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Abstract

:

Reference evapotranspiration (ET0) is a key element of the water cycle in tropical areas for the planning and management of water resources, hydrological modeling, and irrigation management. The objective of this research is to assess twenty methods in computing ET0 in the Senegal River Basin and to calibrate and validate the best methods that integrate fewer climate variables. The performance of alternative methods compared to the Penman Monteith (FAO56-PM) model is evaluated using the coefficient of determination (R2), normalized root mean square error (NRMSE), percentage of bias (PBIAS), and the Kling–Gupta Efficiency (KGE). The most robust methods integrating fewer climate variables were calibrated and validated and the results show that Trabert, Valiantzas 2, Valiantzas 3, and Hargreaves and Samani models are, respectively, the most robust for ET0 estimation. The calibration improves the estimates of reference evapotranspiration compared to original models. It improved the performance of these models with an increase in KGE values of 45%, 32%, 29%, and 19% for Trabert, Valiantzas 2, Valiantzas 3, and Hargreaves and Samani models, respectively. From a spatial point of view, the calibrated models of Trabert and Valiantzas 2 are robust in all the climatic zones of the Senegal River Basin, whereas, those of Valiantzas 3 and Hargreaves and Samani are more efficient in the Guinean zone. This study provides information on the choice of a model for estimating evapotranspiration in the Senegal River Basin.
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1. Introduction


Evapotranspiration (ET) is an essential component for the planning and management of water resources [1,2,3,4,5], irrigation programming [6], drought studies [7], and climate change [8,9]. In addition, when combined with precipitation, evapotranspiration can be a drought index and a classification tool for climates [7,10]. In the agricultural field, evapotranspiration is an essential parameter for the management of water resources and the optimization of irrigation at the plot scale [11]. Indeed, it is used for the estimation of crop water requirements [12]. Evapotranspiration is also a climate synthesis and therefore an indicator of climate change [13,14]. In fact, the evapotranspiration process is controlled by climate variables (temperature, solar radiation, relative humidity, wind), edaphic variables (soil type), and physiological factors [15].



Reference evapotranspiration (ET0) is the estimation of the evapotranspiration from a hypothetical grass reference actively growing, completely shading the ground and not short of water with an assumed crop height of 0.12 m, a fixed surface resistance of 70 s/m, and an albedo of 0.23 [16,17]. ET0 can be determined by in situ measurements (lysimeter, pan, atmometer, scintillometer, Eddy covariance) or computed from weather data [18]. Direct measurement is indicated for evapotranspiration estimation [19,20,21]. However, instruments are expensive and difficult to maintain [2,18]. Therefore, several authors [22,23,24,25,26,27] have developed evapotranspiration estimation methods. Among these methods, Penman Monteith (FAO56-PM) is recommended as a reference method [18]. However, the number of climate variables (temperature, radiation, wind speed, and relative humidity) that it integrates constrains its use in developing countries where access to climate data is difficult [28,29,30].



In this context, alternative methods integrating fewer climate variables are used [22,23,25,27,31,32,33]. These alternative methods are classified into four categories according to climate variables that integrate [3] (i) aerodynamic [22,31,33,34,35], (ii) temperature-based [25,26,36,37,38], (iii) radiation-based [2,23,31,39,40], (iv) and combinatory methods [3,24,27]. These different methods have been developed in specific contexts. Therefore, they must be calibrated and validated for improving their performance and adapt them to other climate conditions [1,29]. In this regard, different methods of estimating ET0 have been evaluated and calibrated under various climate conditions around the world [3,12,29,41,42,43,44]. In the Senegal River Valley, Djaman et al. [29] evaluated 15 evapotranspiration estimation methods. They have shown that the models of Valiantzas, Trabert, Romanenko, Schendel, and Mahinger are more robust in this area. In another study, Djaman et al. [45] evaluated and calibrated six methods for estimating ET0 in the Senegal River Delta. Their results show that the Valiantzas 2 method is more effective among the six methods evaluated. However, these two studies are limited to specific areas of the Senegal River Basin. To our knowledge, no study has been interested in the evaluation and calibration/validation of alternative methods of estimating ET0 at the Senegal River Basin. Thus, the objective of this study is to evaluate 20 methods for estimating reference evapotranspiration and to calibrate and validate the best methods integrating fewer climate variables in order to adapt them to the context of the Senegal River Basin.




2. Materials and Methods


2.1. Study Area


The Senegal River Basin covers an area of 300,000 km2 [46] and extends over four countries: Guinea, Mali, Senegal, and Mauritania (Figure 1). According to the latitudinal distribution of precipitation, Dione [47] identified four main climatic zones: Guinean (average annual rainfall: P > 1500 mm), South Sudanian (1000 < P < 1500 mm), North Sudanian (500 < P < 1000 mm), and Sahelian (P < 500 mm). The Senegal River average annual flow at Bakel station (Figure 1) over the period 1950–2014 was 600 m3/s, an average annual volume of 18 billion m3. Bakel is considered as the reference station of the Senegal river basin because it is located downstream from the three Senegal River tributaries: Bafing, the Bakoye, and the Faleme. Senegal River water resources are used for hydroelectricity production, navigation, drinking water supply and irrigated agriculture [28]. The potential irrigable land at the Senegal River Basin is estimated at 408,900 hectares with an irrigated area of 21,2937 hectares [48]. The percentage of exploited potential irrigable land varies from 45 to 68% depending on the country (Figure 1). Several hydraulic infrastructures have been built by the Organization for the Development of the Senegal River (in French, Organisation pour la Mise en Valeur du fleuve Sénégal, OMVS): Diama in 1986, Manantali in 1988, and Felou in 2013. The Diama dam’s role is to stop the saltwater intrusion and to allow the development of irrigation in the Senegal River Valley and the Delta. Manantali, on the Bafing tributary, is a multifunctional dam with a capacity of 11 billion m3 of water, thus allowing an electrical production of 800 GWh/year and an irrigation capacity of 255,000 ha. Felou is a run-of-river dam with an electricity production capacity of 350 GWh/year. Several other dams are planned (Figure 1) to increase the production of hydroelectricity and to regulate the Faleme and Bakoye tributaries.




2.2. Data


In West Africa, climate data managed by national meteorological services are difficult for researchers to access due to their high cost of acquisition [30,49]. In addition, the low density of the observation network poses a problem of representativeness of these data at the scale of the watershed. However, the large-scale study of evapotranspiration requires several measurement points due to the heterogeneity of the landscapes and the variation in energy transfer processes [50]. Therefore, in this study, both reanalysis and observation data from the NASA Langley Research Center (LaRC) POWER Project funded through the NASA Earth Science/Applied Science Program (https://power.larc.nasa.gov, accessed on 20 December 2018) were used as an alternative to the observed weather station data that are inaccessible or scattered. These data have the advantage of having a spatial and temporal coverage on a global scale [51,52,53,54,55] and provide the climate variables necessary for the estimation of reference evapotranspiration [48,53]. For the extraction of reanalysis data, the coordinates of rainfall stations (Figure 1) from the OMVS database [29] were used. The climate variables extracted on a daily basis over the period 1984–2017 are: temperature (max and min), relative humidity, wind speed and solar radiation. A summary of these variables according to climate zones is given in Table 1.




2.3. Method


The methodology was organized into the following three steps: (i) calculation of the reference evapotranspiration by the FAO56-PM method and by 20 alternative methods, (ii) evaluation of the performance of these alternative methods compared to the FAO56-PM, and (iii) calibration and validation of the best methods integrating fewer climate variables.



2.3.1. Estimation of Reference Evapotranspiration


FAO56-PM (1) and twenty alternative methods (2–21) were used to estimate the reference evapotranspiration. FAO56-PM consider the following characteristics defined by Allen et al. [18]: reference surface characterized by short and green vegetation (grass for this study), adequately supplied in water, uniform height (0.12 m), albedo of 0.23, and resistance surface of 70 m/s. This method is recommended as a reference method for the estimation of ET0 without adjustment or integration of parameters [18]. Its formulation is as follows:


    ET  0     FAO 56 − PM   =   0.408 Δ  (  Rn − G  )  +    γ Cn    T + 273.3   u 2    (  es − ea  )    Δ + γ  (  1 + Cdu 2  )     



(1)




where ET0FAO56-PM is the reference evapotranspiration (mm/day); Rn: net radiation on the crop surface (MJ·m−2d−1); G is the heat flux density of the soil (MJ·m−2d−1), which is ignored on a daily scale; T is the average daily air temperature at a height of 2 m (°C); Cn and Cd are constant values, which change according to the scale of time used (on a daily scale Cn and Cd are 900 and 0.34 respectively); u2 is the wind speed at a height of 2 m (ms−1); es is the saturated vapor pressure (kPa); ea is real vapor pressure (kPa); (es—ea) is the saturation deficit (kPa); Δ is the vapor pressure slope curve (kPa°C−1); and γ is the psychrometric constant (kPa°C−1).



The alternative methods are classified into the following four categories (Table 2): aerodynamic, radiation-based, temperature-based, and combinatory methods. The choice of these methods is justified by their frequent use, the simplicity of their implementation, and their performance under different climate conditions.




2.3.2. Performance of the Alternative Methods


The performance of alternative methods for estimating ET0 is evaluated using the coefficient of determination (R2), the normalized root mean square error (NRMSE), the percentage of bias (PBIAS), and (iv) the Kling–Gupta Efficiency (KGE) [56]. R2 provides information on the degree of agreement, the NRMSE estimates the average deviation and PBIAS gives the underestimation/overestimation of ET0 by alternative methods. KGE combines both the correlation coefficient (r), the biases (β), and the variability (γ). The formulation of these different criteria, their amplitude of variation and their optimal value are given in Table 3.




2.3.3. Calibration and Validation


Two criteria are used to choose the methods to be calibrated—the performance of the method to estimate ET0 and the number of climate variables that it integrates. The methods integrating only two or three climate variables are preferred for calibration/validation. The calibration consists of changing the constant values of the methods in order to increase their performance [57]. The objective is to optimize the value of the KGE and reduce the errors obtained during the evaluation. For this, the series is divided into two parts as recommended by Xu and Singh [1]: 2/3 of the series (1984–2005) for calibration and 1/3 (2006–2017) for validation. The calibration is done by applying the generalized method of gradient reduction [58]. For each method, a constant value is changed to optimize the KGE and reduce the NRMSE by using iteration method. R2, NRMSE, PBIAS, and KGE, as well as the Taylor diagram [59], are used to assess the performance of the methods after calibration/validation.






3. Results and Discussion


3.1. Performance of the Twenty Methods


Figure 2 shows the performance of the twenty alternative methods according to the four criteria selected. The combinatory methods of Valiantzas 1 (Val 1), Doorenboss and Pruitt (DP), and Penman (PN) are more robust for estimating reference evapotranspiration. Indeed, they have high coefficients of determination and KGE: Val 1 (R2 = 0.96, KGE = 0.93), DP (R2 = 0.90, KGE = 0.85), and PN (R2 = 0.96, KGE = 0.66). The errors of estimation of ET0 by these methods are low with NRMSE values of 0.06, 0.11, and 0.18 for Val 1, DP, and PN, respectively. PBIAS analysis shows that Val 1 and DP methods slightly underestimate ET0 (PBIAS of −2.23 for Val 1 and −9.63 for DP). In contrast, the PN method overestimates ET0 by 16.13%. The method of Val 2 has values of R2 and KGE of 0.67 and 0.55 and that of Val 3 of 0.47 and 0.42. However, compared to the FAO56-PM method, Val 2 underestimates ET0 by 48.9% and Val 3 by 61.9%.



Figure 3 shows the spatial distribution of KGE values. It shows that the combinatory models of Val 1, DP, and PN are robust in all Senegal River basin climate zones. They have KGE values that vary from 0.51 to 0.97 over the entire basin. The performance of these methods is explained by the fact that they integrate the same climate variables as those of FAO56-PM. Among the methods integrating fewer climate variables, Trabert, Val 2, Val 3, HS, and JH are most robust (Figure 2 and Figure 3). The performance of these methods varies depending on the climate zones of the basin. Indeed, Trabert’s aerodynamic method is more accurate in the Sudanian and Sahelian zones with KGE values varying from 0.69 to 0.73. Similar results were obtained by Djaman et al. [29] in the Senegal River Valley. The performance of aerodynamic methods was also noted by [3] in Iran, Singh and Xu [60] in northwestern Ontario (Canada), and Djaman et al. [61] in Tanzania and Kenya. However, Ndiaye et al. [62] have shown that aerodynamic methods perform poorly in Burkina Faso. This difference could be explained by the constant values of these methods that do not adapt to all climate conditions. The performance of aerodynamic methods is explained by the fact that wind speed and temperature play an important role in evapotranspiration in arid and semi-arid environments [63].



In the Guinean zone, the combinatory (Val 2, Val 3) and temperature-based (HS) methods give the best results for estimating ET0. Indeed, the values of KGE (Figure 2 and Figure 3) of Val 2 vary from 0.82 to 0.90, those of Val 3 from 0.53 to 0.74, and the KGE of the HS model vary from 0.53 to 0.74. Errors in estimating ET0 by these methods are also small in the Guinean area. These results are similar with those of Tabari [28] who showed the robustness of radiation and temperature-based methods in a humid climate in Iran. The performance of combinatory and temperature-based methods in the Guinean area of the basin is explained by the fact that they integrate solar radiation and temperature which have more impact on ET0 in humid climates [64,65]. According to these authors, in humid regions, the air is close to saturation and evapotranspiration is strongly influenced by the available energy (temperature and radiation).



The evaluation of the twenty alternative methods for estimating reference evapotranspiration shows overall that the combinatory methods of Doorenboss and Pruitt, Penman, Valiantzas 1, 2, the aerodynamics models of Trabert and Mahinger, the based-on temperature of Hargreaves and Samani, and Jensen and Haise’s radiation-based models present the best estimates of reference evapotranspiration. The methods of Rohwer (aerodynamics), Heydari and Heydari (based on temperature), and Priestley and Taylor (based on radiation) are less robust among the 20 methods. Based on their performance and the reduced number of climate variables they integrate, the methods of TRB, Val 2, Val 3, HS, and JH are selected for calibration.




3.2. Calibration and Validation of the Best Methods


Table 4 gives the best methods for estimating ET0 before and after calibration, and Figure 4 and Figure 5 give the performance of these methods according to the previously selected evaluation criteria.



The calibration/validation improved the performance of the TRB, Val 2, Val 3, and HS methods. In fact, it increased the KGE of Trabert’s method by 32% and reduced estimation errors by 97%. However, a deterioration in the performance of the JH method is noted after calibration which is different from Irmak et al. [63], who reported that calibration of the JH method gives better results in humid climates. This deterioration could be explained by the poor performance of this method in semi-arid climates



The KGE values of the Val 2, Val 3, and HS methods are improved by 45%, 29%, and 19%, respectively, after calibration. On the other hand, the KGE of the JH method is degraded by 16% after calibration. Analysis of the results of the calibration/validation shows that the TRB and Val 2 methods always remain robust over the entire basin, while those of Val 3 and HS always remain more robust in the Guinean field. This is explained by the role of wind on the ET0 in arid environments and that of temperature and radiation in humid climates.



Data for the period 2006–2017 are used for the validation of the calibrated methods. Figure 6 gives the Taylor diagram which compares the results of the five validated methods and the FAO56-PM one as a function of climate zones, and Figure 7 gives the distribution of PBIAS. Results show that the methods of TRB and Val 2 always give the best estimates of ET0. They have the same amplitude of variation as the FAO56-PM method with high correlation coefficients between 0.93 and 0.95. The spatial distribution of the percentages of bias allows us to note that the Trabert method globally underestimates evapotranspiration from 1.1 to 37%. The most significant underestimates are noted in the Guinean zone where the Trabert method is less efficient. The Val 2 method overestimates the ET0 by 0.3%–31%, and the Val 3 methods, HS, and JH underestimate the reference evapotranspiration. These results are corroborated by those of Djaman et al. [29], who showed that the Trabert method underestimates the ET0 by 25% at the Ndiaye station in the Senegal river delta and by 6% at the Fanaye station in the Senegal river valley. In another study, Djaman et al. [45] showed that the Val 2 method underestimates the ET0 by-.13 mm in the Senegal delta. Ndiaye et al. [62] also showed that Trabert’s method underestimates ET0 in Burkina Faso.





4. Conclusions


The objective of this study is to assess the performance of 20 alternative methods for estimating reference evapotranspiration (ET0) in the Senegal river basin and to calibrate and validate the best methods in order to adapt them to the context of the Senegal river basin. The results show that the Trabert, Valiantzas 2, Valiantzas 3, Hargreaves and Samani, and Jensen and Haise methods are, respectively, the most robust for estimating ET0 in the Senegal River Basin. Calibration has improved the performance of all these methods except that of Jensen and Haise, whose performance is degraded after calibration. From a spatial point of view, the Trabert method is more efficient in the Sahelian and Sudanian zones. On the other hand, the methods integrating radiation and/or relative humidity (Valiantzas 2, Valiantzas 3, and Hargreaves and Samani) are more robust in the Guinean area of the basin. This study provides information on the choice of an ET0 estimation model based on available data and climate zones. When temperature and wind speed data are available, Trabert’s method can be used in all climatic zones of the basin for reference evapotranspiration estimation. When relative humidity, radiation, and temperature are available, the Valiantzas 2 method is recommended. The use of the Valiantzas 3 method is only encouraged when radiation and temperature are the only climate variables available. Finally, the HS method can be used when only temperature data are available. These results constitute a source of information on the choice of an adequate model for estimating reference evapotranspiration in the Senegal River Basin. This information can be useful for hydrological modeling, irrigation management, reservoir management, planning, and management of the basin’s water resources. However, the types of data (reanalyses) used can cause uncertainties in the results. In addition, the use of a single reanalysis product can also be a source of uncertainty. It would therefore be important to validate these results with in situ data even from a few stations when the availability and accessibility of the information allow.
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Figure 1. Senegal River Basin, stations used for the extraction of climatic variables, hydraulic infrastructures, water uses, and needs by sector of activity. 
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Figure 2. Performance of the methods according to the selected evaluation criteria. The red line in each figure represents the threshold values of each evaluation criterion. 
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Figure 3. Spatial repartition of Kling–Gupta Efficiency (KGE) values. 
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Figure 4. Method performance before and after calibration: (red color: before calibration; green color: After calibration). 
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Figure 5. KGE values obtained after calibration of the best methods over the period 1984–2005. (* calibrated methods). 
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Figure 6. Taylor’s diagram of the best methods over the validation period according to climatic zones. 
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Figure 7. Spatial distribution of percentage of bias (PBIAS) between the best methods and that of FAO56-PM. 
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Table 1. Average values of climatic variables.
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	Climate Zone *
	u2 (m s−1)
	Tmax (°C)
	Tmin (°C)
	Rh (%)
	Rs (MJ m−2)
	ET0 (mm day−1)





	Guinean
	1.70
	30.42
	21.18
	67.65
	19.65
	4.54



	Sudanian
	2.22
	34.88
	22.45
	42.03
	20.72
	6.30



	Sahelian
	3.00
	37.12
	22.95
	29.00
	21.29
	8.01







Read: u2 wind speed, Tmax maximum temperature, Tmin minimum temperature, Rh relative humidity, Rs solar radiation, ET0 reference evapotranspiration, * according to Dione’s breakdown [47], the basin is subdivided into four climate zones (Guinean, South Sudanese, North Sudanian, and Sahelian), but in this study, for a better readability of the results, the subdivisions of the Sudanian zone were not taken into account. Thus, the zones considered were Guinean, Sudanese, and Sahelian.
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Table 2. Characteristics of the 20 alternative methods used.
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Categories

	
References

	
Formula

	
Abbreviation

	






	
Aerodynamic

	
Dalton [21]

	
     ET  0  =  (  0.3648 + 0.07223 u 2  )   (  es − ea  )    

	
DN

	
(2)




	
Trabert [30]

	
     ET  0  = 0.3075     u 2    (  es − ea  )          

	
TRB

	
(3)




	
Penman [31]

	
     ET  0  = 0.35  (  1 + 0.24 u 2  )   (  es − ea  )    

	
PNM

	
(4)




	
Rohwer [33]

	
     ET  0  = 0.44  (  1 + 0.27 u 2  )   (  es − ea  )    

	
RW

	
(5)




	
Mahringer [34]

	
     ET  0  = 0.15072     3.6   u 2  (  es − ea  )    

	
MHR

	
(6)




	
Temperature

	
Hargreaves [24]

	
     ET  0  = 0.0135 × 0.408 Rs  (  T + 17.8  )    

	
HG

	
(7)




	
Hargreaves and Samani [25]

	
     ET  0  = 0.408 × 0.0023  (  T + 17.8  )     (  Tmax − Tmin  )    0.5   Ra   

	
HS

	
(8)




	
Trajkovic [35]

	
     ET  0  = 0.408 × 0.0023  (  T + 17.8  )     (  Tmax − Tmin  )    0.424   Ra   

	
TRA

	
(9)




	
Droogers and Allen [36]

	
     ET  0  = 0.408 × 0.0025  (  T + 16.8  )     (  Tmax − Tmin  )    0.5   Ra   

	
DA

	
(10)




	
Heydari and Heydari [37]

	
     ET  0  = 0.0023 Ra  (  T + 9.519  )     (  Tmax − Tmin  )    0.611     

	
HH

	
(11)




	
Radiation

	
Makkink [22]

	
     ET  0  = 0.61    Δ  Δ + γ   ×   Rs  λ  − 0.012   

	
MK

	
(12)




	
Jensen and Haise [38]

	
     ET  0  = 0.025  (  T − 3  )  R s   

	
JH

	
(13)




	
Priestley and Taylor [39]

	
     ET  0  = α  Δ  Δ + γ   ×   Rn  λ    

	
PT

	
(14)




	
Abtew [32]

	
     ET  0  = 0.53   R s  λ    

	
AB

	
(15)




	
Oudin [2]

	
     ET  0  = Rs ×   T + 5   100     

	
OD

	
(16)




	
Combinatory

	
Penman [23]

	
     ET  0  =  [   Δ  Δ + γ    (  Rn − G  )  +  γ  Δ + γ   × 6.43  (  1 + 0.053 u 2  )   (  es − ea  )   ]  / λ   

	
PNM

	
(17)




	
Doorenboss and Pruitt [40]

	
     ET  0  =  [   Δ  Δ + γ    (  Rn − G  )  + 2.7  γ  γ + Δ    (  1 + 0.864 u 2  )   (  es − ea  )   ]  /  λ      

	
DP

	
(18)




	
Valiantzas [26]

	
     ET  0  = 0.0393 R s   T + 9.5   − 0.19 R  s  0.6      φ  0.15   + 0.048  (  T + 20  )   (  1 −   H r   100    )  u  2  0.7     

	
Val 1

	
(19)




	
Valiantzas [26]

	
     ET  0  = 0.0393 R s   T + 9.5   − 0.19 R  s  0.6      φ  0.15   + 0.078  (  T + 20  )   (  1 −   H r   100    )    

	
Val 2

	
(20)




	
Valiantzas [26]

	
     ET  0  = 0.0393 R s   T + 9.5   − 0.19 R  s  0.6      φ  0.15   + 0 , 0061  (  T + 20  )     (  1.12 T − T m i n − 2  )    0.7     

	
Val 3

	
(21)








Read: ET0 reference evapotranspiration (mm); u2 represents the wind speed measured at 2 m from the ground (ms−1); (es—ea) saturation deficit (kPa); T is the average temperature (°C); Tmax—maximum temperature (°C); Tmin—minimum temperature (°C); Ra is the extraterrestrial radiation (MJ m−2d−1); ∆ is the saturating vapor pressure curve (kPa°C−1); γ is the psychrometric constant (kPa°C−1); λ is the latent heat of vaporization (MJ m−2d−1); Rs is the short wavelength solar radiation (MJ m−2d−1); Rn is the radiation net (MJ m−2d−1) and α is a constant value (1.26 for humid areas and 1.74 for semi-arid areas). These coefficients are considered to be constant for a given region [41]. φ represents the latitude of the station in radian degree, and λ is the latent heat of vaporization (MJ.m−2d−1).
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Table 3. Range and optimum value of the evaluation criteria.
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	Criteria.
	Formula
	Range
	Optimum Value
	





	    R 2    
	       ∑   i = 1  n   (    ET  0     alt   −        ET   0     FAO 56 − PM    ¯   )    2      ∑   i = 1  n   (    ET  0     FAO 56 − PM   −     ET  0     FAO 56 − PM      ¯   )    2      
	0 to 1
	1
	(22)



	   NMRSE   
	        1 n    ∑   i = 1  n         (    ET  o     alt   −   ET  0     FAO 56 − PM    )   2                       1 n    ∑   i = 1  n       (  E  T o     alt    )                      
	0 to +∞
	0
	(23)



	   PBIAS   
	    [     1 n    ∑   i = 1  n         (    ET  o     alt   −   ET  0     FAO 56 − PM    )   2                     1 n    ∑   i = 1  n       (    ET  o     alt    )                     ]  * 100   
	−∞ to +∞
	0
	(24)



	   KGE   
	   1 −      (  r − 1  )   2  +    (  β − 1  )   2  +    (  α − 1  )   2      
	−∞ to 1
	1
	(25)







R2—coefficient of determination;   E  T 0     a l t    —evapotranspiration estimated by an alternative method;    E  T 0     F A O 56 − P M    —evapotranspiration estimated by the FAO56-PM method; NMRSE—normalized mean error between alternative methods and that of FAO56-PM; PBIAS—percentage of biases between methods (negative values represent an underestimation and positive ones an overestimation). KGE is the Kling–Gupta Efficiency coefficient; it is made up of three variables: r—the correlation coefficient between the alternative methods evaluated and that of FAO56-PM, α—the variability, and β—the gaps that exist between the alternative methods evaluated and that of FAO56-PM.
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Table 4. Best reference evapotranspiration (ET0) estimation methods before and after calibration.
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	References
	Before Calibration
	After Calibration





	Trabert [30]
	   ET  0  TR   = 0.3075     u 2    (  es − ea  )    
	   ET  0  TRcal   = 2.770   u 2    (  es − ea  )    



	Valiantzas [26]
	   ET  0  val 2   = 0.0393 R s ×   T + 9.5   − 0.19 R  s  0.6      φ  0.15   + 0.078  (  T + 20  )   (  1 −   H r   100    )    
	   ET  0  val 2 cal   = 0.027 R s ×   T + 9.5   − 0.19 R  s  0.6      φ  0.15   + 0.159  (  T + 20  )   (  1 −   H r   100    )    



	Valiantzas [26]
	   ET  0  val 3   = 0.0393 R s ×   T + 9.5   − 0.19 R  s  0.6      φ  0.15   + 0.0061  (  T + 20  )     (  1.12 T − T m i n − 2  )    0.7     
	   ET  0  val 3 cal   = 0.026 R s ×   T + 9.5   − 0.19 R  s  0.6      φ  0.15   + 0.018  (  T + 20  )     (  1.12 T − T m i n − 2  )    0.7     



	Jensen and Haise [38]
	   ET  0  JH   = 0.025  (  T − 3  )  R s   
	   ET  0  JHcal   = 0.027  (  T − 3  )  R s   



	Hargreaves and Samani [25]
	   ET  0  HS   = 0.408 × 0.0023  (  T + 17.8  )     (  Tmax − Tmin  )    0.5   Ra   
	   ET  0  HScal   = 0.408 × 0.0031  (  T + 17.8  )     (  Tmax − Tmin  )    0.5   Ra   











© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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