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Abstract

Aiming at assessing the performance of alternative methods to Penman-Monteith FAO56 for estimating 
the reference evapotranspiration (ETo) for Londrina, Paraná, Brazil, the methods temperature radiation, 
Hicks-Hess, Hargreaves-Samani (1982), Turc, Priestley-Taylor, Tanner-Pelton, Jensen-Haise, Makkink, 
modified Hargreaves, Stephens-Stewart, Abtew, global radiation, Ivanov, Lungeon, Hargreaves-Samani 
(1985), Benavides-Lopez, original Penman, Linacre, Blaney-Morin, Romanenko, Hargreaves (1974), 
McCloud, Camargo, Hamon, Kharrufa, McGuiness-Bordne, and Blaney-Criddle were compared to 
that standard method recommended by FAO. The estimations were correlated by linear regression and 
assessed by using the Person’s correlation coefficient (r), concordance index (d), and performance index 
(c) using a set of meteorological data of approximately 40 years. The methods modified Hargreaves, 
Stephens-Stewart, Abtew, global radiation, Ivanov, Lungeon, Hargreaves-Samani (1985), Benavides-
Lopez, original Penman, and Linacre should be avoided, as they did not present excellent results. The 
methods McCloud, Camargo, Hamon, Kharrufa, McGuinness-Bordne, Blaney-Criddle, Hargreaves 
(1974), Romanenko, and Blaney-Morin were classified as very bad, not being recommended. In 
contrast, the methods temperature radiation, Hicks-Hess, Hargreaves-Samani (1982), Turc, Priestley-
Taylor, Tenner-Pelton, Jensen-Haise, and Makkink presented excellent performance indices and can be 
applied in the study region.
Key words: Potential evapotranspiration. Calculation models. Decision-making.

Resumo 

Com objetivo de avaliar o desempenho de métodos alternativos ao Penmam-Monteith-FAO56 para a 
estimativa da evapotranspiração de referência (ETo) para a cidade de Londrina, Paraná, foram comparados 
a este método padrão recomendado pela FAO os seguintes métodos: Radiação-Temperatura, Hicks-Hess, 
Hargreaves-Samani-1982,Turc, Priestley-Taylor, Tanner-pelton, Jensen-Haise,Makkink, Hargreaves-
Modificado, Stephens-Stewart, Abtew, Radiação-Global, Ivanov, Lungeon, Hargreaves-Samani-1985, 
Banavides-Lopez, Penman-Original, Linacre, Blaney-Morin, Romanenko, Hargreaves-1974, McCloud, 
Camargo, Hamon, Kharrufa, McGuiness-Bordne e Blaney-Criddle. Utilizando um conjunto de dados 
meteorológicos de aproximadamente 40 anos, as estimativas foram correlacionadas por regressão linear 
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e avaliadas através do coeficiente de correlação de Person “r”, índice de concordância “d” e do índice 
de desempenho “c”. Os métodos Hargreaves Modificado, Stephens-Stewart, Abtew, Radiação-Global, 
Ivanov, Lungeon, Hargreaves-Samani-1985, Banvides-Lopez, Penman-Original e Linacre devem ser 
evitados, pois não apresentaram resultados ótimos. Classificado como “péssimo” os métodos McCloud, 
Camargo, Hamon, Kharrufa, McGuinness-Bordne, Blaney-Criddle, Hargreaves-1974, Romanenko e 
Blaney-Morin não são recomendados. E os métodos Radiação-Temperatura, Hicks-Hess, Hargreaves-
Samani-1982, Turc, Priestley-Taylor, Tenner-Pelton, Jensen-Haise e Makkink apresentaram índices de 
desempenhos “ótimos”, e podem ser aplicados para a região em estudo.
Palavras-chave: Evapotranspiração potencial. Modelos de cálculo. Tomada de decisão.

2009; SENTELHAS et al., 2010). According to 
Conceição (2010), data acquisition and complexity 
of calculations make this method little used, leading 
to the search for simpler methods.

Several alternative methods are used to estimate 
ETo. However, these methods were developed 
under different climatic conditions of those in 
which it is applied (SENTELHAS et al., 2010). 
Therefore, it is of paramount importance to assess 
the performance of these methods for the new 
conditions, as performed by several authors in 
different regions (BERTI et al., 2014; SHIRI et al., 
2014; NGONGONDO et al., 2012; TABARI et al., 
2011).

The aim of this study was to test the performance 
of the ETo estimation models temperature 
radiation, Hicks-Hess, Hargreaves-Samani 
(1982), Turc, Priestley-Taylor, Tanner-Pelton, 
Jensen-Haise, Makkink, modified Hargreaves, 
Stephens-Stewart, Abtew, global radiation, Ivanov, 
Lungeon, Hargreaves-Samani (1985), Benavides-
Lopez, original Penman, Linacre, Blaney-Morin, 
Romanenko, Hargreaves (1974), McCloud, 
Camargo, Hamon, Kharrufa, McGuiness-Bordne, 
and Blaney-Criddle in relation to the standard 
method recommended by FAO, the Penman-
Monteith FAO56, for Londrina, Paraná, Brazil.

Material and Methods

The study was carried out for the city of Londrina, 
Paraná, Brazil (23°18′37″ S, 51°09′46″ W, and an 
altitude of 610 m), with a climate type Cfa according 

Introduction

Reference evapotranspiration (ETo) is a key 
component in estimating the amount of water 
required to maximize agricultural production. 
Defined by Allen et al. (1998) as the simultaneous 
process of plant transpiration and soil surface water 
evaporation over a period of time, the accuracy 
of its estimation is essential for water resources 
management, agricultural production forecasting, 
irrigation scheduling, and solving hydrological and 
meteorological problems (GOCIC; TRAJKOVIC, 
2010).

Irrigation is responsible for about 70% of 
the global water consumption, so the precise 
estimation of ETo is the key parameter for the 
planning and management of irrigation systems, 
allowing to calculate the adequate amount of 
water to be replenished for the crop (WHO, 2013; 
CAVALCANTE JUNIOR et al., 2011). Rationalizing 
the use of water through the correct determination 
of crop evapotranspiration is essential to make 
agriculture sustainable and resilient.

Among the several methods of estimating 
ETo, the Penman-Monteith FAO56 method 
(ALLEN et al., 1998), parameterized by FAO, 
is recommended as a standard because it is more 
accurate in different regions of the world. However, 
this method requires a great deal of meteorological 
data such as air temperature, relative humidity, 
solar radiation balance, and wind speed, making 
its estimation possible only with a complete set 
of data, being limited to meteorological stations 
that monitor all these variables (FIETZ; FISCH, 
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to Köppen classification, i.e. a humid subtropical 
climate with average annual precipitation of 1626 
mm (CARAMORI, 2009).

The Agronomic Institute of Paraná (IAPAR) 
and Meteorological System of Paraná (SIMEPAR) 
provided the meteorological data used in the study 

in a period of approximately 40 years (January 1, 
1976 to April 30, 2016).

Twenty-seven alternative methods for estimating 
ETo (Table 1) were compared to the Penman-
Monteith FAO56 method (ALLEN et al., 1998), 
which is a standard suggested by FAO.

Table 1. Methods used to estimate the reference evapotranspiration (ETo).

Method Source
Penman-Monteith FAO56 (ALLEN et al.,1998)
Temperature radiation (OUDIN et al., 2005)
Hicks-Hess (BRUIN; KEIJMAN, 1979)
Hargreaves-Samani (1982) (HARGREAVES; SAMANI, 1982)
Turc (TURC, 1961)
Priestley-Taylor (PRIESTLEY; TAYLOR, 1972)
Tanner-Pelton (BERLATO; MOLION, 1981)
Jensen-Haise (JENSEN; HAISE,1963)
Makkink (MAKKINK, 1957)
Modified Hargreaves (SENTELHAS; CAMARGO, 1996)
Stephens-Stewart (WINTER et al., 1995)
Abtew (OUDIN et al., 2005)
Global radiation (TOMAR; O’TOOLE, 1980)
Ivanov (DORFMAN, 1977)
Lungeon (ZIMMERMANN, 2000)
Hargreaves-Samani (1985) (HARGREAVES; SAMANI, 1985)
Benavides-Lopez (GARCIA; LOPEZ, 1970)
Original Penman (PENMAN, 1948)
Linacre (LINACRE, 1977)
Blaney-Morin (BLANEY; MORIN, 1942)
Romanenko (OUDIN et al., 2005)
Hargreaves (1974) (HARGREAVES, 1974)
McCloud (JACOBS; SATTI, 2001)
Camargo (CAMARGO, 1971)
Hamon (HAMON, 1961)
Kharrufa (KHARRUFA, 1985)
McGuiness-Bordne (OUDIN et al., 2005)
Blaney-Criddle (BLANEY; CRIDDLE, 1950)

Camargo and Sentelhas (1997) proposed a 
methodology to verify the performance of several 
evapotranspiration models, classifying them by 
means of the correlation between the estimated 

values and a standard.

For the correlation between models, we used 
the linear regression analysis and the following 
indicators: coefficient of determination (R2); 
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Pearson’s correlation coefficient (r) (COHEN, 1988), 
calculated by Equation 1 (Figure 1), expressing the 
accuracy since it indicates the degree of dispersion 
of data in relation to the mean (random error); 
concordance or Willmott index (d) (WILLMOTT 
et al., 1985), calculated by Equation 2 (Figure 1), 
expressing the accuracy since it represents the 

distancing from the estimated values in relation 
to those observed; and confidence or performance 
index (c), suggested by Camargo and Sentelhas 
(1997) and calculated by Equation 3 (Figure 1). 
After the statistical assumptions are met, the data 
were analyzed by using the statistical program R (R 
CORE TEAM, 2016).

Figure 1. Equations for calculating the concordance or Willmott index (d) (1), Pearson’s correlation index (r) (2), and 
confidence or performance index (c) (3).

The obtained performance index (c) values were 
classified according to Table 2.

Table 2. Performance coefficient values according to Camargo and Sentelhas (1997).

c values Performance
> 0.85 Excellent

0.76-0.85 Very good
0.66-0.75 Good
0.61-0.65 Satisfactory
0.51-0.60 Poor
0.41-0.50 Bad

≤ 0.40 Very bad

Results and Discussion

Table 3 and Figure 2 show that the performance 
of eight of the 27 proposed methods was excellent: 
temperature radiation, Hicks-Hess, Hargreaves-
Samani (1982), Turc, Priestley-Taylor, Tenner-
Pelton, Jensen-Haise, and Makkink. These 
methods achieved a performance index (c) higher 
than 0.85, being classified as excellent. The other 
analyzed indices (Table 3) confirmed the excellent 
performance of these models, in which the precision 
(r), accuracy (d), and the coefficient of determination 

(R2) were very good, all of them above 0.90. The 
accuracy of these methods can be attributed to the 
use of global radiation or radiation balance as input 
variables. Radiation balance is the main energy 
source available for the evapotranspiration process, 
being a function of the global radiation. Therefore, 
methods that use these variables characterize 
energetically and microclimatically the local, 
giving to the estimation a greater precision, which 
is in accordance with Ferreira et al. (2015), Reis 
et al. (2007), and Tagliaferre et al. (2010), who 
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observed similar results. In general, methods that 
use these meteorological variables present good 
ETo estimations for any climatic condition.

The methods modified Hargreaves, Stephens-
Stewart, and Abtew were classified as very good, 
with a confidence index of 0.84, 0.83, and 0.80, 
respectively, in accordance with Sentelhas and 
Camargo (1996) and Cunha et al. (2013), who 
found good estimations when using these methods. 
The methods Stephens-Stewart and Abtew, 
analogous to the excellent methods, use the global 

radiation, providing a greater credibility to the 
method. However, the method modified Hargreaves 
requires only temperature and relative air humidity 
data, making it an alternative in the absence of 
meteorological data to replace methods that require 
solar radiation as an input variable. Models that use a 
smaller number of variables have a greater potential 
for use due to their ease and information availability. 
However, these models should be used with caution, 
as they do not present good estimations for climatic 
conditions different from those for which they were 
developed (SENTELHAS et al., 2010).

Table 3. Coefficient of determination (R2), correlation coefficient (r), concordance index (d), and performance index 
(c) resulting from the correlations between the proposed methods for estimating the reference evapotranspiration 
(ETo) and the standard Penman-Monteith FAO56, in Londrina, Paraná, Brazil.

Method R2 r d c Performance
Temperature radiation 0.92 0.96 0.98 0.94 Excellent
Hicks-Hess 0.91 0.95 0.98 0.93 Excellent
Hargreaves-Samani (1982) 0.90 0.95 0.97 0.93 Excellent
Turc 0.92 0.96 0.96 0.93 Excellent
Priestley-Taylor 0.90 0.95 0.97 0.92 Excellent
Tanner-Pelton 0.91 0.95 0.93 0.89 Excellent
Jensen-Haise 0.90 0.95 0.92 0.87 Excellent
Makkink 0.90 0.95 0.90 0.86 Excellent
Modified Hargreaves 0.82 0.91 0.92 0.84 Very good
Stephens-Stewart 0.90 0.95 0.88 0.83 Very good
Abtew 0.87 0.93 0.86 0.80 Very good
Global radiation 0.87 0.93 0.78 0.73 Good
Ivanov 0.67 0.82 0.86 0.70 Good
Lungeon 0.68 0.83 0.85 0.70 Good
Hargreaves-Samani (1985) 0.65 0.81 0.84 0.68 Good
Benavides-Lopez 0.70 0.84 0.81 0.68 Good
Original Penman 0.96 0.98 0.69 0.67 Good
Linacre 0.71 0.84 0.78 0.66 Good
Blaney-Morin 0.75 0.86 0.70 0.60 Poor
Romanenko 0.68 0.82 0.69 0.57 Bad
Hargreaves (1974) 0.65 0.81 0.57 0.46 Bad
McCloud 0.31 0.55 0.72 0.40 Very bad
Camargo 0.31 0.56 0.69 0.39 Very bad
Hamon 0.32 0.57 0.67 0.38 Very bad
Kharrufa 0.32 0.56 0.58 0.33 Very bad
McGuiness-Bordne 0.30 0.55 0.57 0.31 Very bad
Blaney-Criddle 0.32 0.57 0.55 0.31 Very bad
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Figure 2. Regression analysis between reference evapotranspiration estimated by Penman-Monteith FAO56 and other 
methods.
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The methods Linacre, original Penman, 
Benavides-Lopez, Hargreaves-Samani (1985), 
Lungeon, Ivanov, and global radiation presented a 
good performance, with the c index varying from 
0.66 to 0.73. Figure 2 presents the distancing from 
the regression straight line to the straight-line y 
= x, showing a less accuracy of methods, with a 
low R2 for the Hargreaves-Samani (1985) method 
and a decrease of the Willmott index (d) for the 
original Penman method. The lower performance 
of the methods Hargreaves-Samani (1985), Linacre, 
Benavides-Lopez, Lungeon, and Ivanov when 
compared to other models was also observed by 
several authors in other regions (OLIVEIRA et 
al., 2008; ALENCAR et al., 2011; CUNHA et 
al., 2013), which can be attributed to the fact that 
these methods consider only data of temperature 
or temperature and relative air humidity, excluding 
the interference of other meteorological variables 
in evapotranspiration. However, the method 
Hargreaves-Samani (1985) presented reasonable 

precision and accuracy indices, being possible to 
propose, as in Sentelhas and Camargo (1996), a 
local calibration to the method so that producers in 
the region without access to complex meteorological 
data can manage the irrigation only with minimum, 
maximum, and average temperature data.

The method Blaney-Morin, with a performance 
index c equal to 0.60, was classifi ed as poor. Cunha 
et al. (2013), Peña and Peña (2010), and Ejieji (2011) 
found similar results. The methods Romanenko and 
Hargreaves (1974) were classifi ed as bad, showing 
indices of 0.57 and 0.46, respectively. These 
methods use few input variables. In the method 
Romanenko, the variables temperature and relative 
air humidity are obtained monthly, compromising its 
accuracy. The method Hargreaves (1974) uses as the 
measured input variable only air temperature, which 
alone does not represent the evapotranspirometric 
demands of the region, in addition to overestimating 
the ETo in humid climate regions.
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CAMARGO, A. P. Balanço hídrico no estado de São 
Paulo. 3. ed. Campinas, IAC, 1971.24 p. (Boletim, n. 
116). 

CAMARGO, A. P. de; SENTELHAS, P. C. Avaliação 
do desempenho de diferentes métodos de estimativa da 
evapotranspiração potencial no estado de São Paulo. 
Revista Brasileira de Agrometeorologia, Santa Maria, v. 
5, n. 1, p. 89-97, 1997. 

CARAMORI, P. H.; GONÇALVES, S. L.; FARIA, R. T. 
F. Zoneamento agrícola do Estado do Paraná. Londrina: 
IAPAR, 2009. 76 p. 

CAVALCANTE JUNIOR, E. G.; OLIVEIRA, A. D.; 

The models proposed by McCloud, Camargo, 
Hamon, Kharrufa, McGuinness-Bordne, and 
Blaney-Criddle showed the worst performance, 
presenting a confidence index (c) below 0.40 and 
being classified as very bad, the lowest performance 
level proposed by Camargo and Sentelhas (1997). 
All their indices were unsatisfactory (Table 3), with 
a great distancing of the regression straight line 
from the standard straight line (Figure 2). These 
methods use only air temperature as the measured 
variable, being the rest of variables tabulated, which 
may justify the low accuracy when compared to 
the reference method. According to Medeiros et 
al. (1998), methods that use only air temperature 
have a worse estimation of ETo. Other authors also 
observed the inefficiency of these models (BARROS 
et al., 2009; CAVALCANTE JUNIOR et al., 2011; 
TERRA et al., 2009; CUNHA et al., 2013).

Conclusions

Comparing the different estimation methods 
of ETo with the Penman-Monteith FAO56 for 
Londrina, Paraná, Brazil, we can conclude that:

The estimations were achieved by the methods 
temperature radiation, Hicks-Hess, Hargreaves-
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must not be used.
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