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Abstract The Penman–Monteith (PM) method is the most
recommended method for estimating reference evapotrans-
piration (ETo). The PM equation requires several parame-
ters to be available, either measured or computed. Some of
these parameters are conventionally calculated by some
slightly sophisticated formulas, especially for handy calcu-
lations. This paper aimed to derive some simpler statistical
equivalents to these formulas. Simplifications were per-
formed to the formulas of the saturation vapor pressure
eo[T], slope of vapor pressure (Δ), atmospheric pressure (P),
the psychrometric constant (γ), wind speed correction, the
long-wave radiation, Rnl; the sunset hour angle, ωs; and the
extraterrestrial radiation, Ra. For the first five parameters,
the parameter-independent factor was analyzed for its
extremes, then fitted by interpolation to a simpler equiva-
lent formula. The last three parameters were fitted to
simpler form through data from the FAO-CLIMWAT
database. Each of the simplified formulas was compared
to the conventional one; some correlation indices were
applied to validate the new formulas. The ETo was
calculated for all stations in the CLIMWAT database by
both simplified and conventional formulas. All the correla-
tion results were excellent, with a minimum correlation
coefficient of 0.9966. The simplified formulas were proven
to be equivalent in performance, with almost no loss in
accuracy but simpler in form and faster in execution in the
online database applications.
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Introduction

Estimating reference evapotranspiration (ETo) is the basic
step toward the calculation of water requirements for
irrigated lands. Several models were developed to predict
ETo from basic or complex meteorological parameters. The
most recommended model to predict it is the Food and
Agricultural Organization (FAO) Penman–Monteith (PM)
procedure presented in Allen et al. (1998). This method is
commonly known as the FAO-56 method.

The FAO-56 Penman–Monteith equation, determining
evapotranspiration from standard grass reference, is
expressed as follows (Allen et al. 1998):

ETo ¼
0:408Δ Rn � Gð Þ þ 900

Taþ273 gU2 es � eað Þ
Δþ g 1þ 0:34U2ð Þ ð1Þ

where ETo is the reference evapotranspiration (mmday−1);
Rn is the net radiation at the crop surface (MJm−2day−1); G
is the soil heat flux density (MJm−2day−1); Ta the mean
daily air temperature (°C); U2 the wind speed at 2-m height
(ms−1); (es − ea) the vapor pressure deficit (kPa); es the
saturation vapor pressure (kPa); ea the actual vapor pressure
(kPa); Δ the slope vapor pressure curve (kPa°C−1); and γ is
the psychrometric constant (kPa°C−1).

As noticed, the PM formula consists of eight parameters
which can be measured directly or indirectly using specific
devices in some meteorological stations (MTSs). The basic
records of any MTS are temperature, relative humidity, and
wind speed. In many of the agricultural MTSs, actual
sunshine hours and vapor pressure are recorded too.
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However, only one of the eight parameters is always
measured by any MTS, i.e., the temperature. The remaining
seven parameters are either reformed after measurement
(U2, adjusted for sensor altitude), estimated directly from
one or more measured parameters (γ, depends on the air
pressure and station altitude), or indirectly estimated from
measured parameters (Rn, estimated from the bright
sunshine hours and other measured parameters). If someone
dealt with an MTS that does not measure one or more of the
mentioned parameters, he has to estimate it using some
formulas, which causes some confusion and difficulty. The
complexity of calculations increases as each of these
parameters could be expressed by a variety of units, thus
resulting in some significant errors (Valiantzas 2006).

To eliminate the muddle and its corresponding errors,
several investigators suggest or perform a simplification of
the formulas or formula procedure. Linacre (1992, 1993)
developed some simplified formulas for the original Penman
equation to estimate open water evaporation and crop
evapotranspiration. Alazba (2001) reported that the accuracy
of PM equation changed meaningfully on adapting the
equation parameters. Nandagiri and Kovoor (2005) performed
a sensitivity measure of alternative formulas used to evaluate
ETo parameters. They concluded the need of revising the
recommended calculation methods of ETo parameters.
Valiantzas (2006) derived some simplified versions of the
original Penman equation in order to calculate ETo using
basic climate station’s data. The basic assumption of these
formulas is setting the station’s altitude to zero. In one of
his suggested formulas, wind speed parameter was
removed, substituting by a common value of 2 m/s.
Jabloun and Sahli (2008) evaluated the FAO-56 method
using limited climatic data. They studied ETo calculated
with the absence of some PM parameters compared to ETo
with all data measured. They reported that using some
alternative methods to compute missing parameters leads
to a small statistical error. The aim of this paper was to
derive some simple and accurate formulas to evaluate
missing climatic factors with fewer number of calculating
steps and easier procedure.

Mathematical procedure

Simplification of vapor pressure formulas

The saturation vapor pressure at specific temperature is the
basic component for computing the actual and saturation
vapor pressure, the vapor pressure deficit, and the slope of
vapor pressure. The original relationship between T and eo
was derived by Tetens (1930), as in Eq. 13 in the Appendix.
As seen in the formula, we have to substitute T two times,
apply multiplication, addition, and rising to the natural base

power, as well as using parenthesis. This may cause
confusion and lead to some errors unless perfectly preprog-
rammed as a function in the spreadsheet software. This
formula can be fitted to the modified power model in the
form: eo T½ � ¼ a� bT , where a and b are fitting parameters;
T appears only once and the equation includes only two
simple operations. For the temperature range −10°C to 60°C,
the equivalent form is as follows:

eo T½ � ¼ 0:783� 1:057T : ð2Þ
This relation is very well correlated and in good agreement

with Eq. 13. The coefficient of determination, (r2) = 0.998,
and the standard error (SE) = 0.134. This form can be
substituted to Eq. 12 to compute es and in Eq. 14 to find ea.

As mentioned, the slope of vapor pressure curve Δ is
affected by eo[Ta], as developed by Murray (1967) (Eq. 16 in
the Appendix). For the temperature range −10°C to 60°C,
the original form was fitted to the modified power model,
and a truly simpler relationship was derived, which has r2=
0.998 and SE=0.0126.

Δ ¼ 0:047� 1:057 Ta : ð3Þ

Simplification of formulas based on station altitude (z)

The psychrometric constant γ is expressed as in Eq. 17 in the
Appendix. γ is a function of the atmospheric pressure P and
the latent heat flux λ. The atmospheric pressure is expressed
as in Eq. 18 in the Appendix, which is a sort of power
equation. This formula has a simpler equivalent which is in a
simple linear form (Eq. 4), with r2=0.9978 and SE=0.51

P ¼ 101:06� 0:0105z: ð4Þ
The latent heat flux λ, Eq. 19, can be approximated to

2.45 as reported by Harrison (1963) for Ta=20°C. Substi-
tuting Eq. 4 in Eq. 17 with the value of λ=2.45, the
psychrometric constant can be calculated as follows:

g ¼ 0:0672� 7:56� 10�6z: ð5Þ
For further simplification, for altitude ranges from 0 to

1,000 m, γ can be approximated to 0.064.

g � 0:064 ! for 0z � 1; 000: ð6Þ
If the wind speed sensor is not at 2-m height as required for

the PM equation, the measured wind speed value has to be
modified by Eq. 7 as a simpler form of Eq. 21, which was
derived using power fit module, with r2=0.9994 and SE=
0.0004, so that the equivalent wind speed formula is:

U2 ¼ 1:09 Uz zh � 0:3ð Þ�0:17 ð7Þ

whereUz is the wind speed (ms−1) measured at height zh (m).
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Simplification of radiation formulas

The original formula of the long-wave radiation, Rnl (Eq. 25),
is in a complex form. Several simplifications were applied to
each term of it; hence, a simpler form was derived as follows:

Rnl ¼ 0:0128 100þ Tx þ Tnð Þ 2:43� ffiffiffiffi
es

pð Þ 3:86
Rs

Rso
� 1

� �
:

ð8Þ
In case of missing Rs data

Rnl ¼ 0:0123 100þ Tx þ Tnð Þ 2:43� ffiffiffiffi
es

pð Þ

� 5:14 c
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Tx � Tn

p
� 1

� �
ð9Þ

where c = 0.19 and 0.16 for coastal and non-coastal
regions, respectively.

Although these forms are not that simple, compared to the
original equation, they contain no power-four factors, no

exponential numbers, and even no need to transfer temperatures
to Kelvin as all temperatures here are in Celsius.

Usually, we need to calculate the extraterrestrial
radiation Ra when Rs data are missing. Ra is normally
calculated by Eq. 27 in the Appendix, which is a function
of many variables. The latitude data 8 are critical and
cannot be eliminated or approximated, but the solar
declination variable δ can accept some modifications. By
analyzing possible values of δ for all range of Julian day
values J (Eq. 30), it was found that −0.41<δ<+0.41
(±23°max

Deg). However, δ is almost a small angle. For
small angles, both angle sine and tangent can be replaced
by the radian value of the angle itself, while the cosine of
small angles is almost equal to unity. The sunset hour
angle, ωs, formula (Eq. 31) is equivalent to a simpler
formula (r2=0.994, SE=0.027):

ws ¼ p
2
þ 1:16 d tanϕ: ð10Þ

Table 1 Statistical indices used to evaluate the reliability of the simplified formulas

Index name Formula Measures

Coefficient of correlation CC ¼
1
n

Pn
i¼1

Θi�Θð Þ Ψ i�Ψð Þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
n

Pn
i¼1

Θi�Θð Þ2
r ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1
n

Pn
i¼1

Ψ i�Ψð Þ2
r Relationship performance

Nash–Sutcliffe coefficient NE ¼ Pn
i¼1

Θi � Ψ ið Þ2 Pn
i¼1

Θi �Θ
� �2	

Relative estimation of model performance

Root mean square error
RE ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
n

Pn
i¼1

Θi � Ψ ið Þ2
s

Residual variance

Mean absolute error ME ¼ 1
n

Pn
i¼1

Θi � Ψ ij j Prediction closeness

Θi {theta}: value calculated by conventional equation, Ψi; {psi}: value calculated by simplified formula; i: counter; n: count of variable cases; Θ:
average of Θi values; Ψ : average of Ψi values
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From trigonometric equivalence, rearranging and substi-
tuting in Eq. 27, Ra is approximated to:

Ra ffi 36 d ws sinϕþ sinws cosϕð Þ: ð11Þ

Verification of simplified formulas

The simplified formulas divide into two groups: The first group
includes formulas that contain only one independent variable,
i.e., eo[T], Δ, P, γ, and U2. The second group includes multi-
independent formulas, i.e., Rnl, ωs, and Ra. The verification of
the first group requires comparing the simplified version vs.
the conventional one using the independent variable through
its range of validity. For example, eo[T] and Δ depend on
temperature (independent variable); thus, the range of validity
to compare with is −10°C to 60°C. On the other hand,
verification of the second group requires real climatic data for
different stations because of the infinite number of possible
combinations of the independent variables. As suggested by

Kim and Kim (2008), the reliability of the simplified formulas
was measured using four statistical indices. Two of them
measure the prediction performance—the coefficient of
correlation (CC) and the Nash–Sutcliffe coefficient (NC)—
and two indices measure the scattering—root mean square
error (RE) and mean absolute error (ME). Formulas of these
indices were shown in Table 1.

The single-variable group verification

The saturation vapor pressure function eo[T] was computed
using conventional and simplified equations in the tempera-
ture range −10°C to 60°C (Fig. 1). It is clear that both
equations match very well and the residuals are almost zero,
except above 50°C where the simplified equation over-
estimates the conventional equation slightly. The relationship
performance is extremely high, with CC=0.9986; so is the
relative estimation of model performance that was measured
by the Nash–Sutcliffe coefficient (NE=0.9913). The scattering
indices also gave good values, where RE=0.589 and ME=

Table 2 Statistical indices of the simplified parameters

Parameter Symbol Conventional equation no. Simplified equation Statistical indices Figure no.

No. r2 SE CC ME RE NC

eo[T] Eq. 13 Eq. 2 0.9986 0.1340 0.9983 0.3062 0.5899 0.9913 1

Δ 0.9978 0.0126 0.9990 0.0118 0.0134 0.9976 2

P 0.9979 0.5100 0.9995 0.2915 0.3403 0.9985 3

U2 Eq. 20 Eq. 7 0.9974 0.0004 0.9988 0.0035 0.0042 0.9975 4

Rnl Eq. 25 Eq. 8 – – 0.9992 0.0705 0.0928 0.9962 7

ωs Eq. 31 Eq. 10 0.9940 0.0270 0.9989 0.0184 0.0265 0.9978 5

Ra Eq. 27 Eq. 11 – – 0.9973 0.8137 1.0398 0.9945 6
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0.306. The results of the statistical indices of all the simplified
equations are summarized in Table 2. Similar, but better,
results were found for the slope of vapor pressure curve Δ
(Fig. 2), with CC=0.9990, NC=0.9976, RE=0.0134, and
ME=0.0118, which reflect an excellent representation of the
simplified equation to the conventional one. The equivalent
form of the atmospheric pressure (Eq. 4) is compared to the
conventional form (Eq. 18), showing excellent match
(Fig. 3), with CC=0.9995, NC=0.9985, RE=0.3403, and
ME=0.2915. This excellent match was tested for altitudes
from −100 to 2,500 m, which covers the topmost of the
world’s irrigated lands. Nonetheless, in Fig. 4, the wind
speed correction factor was computed for sensor height range
0.5–4 m by both the simplified and the original formulas
(Eqs. 7 and 21, respectively). The figure shows noticeable
coincidence between both formulas, except for sensor height
below 0.8 m, which is not practical to be used. The statistical
indices of the wind speed correction factor show an excellent

representation of the simplified equation, as shown in
Table 2.

Multivariable parameter verification

The rest of the variables, including ET itself, belong to the
second group that requires real data to verify by. We chose to
verify these variables using actual data from the FAO
CLIMWAT, as suggested by Valiantzas (2006). This database
consists of 3,207 stations in 142 countries, where most of the
climatic condition variabilities were covered. CLIMWAT
provides long-term monthly mean values of nine climatic
parameters. These parameters are: mean daily maximum
temperature (°C), mean daily minimum temperature (°C),
mean relative humidity (%), mean wind speed (km/day),
mean sunshine hours per day, mean solar radiation (MJm−2

day−1), monthly rainfall (mm/month), monthly effective
rainfall (mm/month), and reference evapotranspiration calcu-
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lated with the Penman–Monteith method (mm/day). All of the
mentioned parameters are of daily basis logged on averaged
monthly basis.

The simplified form of the sunset hour angle, ωs

(Eq. 10), compared to the conventional formula (Eq. 31)
shows a very high correlation (Fig. 5), with CC=0.9998
and RE=0.0152 confirming the validity of the simplified
equation. On the other hand, the simplified form of the
extraterrestrial radiation, Ra (Eq. 11), is not that coinci-
dent with the original form (Eq. 27) as the CC=0.9853
and the RE=1.2627. Figure 6 shows this relation.
Although it appears that there are some bias between the
original and simplified forms of the equation, but it can be
considered acceptable due to the small relative error to the
predicted value (maximum of 8%), as well as the small
contribution of the Ra factor itself to the calculated ET, as
will be shown later. With similar correlation results, the
long-wave radiation, Rnl, conventional form (Eq. 25), was

compared to its simplified forms (Eqs. 8 and 9) for
measured or missing Rs data, respectively. Figure 7 shows
these correlations on the 1:1 perfect line. In case that is
measured, the correlation of Rnl appears to be very good,
with CC=0.9725 and RE=0.2025 (Fig. 7a). Better
correlation values were achieved for Rnl with missing Rs

(Fig. 7b). The correlation values were CC=0.9927 and
RE=0.2050 (Rs is calculated using Eq. 24). Correlation
results appear better for formulas that depend on calcu-
lated Rs because of the vanishing of Ra from the
calculations when dividing Eq. 24 by Eq. 26, which
minimizes the cumulative error.

Resultant evapotranspiration comparison

To ensure the overall accuracy of the simplified equations,
we made a comparison between the ETo calculated using

1:1Fig. 5 Comparison of values of
the sunset hour angle, ωs,
calculated by original and
simplified formulas

1:1

Fig. 6 Comparison of values of
the extraterrestrial radiation, Ra,
calculated by original and
simplified formulas
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original formulas, in the Appendix, vs. the ET calculated
using the derived statistical equivalent formulas. All
comparisons were performed on the same dataset of the
FAO-CLIMWAT. The conventional method was applied
using Eq. 1 with the parameters Δ and U2 calculated using
Eqs. 16 and 21, respectively. Parameter γ is calculated by
substituting Eqs. 18 and 19 in Eq. 17. The vapor pressure
deficit (es − ea) was calculated by Eqs. 12, 13, and 15.
Finally, parameter Rn is computed by subtracting Eq. 25
from Eq. 23. Although Rs data exist in the dataset, two
comparisons were made: one with measured data and the
other assuming that Rs is missing. In case of missing Rs, the
extraterrestrial radiation Ra was computed first using
Eqs. 27, 28, 29, 30, and 31 then substituted in Eq. 24 to
find Rs. The simplified method was applied using Eq. 1,
with the parameters Δ and U2 calculated using Eqs. 3 and
7, respectively. The vapor pressure deficit was calculated

based on Eq. 2. γ was calculated using Eq. 5. Rnl is
computed by Eq. 8 or 9 in case of measured or missing Rs

data, respectively. Rns is computed using Eq. 22 by
substituting the value of Rs if exists; otherwise, Ra was
computed using Eq. 11 by substituting from Eqs. 29, 30,
and 31.

When Rs is measured, the ETo calculated using the
simplified formulas (ETos) correlated very well with the
ETo calculated using conventional formulas (EToc,
Fig. 8a), with CC=0.9994 and RE=0.0785. The figure
shows how tight the scatter line is to the 1:1 line, which
confirms the perfect representation of the simplified
formulas to the conventional ones. With similar results,
ETos correlated very well with EToc when Rs is missing
(and calculated, Fig. 8b), with CC=0.9966 and RE=
0.1543, reflecting very good agreement with conventional
equations as well.

1:1

the incoming solar radiation Rs data 
are available (measured). 

1:1

the incoming solar radiation Rs data 
are not available (calculated). 

a

b

Fig. 7 a Comparison of values
of the long-wave radiation, Rnl,
calculated by original and
simplified formulas. b Compari-
son of values of the long-wave
radiation, Rnl, calculated by
original and simplified formulas
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Summary and conclusion

New statistical equivalents of eight parameters needed for
ETo calculation using the FAO Penman–Monteith method
were derived to simplify the calculation formulas’ structure.
The resultant equations are simpler, easier to calculate using
handy calculators, and faster in computing using computers
in database applications. All of the derived formulas were
tested for correlation with conventional formulas, where the
results show excellent correlation with CC > 0.997. Finally,
the simplified formulas were used to calculate ETo for 142
countries worldwide in the FAO CLIMWAT climatic
database. These countries almost have all variabilities in
climate, which ensures perfect representation of the
simplified formulas to the real world. Using this database,
ETo values were calculated using both the simplified and
conventional formulas. The correlation results were great,
with a correlation coefficient of 0.9994 and root mean
square error of 0.0785 mm/day, which confirms the
reliability of the simplified formulas.
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Appendix: The original equations

Vapor pressure deficit (es − ea)

The vapor pressure deficit is the difference between the
saturation and actual vapor pressure. It is an accurate
indicator of the actual evaporative capacity of the air,
sometimes called saturation deficit (Allen et al. 1998). The
saturation vapor pressure (es) is the corresponding pressure
at which equilibrium is reached between the water
molecules escaping and returning to a water reservoir, and

1:1

the incoming solar radiation Rs data 
are not available (calculated). 

1:1

the incoming solar radiation Rs data 
are available (measured). 

a

b

Fig. 8 a Comparison of values
of the reference evapotranspira-
tion, ETo, calculated using origi-
nal and simplified formulas. b
Comparison of values of the
reference evapotranspiration,
ETo, calculated using original
and simplified formulas
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air cannot store any extra water molecules (Allen et al.
2005):

es ¼ 0:5 eo Tn½ � þ eo Tx½ �ð Þ ð12Þ
where eo[T] is the saturation vapor pressure at air
temperature T, Tn is the minimum dry bulb air temperature
(°C), and Tx the maximum dry bulb air temperature (°C).
The relationship between T and eo was derived by Tetens
(1930) as follows:

eo T½ � ¼ 0:611 exp
17:27 T

T þ 237:3

� �
: ð13Þ

The actual vapor pressure ea is the vapor pressure exerted
by the water in the air, which is obtained from Eq. 14 if the
relative humidity and temperature data are present.

ea ¼ 0:005 RHxeo Tn½ � þ RHneo Tx½ �ð Þ ð14Þ
where RHx is the maximum relative humidity (%) and RHn

is the minimum relative humidity (%).
In the absence of RHx and RHn and the presence of the

average relative humidity (RHa), the following equation is
used:

ea ¼ 0:005RHa eo Tn½ � þ eo Tx½ �ð Þ: ð15Þ

Slope of vapor pressure curve Δ

Saturation vapor pressure curve shows how eo[T] is affected
by temperature. However, this relation is expressed in
exponential or power forms as in Eqs. 13 and 2, respectively.
The slope of the saturation vapor pressure curve (Δ) is an
important parameter in describing vaporization and computed
by the following equation as in Murray (1967):

Δ ¼ 4098� eo Ta½ �
Ta þ 237:3ð Þ2 ð16Þ

where Ta is the average dry bulb temperature, better if
measured, or can be computed as an average of Tx and Tn.

The psychrometric constant γ

g ¼ 0:00163
P

l
ð17Þ

where P is the atmospheric pressure (kPa) and λ is the
latent heat flux (MJkg−1).

Atmospheric pressure is expressed as in Eq. 18 (Burman et
al. 1987):

P ¼ 101:3
293� 0:0065z

293

� �5:26

ð18Þ

where z is the altitude (m).

The latent heat λ depends on the average temperature, as
in Eq. 19:

l ¼ 2:5� 0:00236 Ta: ð19Þ

Wind speed

The wind speed in Eq. 1 should be evaluated at 2-m height
above ground level. In cases where wind speed sensor was
laid at a different height, the equivalent wind speed, U2,
could be calculated as follows:

U2 ¼ Uz

ln 2�dð Þ
z0

� �

ln zh�dð Þ
z0

� �
0
@

1
A ð20Þ

where Uz is the wind speed (ms−1) measured at height
zh, zh is the actual height of wind speed measurement
device (m), d is the zero plane displacement of wind
profile (m), and zo is the roughness parameter for
momentum (m). However, for a standard reference crop
with crop height 0.12 m, U2 could be obtained from
Eq. 21 (FAO 1990).

U2 ¼ Uz
4:87

ln 67:8 zh � 5:42ð Þ
� �

ð21Þ

Net radiation Rn (MJm−2day−1)

The net radiation refers to the balance between the
energy absorbed, reflected, and emitted by the earth’s
surface. It is calculated as the difference between short-
wave incoming radiation, Rns, and long-wave outgoing
radiation, Rnl, where Rn ¼ Rns � Rnl. The short-wave
radiation is calculated by Eq. 23 (FAO 1990).

Rns ¼ 1� að ÞRs ð22Þ
where α is the coefficient of canopy reflection (albedo)
and Rs is the incoming solar radiation (MJm−2day−1). But
for grass surface, the albedo, α=0.23; hence:

Rns ¼ 0:77Rs: ð23Þ
Allen et al. (1998) reported a validated formula to

calculate Rs from air temperature difference:

Rs ¼ c Ra

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Tx � Tn

p
ð24Þ

where Ra is the extraterrestrial radiation (MJm−2day−1)
and c is an adjustment coefficient, which is 0.19 for
coastal regions and 0.16 for non-coastal regions, how-
ever, to reduce the number of calculation steps. On the
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other hand, the long-wave radiation is computed by
Eq. 25:

Rnl ¼ 2:45� 10�9 1:35
Rs

Rso
� 0:35

� �

� 0:34� 0:14
ffiffiffiffi
es

pð Þ T4
xk
þ T4

nk

� �
ð25Þ

where the suffix k indicates that Tx and Tn are in Kelvin
(TKelvin=TCelsius+273.15). Rso is the short-wave radiation for
clear skies (MJm−2day−1) calculated from Eq. 26:

Rso ¼ 0:75Ra: ð26Þ

Extraterrestrial radiation Ra

If measured Rs values are available, then there is no need to
compute Ra as it vanishes from Rnl calculation. In the case
of missing Rs measurements, Ra should be calculated as
follows (FAO 1990):

Ra ¼ 37:6 dr ws sinϕ sin d þ sinws cosϕ cos dð Þ ð27Þ
where dr is the relative distance from Earth to Sun, δ is the
solar declination (rad), 8 is the latitude (rad), and ωs is the
sunset hour angle (rad).

dr ¼ 1þ 0:033 cos 0:0172 Jð Þ ð28Þ
where J is the Julian day, which can be calculated by
Craig’s (1984) formula (Eq. 29):

J ¼ int
275

9
M þ D� 30

� �

if M>2 And Leap Year ! Subtract 1
if M>2 And Not Leap Year ! Subtract 2

ð29Þ

where M is the month of the year and D is the day of the
month. Julian day ranges from 1 to 366 (in leap year). The
corresponding dr values range from 0.97 to 1.03 and can be
safely approximated to 1.0. The solar declination angle δ is
computed according to Duffie and Beckman (1980) as
follows:

d ¼ 0:409 sin 0:0172J � 1:39ð Þ: ð30Þ
The sunset hour angle ωs is computed as follows

according to Duffie and Beckman (1980):

ws ¼ arccos � tanϕ tan dð Þ: ð31Þ

Soil heat flux G

For daily measurements of evapotranspiration, soil heat
flux is the amount of daily stored energy in soil per unit

area (MJm−2day−1). For average moist soil, G could be
calculated as in Wright and Jensen (1972) as:

G ¼ 0:38 Tan � Tan�1ð Þ ð32Þ

where Tan is the current day average temperature (°C) and
Tan�1 is the previous day’s average temperature (°C). On
the other hand Allen et al. (2005) stated that for daily
periods, G beneath a fully vegetated grass or alfalfa is
relatively small compared to Rn. Therefore, it can be
approximated as G ¼ 0, while according to the same
reference, G may be calculated as a ratio of Rn. Hence, G
could be represented as:

G ¼ 0:2 Rn ð33Þ

References

Alazba AA (2001) Theoretical estimate of palm water requirements
using Penman–Monteith model. ASAE Annual International
Meeting. Paper no. 012100

Allen RG, Pereira LS, Raes D, Smith M (1998) Crop evapotranspi-
ration. Guidelines for computing crop water requirements. FAO
Irrigation and Drainage Paper 56. Food and Agriculture Organi-
zation of the United Nations, p 300

Allen RG, Walter IA, Elliott RL, Howell TA, Itenfisu D, Jensen ME,
Snyder RL (2005) The ASCE standardized reference evapotrans-
piration equation. American Society of Civil Engineers, Reston,
Virginia, p 192

Burman RD, Jensen ME, Allen RG (1987) Thermodynamic factors in
evapotranspiration. In: James LG, English MJ (eds) Proceedings
of the Irrigation and Drainage Special Conference ASCE,
Portland, Oregon, July 28–30

Craig JC (1984) Basic routines for the Casio computer. Wayne Green
Books, Peterborough, p 131

Duffie JA, Beckman WA (1980) Solar engineering of thermal
processes. Wiley, New York, p 109

FAO (1990) ‘Annex V. FAO Penman–Monteith formula’. Expert
consultation on revision of FAO methodologies for crop water
requirements. FAO, Rome, 28–31 May 1990, 23 pp

Harrison LP (1963) Fundamentals concepts and definitions relating to
humidity. In: Wexler A (ed) Humidity and moisture, vol 3.
Reinhold Publishing, New York

Jabloun M, Sahli A (2008) Evaluation of FAO-56 methodology
for estimating reference evapotranspiration using limited
climatic data, application to Tunisia. Agric Water Manag
95:707–715

Kim S, Kim HS (2008) Neural networks and genetic algorithm
approach for nonlinear evaporation an evapotranspiration mod-
eling. J Hydrol 351:299–317

Linacre ET (1992) Climate data and resources. A reference and guide.
Routledge, London, p 366. ISBN 0-415-05702-7

Linacre ET (1993) Data sparse estimation of lake evaporation using a
simplified Penman equation. Agric Forest Meteorol 64(3):237–
256. doi:10.1016/0168-1923(93)90031-C

Murray FW (1967) On the computation of saturation vapor pressure. J
Appl Meteor 6:203–204

Arab J Geosci

http://dx.doi.org/10.1016/0168-1923(93)90031-C


Nandagiri L, Kovoor GM (2005) Sensitivity of the food and
agriculture organization Penman–Monteith evapotranspiration
estimates to alternative procedures for estimation parameters. J
Irrig Drain Eng 131(3):238–248

Tetens O (1930) Uber einige meteorologische begriffe. Z Geophys
6:297–309 (quoted from FAO 1990)

Valiantzas JD (2006) Simplified versions of the Penman evapora-
tion equation using routine weather data. J Hydrol 331:690–
702

Wright JL, Jensen ME (1972) Peak water requirements of crops
in Southern Idaho. J Irrig Drain Div ASCE 96(IR1):193–
201

Arab J Geosci


	Simple statistical equivalents of Penman–Monteith formula’s parameters in the absence of non-basic climatic factors
	Abstract
	Introduction
	Mathematical procedure
	Simplification of vapor pressure formulas
	Simplification of formulas based on station altitude (z)
	Simplification of radiation formulas

	Verification of simplified formulas
	The single-variable group verification
	Multivariable parameter verification

	Resultant evapotranspiration comparison
	Summary and conclusion
	Appendix: The original equations
	Vapor pressure deficit (es − ea)
	Slope of vapor pressure curve ∆
	The psychrometric constant γ
	Wind speed
	Net radiation Rn (MJ m−2 day−1)
	Extraterrestrial radiation Ra
	Soil heat flux G


	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e5c4f5e55663e793a3001901a8fc775355b5090ae4ef653d190014ee553ca901a8fc756e072797f5153d15e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc87a25e55986f793a3001901a904e96fb5b5090f54ef650b390014ee553ca57287db2969b7db28def4e0a767c5e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020d654ba740020d45cc2dc002c0020c804c7900020ba54c77c002c0020c778d130b137c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor weergave op een beeldscherm, e-mail en internet. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for on-screen display, e-mail, and the Internet.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <FEFF004a006f0062006f007000740069006f006e007300200066006f00720020004100630072006f006200610074002000440069007300740069006c006c0065007200200037000d00500072006f006400750063006500730020005000440046002000660069006c0065007300200077006800690063006800200061007200650020007500730065006400200066006f00720020006f006e006c0069006e0065002e000d0028006300290020003200300031003000200053007000720069006e006700650072002d005600650072006c0061006700200047006d006200480020>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing false
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


