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ABSTRACT - The reference evapotranspiration (ETo) is a parameter applied in meteorological, climatological and
hydrological studies being of great importance for the planning, management and management of water resources. Due to the
need for knowledge about the loss of water from vegetated surfaces, researchers have developed a variety of methods for
estimating ETo, some of which are well accepted, while others are criticized, such as the Penman-Monteith-FAO (PM-FAQ)
meteorological data, which is not always available by limiting its use. The PM-FAO method has been used for decades to be
considered internationally and most appropriate for ETo estimates. This method represents the physical phenomenon of
evapotranspiration that involves almost all meteorological elements analyzed in automatic and conventional meteorological
stations. On the other hand, when this method is impossible to apply due to the lack of some input data, alternative methods are
justified (Hargreaves-Samani, Blaney-Criddle, Priestley-Taylor, Jensen-Haise, Camargo, Makkink, Kharrufa , Linacre, Class A
tank, Thornthwaite and solar radiation) according to soil and climatic conditions.

Keywords: method performance, Penman-Monteith-FAO, water resources.

METODOS EMPIRICOS PARA ESTIMATIVA DA EVAPOTRANSPIRACAO DE
REFERENCIA

RESUMO - A evapotranspiracao de referéncia (ET,) € um parametro aplicado em estudos meteoroldgicos, climatoldgicos e
hidroldgicos sendo de grande importancia para o planejamento, manejo e gerenciamento dos recursos hidricos. Em virtude da
necessidade do conhecimento sobre a perda de agua de superficies vegetadas, pesquisadores desenvolveram variados métodos
para estimativas da ET, sendo alguns bem aceitos, enquanto outros bastantes criticados, a exemplo do método de Penman-
Monteith-FAO (PM-FAOQ) por exigir maior nimero de dados meteoroldgicos, que nem sempre estdo disponiveis limitando a
sua utilizacdo. A presente revisdo busca apresentar e discutir o(s) método(s) mais apropriado(s) em virtude da realidade de uso.
O método de PM-FAO vem sendo utilizado h& décadas sendo considerado internacionalmente e o mais apropriado para as
estimativas da ET,. Este método representa o fenémeno fisico da evapotranspiracdo que envolve quase todos os elementos
meteoroldgicos analisados em estagcBes meteoroldgicas automaticas e convencionais. Em contrapartida, quando este método é
impossibilitado de aplicagdo, devido & falta de algum dado de entrada, justifica-se a utilizacdo de métodos alternativos
(Hargreaves-Samani, Blaney-Criddle, Priestley-Taylor, Jensen-Haise, Camargo, Makkink, Kharrufa, Linacre, Tanque Classe
A, Thornthwaite e radiacéo solar), de acordo com as condi¢des edafoclimaticas.

Palavras-chave: desempenho de métodos, Penman-Monteith-FAO, recursos hidricos.

INTRODUCTION

Determining the amount of water needed for
crops is one of the main parameters for the correct
planning, dimensioning and management of any irrigation
system. Its quantification can be performed by making the
water balance of the soil layer occupied by the root system
of the crop, which has evapotranspiration (ET) and
rainfall, its main components. It is controlled by the energy
balance, the atmospheric demand and the supply of water
from the soil to the plants (BERNARDO et al., 2013).

ETo determination is a common problem in
several sciences that study the soil-water-plant-atmosphere
system. In view of the need to know the loss of water from

vegetated surfaces, researchers have developed various
methods of estimating ETo, many of which are almost
unanimously accepted, while others are widely criticized
and even despised (TURCO et al., 2008).

There are about fifty methods for estimating ETo,
which require different meteorological information and,
therefore, often produce inconsistent results (GRISMER et
al., 2002). The equations are based on meteorological data
for the calculation of ETo. Some of the more precise
methods are difficult to apply, not only because of the
complexity of the calculations, but also because they
require a large number of meteorological data, which are
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not always available to the farmer (BERNARDO et al.,
2013).

In this context, some equations are based on
radiation data and others on temperature data. However,
equations can combine the effects of radiation,
temperature, air humidity and wind speed, as in the FAO
Penman-Monteith method (ALLEN et al., 1998).

Evapotranspiration (ET)

Water availability can affect productivity. The
ideal situation for a culture is that the current
evapotranspiration is equal to the maximum
evapotranspiration  (ETma).  Since,  the  current
evapotranspiration is lower than ET .y, there will be water
restriction and its productivity may be compromised
(REICHARDT; TIMM, 2004). Thus, to calculate the
maximum climatic demand of a crop in irrigation projects,
ET nax IS used.

It was in the early 1940°s that the term
evapotranspiration (ET) was introduced by Thornthwaite,
to express the simultaneous occurrence of the processes of
evaporation and transpiration that take place on a
vegetated surface (PEREIRA et al., 1997). Before that, ET
was called consumptive use, which also considers water
retained in the plant (JENSEN, 1973). There are currently
four types of ET to be appreciated in climatological
studies: potential evapotranspiration (ETP); reference
evapotranspiration (ETo), real evapotranspiration (ETR)
and culture evapotranspiration (ETc).

Evapotranspiration comprises both evaporation
and transpiration, processes controlled by the water supply
to plants and the availability of energy resulting from the
interaction with meteorological variables that condition
atmospheric demand (PEREIRA et al., 2013). Therefore,
ETo is a value indicative of the evapotranspirative demand
of the atmosphere of a place in a period and a fundamental
climatological element, which corresponds to the opposite
process of rain, which is also expressed in millimeters
(SENTELHAS; ANGELOCCI, 2007).

Both evaporation and transpiration are physical
processes responsible for the loss of water from the surface
to the atmosphere. Evaporation is the process by which
water is lost to the soil in the form of steam, without the
participation of biological activities in the culture
(REICHARDT, 1990). Transpiration is a process that is
related to the loss of water to the atmosphere in the form of
steam through stomata (TAIZ et al., 2017).

ET depends on several factors related to
meteorological and climatic conditions, such as: air
temperature, relative humidity, intensity of solar radiation,
wind speed, rain and vapor pressure. Regarding the
characteristics of the crop, it depends on factors such as:
leaf area, species, stage of development/growth, among
others that are associated with the crop coefficient (Kc), in
addition to factors of crop and soil management, for
example there are: water storage, planting spacing and
density (COUTO; SANS, 2002; ALLEN et al., 1998;
PEREIRA et al., 2013; AFANDI; ABDRABBO, 2015).
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ET is of great importance for plants, as it is
associated with the process of decreasing temperature and
the absorption of nutrients from the soil (LARCHER,
2000; MAVI; TUPPER, 2004). Thus, Allan et al. (1998)
emphasize that ET reflects the evaporating power of the
atmosphere and plays a very important role in estimating
the water needs of crops (XIE; ZHU, 2013).

ET is controlled by atmospheric demand, the
energy balance and water supply from the soil to the plants
(BERNARDO et al., 2013). Therefore, it is represented by
the total loss of water, in the form of steam, by the surface
of any vegetated area (PEREIRA et al., 2013).

Reference evapotranspiration (ETo)

Jensen (1973) defines that ETo would be the
maximum evapotranspiration, which occurs in an alfalfa
culture (Medicago sativa L.) with a height of 0.30 m to
0.50 m, of approximately 100 m of buffer area. Then, the
ETo is conceptualized as that which happens in an
extensive area of grass presenting height of 0.08 to
0.15m in active growth, totally covering the soil and
without water restriction (DOORENBOS; PRUITT,
1977; DOORENBOS; KASSAM, 1994).

Allen et al. (1998), ETo is designated as which
occurs in a hypothetical culture, which has a fixed height
of 0.12 m, albedo equal to 0.23 and surface resistance to
water vapor transport equal to 70 ms™. Therefore, it is a
climatic element that represents the evaporating power of
the atmosphere. Based on this assumption, this concept
was originally introduced to investigate the evaporative
demand of the atmosphere, regardless of the type of
culture, phenology and cultural treatments (ALENCAR
etal., 2011).

In irrigated areas, ETo estimates are essential to
improve both the planning and efficiency of the use of
water resources (ALLEN et al., 2011; FOOLADMAND,
2012; NIAGHI et al., 2013; TABARI et al., 2013). In
view of the need for standardization in ETo estimates, the
United Nations Food and Agriculture Organization
(FAO) recommends the Penman-Monteith equation (PM-
FAO 56) as a standard. According to Allen et al. (1998),
the results indicated that the PM-FAO 56 method
presents safer estimates when compared to lysimeter
data.

The PM method requires a large number of input
data such as: solar radiation, air temperature, relative
humidity and wind speed (TODOROVIC et al., 2013;
BERTI et al., 2014). Because of this, its use has been
limited, especially in regions that do not have stations
that monitor the input variables (THEPADIA;
MARTINEZ, 2012; VALIANTZAS, 2013).

Allen et al. (1998) knowing the difficulty of
using the PM method in regions where there is a lack of
climatic data, they suggested procedures for estimating
missing data, such as radiation, vapor pressure deficit and
wind speed. Currently, some empirical methods such as
Camargo, Blaney-Criddle, Hargreaves, Thornthwaite,
among others are evaluated using the PM equation as a
reference (PEREIRA et al., 2013).
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Factors affecting evapotranspiration

The factors that affect the ET rates of
agricultural crops can be classified into three categories:
plant factors, climatic factors and soil management
factors (LEMOS FILHO et al., 2010). ET is derived from
a combination of many meteorological elements
concurrently. Of the elements that characterize the
climate, solar radiation, air temperature, UR and wind
speed are those that have the greatest effect on ET
(TEIXEIRA, 2010).

The biggest source of energy is solar radiation.
Therefore, the potential amount of this energy that
reaches the surface can be determined by both the
location and the time of year, due to the different
positions of the sun. When studying the effects of solar
radiation on ET, it is considered that not all available
energy is used to vaporize water, part of it is used to heat
the atmosphere and the soil profile (COUTO; SANS,
2002).

The air temperature directly influences the UR,
to the point that indicates how much air, in ambient
conditions, is lacking to reach its maximum content and
saturate (cooling or increasing the steam). The UR is the
ratio between the partial vapor pressure (ea) and the
saturation pressure (es), expressed in terms of percentage.
When the temperature increases (es) it increases
exponentially contributing to the decrease in UR. The
amount left before the air reaches saturation (UR =1 or
100%) is called vapor deficit or deficit of saturation (Ae).
Otherwise, as the air temperature decreases, there is an
increase in relative humidity and a decrease in ET
(MEDEIROS et al., 2003).

In addition to climatic factors, ET can be
influenced by plant characteristics such as: species,
reflection coefficient (albedo), developmental stage, plant
height, depth of the root system and also by crop and soil
management factors such as: planting spacing and
density , planting orientation, water storage capacity and
physical and chemical impediments (PEREIRA et al.,
2002).

The knowledge of the relative effects of the
variables in the ET process is of fundamental importance
within the context of irrigation, since a large part of the
national territory has problems with the availability of
water, with high levels of water deficit, requiring,
therefore, the rational use of the water resource. The
greatest vulnerability comes from the climate and the
lack of water resources (ANDRADE et al., 2003).

Evapotranspiration measurement methods

The equipment used to measure
evapotranspiration is called lysimeters or
evapotranspirometers, which are used to determine any
type of ET. The determination of ET in the field can be
carried out by direct measurement methods, such as the
use of a lysimeter, which is an instrument capable of
computing the water balance in the soil (JENSEN et al.,
1990).
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According to Silva et al. (2006), lysimeters can
have different configurations depending on the climate,
availability of materials and costs involved in their
construction. Studies carried out with lysimeters installed
in the field have shown to be a sustainable tool for
determining the components of the water balance for the
Soil-Plant-Atmosphere System (SSPA) (LOOS et al.,
2007). The lysimeters most used in ET measurements
are: drainage, constant water table and weighing,
respectively.

Bossie et al. (2009) using drainage lysimeters to
determine the onion Kc, found values different from
those proposed in the FAO-56 Bulletin, which reinforces
the need to generate these values at the local level.
Klosowski and Lunardi (2002) in a study with
groundwater lysimeters in order to determine the water
consumption and the Kc of the pepper in a protected
environment obtained the following results: the total
water consumption of the pepper in a 198-day cycle was
293.5 mm with average of 1.5 mm day™. The Kc varied
between 0.4 and 0.7 according to the stage of
development of the culture.

Evaporation is measured using evaporimeter
tanks and atmometers, where the evaporated water layer
from a given area is obtained. The most common in
Brazil is the “Class A” tank (TCA). The TCA method for
estimating ETo was developed to have a practical way of
estimating ETo applied to irrigation management. This
method requires the determination of a coefficient called
the tank coefficient (Kp), which varies according to the
location and climatic conditions (ALLEN et al., 1998).
There are also other types of evaporimeters, including the
atmometer, specifically the Tar type. This is in the shade,
located inside the meteorological shelter, being more
practical to manage than the TCA.

Evapotranspiration estimation methods

Several methods have been developed and used
by researchers to estimate ETo according to the
availability of historical and current meteorological data
(Table 1) (BENLI et al., 2010; LUO et al., 2012; KIS,
2014). Therefore, the application of a specific method for
estimating ETo will generally depend on the availability
of data at the study site (SHIRI et al., 2014). Based on
this assumption, it is very important to know its
suitability, since it varies from region to region.

The use of one or the other method depends on
some factors such as: the availability of meteorological
data and the required time scale. Generally, the
Thornthwaite and Camargo methods estimate ETo on a
monthly scale, while the methods that involve the
radiation balance show good estimates on the daily scale
(PEREIRA et al., 2002).

Alencar et al. (2011) evaluated ETo estimation
methods for three locations in Northern Minas Gerais by
comparing the methods of Blaney-Criddle-FAO 24,
Hargreaves, Priestley-Taylor and Solar Radiation with
the standard method of PM-FAO using different
statistical indexes. Among the methods studied, solar
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radiation showed the worst performance for the period of

low evaporative demand, overestimating the PM-FAO

TABLE 1 - Reference evapotranspiration estimation methods.
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method for all periods studied.

Original reference Input Variables
Methods . meteorological auxiliary Equations

and/or cited .

elements input

Hargreaves-Samani Allen et al. (1998) T Tx. T DI, Lat ET, = 0,0023(T, +17,8)\/(T, - T, )R,
(HG)

Doorenbos; Pruitt Tm URmin. n
Blaney-Criddle (BC) (1977), Pereira et al. ’ v . DJ, Lat ET, =ag; +bg f

(1997)

. : Pereira et al. (1997); ET =126—2 (Rn+G
Priestley-Taylor (PT) Sentelhas etal, 2010y TP RMG DJ, Lat =1 A+7( n+G)
Tx. Tn. T. UR ETo:io,408(Rn-e)+Lo,26[1+ﬁJ (e,—e)
Penman (PEN) Penman (1948) L o o DJ, Lat s+y s+y 160
v,n, P, Rs, Rn
900
Penman-Monteith-FAO . ., (1998) Tx. Tn. T, UR, 51 Lat o 0,408A(R, —G)+(7T +273JU2(e5 —ea)
(PM-FAOQ) ' v, n, P, Rs, Rn ’ A+[y(1+034U,)]
Penman Modificado a%%e)ntgsam;:t i i
(PENMOD) Shrivactava (2005) ETP = C[W-Rn + (1-W)- f(u)-(ea—ed )]
ASCE-Penman- Aoy,
Monteith (ASCE-PM) Allen et al. (2006) - - C, = 7Avc
ai Pereira et al. (1997); -

Jensen-Haise (JH) Moura et al. (2013) Rs, T DJ, Lat ETc = Rs (0.0252T + 0.078)
Camargo (CAM) Pereira et al. (1997) Tm DJ, La ETo=0,01R, T, K
. . A Rg

ET.=A -B
Makkink (MK) Pereira et al. (1997) Rs, P, T DJ, Lat o X{A+ 7JX(2.4SJ
Borges and
Kharrufa (KF) Mendiondo (2007); T DJ, Lat ET,=0,34x pxT,
Pereira et al. (2009)
J(T +0,006h)
. . ————+15(T -T
Linacre (LN) Pereira et al. (1997) Tm, Tpo, T, Lat, Alt 100-¢ 15 °)
Tn ETc=
80-T
Doorenbos; Pruitt Extenséo da
Tanque Classe A (TCA)  (1977); Allen et al. ECA, v, UR bordadura ETO = Kp x ECA
(1998) do tanque
Radiacdo Solar (RS) E)lc;c;;e)nbos; Pruitt T,v,UR,Rs, P -- ETo=c x W xRs
— a
Thornthwaite (TW) Thornthwaite (1948) Tmn, Tm, T Lat ETp =16 (10T/)

For the regions of Cariri and Sertdo da Paraiba,
in the cities of Boqueirdo and Patos, the results showed

that the evaporation estimation methods that use the
relative humidity of the air, wind speed and solar
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radiation presented the best performances (LEITAO et
al., 2007). Costa et al. (2017) in order to compare
empirical methods of ETo estimation (Solar Radiation,
Blaney-Criddle, Hargreaves-Samani and Makkink) in
relation to the Penman-Monteith method (FAO 56) for
the State of Alagoas found that the best performance was
obtained with the Blaney Criddle-FAO method based on
all the indicators used and, together with the Hargreaves
Samani method, presented a behavior similar to the
standard Penman-Monteith method.

Aradjo et al. (2007) evaluating ETo estimates by
the methods of Thornthwaite, Hargreaves-Samani,
Blaney-Criddle, Penman-Monteith-FAO, Tank Class “A”
and Makkink, for the municipality of Boa Vista
(Rondb6nia) verified that the Hargreaves-Samani showed
a poor performance (c=0.57) for the semi-arid condition.
Thus, its performance shows a reduction in the precision
of the evapotranspiration estimate in the rainy months
(ALENCAR et al., 2011).

For edaphoclimatic conditions in the region of
Dourados, MS, the average daily values of ETo ranged
from 3.16 to 5.09 mm day™. The Penman-Monteith
method was the one that estimated the daily ETo most
satisfactorily. The Hargreaves-Samani method performed
satisfactorily, while the Camargo method performed
unsatisfactorily (FIETZ et al., 2005). In the Serra da
Mantiqueira region (Minas Gerais), Pereira et al. (2009)
found for the Priestley-Taylor method a high reduction in
statistical indicators, in the dry period in relation to those
obtained for the rainy period. According to the authors,
the variability observed in the performance of the
Priestley-Taylor equation for the rainy and dry period,
can be explained by the effect of the rain seasonality in
the place.

Silva (2011) for the Pernambuco region
indicated that the Priestley-Taylor method presented one
of the best performances for estimating ETo. Silva et al.
(2005) working with the methods of Thornthwaite and
Camargo and comparing them with that of Penman-
Monteith found that these underestimated those obtained
by the method of Penman-Monteith. Thus, ET can also
be estimated using the method proposed by Penman-
Monteith with the parameterization proposed by FAO
(ALLEN et al., 1998). This method is more suitable for
estimating ETc on the daily scale because it represents
the influence of the energy balance component and the
aerodynamic component (PEREIRA et al., 2013).

From data obtained in lysimeters, cultivated
with grass, in the region of Davis, California (semiarid
climate), Hargreaves and Samani in 1985, they proposed
an equation to estimate the daily reference
evapotranspiration using values of maximum, minimum
and average daily temperature in addition to the value of
extraterrestrial radiation (PEREIRA et al., 2002). For the
region of Jaboticabal (Sdo Paulo), Oliveira; Volpe (2003)
compared to different ETo estimation methods, among
them: Penman, Penman-Monteith and TCA used data
collected daily from a conventional and automatic
meteorological station. The values obtained by the
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Penman method were 17.4 to 21% higher when
compared to the Penman-Monteith results. The Penman
and Penman-Monteith methods estimated lower ETo
values compared to the TCA.

Conception and Mandelli (2005) evaluated the
suitability of methods that use air temperature and solar
radiation as input variables, comparing them to the daily
values estimated by the Standard-FAO method for the
Bento Gongalves region, RS observed that the best
results obtained were with methods that employ global
incident radiation as a variable.

In a study comparing ETo estimation methods in
the municipality of Juazeiro (Bahia), Oliveira et al.
(2010) observed that the Hargreaves-Samani method
presented the best performance, with “c” = 0.67 and
Guedes Filho et al. (2011) studying the correlation of
ETo methods in the municipality of Areia (Paraiba)
found that the Hargreaves-Samani method showed a
coefficient of determination of 95% when correlated with
the PM method. Santana et al. (2018) aiming to evaluate
the performance of methods for estimating ETo for the
location Balsas (Maranhdo) in an 18-year continuous
historical series found that the Linacre, Benevides-Lopez,
Radiacdo Global, Jensen-Haise, Camargo and Ivanov
models presented the worse performances compared to
the Penman-Monteith-FAO method.

In studies by Jung et al. (2016) and Cunha et al.
(2013) Linacre’s equation overestimated
evapotranspiration in relation to Penman-Monteith in all
months with an average relative difference of 17.78%.
Moura et al. (2013) in a study in the experimental basin
of the Gameleira stream, Vitéria de Santo Antdo
(Pernambuco), PE, aimed to determine ETo by indirect
methods at various time scales and obtained as results
that the Jensen-Haise method and Solar Radiation
overestimated ETo in all months, with relative
differences between 26.04% (November), 36.18% (May),
for the first method, 9.53% (December) and 17.27%
(July), for the second method mentioned.

FINAL CONSIDERATIONS

In practical terms of measurement and estimates
of reference evapotranspiration, we observe the difficulty
and complexity in presenting a method that is
satisfactory. In light of the above, researchers have
developed several methods for estimating ETo, some of
which are well accepted, while others are highly
criticized, as is the case with the Penman-Monteith-FAO
method for requiring a greater number of meteorological
data, which are not always available limiting their use.
This method has been used for decades and has been
considered internationally as the most appropriate
method for estimating ETo. The Penman-Monteith
method represents the physical phenomenon of
evapotranspiration  that involves  almost  all
meteorological elements analyzed in automatic and
conventional meteorological stations. In contrast,
Hargreaves-Samani, Blaney-Criddle, Priestley-Taylor,
Jensen-Haise, Camargo, Makkink, Kharrufa, Linacre,
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Class A Tank, Thornthwaite, solar radiation) according to
edaphoclimatic conditions.
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