 mm/day
Solar radiation- total shortwave (in equivalent evaporation) = 3.554 mm/day
Calculated a factor (intercept) {radiation} = -0.300
Calculated b factor (slope) {radiation} = 0.810
Weighing W factor {radiation} = 0.609
2. Calculated reference ETo {radiation} - 1.453 mmny/day

according to Doorenbos and Pruitt (1977), where
fle)=0.56-0.079 \Jez (for humid climates) [21]

and
Aea)=0.34-0.044 g4 (for dry climates) [22]

where the vapor pressure (e ) is in mbar, and f{n/N)
= 0.10+0.9 (n/N)

After uncorrected Penman ETo is calculated,
modification is executed based on four weather
parameters; namely: average prevailing daytime
wind speed, wind day-night ratio, maximum relative
humidity, and solar radiation.

Seven cases arc automatically assessed by the
program and the appropriate combination of the
above 4 elements is selected. For each selection a
regression function is generated to calculate the
corrected Penman ETo value. Table (4) lists the
various combinations of the four parameters and the
associated correcting equations as employed by the
program. '

*y = Corrected ETo (modified Penman method)
and x = uncorrected Penman ETo.

A computer-generated table of ETo results as
calculated by modified Penman method for the run
shown in Table (1) (Alexandria, 1998), along with
intermediate calculations is presented as an example
in Table (5).

A printout example of ETo as calculated by the
three methods is shown in the validation section
Table (6) for 36 runs of weather data.

Crop coefficient, ke

Actual crop evapotranspiration (ETc) is related to

reference evapotranspiration (ETo) by the crop

coefficient, k¢ Hansen ef al., (1980) such that
ETc=ETo x kc {24]

Crop coefficient is determined by the program
for each of 4 growth stages, namely the initial stage
(kcl), the crop development stage (kc2), the mid-
season stage (kc3) and the late stage (kc4). The
program covers 27 field crops. Values of kc for
initial stage (kcl) are calculated based on the
frequency of significant rain (obtained from
meteorological records for a given interval) or
irrigation. Mid-season stage (kc3) values were
provided to the program’s database for each crop
and are thus automatically accessed. Crop
development stage values (k¢2) increases
progressively with the advancement of crop growth
and are determined through interpolation between
kcl and ke3. Calculated value at any given date of
this stage can hence be determined. Late stage crop
coefficient (kc4) is also calculated by the program
through interpolation between kc3 and kc value at
harvest, obtained from the program’s database.
Value of kc4 can thus be estimated also at any given
date over this stage. ETc is then calculated by the
program as the product of kc and ETo. Results of k¢
for different runs over the growing season as well as
reference and crop evapotranspiration are displayed
in a program-created ETc results table. For each run
throughout the growing season, the displayed values
of ETo, kc and ETc are those determined at mid-
points of successive run lengths, each expressed in

Table 4: Correction equations of the modified Penman method for different
conditions of daytime wind speed, day-night wind ratio, maximum relative

humidity, and solar radiation

Daytime  Day-night RH,,,; Radiation Penman modification
av. wind _ wind ratio % mm ¢! equation™
>4 >3 ~100 Moderate/high (>8, summer) y = 1.608 x **2
<4 >3 >75 All conditions y = 1.167 x **°
0-5 =2 > 60 All conditions y =x {(no correction)
<4 <15 > 60 All conditions y=0.704 x "1
5-8 <15 <40 Moderate/high ( summer) y =0.405 x 1250
>8 <15 <40 Moderate/high ( summer) y =0.346 x 12
>3 <L5 <40 Low (winter) y=0.119 x 4"
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Table 5. An example of program-generated modified Penman output table, showing
results of run 1 (Alexandria data, 1998) and its intermediate calculations. (The
run’s 3- method average is also shown)

Summary of Entries and Intermediate Calculations For Run Number 1 for/During The Month of January

3. Modified Penman Method

Saturation vapor pressure (ea) in mbar
Vapor pressure (ed) in mbar

Wind function f(u)

Weighing factor (W) {Penman}

Net solar radiation (Rns)

Correction for temp on long wave radiation Rnl : f{T):

Correction for vapor pressare on Rnl: fled)
Correction for /N on Rnl: {n/N)

Net long wave radiation Rnl

Net radiation Rn

ETo-Penman has been modified.
Estimated day/night ratio:
Modification equation:

15.321
11.276
= 1.0025
= 0.6101
= 2.6657
= 13.326
= 0.1922
= 0.4446
= 1139
1.5267

mm/day

mm/day
mm/day

15

Eqn. 4. Y (corrected) = 0.7044 * X(uncorrected)"1.1164 s

3. Estimated ETo: Penman (unadjusted)
Estimated ETo: Penman (adjusted)

Average of three methods

= 2.5124
1.9701
= 1.6419

mm/day
mm/day
mm/day

number of days from the start of the growing
season. An cxample printout of results table for
average ETo, kc, and ETc¢ is shown in Table (7) in
the program validation section.

For the initial stage, the dependence of the crop
coefficient kcl on soil wetness is accounted for by
adjusting the values according to the frequency of
significant rain or irrigation. Five equations
representing five different rain/irrigation frequencies
are employed by the program. Each of these
equations estimates kcl as a function of combined
weather conditions represented by calculated ETo.

Empirical data presented by Doorenbos and Pruitt
(1977) were used to generate these equations, which
had the power form:

y=atbx’ [25]
where y represents estimated kcl, x represents ETo
associated with given conditions, and a, b and ¢ are
frequency-dependant coefficients.

The graphs representing the relationship between
frequency of rain or irrigation, ETo during the initial
stage and estimated kcl, along with associated
regression equations are shown in Figure (1)

1.2 e
1 k‘ e
0.8 y=1.189-0.140x048%
- puaan
0.6 3=1.213-0. 1660248
kc T
0.4 - i - . ‘sﬁ- - — ‘;’_‘ 1WL~
-.,..’.. -u..-.._-- -,
0.2 :“-‘o-..".- "'---..ya}i250-0553x"“
o Y=1.043-0.60501% R LT S
!
(U . : : . )
s} 2 4 6 8 10 12
£Te {mm d?) during initial stage
2-d freq. — —~— — 4.d freq. - === 7-dfreq.
------- 10-d freq. wenerenanes 20-d freq

Fig. 1: Relationship between frequency of rain or irrigation, reference evapotranspiration
(ETo) during the initial stage, and the initial stage crop coefficient (kc1)
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Program validation
In order to test the program for correctness and
accuracy, extensive validation trials were

performed. Validation was directed at examining the
precession of data processing, consistency of
performance,  functionality under different
conditions and over different regions of the world,
and result agreement or differences with other
evaluation methods. Evaluation methods used to
compare program results with included the FAO’s
Cropwat program (smith, 1992) as well as results
obtained from actual field measurements (e.g. by
evaporation pan).

Validation involved applying the program to a
vast number of locations and weather conditions in
many parts of the world, covering eastern and
western longitudes in both northern and southern
hemispheres. Results reported here are only a few of
obtained results and are shown as typical examples
of different regional conditions. Validation
locations, their climatic characteristics, coordinates
(longitudes and latitudes) and altitudes are listed in
Table (6).

An example of program-generated table of ETo
calculations is shown in Table (7) for the city of
Alexandria, Egypt (data of the year 1998). In Figure
(2), results of average ETo in agricultural research

stations (ARS) in Alexandria, Cairo and Aswan are
shown and compared for data of the same year,
1998 (36 10-day runs covering entire year),
Differences in ETo imposed by climatic differences
(different latitudes) between the three regions are
clear. Also, a consistent pattern of dependence of
ETo on the time of the year can be seen, with ETo
peaking in midsummer and tapering off towards
winter months,

Detailed program results of ETo as obtained by
each of the three calculation methods are displayed
for Ismailia, Egypt in Figure (3). The data used here
are extended yearly normals (records of CLAC,
2006). In addition to results of the three methods,
the graph displays results obtained for the same
agricultural station by local measurements as well as
results calculated by the FAO’s Cropwat program.
Results reflect good agreement between program
calculations and other calculations and
measurements. It is notable that the closest results
obtained to measured results and to Cropwat
calculations are those representing the 3-method
averages. This trend was seen in many cases and
over a large number of stations. Another comparison
between program-calculated ETo and ET
determined from evaporation pan is displayed in
Figure. (4) for El-Bustan area, Egypt. Reasonable

Table 6: List of program validation locations, their climates, coordinates and altitude

i dinat Altitude
Country Location and data Climate .Coor ina es.
source Longitude  Latitude m
Egypt Agricultural research and
weather stations in:
Alexandria 29.95°E 31.20°N 6
Cairo 31.40°E 30.13°N 65
Aswan ; ) 32.55°E 23.97°N 199
Ismailia Ar;t Med;wl’fa“‘:““’ desert, 32.18°E  30.58°N 13
El-Bustan sublropical climate 3021°E  30.40°N 60
Menya 30.46°E 28.00°N 42
Arish 33.48°F 31.00°N 18
Siwa 2531°E 29.00°N 10
Syria Agricultural research
stations in: i i
e in Medxterranean to arid, temperate 35.48°F 35.50° N 30
atakia climate
T 35.54°E 35.00°N 157
artous
France Montpellier Mari te climat 3.96°F 43.58° N 6
(meteorological station) arine w. coast, temperate climate . .
Ital R eteorological
y ome (meteorologic Mediterrancan to temperate climate ~ 12.48°E  4190°N 17
station)
Greece So Cret
‘ nde, Grete Mediterranean to temperate climate ~ 24.10°E  3548°N 151
(meteorological station)
United Sacramento, California
States: (meteorological station at Marine, coastal, temperate climate 121.60°W  38.51°N 8
California  Sacramento Executive AP)
Argentina Santa Isabel soe :
semiarid, temperate, subtropical, 66.90° W 36.26° S 320

(meteorological station)

highlands climate
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Average ETo; Alexandria, Cairo and Aswan (1998 data)
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Fig.2: Yearly patterns of reference evaporation (ETo) as calculated by the program
for stations in Alexandria, Cairo and Aswan (1998 data)

Table 7:An example of the program-generated result table for ETo as calculated by the three
methods for the city of Alexandria, Egypt over 36 runs covering the year of 1998

Calculated reference (potential) evapotranspiration (ETo) for Alexandria (Nuzha) for 36 runs By
Blaney-Criddle, Radiation, and modified Penman methods Calculation Summary

Run Month Blaney- Criddie Radiation Penman Modified-Penman  Average*
1 Jan 1-10 1.503 1.453 2.512 1.97 1.642
2 Jan 11-20 1.547 1.622 3177 3.177 2.115
3 Jan 21-31 1.488 1.713 3.025 3.025 2.075
4 Feb 1-10 1.716 2.465 3.277 2.65 2277
5 Feb 11-20 2117 2.347 4.066 4.066 2.843
6 Feb 21-28 2.286 2.619 3.507 2.858 2.588
7 Mar 1-10 2.016 3.178 4.262 3.554 2.916
8 Mar 11-20 3.334 3.709 5.529 5.529 4.191
9 Mar 21-31 3.364 3.738 5.613 5.613 4,239
10 Apr 1-10 4.807 511 5.792 5.005 4.974
11 Apr 11-20 6.193 5.663 7.075 7.075 6.31
12 Apr 21-30 3.807 4.363 6.243 6.243 4.804
13 May 1-10 5.55 4.976 7.926 7.926 6.151
14 May 11-20 4.517 4.866 6.7 6.7 5.361
15 May 21-31 5.648 5.552 . 6.69 5.879 5.693
16 Jun 1-10 4.667 6.212 7.449 7.449 6.109
17 Jun 11-20 9.231 8.189 9.705 9.705 9.042
18 Jun 21-30 6.072 6.329 7.773 7.773 6.724
19 Jul 1-10 7.63 7.439 8.482 7.663 7.578
20 Jul 11-20 7.527 7.354 8.438 8.438 7.773
21 Jul 21-31 5.025 6.437 8.006 8.006 6.489
22 Aug 1-10 5.925 6.122 7.766 7.766 6.604
23 Aug 11-20 6.539 5.728 7.643 7.643 6.636
24 Aug 21-31 6.634 5.882 7.93 7.93 6.815
25 Sep 1-10 7.106 5.677 7.954 7.954 6.912
26 Sep 11-20 6.691 5.424 6.434 5.629 5.915
27 Sep 21-30 4.471 4.402 6.906 6.091 4,988
28 Oct 1-10 4.86 4.426 5.951 5.159 4.815
29 Oct 11-20 4,786 3.864 5.601 4.822 4.491
30 Oct 21-31 3.579 3.535 4,963 4212 3.775
31 Nov 1-10 3.009 2.821 3.715 3.049 2.96
32 Nov 11-20 3.323 2.96 3.515 2.866 3.05
33 Nov 21-30 2.755 2.492 3.575 2.921 2.723
34 Dec 1-10 2.509 1.667 3.065 2.46 2.212
35 Dec 11-20 1.492 1.392 2.646 2.087 1.657
36 Dec 21-31 1.418 1.385 3.023 3.023 1.942
Avg, 4.309 4.253 5,72 5.387 4.65
*Averages arc based on Blaney-Criddle, radiation and modified penman methods. If Penman is modified, averages exclude
uncorrected values.

Average of all runs (three methods per run) = 4.650 mm/day
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Reference evapotranspiration {ETo) - Ismailia (extended averages)
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Fig. 3: Calculated reference ETo as compared with measured values and values
determined by Cropwat for Ismailia, Egypt (extended averages)

Reference evapotranspiration (ETo} in El-Bustan area {1998 data)
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Fig. 4: Calculated and pan-measured monthly average ETo in El-Bustan, Egypt (1998

data)

calculated results and pan-based ET. In spite of
some discrepancies between program calculated and
pan-measured ETo values, which are manifested in
slight under-prediction of ETo by the program for
the months of August and September and over-
prediction for the month of December, the overall
agreement in trend and valies over the rest of the
year is fairly good.

Program validation involved application to two
locations in Syria, Latakia and Tartous Table (6).
Examples of obtained resulis are shown in Figure
(5) and 6. In Figure (5), data of the year 1984 were
used and results were compared with field pan-
measured values. Good agreement between program
results and measured values is seen, with the
radiation method and the all-method average
showing the closest agreement with measured
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results. Other methods showed reasonable
agreement as well. In Figure. (6), calculated and
measured values of ETo are shown for the
Agricultural Research Station in Tartous, Syria for
the month of November (taken as an example) over
an extended period of 11 years (1980-1990). Despite
some deviation in the first three years of records,
calculated and measured values reflect a very good
agreement, where radiation method and the 3-
method average were the closest to field-measured
values,

Three testing cases for three locations in Europe
are shown in Figure (7) through 9.

These include Montpellier, France; Rome, Italy;
and Souda, Greece Table (6). The data used for
these three locations are extended yearly averages
obtained from climatological stations, reported in
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Reference evapotranspiration: Latakia, Syria (1984 data)
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Fig. 5: Calculated reference evapotranspiration (ETo) in Latakia, Syria, compared
with pan-measured values (data of 1984)

Reference evapotranspiration: Tartous, Syria
November average data {1980-1990)
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Fig. 6: Calculated and measured average reference evapotranspiration (ETo) for the

month of
1990)

November in Tartous, Syria over an extended period of 11-years (1980-

Rome, italy (yearly averages)
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Fig. 7:Program results of ETo as compared with Cropwat results for Montpellier,
France (extended yearly averages, Climwat, 2006)
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the international climate database of Climwat, FAO
(Gieser, 2006).

As seen in Figure.(7) through 9, results
consistently showed very good agreement between
program results and Cropwat calculations,
indicating reasonable capability of the program to
provide  reliable  estimates of  reference
evapotranspiration. It is notable that, here also, the
best agreement with results produced by the
Cropwat program were those of the all-method
averages.

Similar performance consistency was seen
when the program was applied to weather data
obtained for the Americas. Results obtained by the
program for many stations in North and South
America were quite consistent and reflected
reasonably good agreement with results calculated
by the FAO’s Cropwat or results of measured ETo.
Two examples are shown in Figure (10) and 11 for
locations of Sacramento, California, USA and Santa
Isabel, Argentina (data of Climwat, Gieser, 2006).
In Figure(10), program results for the weather
Station in  Sacramento executive  airport,

Sacramento, California Table (6) are compared with
Cropwat calculations. Program results showed
slightly higher values than those determined by
Cropwat, however, a fairly good agreement with B-
C and radiation methods is observed. It is important
to note here that the B-C equation was originally
developed for California climate, which may
explain its relatively better performance for
Sacramento area.

In Figure (11), data of the weather station in
Santa Isabel, Argentina Table (6) were used and
ETo was calculated and compared also with
Cropwat results. Results were in very good
agreement with Cropwat calculations, with slight
divergence at the end of the year for the B-C and
modified Penman methods. The radiation method as
well as ETo averages showed, however, excellent
convergence to Cropwat results over the entire year.
The enhanced performance of the radiation method
meets expectations for this region. It has been
reported (Withers and Vipond, 1980) that the
radiation equation provides more accurate estimates

Rome, ltaly (yearly averages)
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Fig. 8: Program results of ETo as compared with Cropwat results for Rome, Italy
(extended yearly averages, Climwat, 2006)

Souda, Greece (yearly averages)
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Fig. 9: Program results of ETo as compared with Cropwat results for Souda, Crete
(Greece), (extended yearly averages, Climwat, 2006)
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of evapotranspiration in zones of semiarid climates
and higher altitudes. The location of Santa Isabel,.
Argentina was selected as an example of regions in
the southern hemisphere

Program validation for crop coefficient (kc)
and actual crop evapotranspiration (ETc)

Extensive program testing was also performed
to evaluate performance and result consistency of kc
and ETc calculations. Most of the testing performed
on kc and ETc was on crops grown in Egypt. Table
8 displays- as an example- the computer output file
of ETo, kc and ETc for one of the test locations,
ARS, Menya, Egypt, where the grown crop is
cotton. In Fig. 12 through 14, results of calculated
ETo, kc and ETc obtained for ARSs in Menya,
Arish, and Siwa, Egypt are displayed. Climate and
coordinate information of these locations are shown
in Table (6)

Figure (12a) Shows results of ETo calculated
by the program by the three methods for the
research station in Menya (extended yearly
averages) while Figure (12b) displays values of the
crop coefficient (kc) of cotton grown in the area as
calculated both by the program and by FAO’s

Cropwat. Figure (12c) displays the values of F ETo
and ETc over the growing season (May through
September). Only very slight discrepancies are seen
between the three calculation methods as well as
between each of the methods and their average (Fig.
12a). Crop coefficient (kc) showed typical trend
over the four growth stages and the program
determined values were in fairly good agreement
with those calculated by Cropwat except for minor
differences in the initial stage (kc1) and to a lesser
extend during the crop development stage (kc2).
Mid-season and late stage coefficients (kc3 and kc4,
respectively) showed very good agreement with
those estimated by Cropwat. Figure (12c¢) shows
calculated values of ETo and ETc by the program
and by Cropwat over the growing season. Excellent
agreement can be seen both for ETo and ETc
between the two programs. Figures (13 and 14)
show ke, ETo, and ETc calculated by the program
for Arish and Siwa, Egypt. A well defined kc curve
is shown in both cases with distinct growth stages.
Also, the relation between ETo, k¢ and ETc can
easily be identified from the obtained results, where

Scramento, California
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Fig. 10: Program results of ETo as compared with Cropwat results for Sacramento,
California (extended yearly averages, Climwat, 2006)

Santa Isabel, Argentina
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Fig. 11: Program results of ETo as compared with Cropwat results for Santa Isabel,
Argentina, (extended yearly averages, Climwat, 2006)
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Table 8: Result table gemerated by the program, including average reference
evapotranspiration (ETo), crop coefficient (kc) and crop evapetranspiration

(ETc) for cotton grown in Menya, Egypt (data of 1998)

Run Month length Mid-point Avg. ETo ke ETe Remarks

1 Jan 1-10 10 - 2.102 - - Pre season

2 Jan 11-20 10 - 2.408 - - Pre season

3 Jan 21-31 11 - 2.508 - - Pre season

4 Feb 1-10 10 - 3.306 - - Pre season

5 Feb 11-20 10 - 3.005 - - Pre season

6 Feb 21-28 8 - 3.132 - - Pre season

7 Mar 1-10 10 - 3.685 - - Pre season

8 Mar 11-20 10 5 4.001 0.267 1.067 Initial stage

9 Mar 21-31 11 15.5 3.843 0.272 1.046 Initial stage
10 Apr 1-10 10 26 5379 0.224 1.206 Initial stage

11 Apr 11-20 10 36 6.607 0.312 2.064 Crop develop. st.
12 Apr 21-30 10 46 5.857 0.489 2.864 Crop develop. st.
13 May 1-10 10 56 8.197 0.666 5.457 Crop develop. st.
14 May 11-20 10 66 7.307 0.842 6.156 Crop develop. st.
15 May 21-31 11 76.5 7.754 1.028 7.969 Crop develop. st.
16 Jun 1-10 10 87 8.119 1.125 9,134 Mid-season stage
17 Jun 11-20 10 97 8.586 1.125 9.659 Mid-season stage
18 Jun 21-30 10 107 8.338 1.125 9.38 Mid-season stage
19 Jul 1-10 10 117 7.324 1125 8.24 Mid-season stage
20 Jul 11-20 10 127 7.253 1.125 8.16 Mid-season stage
21 Jul 21-31 11 137.5 -7.324 1.125 8.24 Mid-season stage
22 Aug 1-10 10 148 6.959 1.086 7.558 Late stage

23 Aug 11-20 10 158 6.758 1.008 6.813 Late stage

24 Aug 21-31 11 168.5 6.31 0926 5.846 Late stage
25 Sep 1-10 10 179 7.033 0.845 5.941 Late stage
26 Sep 11-20 10 189 7.002 0.767 5.369 Late stage

27 Sep 21-30 10 199 6.075 0.689 4.185 Late stage

28 Oct 1-10 10 - 4.933 - - Post season
29 Oct 11-20 10 - 5.041 - - Post season
30 Oct 21-31 11 - 4.232 - - Post season
31 Nov 1-10 10 - 3.513 - - Post season
32 Nov 11-20 10 - 3.193 - - Post season
33 - Nov 21-30 10 - 3.853 - - Post season
34 Dec 1-10 10 - 2.579 - - Post season
35 Dec 11-20 10 - 1.833 - - Post season
36 Dec 21-31 It - 2.13 - - Post season
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Length of initial stage = 31 days

Length of crop development stage = 51 days

Length of mid-season stage = 61 days

Length of late stage = 61 days

Total length of the growing season = 204 days

Cumulative seasonal ETc = 1186.647 mm

Mean daily water consumptive use = 5.817 mm/day

Peak ETc value during the growing season = 9.659 mm/day

measured for run no.: 17
during the month of ; June
at days from planting = 97 days

or at approximately 47.55 % of total growing season length
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a- Reference evapotranspiration (ETo): Menya (1998 data)
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b. Crop coefficient (kc) for cotton grown in Menya (1998 data)
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Fig. 12: Results calculated by the program for: a) reference evapotranspiration (ETo)
in Menya, Egypt, b) crop coefficient (kc) for cotton grown in the area and c)
reference evapotranspiration (ETo) and crop evapotranspiration (ETc) of the
crop during the growing season (March through September)
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in early growth stage (the initial stage) differences
between ETo and ETc are greatest due to small ke
values (smallest ke value of the season). During the
crop development stage and as kc increases
gradually towards its maximum seasonal value,
actual crop evapotranspiration approaches the
reference evapotranspiration until they become
nearly equal during the mid-season stage. At the
end of the mid-season stage the two curves split
once again and their differences increase during the
late stage as the crop coefficient kc decreases
gradually again approaching its harvest value. These
trends are clearly seen in results of both regions as
with Menya results discussed above Figures (13 and
14) show kc, ETo, and ETc calculated by the
program for Arish and Siwa, Egypt. A well defined
kc curve is shown in both cases with distinct
growth stages. Also, the relation between ETo,
kc and ETc can easily be identified from the
obtained results, where in early growth stage (the
initial stage) differences between ETo and ETc are
greatest due to small kc values (smallest kc value of
the season). During the crop development stage and
as kc increases gradually towards its maximum

seasonal value, actual crop evapotranspiration
approaches the reference evapotranspiration until
they become nearly equal during the mid—season
stage. At the end of the mid-season stage the two
curves splitonce again and their differences
increase during the late stage as the crop coefficient
ke decreases gradually again approaching its harvest
value. These trends are clearly seen in results of
both regions as with Menya results discussed above

The above discussion of program validation and
testing indicates that the program functions
appropriately and consistently and that it is capable
of providing fairly reliable estimates of reference
and crop evapotranspiration under different
conditions and in various locations. As discussed
earlier, the program requires a rather limited number
of routinely determined weather parameters, and yet
is capable of providing accurate results that are quite
comparable with those determined through other
globally accepted— often more complex- programs
as well as with field measured values. This
represents a principal advantage and renders the
program handy and versatile and makes it suitable
for use by scientists as well as by growers.

a. Crop coefficient for beans - Arish (1998 data)
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b. Reference and crop evapotranspiration over

growing season {beans - Arish, 1998)

S

,H_*_k:‘__m

ar

5
e 7 Y R R R
E 6
E 5
S

g 7
o - o
w 2 i -
¥
Z o ! i

2 a g 8

b= o] = =

E oz 2 3

Mar21-31

Apr1-10
Aprii-20
Apr21-3
May1-10

e ETC

Fig. 13: Program results for beans grown in Arish, Egypt showing: a) crop coefficient (kc) and
b) the relation between reference evapotranspiration (ETo) and crop evapotranspiration

(ETc) over the growing season
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a. Crop coefficient for melons - Siwa {1998 data)
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Fig. 14: Program results for melons grown in Siwa, Egypt showing: a) crop coefficient
(kc) and b) the relation between reference evapotranspiration (ETo) and crop
evapotranspiration (ETc) over the growing season

SUMMARY AND CONCLUSION

The compiled program was intended to provide
a suitable tool for prediction of reference
evapotranspiration (ETo), crop coefficient (kc) and
actual crop evapotranspiration (ETc) for many crops
by three methods, using basic, routinely available
weather data. The program showed good overall
consistency,  reproducibility, and accuracy.
Validation through extensive testing, using data of
different locations over various parts of the world
and through matching results with those obtained by
the FAO’s Cropwat or field measurements indicated
reasonable dependability. Tests proved that the
program is capable of predicting reliable values of
ETo, k¢ and ETc, where very comparable results
were consistently obtained. Due to its simplicity, it
is believed that this program could represent a very
convenient tool for regular use by growers as well
as in scientific applications.
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