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Abstract: One of the most important parts of the hydrological cycle is evapotranspiration (ET). Ac-
curate estimates of ET in irrigated regions are critical to the planning, control, and regulation of agri-
cultural natural resources. Accurate ET estimation is necessary for agricultural irrigation schedul-
ing. ET is a nonlinear and complex process that cannot be calculated directly. Reference evapo-
transpiration (RET) and potential evapotranspiration (PET) are two primary forms of ET. The ideas,
equations, and application areas for PET and RET are different. These two terms have been con-
fused and used interchangeably by researchers. Therefore, terminology clarification is necessary to
ensure their proper use. The research indicates that PET and RET concepts have a long and dis-
tinguished history. Thornthwaite devised the original PET idea, and it has been used ever since,
although with several improvements. The development of RET, although initially confused with
that of PET, was formally defined as a standard method. In this study, the Preferred Reporting
Item for Systematic reviews and Meta-Analysis (PRISMA) was used. Equations for RET estima-
tion were retrieved from 44 research articles, and equations for PET estimation were collected from
26 studies. Both the PET and RET equations were divided into three distinct categories: temperature-
based, radiation-based, and combination-based. The results show that, among temperature-based
equations for PET, Thornthwaite’s (1948) equation was mentioned in 12,117 publications, whereas
among temperature-based equations for RET, Hargreaves and Samani’s (1985) equation was quoted
in 3859 studies. Similarly, Priestley (1972) had the most highly cited equation in radiation-based PET
equations (about 6379), whereas Ritchie (1972) had the most highly cited RET equations (around 2382)
in radiation-based equations. Additionally, among combination-based PET equations, Penman and
Monteith’s (1948) equations were cited in 9307 research studies, but the equations of Allen et al. (1998)
were the subject of a significant number of citations from 23,000 publications. Based on application, PET
is most often applied in the fields of hydrology, meteorology, and climatology, whereas RET is more
frequently utilized in the fields of agronomy, agriculture, irrigation, and ecology. PET has been used
to derive drought indices, whereas RET has been employed for single crop and dual crop coefficient
approaches. This work examines and describes the ideas and methodologies, widely used equations, ap-
plications, and advanced approaches associated with PET and RET, and discusses future enhancements
to increase the accuracy of ET calculation to attain accurate agricultural irrigation scheduling. The use
of advanced tools such as remote sensing and satellite technologies, in addition to machine learning
algorithms, will help to improve the accuracy of PET and RET estimates. Researchers will be able to
distinguish between PET and RET in the future with the use of the study’s results.
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1. Introduction

Evapotranspiration (ET) is a vital component of the water cycle and a useful indicator
for several environmental studies [1–3], including climate change research. It is difficult to
quantify this climatic parameter because of the diversity of the interactions that occur at
the soil–vegetation–atmosphere interface [4]. Water evaporates from the soil surface and
transpires from plants in a process known as ET [5]. It is extensively used across a number of
fields, including agronomy, hydrology, climatology, meteorology, ecology, and environmental
science. Additionally, reference evapotranspiration (RET) and potential evapotranspiration
(PET) are two interlinked notions. Although PET and RET both estimate the atmospheric
evaporative demand, the terms may be distinguished since they are based on distinct theories
and use different equations. For many years, there has been no consensus about PET and RET
usage and application. According to the findings of the research, these two terminologies are
identical [5–8]. Other studies used the terms PET and RET interchangeably and calculated
them using similar formulas [9–13]. The terms “PET” and “RET” were both used by Harg-
reaves and Samani in their research report, which was published in 1982 [14]. In turn, this led
to confusion among researchers on the proper use of PET and RET concepts.

According to Thornthwaite [15], PET is the evapotranspiration from a large area of land
that is covered with vegetation and has an unlimited moisture content. Since the moisture
supply is unrestricted, he thought PET is completely reliant on the quantity of energy available.
PET was defined by Penman [16] as ET produced by actively growing short, green vegetation
that completely shadows the ground and never lacks sufficient moisture. On the surface,
PET may be conceived of as the aggregate of all climatic factors affecting the ET process. ET
occurs when the soil is completely covered by living things that are actively developing and
when there are no restrictions on the amount of moisture in the soil. It may be regarded as the
absolute maximum that a crop can receive in a given climate.

The evapotranspiration rate of a hypothetical reference crop with an assumed crop height
of 0.12 m, a constant surface resistance of 70 s/m, and an albedo of 0.23 is defined as the ET
rate from a reference surface and denoted by RET [5]. The reference surface resembles a broad
swath of uniformly tall, actively growing grass that totally shadows the ground and has an
infinite supply of soil moisture. RET provides data on atmospheric evaporation demands
irrespective of crop development, growth stage, or management techniques. However, since
soil water is easily available at the reference surface, the soil variables have no impact on the
quantity of RET generated. When RET is connected to a specific surface, it offers a standard
against which RET from other surfaces may be examined.

Additionally, climate factors influence RET. As a consequence, it might be determined
using weather information. It should be emphasized that the RET definition stipulates that, for
climatic data to be deemed legitimate, they must be collected in a well-defined environment,
such as a grassy area that has been well-irrigated and maintained. Early uses of PET were in
hydrology and meteorology, but it was eventually used in other disciplines. It was related to
agricultural water needs and when to irrigate, for instance, in agronomy [17–20]. Due to the
definition’s vagueness, PET was not always applied appropriately. By explicitly connecting
single or dual crop coefficient approaches, agronomists started to apply the RET idea to
irrigation scheduling, design, and ET estimation. The introduction of the RET idea helped to
resolve a number of PET misapplication issues, although the use of the concept is still unclear
to researchers [21,22].

A number of RET/PET equation methods have been proposed and divided into three
groups: temperature-based, radiation-based, and combination-based equations. For in-
stance, temperature-based equations try to balance water loss (evaporation) effects by
incorporating average (mean of minimum and maximum) atmospheric temperature, pre-
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cipitation, and water change in the hydrological cycle. The radiation-based equations try
to balance the amount of incoming energy that is available to produce evapotranspiration
(and sensible heat flux) from the surface, and some of them even try to include advective
terms (which provide additional energy). In addition, a combination-based calculation
takes into account both energy balance and aerodynamics, as the ET process involves
transforming liquid water into vapor and then dispersing the vapor. The variables velocity
and vapor pressure are two of the most important concepts in aerodynamics since they
relate to mass-transfer theory. Air temperature and other environmental conditions are
taken into account in this conventional combination type of equation.

The ambiguity between PET and RET as explained above motivates researchers to
provide insightful references and clarify the concepts to assist researchers who may not
correctly differentiate between PET and RET in their future studies. The current systematic
review’s goal, then, is to identify the evolution of frequently used PET and RET equations
and applications, along with conceptual differences. This review contributes to a better
understanding of the distinctions between PET and RET.

2. PET and RET Perception
2.1. PET Background

PET has been developed for many decades. The PET term was used initially by
Thornthwaite [15] to differentiate it from RET, after studying the precipitation and water
use in various locations in the U.S.A. PET reflects the ambient evaporation requirement,
either the air pack volume at the surface or the water that must be transported. This means
that “combined soil evaporation and transpiration from plants means the transport from
the ground to the atmosphere” [15]. Initially, it was used to determine if the study area
either is arid or semi-arid, or humid based on the aridity index, which was calculated as:

AI =
P

PET
− 1 (1)

where AI = aridity index; P = precipitation.
Researchers in drought monitoring studies have used this AI concept, and it is still

used today [23–29]. In addition, Penman [16] developed a new formula to calculate varied
surfaces’ evapotranspiration and solely restricted the term to “evaporation”. Subsequently,
studies by Penman [30,31] used the “potential transpiration” term to describe vegetation-
related water use. This term refers to estimating the transpiration rate produced by an
extensive short green cover that completely shades the ground and is adequately supplied
with water.

Anon [32] described the “water vapor loss in the short canopy of grass as a growth rate
in large areas, covering the soil at an active stage, in an equal height, with optimum water
and nutritional condition”. The World Meteorological Organization (WMO) defined it as “the
water vapor amount that a clean water surface might release under the present atmospheric
situations.” These definitions were comparable to the Penman classification [30,31], and the
modern term “potential evaporation (Ep)”, but had distinct vegetation criteria. Somehow
the “Ep” term was used with “PET”, a term coined by Thornthwaite [15], which is currently
in use as “PET” [33–35]. The term “crop potential evapotranspiration”, suggested by Jensen
and Haise [36], was a descriptive term appropriate for the definitions given above. The term
describes evapotranspiration during a specific growth stage when water is not limited for
a given crop; other insignificant factors such as diseases, insects, and nutrients are limitless
in plant production. Surface evaporation and crop growth conditions, which may affect
evapotranspiration, were considered in the description.

Jensen [37] gave distinctions between many crops grown under different circumstances
as an addition to the definition. Nevertheless, it is relatively complicated, and there is insuf-
ficient knowledge on enough crops to solve global ET. He also stated PET was “the highest
limit of evapotranspiration reported in a well-watered crop along with aerodynamically
characteristics, such as Alfalfa with a growth height of 0.3 to 0.5 meters” [38]. Dingman [39]
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defined PET as the evapotranspiration rate “without advection or heat impact, from a wide
area covered entirely and uniformly by vegetation rising with access to abundant supplies
of water in the soil”. This definition summarizes perfect conditions for the “potential” level,
which causes the water flowing from the crop to achieve an optimum. This indistinguisha-
bility in concepts was created when “potential transpiration” was coined from the various
definitions of PET given above. Both reports relate to RET and contain some restrictions on
the conditions, such as crop growth surfaces or evaporation and transpiration surfaces.

The original intent of PET was to reflect the water requirement and optimum water
in vast regions, whereas RET reflected the dispersal of the actual water quantity from
the whole area. Under this assumption, several new hypotheses suggested PET based on
vegetation or small surface crops. Additionally, PET implied only water lost by leaves.
The water change among various crops had to be studied using a particular terminology.
However, this had to ensure that it was unique, rather than using several meanings. Thus,
inventing a new term to distinguish the concept from PET is critical.

2.2. RET Background

The term RET was suggested for evaporating surfaces and other variables affecting
the RET rate [40–42]. The United Nations Food Agriculture Organization (UN-FAO) has
summarized crop water requirement studies by describing RET as the evapotranspiration
rate from a substantial surface of 8 to 15 cm high, with green grass cover of uniform height,
and intensively sprouting and shaded soil that is not underwater, whereas the reference
crop is an ideal crop and represents one specific type of surface [43]. Several types of grass,
including alfalfa, were initially identified as short and high reference plants, but other
grasses, such as fescue or ryegrass, may also be considered [44–48]. Nevertheless, alfalfa is
difficult to cultivate in certain tropical climates or regions with high winter temperatures.
This makes it difficult to identify a particular alfalfa cultivar that grows efficiently globally
to provide local verification of alfalfa RET methods [49]. Allen et al. [50] calculated the
RET ratio between alfalfa and grass, which was estimated to be 1.37. The precision of
RET estimates is related to crop types. The crop growth condition is also required for
determining the RET, apart from the variety of crops. For instance, vegetation height
around the lysimeter should be the same as vegetation inside the lysimeter [51–54].

Taking natural vegetation as a reference crop may not be acceptable. Allen et al. [50]
also proposed a new description for RET, which used a constant surface resistance value in
many circumstances to prevent changes in other related climatic variables. The preference
for regular height and surface resistance parameters represented a compromise that could
not accurately reflect the truth in all temperature regimes, in addition to the presence of a
relatively dry soil surface as a consequence of an irrigation schedule that is nearly weekly
in overall frequency [5]. FAO clearly defined the new definition as evapotranspiration
rate from hypothesized crops with presumed crop height (0.12 m), fixed surface resistance
(1–70 sm), and albedo (0.23), which would be closely similar to the development from a
broad surface of a green grass-covering cover. FAO formally adopted the idea in FAO
Irrigation and Drainage Paper No. 56 [5].

The American Society of Civil Engineers (ASCE) has introduced another “alfalfa” as a
reference crop, describing it as a high crop at around 0.5 m. Based on the comparatively
strict FAO56 RET concept, there are two typical canopy-resistant evaporation surfaces,
aerodynamic resistance, and a timescale for high and low plants [55]. The ASCE RET,
hereafter referred to as RET, is more straightforward and precise than PET since one of
the main objectives is to differentiate RET from crops in a wide area. This can be used
to identify the water amount that evaporates from crop and vegetation surfaces and for
solving water-use problems. Similarly, providing agricultural workers and farmers with
helpful knowledge about irrigation plans, unique and ideal plant conditions, and the
estimation equations is a simple task.
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3. Adopted Methodology

A bibliometric analysis as per the guidelines of Preferred Reporting Item for Systematic
reviews and Meta-Analysis (PRISMA) was conducted in this study. According to the
recommendations, the PRISMA flow diagram for a systematic review was successfully
created using a freely available official tool named Shinyapp (weblink: https://estech.
shinyapps.io/prisma_flowdiagram/ accessed on 6 June 2022), which can be seen in Figure 1.
To understand the PRISMA flow diagram, the following points should be considered:

(1) Data source: Google Scholar, Science Direct, PubMed, and Clarivate Analytics Web of
Science databases were used with the following title and keywords: reference evapo-
transpiration estimation equation, potential evapotranspiration estimation equation,
evapotranspiration estimation.

(2) Article screening: Records found in the searched databases that were duplicates or
irrelevant, that did not have full-text availability, or were inaccessible or written in
languages other than English were excluded and removed from the identified records.

(3) Article inclusion: Only relevant and suitable articles that provided RET and PET
estimation equations using a dataset of daily, monthly, or yearly timescales were
included.
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It can be observed in Figure 1 that 362,000 records were initially identified when keywords
and titles of RET and PET equations were searched in the Google Scholar, Science Direct,
PubMed, and Clarivate Analytics Web of Science databases. The duplicate records were
omitted, and about 12,000 were screened out from the total identified records as per content
relevancy. Finally, based on the inclusion criteria mentioned above, 70 research articles were
found to be suitable that provided the correct RET and PET estimation equations. In the
current study, equations for RET estimation were retrieved from 44 research articles, whereas
equations for PET estimation were collected from 26. The authors, timescales, and citations of
the corresponding RET and PET equations are discussed in the next section.

https://estech.shinyapps.io/prisma_flowdiagram/
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3.1. Temperature Based Equations

PET equations may be traced back to Jensen et al. [56]. They were among the earli-
est mathematical notations for estimating evapotranspiration based on temperature [57].
Thornthwaite [15] proposed a temperature-based PET equation after studying the relation-
ship between precipitation, temperature, and water fluctuation in numerous states across
the United States. Additional PET temperature-based equations have been proposed and
implemented. Table A1 illustrates the world’s most commonly used equations. From this
table, it can be perceived that PET equations developed by McCloud [58], Hamon [59],
Romanenko [60], Baier and Robertson [61], Schendel [62], and Szász [63] have been applied
less than Thornthwaite and Blaney and Criddle’s equations [15,64]. Some of them, such as
Szász and McCloud’s equations, were abandoned due to poor performance and unjustified
or inadequate meteorological conditions. As observed in Figure 2, Thornthwaite’s equation
is widely used in research articles (12,117 citations), because it is simple and requires
the least amount of data. Several researchers have also compared it to other equations
and found that it performed best. Similarly, Blaney and Criddle’s equation has also been
widely used as a reference in many studies (1319 citations) for predicting PET because of its
performance and ease of data collection. Moreover, it was found to be suitable for humid
conditions where the advective impact is generally insignificant.
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Figure 2. Citations of PET temperature-based equations.

RET temperature equations are essentially the same as PET temperature equations
since both indicate a high demand for evaporation in the atmosphere. Most RET compu-
tations include numerous distinct coefficients, similar to how PET is modified. Table A4
illustrates some of the most often used RET temperature-based equations. These equa-
tions can be difficult to distinguish from PET equations, and this is similarly true for the
other forms of RET equations. Kharrufa’s equation [65] performs poorly in various re-
search studies under varying climatic circumstances, and it either overestimates or underes-
timates RET [66,67]. Hargreaves and Samani’s 1985 equation outperforms other equations
developed by Hargreaves and Samani [14] and Hargreaves et al. [68], as it was cited in
3859 research articles, whereas the others were mentioned in 1883 and 513 articles, respectively.
It is the most often used RET equation based on temperature data, as observed in Figure 3.
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3.2. Radiation Based Equations

Radiation-based PET equations show empirical relations between PET and radiation.
These equations can be seen as Penman’s generalized versions [16], and relatively accurate
short-term predictions have been acquired [36]. Table A2 presents some ordinary PET
radiation equations. Priestley’s equation, developed in 1972, have been applied worldwide
and are considered the most common radiation-based PET equation. As evident from
Table A2, it has supremacy over other developed PET radiation-based equations, with
6379 citations. It can also be seen in Figure 4 that Priestley’s equation was cited many
times compared to other PET equations. Moreover, this equation is suitable for saturated
conditions and areas with open water surfaces with wind effects.
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Widely applied RET radiation-based equations are similar to temperature-based PET
equations. Table A5 presents the commonly used RET-based radiation equations. Among
the radiation-based RET equations, Ritchie’s equation [69] received the most citations (2382),
as seen in Table A5, even though it was initially presented to estimate PET. Variability
and instability still exist in radiation-based equations. Simultaneously, study results have
demonstrated exemplary performance in semi-arid or semi-humid conditions, where the
lack of wind speed data can be ignored. The overall citations for each RET equation are
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presented in Figure 5. It can be seen that Ritchie’s equation has been cited more than other
RET equations.
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3.3. Combination-Type Equations

PET combination-based equations incorporate both energy balance and aerodynamic
components. Moreover, velocity and vapor pressure are aerodynamic components related
to Dalton’s theory of mass transfer presented in 1982. In 1948, Penman [16] provided a PET
combination equation that considers the influence of air temperature and other climatic
conditions. However, its primary goal was to compute the water quantity escaping from
sticky surfaces. Table A3 shows some PET equations based on various combinations. It
can be observed that the most often utilized combination-type PET equation is Penman’s
equation, which was cited by 9307 studies. It is followed by Monteith [70], cited by
7255 studies, and Penman–Monteith [31], cited by 1139 studies. Penman’s [16,31] equations
have not only been examined for diverse purposes but have also been changed for various
situations by many researchers.

Moreover, Penman-type equations depend upon numerous meteorological variables
that are not readily available in developing countries. As a result, other equations are
frequently used as an alternative in these regions, with low PET accuracy being a predictable
result. The citation of each PET combination-based equation is presented in Figure 6.

When required hydro-meteorological data are available, RET combination equations,
like those for PET, are widely used worldwide (see Table A6). According to Figure 7,
the equation of Allen et al. [5], also known as FAO-56 PM, was identified as the best
for estimation using different step weather data (with >23,000 citations). This equation
is a modified version of the Penman–Monteith equation, which was developed in 1965.
FAO recommended it and it is widely used for various reasons, including its robust
theoretical foundation and extensive depiction of the model [50]. Thus, it is primarily
used as a yardstick for different RET equations and novel approaches to evaluate their
performance [71,72].
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4. RET and PET Application

It should be noted that RET and PET equations as alternatives to the FAO-56 PM equa-
tion have previously been compared. RET and PET equations were properly distinguished
from one another in this work. In earlier research, PET and RET were not clearly separated,
and PET equations were often compared to the FAO-56 PM equation. Nonetheless, the
authors did not address this, and the issue between PET and RET remains unresolved.
Trajkovic and Kolakovic [73] evaluated several PET equations with FAO-56 PM in humid
climatic conditions, whereas Zarch et al. [74] studied them under desert climate patterns.
The only equation that accurately predicted RET among the others was that of Hargreaves
and Samani [75]. There were more cases of RET and PET equations being mixed together,
and the two parts were often compared [76–79]

Ambiguity in RET and PET implementation equations has been widespread since
solutions were often chosen at random. Both concepts derive from evaporation or evap-
otranspiration, which are used interchangeably. In meteorology, environmental science,
and hydrology, PET has often been employed. Regarding agriculture, RET is the preferred
method of irrigation. Thornthwaite’s equation [15] of PET was employed in this context
to estimate drought indicators such as Palmer drought intensity indices (SDIS). However,
following the conventional RET equation assumption, the FAO-56 PM equation is often
employed to estimate PET for the Palmer Drought Severity Index (PDSI) [5]. PET is an
important variable in several equations that are used to generate the A.I. drought index.
Additionally, it is considered to be a crucial element in numerous hydrologic models that
simulate precipitation and runoff [80–85]. Accurate RET calculations are necessary in
agronomy to determine crop water needs and serve as the foundation for creating agricul-
tural irrigation systems and other strategies. Surface resistance, stomata resistance, and
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diffusion resistance are only a few of the factors that are represented by the crop coefficient
(Kc) [86–88]. The three most common RET estimation methods that apply RET as their
primary variable [5,88] are: (i) the single crop coefficient (RET = Kc × RET); (ii) the dual
crop coefficient (RET = (Ka + Kb) × RET); and (iii) the Shuttleworth and Wallace method.

5. Conclusions and Guidelines for Future Use

Reference evapotranspiration (RET) and potential evapotranspiration (PET) are the
two primary forms of evapotranspiration (ET). The misunderstanding between RET and
PET has persisted for a very long time. Overall, RET and PET have been used interchange-
ably for a considerable time. Additionally, correctly distinguishing their meanings and
applying them effectively provides an opportunity to improve ET estimation accuracy.
Both RET and PET are applied to describe changes in energy and water, so they are related
concepts. Despite having an evaporation (E) root, their respective meanings are quite
distinct. To increase the investigation’s rationale, it is important to choose terminology that
is appropriate for the variety of research related to ET topics. Furthermore, it is crucial to
understand these two distinct concepts before using them properly. The definitions and
uses of RET and PET differ, and they were designed for distinct timescales.

The Preferred Reporting Item for Systematic reviews and Meta-Analysis (PRISMA)
was used in current study. RET estimation equations were obtained from 44 research publi-
cations, whereas equations for PET estimation were acquired from 26 articles. This study’s
findings reveal that among temperature-based equations for PET, Thornthwaite’s (1948)
equation was referenced in 12,117 papers, while Hargreaves and Samani’s (1985) equation
was mentioned in 3859 studies. Similarly, Priestley (1972) had the most referenced equation
(6379 citations) in radiation-based PET equations, while Ritchie (1972) had the most cited
(2382) RET equation in radiation-based equations. Furthermore, Penman and Monteith’s
(1948) equations were mentioned in 9307 research articles among PET combination-based
equations, while the equation of Allen et al. (1998) received a substantial number of cita-
tions in more than 23,000 publications among RET combination-based equations. Based on
application usage, PET is most commonly used in the domains of hydrology, meteorology,
and climatology. However, RET is more commonly employed in the fields of agronomy,
agriculture, irrigation, and ecology. PET has been utilized to calculate drought indicators,
whereas RET has been used for single and dual crop coefficient techniques.

The RET and PET equations were previously frequently confused but, by the 1980s,
they had been categorized into distinct types (temperature-based, radiation-based, and
combination-based), which are explicitly explained in this study. RET aims to eliminate
the uncertainties that occurred in the PET definition. Since its introduction, the RET idea
has gained a large amount of support from researchers and scientists all across the world.
The FAO56-PM equation has gained popularity and is now utilized for RET estimation
globally. In the future, RET and PET should be distinguished more clearly from one another
than they were in the past. Estimation formulae for PET and RET are the main cause of
misunderstanding. This is because there is often a lack of clarity about the concepts and
developments of PET and RET. The literature does not provide a clear structure for the
many equations that can be used to determine RET or PET. The current study’s information
is based on a common interpretation of these terms, which is useful for agricultural and
irrigation engineers, farm managers, and university researchers because it provides clear
direction for future usage.
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Abbreviations

Nm Sunshine monthly duration
Tm, Tmin, Ta and Tmax Monthly air temperature, minimum, average, and maximum daily

air temperature, respectively.
Z Elevation
Pt Saturated vapor concentration at the mean temperature
RH Relative humidity
Td and TX Mean dew temperature
u2 Mean wind speed at 2 m.
∆ Slope of the saturation vapour pressure curve.
γ Psychometric constant.
R n, R s and R a Net solar radiation, solar radiation, and extraterrestrial solar radiation,

respectively
α0 Radiation coefficient
G Ground heat flux
ρW Water density
H Net radiant energy available at the surface
e
′
a and e

′

d Saturation vapor pressure and actual vapor pressure, respectively
eZS and eZa Saturation and actual vapor pressure at height of Z meterd
ρ Mean air density at isobaric conditions
cP Specific heat of air
eS − ea Vapour pressure deficit
ra and rS Surface resistance and aerodynamic resistance, respectively
Pre Atmospheric pressure
Z1 Anemometer height above soil
z0 Wind profile roughness height
Wf Correction factor to compensate day/night effect
ϕ Latitude
p Average annual percentage of daylight hours [43]
KT and KRS Calibration and empirical coefficient
co, c1, c2, c3 Radiation-based coefficients
Pt Saturated vapor concentration

Appendix A

Table A1. PET temperature-based equations.

No. Formulated Equation Data Type First Author Published Year Citations

1. PETThornthwaite = 16Nm

[
(10Tm)a1

]
M Thornthwaite 1948 11,093

2. PETBlaney = a2 + b(0.46Ta + 8.13)(1 + 0.0001Z) M Blaney 1950 1164
3. PETMcCloud = 0.254× 1.071.8Ta D McCloud 1955 54
4. PETHamon = 0.55N2Pt D/M Hamon 1960 1010
5. PETRomanenko = 0.0018(25 + Ta)

2(100− RH) D Romanenko 1961 123
6. PETBaier = 0.157Tmax + 0.158Td + 0.109Ra − 5.39 D Baier 1965 279
7. PETSchendel = (16Ta)/RH D Schendel 1967 43

8.
PETSzasz =

0.00536(Ta + 21)2(1 + RH)2/3(0.519u2 + 0.905)
M Szász 1973 10

9. PETHargreaves = 0.0135Rs(Ta + 17.8) D/M Hargreaves 1975 361

Note: PET = Potential Evapotranspiration; D = Daily; M = Monthly.
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Table A2. PET radiation-based equations.

No. Formulated Equation Data Type First Author Published Year Citations

1. PETMakkink = 0.61[∆/(∆ + γ)]Rs − 0.12 M Makkink 1957 819
2. PETTurc = 0.013[Ta/(Ta + 15)](Rs + 50) D/M Turc 1961 361
3. PETJensen = (0.014Ta − 0.37)Rs D/M Jensen 1963 1195
4. PETStephens = (0.0082Ta − 0.19)Rs/1500 D/M Stephens 1963 147
5. PETStephens = (0.0158Ta − 0.09)Rs D Stephens 1965 22
6. PETChristiansen = 0.385Rs D/M Christiansen 1968 142
7. PETPriestley = α0[∆/(∆ + γ)](Rn −G) D Priestley 1972 6379
8. PETCaprio =

(
6.1/106)(1.8Ta + 1)Rs D/M Caprio 1974 3

9. PETOudin = (RaTa)/(5ρW) D/M Oudin 2005 171

Note: PET = Potential Evapotranspiration; D = Daily; M = Monthly.

Table A3. PET combination-based equations.

No. Formulated Equation Data Type First Author Published Year Citations

1. PETPenman =
∆H+γ

(
e
′
a−e

′
d

)
f(u)

∆+γ
D Penman 1948 9307

2. PETPenman = ∆
∆+γ (Rn −G)+ 6.43γ

∆+γ (1 + 0.0536uZ)(eZS − eZa) D Penman 1963 1139

3. PETPenman−Monteith = ∆(Rn−G)+[ρcP(eS−ea)]/ra
∆+γ(1+rS/ra)

D Penman-Monteith 1965 7255

4. PETVan Bavel =
∆

∆+γ (Rn −G) + γ
∆+γ

0.622ρx2

Pre

uZ(eS−ea)

[ln(Z1−d)/z0 ]
2

D Van Bavel 1966 549

5. PETRijtema =
∆Rn+γru0.75

2 (es−ea)
∆+γ

D Rijtema 1966 21

6. PETWright =
∆

∆+γ (Rn −G) + 15.36 γ
∆+γ Wf

(
eZS − eZa

)
D Wright 1972 212

7. PETThom = ∆(Rn−G)+1.2γ(1+0.54u2)(es−ea)
∆+γ(1+rS/ra)

D Thom 1977 579

8. PETLinacre = [700(Ta+0.006Z)/(100−ϕ)]+15(Ta−Tdew)
80−Ta

D/M Linacre 1977 530

Note: PET = Potential Evapotranspiration; D = Daily; M = Monthly.

Table A4. RET temperature-based equations.

No. Formulated Equation Data Type Author Published Year Citations

1. RETKharrufa = 0.34pTa1.3 D/M Kharrufa 1985 89
2. RETJones & Ritchie = α1[0.00387Rs(0.6Tmax + 0.4Tmin + 29)] Jones and Ritchie 1990 202
3. RETAhooghalandari & others = 0.369Ra + 0.139Tmax(1− RH/100)− 1.95 D/M Ahooghalandari et al. 2016 19
4. RETDoorenbos & Pruitt = p(0.46Ta + 8) M Doorenbos and Pruitt 1977 728
5. RETSamani & Pessarakli = 0.013KTRa(1.8Ta + 32− TX)T0.5

d D/M Samani and Pessarakli 1986 86

6.
RETValiantzas ≈ 0.0118(1− RH/100)0.2T0.3

d

[
Ra(Ta + 10)0.5 − 40

]
+

0.1(Ta + 20)(1− RH/100)(U/2)0.6
Valiantzas 2018 18

7. RETHargreaves & Samani = 0.0145KRSRa(Ta + 17.8)T0.5
d D/M Hargreaves and Samani 1982 1883

8. RETXu & Singh = 0.0145Rs(Ta + 17.8) M Xu and Singh 2000 259
9. RETHargreaves & others = 0.0022Ra(Ta + 17.8)T0.5

d D/M Hargreaves et al. 1985 513
10. RETHargreaves and Samani = 0.0023Ra(Ta + 17.8)T0.5

d D/M/Y Hargreaves and Samani 1985 3859
11. RETDroogers & Allen = 0.0005304Ra(Ta + 17)(Td − 0.0123P)0.76 D/M/Y Droogers and Allen 2002 942
12. RETTrajkovic = 0.0023Ra(Ta + 17.8)T0.424

d - Trajkovic 2007 251
13. RETRavazzani & others = 0.0023Ra(Ta + 17.8)(0.817 + 0.00022Z)T0.5

d - Ravazzani et al. 2011 99

14.
RETTabari & Talaee =
0.0031Ra(Ta + 17.8)T0.5

d
(

for arid climate) ETo = 0.0028Ra(Ta + 17.8)T0.5
d

(for cold climate)
- Tabari and Talaee 2011 108

15. RETBerti & others = 0.00193Ra(Ta + 17.8)T0.517
d - Berti et al. 2014 129

16. RETDorji & others = 0.000817Ra(Ta + 33.9)T0.296
d - Dorji et al. 2016 14

17. RETFeng & others = 0.00217Ra(Ta + 16.4)T0.435
d - Feng et al. 2017 100

18. RETLobit & others = 0.1555Ra(0.00428Ta + 0.09967)T0.5
d - Lobit et al. 2017 5

19. RETTang & others = 10−4Ra(Ta + 36.6)(7 + 0.002Z)T0.5
d - Tang et al. 2019 5

Note: RET = Reference Evapotranspiration; D = Daily; M = Monthly; Y = Yearly.
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Table A5. RET radiation-based equations.

No. Formulated Equation Data Type Author Published year Citations

1. RETRitchie = [∆/(∆ + γ)]Rn D Ritchie 1972 2382

2. RETValiantzas ≈ 0.0393(Ta + 9.5)0.5Rs − 0.19R0.6
s ϕ

0.15 +

0.0061(Ta + 20)(1.12Ta−Tmin − 2)0.7 D/M Valiantzas 2013b 126

3. RETDoorenbos & Pruitt = c1(WRs) D/M Doorenbos and Pruitt 1977 728
4. RETHansen = 0.7[∆/(∆ + γ)]Rs D/M Hansen 1984 86
5. RETXu & Singh = 0.77[∆/(∆ + γ)]Rs + 0.2 M Xu and Singh 2000 259
6. RETCastaneda & Rao = 0.7[∆/(∆ + γ)]Rs − 0.12 M Castaneda and Rao 2005 19
7. RETDe Bruin = 0.63[∆/(∆ + γ)](Rs − 2G) D De Bruin 1981 37
8. RETAbtew = a1Rs

5-day Abtew

1996

302
RETAbtew = KRs(0.52 ≤ K ≤ 0.54)
RETAbtew = 1.18[∆/(∆ + γ)](Rn −G)
RETAbtew = 0.013(23.89Rs + 50)[Tmax/(Tmax + 15)]

9. RETXu & Singh = 0.98[∆/(∆ + γ)]Rn + 0.94
M Xu and Singh 2000 259

10.
RETXu & Singh = 0.015(Rs + 50)[Ta/(Ta + 15)](RH ≤ 50)ETo =
0.015(Rs + 50)[Ta/(15− Ta)][1 + (50− RH)/70](RH > 50).

11.
RETTabari & Talaee =
2.14[∆/(∆ + γ)](Rn −G)(for arid climate)ETo =
1.82[∆/(∆ + γ)](Rn −G) (for cold climate)

M Tabari and Talaee 2011 108

12.
RETTrajkovi & Stojni =
0.013(0.8383− 0.0313u2 + 0.1706u2)(23.88Rs + 50)[Ta/(Ta + 15)]

D/M Trajković and Stojnić 2007 30

13. RETAlexandris & Kerkides = c0 + c1RH + c2Ta+c3RH2 + c4T2
a + c5Rs +

(Rs/2)(c6RH + c7Ta) + c8Rs
Hr/D Alexandris and

Kerkides 2003 99

14. RETAlexandris & others = 0.057 + 0.643C1 + 0.227C2 + 0.0124C1C2 D/M Alexandris et al. 2006 142

15. RETIrmak & others = 0.149Rs + 0.079Ta − 0.611ETo =
0.289Rn + 0.023Ta + 0.489 D/M Irmak et al. 2003b 304

16. RETTabari & others = 0.156Rs + 0.0733Tmin − 0.0112Tmax −
0.478ETo = 0.174Rs + 0.0353Ta − 0.642 D/M Tabari et al. 2011 291

Note: RET = Reference Evapotranspiration; D = Daily; M = Monthly; Hr = Hourly.

Table A6. RET combination-based equations.

No. Formulated Equation Data Type Author Published Year Citations

1.
RETDoorenbos & Pruitt =

c2

[
0.408 ∆

∆+γ (Rn −G) + 2.7 γ
∆+γ (1 + 0.846u2)

] M-D Doorenbos and Pruitt 1997 728

2. RETWright =
∆

∆+γ (Rn −G) + 6.43 γ
∆+γ Wf(eZs − eZa) - Wright 1982 942

3.
RETGeorge & others =

∆
∆+γ (Rn −G) + 0.268 γ

∆+γ (aW + bWuZ)(eS − ea)
- George et al. 1985 21

4. RETShuttleworth and Maidment =
∆

∆+γ Rn +
γ6340(1+0.536u2)(eS−ea)

∆+γ
- Shuttleworth and

Maidment 1993 1277

5. RETValiantzas ≈ 0.051(1−α)(Ta + 9.5)0.5Rs − 2.4(Rs/Ra)
2 +

0.00012Z + 0.048(Ta + 20)(1− RH/100)(0.5 + 0.536u2)
- Valiantzas 2006 248

6.
RETValiantzas ≈
0.0393Rs(Ta + 9.5)0.5 − 0.024(Ta + 20)(1− RH/100)−
2.4(Rs/Ra)

2 + 0.066Waero(Ta + 20)(1− RH/100)u0.6
2

- Valiantzas 2012 49

7. RETValiantzas ≈ 0.0393Rs(Ta + 9.5)0.5 − 0.19R0.6
s ϕ

0.15 +
0.048(Ta + 20)(1− RH/100)u0.7

2
- Valiantzas 2013a 41

8. RETAllen (FAO−56) =
0.408∆(Rn−G)+γu2(es−ea)[900/(T2+273)]

∆+γ(1+0.34u2)
H/D/M Allen et al. (FAO56 PM) 1998 23,177

9. RETAllen (ASCE) =
0.408∆(Rn−G)+γu2(es−ea)[Cn/(T+273)]

∆+γ(1+Cdu2)
Hr/D/M Allen et al. (ASCEPM) 2005 1202

Note: RET = Reference Evapotranspiration; D = Daily; M = Monthly; Hr = Hourly.
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