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ABSTRACT 

 
Estimation of reference crop evapotranspiration (ETo) are widely used in irrigation scheduling with using the 
standardized FAO56 Penman–Monteith equation, which has been the most reasonable method in humid and arid 
climatic conditions, to provide reference crop evapotranspiration estimation in irrigation schedualing and water 
resources managment. The source of energy for ETo process is the radiation received from the sun. The goals of this 
study are to calibrate and evaluate the three empirical radiation equations in FAO56 Penman–Monteith model for the 
Tabriz region. Determination of radiation equation coefficients carried out by using the solver tool in EXCEL software 
to decrease the difference between measured (Lysimetric Data) and predicted amount of evapotranspiration. As a result, 
the Angstrom model coefficients were 0.22 and 0.61 that gained the least error in comparison with measured Rs for the 
study station. The calibrated net radiation (Rn) served as the basis to estimate ETo accurately, which would be 
underestimated about 24% if no local calibration is performed on the FAO56 Penman-Monteith model in Tabriz. 
Although the evaluation process showed that the FAO56-PM net radiation equation error was less than the two others, 
results of developed Rn equation were satisfied regarding to MEP, NRMSE, NSE and d statistical indexes as 0.34%, 
18.44%, 0.74 and 0.95, respectively. The minimum error was in the application of new developed Rn equation to 
calculate reference evapotranspiration by FAO-PM method. The average ETo was 658 mm per season based on 
presented new net solar radiation model in this study. The reasonable application of the standardized FAO56-PM model 
provided a sustainable irrigation schedualing and water resources management if local calibration of radiation equations 
applied for Tabriz and similiar condition areas. 
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INTRODUCTION 
 

     Evapotranspiration is an important part of the hydrology cycle which has influences on agricultural water 
requirements, ecosystem models, arid and semi-arid regions conditions, and rainfall-runoff quantity (Fisher et al 2005, 
Wu et al 2006). Accurate evapotranspiration estimates are needed to determine the crop water requirement for 
irrigation scheduling. Field measurements of evapotranspiration are rarely available and actual crop evapotranspiration 
(ETc) is usually calculated by estimating the reference evapotranspiration (ETo), and using the crop factor method, 
which consists of multiplying  ETo with crop specific coefficients (Kc) to obtain ETc (i.e., ETc= ETo× Kc).  
     Several reports on the estimation of Kc are available (Doorenbos and Pruitt 1977, Allen et al 1998). Doorenbos 
and Kassam (1979) and Jensen et al (1990) have reported crop coefficients for many crops. These values are commonly 
used in places where the local data are not available. For increasing of ETc determination, Allen et al. (1998) have 
suggested that the crop coefficient values can be derived empirically for each crop based on lysimeteric data and local 
climatic conditions because the crop coefficients depend on climate conditions, soil properties, the particular crop and 
its varieties, irrigation methods and so on. Determination of Kc due to its high cost, time consuming and more plant and 
crop cultivars in different regions is difficult. The amount of ETo is calculated by meteorological data based equations. 
    Over the years, many models have been determined, revised and recommended to estimate ETo for various range of 
data availibility, such as temperature based (Doorenbos and Pruitt 1977), Solar based (Doorenbos and Pruitt 1977, 
Hargreaves and Samani 1985)  and combined models (Allen et al 1998). However, choosing the best method for ETo 
estimation from the described methods is difficult. Therefore, the International Commission for Irrigation and Drainage 
and the Food and Agriculture Organization of the United Nations (FAO) Expert Consiltation on Revision of FAO 
methodologies for Crop Water Requirements (Smith et al 1992) have recommended that the FAO56 Penman-Monteith 
(FAO56-PM) equation, which was presented in FAO 56 technical periodicals (Allen et al 1998), can be used as the 
standard method to estimate ETo. some researchers thereafter took it as standard to modify other models, which required 
less input data (Wright et al 2000, Temesgen et al 2005). 
 

     퐸푇 =
. ∆( )

. 	 ( )

∆ ( . )                                                                                                           (1) 
where the ETo is the grass reference evapotranspiration (mm d-1), The mean daily air temperature (⁰C), U2 wind speed at 
2 m (m s-1), Rn net radiation flux density (MJ m-2 d-1), G the soil heat flux density (MJ m-2 d-1), and VDP is vapor 
pressure deficit (kPa) in the atmosphere. 
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     The net Radiation (Rn) is a key variable for calculating reference evapotranspiration (ETo), and is a driving force in 
many other physical processes. The amount of Rn

, which is calculated by short wave solar radiation (Rs) equation 
(Angstrom 1956), is not often calibrated for the region to calculate ETo values. In addition of using modified Kc, using 
the measured data of  Rn

, or determine it by using the calibrated equations for the region is the other method for 
increasing the evapotranspiration accuracy. 
      The Rn defined as the difference between upward and downward radiation fluxes, and is a measure of the energy 
available at the ground surface (Irmak et al 2003). The key radiation part of the FAO56-PM model can be calculated 
using the following equations (Allen et al 1998): 
   푅 = 푅 −푅                                                                                                                                        (2) 
where Rn is the net radiation (MJ m-2 d-1), Rns is the incoming net short wave radiation (MJ m-2 d-1), Rnl is the outgoing 
net longwave radiation (MJ m-2 d-1). 
       The incoming net short wave radiation (Rns), a result of the balance between incoming and reflected solar radiation 
that is determined as follow (Allen et al 1998): 
    푅 = (1 − 훼)푅	 	                                                                                                                                                    (3)   
where α is the albedo or the canopy reflection coefficient (0.23 for a grass reference crop surface), and Rs is total 
incoming solar radiation which is calculated by Angstrom (1956) model:        
   푅 = 푅 (푎 + 푏 )                                                                                                                                                    (4)        
where n is the actual sunshine hour duration (hour d-1), N is the maximum possible sunshine hour duration , n/N is the 
relative sunshine hour and Ra is the extraterrestrial radiation (MJ m-2 d-1).        
   The rate of outgoing net longwave radiation (Rnl) is proportional to the absolute temperature of the surface raised to 
the fourth power. This relation is expressed as follow (Allen et al 1998): 
   푅 = 휎 	 	 푐 − 푑 푒 (푒 − 푓)                                                                                                     (5)         
where σ is the Stefan-Boltzmann constant (4.903×10-9 MJ K-4 m-2 d-1), 푇  is the minimum absolute temperature 
during the 24-hours period (⁰K),	푇  is the maximum absolute temperature during the 24-hours period (⁰K), Rso is the 
clear sky solar radiation, a-f are empirical coefficients. N, Ra and Rso were calculated by solar constant, latitude, 
elevation and the number of days in the year, according to the report of FAO 56 for the radiation formula in FAO56-PM 
model. However, if no actual solar radiation data are available and no calibration has been carried out for improved 
empirical coefficients, the FAO recommended values could be used (Allen et al 1998). The FAO56 recommended the 
coefficients of a = 0.25, b = 0.5, c = 0.34, d = -0.14, e = 1.35 and f = -0.35 to be in regions, where no actual data are 
available and no calibration has been carried out. 
    Due to the site specific empirical coefficients, the calibration of radiation in the FAO56-PM model has great impact 
on planning and efficient use of agricultural water resources. However, most studies have been applied the FAO56-PM 
model to Iran without calibration, except some improvements (Zand-Parsa  et al 2011, Rashid Niaghi et al 2013). 
Furthermore, net longwave radiation (Rnl) has not been studied often because of the lack of measured data. Present 
study shows a regional calibration of Rs and Rn models using evapotranspiration measurements made in our region that 
was done to improve the performance of the FAO56-PM model to estimate reference crop evapotranspiration in Iran.  
    The main goals of this research are: 1) Evaluating the application of the different presented Rn equations in ETo 
estimation; 2) Calibrating Rn equations to reach the appropriate estimation of ETo; and 3) Presenting the simple Rn 
equation to accurate calculation of reference evapotranspiration, and introducing the best Rn model to ETo determination 
in study area. 
 

MATERIALS AND METHODS 
 

     This study was carried out at the Tabriz University Agriculture Faculty Experimental Field, which is named Karkaj, 
in Iran. The Karkaj is the central portion of the Eastern Azarbaijan, which is located at the northwestern of Iran (38⁰03' 
N, 46⁰37'E). The elevation is 1567.3 m above mean sea level. The weather of the Karkaj experimental station is 
influenced by the winds which come from incult lands. The average annual precipitation is 364 mm with 34.5 mm 
falling during the growing season (12 July to 19 October).  
    The used lysimeteric data in this study were measured at the Karkaj experiment station (University of Tabriz 
Agriculture experiment station). The weather variables including ait temperature (T), wind speed (U), relative humidity 
(RH), and sunshine hours (n) were measured by the weather station, and the automatically was measured for grass by 
the lysimeter, which had 7 m2 area and 2 m deep and it was installed at the center of the study field (also cultivated on 
1.6 ha research field), Karkaj station. The soil of the research area has a sandy-loam texture. The average values of field 
capacity, permanent wilting point and bulk density of soil in effective root depth are 0.28 (m3m-3), 0.125 (m3m-3) and 
1.58 g cm-3, respectively. The water holding capacity of the experimental site was observed as 140 mm in 0-90 cm 
profile. 
      In this study, three popularized models were considered to estimate Rn including Penman (Penman 1948), FAO24 
(Doorenbos and Pruitt 1977) and FAO56-PM (Allen et al 1998). Moreover, 6 calibrated models were used to 
calculate the Rn and as a result, compare the estimated ETo amounts which calculated by each equation with the others. 
Determination of Rn equation coefficients carried out by using the solver tool in EXCEL software to decrease the 
difference between measured (Lysimetric Data) and predicted amount of evapotranspiration. 
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     Models performance were evaluated by statistical tests of normalized root mean square error (NRMSE), Nash–
Sutcliffe equation (NSE) (Nash and Sutcliffe 1970),  index of agreement (d), and  mean error percent (MEP) as 
follows: 

푁푅푀푆퐸 =
∑ ( )

                                                                                                                               (7) 

푁푆퐸 = 1 −
∑ ( )
∑ ( )

                                                                                                                                      (8) 

푑 = 1−
∑ ( )

∑ (| | | |)
                                                                                                                                (9) 

푀퐸푃	 = 	
∑ ∑

∑ × 100                                                                                                                           (10) 

where Pi and Oi are the ith predicted and measured global solar radiation values,  respectively, 푂 is average of measured 
value and n is the total number of observations. The normalized root mean square error (NRMSE) gives information on 
the short term performance of the correlation by allowing a term by term comparison of the actual deviation between 
the predicted and measured values. A model is more efficient when NSE are close to 1 (Loumagne  et al 1996, 
Walpole et al 1998). The values of d indicate the agreement between measured and predicted values. When they are 
unity, indicate prefect agreement of model predictions with the direct measurements of the parameters in question, and 
when they are zero, there is not any agreement. 
 

RESULTS AND DISCUSSION 
 

      The study area is located in arid and semi-arid zone of  the world; so, the climate is terrestrial, summers are mild 
and dry, and winters are cold and snowy. The amount of falling precipitation during the growing season (12 July to 19 
October) was  34.5 mm. Investigation of energy balance is an important at evapotranspiration and water requirement 
estimation in arid and semi-arid zone such as Tabriz region. Variation in the average daily air temperature, relative 
humidity percent, actual sunshine hours (n) and vapour pressure deficit (VPD) on different days of the growing season 
are presented in figures 1 and 2, respectively. According to the mentioned figures, average daily temperature, relative 
humidity and sum of sunshine hours were 20.25 oC, 51.21% and 1094 hours during the growing season, respectively. 
The minimum and maximum values of air temperature were 3.1 oC and 36.5 oC and relative humidity were 13% and 
93% in this season. The mean, minimum and maximum values of VPD were 1.38, 0.44 and 2.5 kPa, in the thorough of 
season, respectively.  
 

Reference Evapotranspiration 
     Seasonal reference evapotranspiration using drainage lysimeter was set 660 mm in grass growing season. Reference 
evapotranspiration value is determined by using the FAO56-PM method is equal to the 503 mm releveant to equations 1 
and 5. Comparing the above values show that the standard FAO56-PM method is underestimated about 157 mm; on the 
other hand, the FAO56-PM model estimated nearly 24% less than the measured value. Yin et al. (2008) reported that 
the amount of  ETo was 27% error if no local calibration was performed on FAO56-PM model. Sadraddini et al. (2012) 
and Majnooni-Heris et al. (2011) found that the evapotranspiration have been affected by advection phenomenon 
energy which had raised 33% the total seasonal canola evapotranspiration in the same study site. 
 

 
 

Figure 1. Mean daily relative humidity and air temperature during the growing season 
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Figure 2. The values of vapor pressure deficit (VPD) and sunshine hours (n) during the growing season 

 
    The estimated daily refrence evapotranspiration rate and accumulated refrence evapotranspiration using the FAO56-
PM method and lysimetric data are shown in figure 3. According to the figure, on most days of the growing season 
estimated refrence evapotranspiration are less than the measured values. 
    The investigation showed that the mean, minimum and maximum measured of reference evapotranspiration were 5, 
4.13 and 11.63 mm d-1, respectively. However, the mentioned amounts were 5.03, 2.13 and 7.76 mm d-1 for the FAO56-
PM model, respectively. The high evapotranspiration rate could be caused  by some local climatic condition in our 
experimental site. In the semi arid zone, the rate of evapotranspiration is high (Majnooni Heris et al 2012, 2011 and 
2013) and may be associated with advection phenomenon in arid and semiarid regions such as Iran (Majnooni-Heris et 
al 2007). Sheikh and Mohammadi (2013) reported that the mean, minimum and maximum measured of reference 
evapotranspiration were 5.18, 3.78 and 6.32 mm d-1 in northeast of Iran, that approximately has the similar condition as 
northwestern for same period of growing season, respectively. Moreover, Odhiambo and Irmak (2012) reported the 
maximum amount of soybean evapotranspiration as 9.4 mm d-1 for South Central Agricultural Laboratory (SCAL), 
Nebraska, during the growing seasons. It is ,however, the average long term of precipitation amount at current study 
area is less than half of the SCAL, Nebraska. 

 
Figure 3. The estimated daily refrence evapotranspiration rates and accumulated refrence evapotranspiration using the 

FAO56-PM method and lysimetric data 
 

     Due to the underestimating evapotranspiration values by using the FAO method and its assumptions, the equations, 
which are related to solar radiation, are calibrated to increase the accuracy of evapotranspiration estimation in the study 
area. 
Solar radiation equations calibration 
     To solve the FAO56-PM reference evapotranspiration underestimation problem, net solar radiation (Rn) equations 
were calibrated and used to estimate the refrence evapotranspiration with the FAO56-PM method. For this goal, the 
Angstrom (1956) model equation, which is a part of  Rns  , and as follow Rn equation, was calibrated for study area by 
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measured radiation data. Relationships between the ratio of measured short wave solar radiation to the extraterrestrial 
radiation, , and ratio of actual to potential sunshine hours, , are shown in figure 4. The coefficients of a and b 
were determined 0.22 and 0.61, respectively. In clear-sky conditions, the sum of a and b values (0.83) is more than 
corresponding values as proposed by Allen et al. (1998). They suggested 0.25 and 0.50 for a and b, respectively, in the 
earth northern hemisphere. Therefore it is indicated that recommended coefficients for northern hemisphere is not valid 
for the present area. The results are in agreement with reports of Zand-Parsa et al. (2011)  for intermountain area, and 
they was recommended the a and b coefficient value 0.29 and 0.64 for the Bajgah in Fars Province of Iran . The 
Angstrom's model coefficients had been calibrated for other part of world. For instance, these coefficients were reported 
0.2170 and 0.5453 in Spain (Almorox and Hontoria 2004), and Liu et al. (2009) was recommended these amounts 
0.62 and 0.85 for China, respectively.  

 
Figure 4. Relationships between the ratio of measured short wave solar radiation (Rs) to extraterrestrial radiation (Ra) 

 
After Rs calibration, three available Rn models, which were known as Penman, FAO24 and FAO56-PM, were presented 
as follow (Yin et al. 2008): 

 (FAO56-PM):푅 = 0.77푅 − 휎 0.34− 0.14 푒 (1.35 + 0.35)                                           (11) 

 (Penman-Modification):			푅 = 0.77푅 − 휎 0.56− 0.25 푒 (0.1 + 0.9 )                               (12) 

 (FAO24-Modification):			푅 = 0.77푅 − 휎 0.34− 0.14 푒 (0.1 + 0.9 )                                (13) 
As a result of using the calibrated short wave solar radiation (Rs) coefficients (i.e.  a = 0.22, b = 0.61), the above 
mentioned equations improved as follow: 

푅 = 0.77(0.22 + 0.61 )푅 	− 휎 0.56− 0.25 푒 (0.1 + 0.9 )                                               (14) 

푅 = 0.77(0.22 + 0.61 )푅 − 휎 0.34− 0.14 푒 (0.1 + 0.9 )                                                (15) 

푅 = 0.77(0.22 + 0.61 )푅 − 휎 0.56− 0.25 푒 (1.35 + 0.35)                                         (16) 
After applying the calibration to short wave radiation (Rs) coefficients, and using the improved equations (14,15 and 16) 
for calcuationg the amount of evapotranspiration, the values were improved 6.43, 17.59 and 18.91 percent, respectively. 
At the next stage, the 0.22 and 0.61 were applied to Rnl part of Rn equation instead of 0.1 and 0.9, respectively. As a 
result of optimizing the coefficients, the second part of Rnl equation coefficients were changed from 0.34 and 0.14 to 
0.378 and 0.348, respectively. Therefore, the equation are revised as follow: 
R = 0.77(0.22 + 0.61 )R 	− σ 0.378− 0.348 e (0.22 + 0.61 )                                        (17) 
At the last stage, the following equation, which is simpler than the mentioned equations was presented to estimate the 
accurate values for the study region: 

R = [0.77R 	–0.64σ 1− e ](0.22 + 0.61 )                                                                           (18) 
    The estimated daily reference evapotranspiration rate and accumulated reference evapotranspiration using the 
FAO56-PM method with concedring of equation 18 and lysimetric data were shown in figure 5, which is shown that the 
last calibrated net radiation model has a close correlation to the lysimetric data in comparison with figure 3. 

y = 0.61x + 0.22
R² = 0.887
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Figure 5. The estimated daily reference evapotranspiration rate and accumulated refrence evapotranspiration using 

FAO56-PM model ( with eq. 18) and lysimetric data  
 

Statistical Analysis 
       The amount (ETo) and difference (ETo-ETp) of seasonal lysimetric measured and predicted ETo by FAO56-PM 
method with considering of net solar radiation equations (11~18), and statistical indicators are shown in table 1. 
According to table 1, the best estimatimation is at the time of eq.18 application, and the worst result gained at the time 
of eq.12 application in FAO56-PM to estimate of ETo. The results showed that application of eq.17 and eq.18 in 
FAO56-PM for estimation of ETo gives a satisfactory results. The values of ETo using eq.11 to eq.18 are under-
predicted with a difference of 157 to 2.24 mm. After using of eq.18 the amounts of MEP and NRMSE were reached to 
0.34% and 18.44%, respectively. The amounts of NSE and d were increased to 0.74 and 0.95, respectively as well. 
Maximum and minimum errors (MEP) were in the application of eq.11 and eq.18, respectively to calculate reference 
evapotranspiration by FAO-PM method.  

 
Table 1. The amount  and difference of seasonal lysimetric measured and predicted ETo by FAO56-PM method 

with considering of different Rn equations, and statistical indicators 
   Used Rn equations in FAO-PM model 
 Lysimeter 11 12 13 14 15 16 17 18 

ETo (mm) 660.24 503.28 428.35 495.97 455.93 523.55 515.64 636.57 658.00 
ETo-ETP - 156.96 231.89 164.27 204.31 136.69 144.60 23.67 2.24 
NRMSE - 35.67 44.91 36.52 41.05 33.23 33.96 23.69 18.44 

MEP - 23.77 35.12 24.88 30.94 20.70 21.90 3.58 0.34 
NSE - 0.24 0.09 0.22 0.16 0.31 0.30 0.67 0.74 

d - 0.85 0.78 0.84 0.81 0.86 0.86 0.93 0.95 
 

CONCLUSION 
 

      Energy balance has great effect on evapotranspiration estimation and is often determined by empirical equations. In 
case of applying FAO56-PM model to study ETo in Iran, the empirical solar radiation equations need to be calibrated 
regarding to local climatic conditions. In the present study, the Angstrom model based on simple annual linear 
regression coefficients of 0.22 and 0.61 gained the least error compared with measured Rs of the study station; so, it was 
recommended for estimating short wave solar radiation in Tabriz. Inadequate calibration of the empirical coefficients of 
radiation part in the FAO56-PM model would cause a significant effect on reference crop evapotranspiration. Seasonal 
ETo using drainage lysimeter was set 660 mm in growing season. The ETo value was determined by using the FAO56-
PM method is equal to the 503 mm releveant to equations 1 and 5. The investigation showed that the daily mean, 
minimum and maximum measured of reference evapotranspiration rate were 5, 4.13 and 11.63 mm, respectively. ETo 
was underestimated of 157 mm (or 24%) if no local calibration of empirical radiation coefficients was performed in 
Tabriz. Using the recommended calibration, average ETo was about 658 mm in Tabriz during the growing season. For 
increasing the accuracy of FAO56-PM equation, three common Rn equations are evaluated and calibrated, and thus, one 
simple with acceptable accuracy are developed for the region. Between the three mentioned Rn models, the FAO56-PM 
(eq. 11) had a satisfactory result rather than FAO24 and Penman modification Rn methods. Finally, the best estimation 
are gained by using the developed simple net solar radiation model (eq. 18) in which the amount of MEP, NRMSE, 
NSE and d were provided as 0.34, 18.44, 0.74 and 0.95, respectively, and , therefore, the difference between lysimeter 
measured and FAO56-PM predicted ETo reached to 2.24 mm. The maximum and minimum errors (MEP) were in the 
application of FAO56-PM (eq.11) and new developed Rn equation (eq.18), respectively to calculate reference 
evapotranspiration by FAO-PM method. The study provides a reasonable and more precieuse application of the 
universally used FAO56-PM evapotranspiration method in irrigation schedualing and water resource managment. Local 
calibration of radiation equations is strongly recommended for Tabriz and similar condition region. 
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