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ABSTRACT

In this study, 14 equations have been investigated to calculate pan-evaporation in arid and semi-arid regions (based on the De Martonne

aridity index). Two indicators i.e. nRMSE and MBE, were used to analyze the results. The Kohler -Nordonson -Fox (K -N -F) (1955) equation,

on the one hand, is more precise than other original equations and, on the other hand, is one of the equations that has less impact from the

improving process and, in other words, has a higher consistency compared to other equations in arid and semi-arid regions. Three improved

equations, including improved K -N -F (1955), improved Linacer (1994), and improved Kohler (1954), have better precision in calculating the

pan-evaporation compared to the other equations. According to the mathematical form of these three equations, this finding shows the

importance of temperature, relative humidity, and wind velocity in arid and semi-arid regions. The improved Linacer (1954) equation had

low precision in high-humidity regions, emphasizing relative humidity in calculating pan-evaporation in arid and semi-arid regions. Among

14 equations, more precisions have been from the category of improved equations, so it becomes clear that the empirical mathematical

equations must be improved specifically for arid and semi-arid regions.
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HIGHLIGHTS

• Fourteen equations have been investigated to calculate pan-evaporation in arid and semi-arid regions.

• The K–N–F (1955) equation has a higher consistency compared to other equations in arid and semi-arid regions.

• The improved K–N–F (1955), improved Linacre (1994), and improved Kohler (1954) have better precision in calculating the pan-evaporation

compared to the other equations.

1. INTRODUCTION

Evaporation is an essential component of the hydrological cycle and is critical in hydrological studies (Adnan et al. 2019).
The fundamental hydrological component leads to the fact that, in most cases, a large part of the water due to precipitation
is out of reach (Flammini et al. 2018; Sebbar et al. 2019). Calculating the amount of evaporation in arid and semi-arid regions
is of great interest (Yaseen et al. 2020). In arid regions, evaporation occurs with much greater intensity; therefore, the impor-
tance of this component is significantly increased (Majidi et al. 2015). One of the most critical problems for lakes, wetlands,

and other water bodies in arid and semi-arid regions is the evaporation process, which significantly affects the water available
for environmental needs (Alsumaiei 2020). An evaporation pan is the best-known way to record the amount of evaporation
from the surface of open water (Jones 2018). In most climatic stations worldwide, evaporation pans are installed in various

mathematical forms to record the amount of evaporation (Patle et al. 2020). The costs of setting up and maintaining climatic
data recorders are high. Therefore, the number and dispersion of these stations are limited (Mohammadi et al. 2023). Using
mathematical equations that improve with the recorded data leads to empirical mathematical equations (Dlouhá et al. 2021).
Applying these equations makes it possible to calculate different components in regions where data are not recorded
(Majhi et al. 2020). Different mathematical modeling methods such as Artificial Neural Network (ANN) (Seifi & Soroush
2020; Dehghanipour et al. 2021), Adaptive Neuro-Fuzzy Inference Systems (ANFIS) (Adnan et al. 2019), K-Nearest
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Neighbors (KNN) (Yamaç 2021), and Support Vector Regression (SVR) (Guan et al. 2020) by different researchers to calcu-

late surface water evaporation have been taken into consideration. Assessment of the results of these studies reveals that such
new models provide more precise calculations than empirical mathematical equations (Kumar et al. 2021). The practical and
engineering applications aspect is a significant limitation in using these models.

Considering several features, the equations presented for calculating evaporation can have practical and engineering appli-
cations: (a) developed for a specific climate, (b) the equation presented is clear and straightforward, and (c) the required data
are selected from those recorded in most climatic stations. Most research has been based on the calculation of evaporation
from open water. The equations for calculating evaporation from open water can be categorized differently (McMahon et al.
2013). McMahon et al. (2016) considered the equations for calculating evaporation as different categories. These categories
include temperature, energy balance, radiation temperature, miscellaneous, and mass transfer. The equations presented to
calculate evaporation from open water are various. A major drawback to applying most of these equations is access to rel-

evant data in most regions. Most open water evaporation data have a limited recorded period. These data have been
recorded in a few regions, and this is a serious problem to consider spatial variations. Also, recording such data by researchers
requires a lot of cost and time. These limitations practically lead to the inability to study these equations in different climatic

conditions and spatial variations with long-term data. In addition, open water involves a wide range of complexities because it
involves evaporation from deep to shallow lakes with limited to wide surface area. Pan-evaporation data do not include the
stated limitations, making it possible to consider standard data for studies. The presented equations for calculating the evap-

oration from open water are more varied than the pan-evaporation. A remarkable number of equations presented to calculate
pan-evaporation depend on having a variety of data. Lack of access to radiation and other data in most parts of the world
makes it impossible to use such equations. A few equations have been proposed to calculate pan-evaporation using finite cli-
matic data. These equations have been studied in limited studies. Arid and semi-arid regions typically have lower wind

velocity, lower relative humidity, and higher temperatures than other regions, which cause fundamental changes in the
amount of evaporation. It is essential to pay attention to the precision and improvement of the equations for calculating
pan-evaporation from these regions considering the particular climatic conditions of arid and semi-arid regions.

A review of the literature on calculating pan-evaporation in arid and semi-arid regions concluded that the studies had var-
ious shortcomings. Some of these defects are not applying some conditions as follows: (1) using components with a
remarkable range of variability. (2) Focus on straight-mathematical form equations. (3) Use of data specific to arid and

semi-arid regions. (4) Use of climatic components, which are often available. The main purpose of this study is to analyze
and develop equations to calculate pan-evaporation in arid and semi-arid regions. The authors consider practical aspects
of this study. Therefore, the following features are considered to select equations and study regions and climatic components
in this manuscript: (A) the equations have a simple mathematical form so that they do not have high complexity in improving

the achievement of suitable answers. (B) The climatic components used are those that are recorded in most regions. (C) Use
many different recorded data series. (D) In the mathematical form of these equations, the characteristics of arid and semi-arid
regions should be considered. (E) Equations should have different mathematical forms. (F) The original equation should be

presented with a focus on pan-evaporation. (G) The range of changes in climatic components is wide. It seems that no study
has been done considering all the cases mentioned together and specifically for arid and semi-arid regions, and it is the study’s
novelty. Although the maximum series and available data were used in this study, data from different parts of the world could

increase its generalizability. However, the lack of access to the required data from other parts of the world is limited for this
research.

2. MATERIAL AND METHODS

2.1. Aridity index

The definition of aridity can be considered the degree to which a climate lacks sufficient, life-promoting moisture, and is the

opposite of humidity in the climate sense of the term (American Meteorological Society 2006). The higher value of the aridity
index in a region equals more variability of the water resources (Costa & Soares 2012). More dry periods over a region result
from increased aridity (Deniz et al. 2011). Different indices, including United Nations Environmental Programme (UNEP)

(Zarei & Mahmoudi 2021), Mezentsev’s moisture ratio (Nyamtseren et al. 2018), de Martonne (Pellicone et al. 2019), and
Selyaninov’s hydrothermal coefficient (Vlădut ̧ & Licurici 2020), were developed for aridity studies. This study applied the
de Martonne index to select the recorded data series of arid and semi-arid regions. The IDM (index of de Martonne) was
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calculated by the following equation (Zhang et al. 2019):

IDM ¼ P
T þ 10

In this equation, P and T are annual mean precipitation (mm) and annual mean temperature (°C), and therefore, the unit of
IDM is (mm/°C) (Alekseev et al. 2020). The details of climatic classification are presented in Table 1 (Croitoru et al. 2013).

2.2. Studied regions

The necessary components to determine the aridity index were extracted by assessing different recorded data series. Based on

this, recorded data series located in arid and semi-arid regions were selected. Large regions of Iran are located in the arid and
semi-arid regions (Salarijazi et al. 2023). The spatial distribution of the recorded data series is presented in Figure 1. As shown
in Figure 1, except for a limited region of northern Iran, other parts of Iran are mainly located in arid and semi-arid regions
(Modabber-Azizi et al. 2023). The recorded data series selected for this study includes 34 climatic stations in the range of

longitude 45° 3ʹ19 ʺto 60° 540 1″ and latitude 25° 43ʹ11 ‘to 37° 390 30ʺ.

2.3. Data sets

The data series used in this research has been recorded in climatic stations. The characteristics of this recorded data series are
presented in Table 2. These stations have long-term recorded data series of acceptable quality and quantity. Data preparation
steps include data access, sorting and arrangement, data defects, identification and investigation of extreme data behavior,

selection of corrected recorded data series, determination of aridity index for recorded data series, and series detection
belonging to arid and semi-arid regions, and the final selection of the studied recorded data series. Details of these steps
are provided in the mathematical form of a flowchart in Figure 2. Many climatic stations around the world use class A evap-
oration pans. This evaporation pan is the standard pan for all evaporation stations in Iran. It is 121 cm in diameter and 25 cm

in depth. This pan is installed slightly above ground on the wood firm (Shammout et al. 2018).
Figure 3 shows the scattergram plots of climatic components for the recorded data series of arid and semi-arid regions.

Attention to these plots reveals that the climatic components in this study have a great range and various distribution patterns.

This feature is an advantage in the recorded data series because it increases the reliability of the computational results. Evap-
oration and temperature data show high values of these two climatic components in the recorded data series. Relative
humidity data also indicate a pattern of change within the year. A weak pattern of within-the-year changes in wind velocity

can also be detected.

2.4. Empirical equations of pan-evaporation

Pan-evaporation data are not available in many regions. Also, the available recorded data series have a limited dataset with a

significant gap in many cases. These limitations have led researchers to study empirical mathematical equations for calculat-
ing pan-evaporation (Chaudhari et al. 2012). These researches studies examine and assess the discovery of the relationship
between evaporation and climatic components in the form of mathematical equations (Ghumman et al. 2020). Several
equations for calculating pan-evaporation have been developed based on applying the radiation component (Chen et al.
2019). These equations are limited because the radiation component is not recorded in many stations that record climatic

Table 1 | Type of climate according to the de Martonne aridity index (Croitoru et al. 2013)

Climate type IDM values

Arid IDM � 10

Semi-arid 10 � IDM , 20

Mediterranean 20 � IDM , 24

Semi-humid 24 � IDM , 28

Humid 28 � IDM , 35

Very humid 35 � IDM , 55

Extremely humid IDM . 55
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components. In this study, the equations developed to calculate evaporation using a limited number of climatic components
are considered because these equations are more applicable than radiation-based equations.

2.4.1. Trabert (1896) equation

The Trabert (1896) equation has a long history in calculating evaporation (Lu et al. 2018). This equation uses the climatic

components of temperature, relative humidity, and wind velocity to calculate evaporation. It has only one coefficient
(Guan et al. 2020). The Trabert equation also considers the relationship between wind velocity and evaporation to be radical.

E ¼ a22

ffiffiffiffi
V

p
(es � ed)

E is the calculated evaporation (mm/day); V is the wind velocity at the height of 2 m above the ground (m/s), (es � ed ) is the
VPD (kPa), and finally the b1 ¼ 0:3075 is the coefficient of the equation.

2.4.2. Antal (1973) equation

Antal (1973) presents this equation, and the inputs of the equation are the climatic components of temperature and relative

humidity. The amount of VPD is also calculated as the second input of the equation using these two components (Antal 1973;
Basnyat 1987). This equation assumes that the relationship between the input components and the amount of evaporation is a
power relationship.

E ¼ b2 (es – ed)
b3 b4 þ

T
b5

� �b6

Figure 1 | Location of climatic stations in arid and semi-arid regions.
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In this equation, E is the calculated pan-evaporation (mm/day); (es – ed ) is the VPD and its unit is millibars of mercury; T is

the average daily temperature (°C). Also b2 ¼ 1:1, b3 ¼ 0:7, b4 ¼ 1, b5 ¼ 273, b6 ¼ 4:8 are the coefficients of the
equation.

2.4.3. Linacre (1977) equation

This equation was developed by Linacre (1977), which uses only temperature among the climatic components and differs
from other equations in this respect (Althoff et al. 2020). Another notable feature of this equation is the integration of geo-
graphical components to calculate evaporation so that the two components (latitude and elevation) are among the inputs

Table 2 | Characteristics of data series recorded in arid and semi-arid regions

Station name Longitude Latitude Aridity index Elevation Station code

Tabriz 38° 170 18″ 46° 140 31″ 13 1,361 NW1

Orumiyeh 37° 390 30″ 45° 30 19″ 16 1,328 NW2

Sanandaj 35° 15015″ 47° 00 52″ 18 1,373.4 W1

Kermanshah 31° 210 7″ 47° 90 11″ 17 1,318.5 W2

Ahvaz 31° 200 39″ 48° 440 39″ 5.6 22.5 SW1

Abadan 30° 200 27″ 48° 290 13″ 4.2 6.6 SW2

Zanjan 36° 390 37″ 48° 310 18″ 14 1,659.4 C1

Qazvin 36° 190 9″ 50° 10 12″ 13 1,279.1 C2

Hamedan 34° 520 9″ 48° 320 4″ 15 1,740.8 C3

Nahavand 34° 80 36″ 48° 240 43″ 4.7 1,677.8 C4

Arak 34° 40 18″ 49° 460 59″ 14 1,702.8 C5

Qom 34° 460 28″ 50° 510 19″ 4.7 879.1 C6

Tehran 35° 410 35″ 51° 180 33″ 8.4 1,191 C7

Semnan 35° 350 17″ 53° 250 16″ 4.8 1,127 C8

Kashan 33° 580 1″ 51° 280 50″ 4.4 955 C9

Esfahan 32° 440 39″ 51° 510 47″ 4.1 1,551.9 C10

Shahrekord 32° 140 39″ 50° 500 21″ 14 2,048.9 C11

Yazd 31° 540 14″ 54° 170 21″ 1.9 1,230.2 C12

Shiraz 29° 330 40″ 52° 360 18″ 12 1,488 C13

Fasa 28° 530 57″ 53° 430 10″ 9.3 1,268 C14

Kerman 30° 150 20″ 56° 470 42″ 5.2 1,754 C15

Tabas 33° 360 11″ 56° 570 2″ 2.4 711 C16

Bushehr 28° 580 26″ 51° 00 28″ 7.3 9 S1

Bandar-E-Lengeh 26° 460 58″ 54° 460 26″ 3.5 22.7 S2

Bandarabbas 27° 330 25″ 56° 130 51″ 4.6 9.8 S3

Jask 26° 20 23″ 57° 480 27″ 3.4 5.2 S4

Chahbahar 25° 430 11″ 60° 410 13″ 3.1 8 SE1

Iranshahr 27° 130 45″ 60° 430 5″ 2.8 591.1 SE2

Zahedan 29° 280 19″ 60° 540 1″ 2.9 1,370 E1

Zabol 31° 50 18″ 61° 320 35″ 1.6 489.2 E2

Birjand 32° 530 26″ 59° 160 59″ 6 1,491 E3

Torbat-E Heydariyeh 35° 190 12″ 59° 120 20″ 10 1,451 NE1

Mashhad 36° 140 11″ 59° 370 51″ 10 999.2 NE2

Sabzevar 36° 120 25″ 58° 370 57″ 6.6 962 NE3
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to this equation (Linacre 1977).

E ¼
b7

( T þ b8 H )
( b9 � L )þ b10 ( T � Td)

� �� �
( b11 � T )

E is the calculated pan-evaporation (mm/day); T is the average daily air temperature (°C), H is the elevation of the area
(desired station) from the seawater level (m); L is the latitude of the location (°), Td is the dew point temperature (°C); and
b7 ¼ 700, b8 ¼ 0:006, b9 ¼ 100, b10 ¼ 15, b11 ¼ 80 are coefficients of the Linacre (1977) equation.

2.4.4. K–N–F (1955) equation

Further studies by Kohler et al. (1955) showed that considering the nonlinear relationship between VPD and pan-evaporation
in the studied data leads to more precise calculations. The new equation, known as the Kohler–Nordonson–Fox equation

Figure 2 | Data preprocessing flowchart for studied arid and semi-arid regions.
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(Izady et al. 2020), is considered a development of the Kohler (1954) equation (Althoff et al. 2020).

E ¼ ( es � ed )b12 ( b13 þ b14VP)

In this equation, E is the calculated pan-evaporation (inches per day); (es – ed ) is the VPD (inches of mercury); and VP is
the wind velocity at the height of the installation of the evaporation pan from the ground (miles per day). The

b12 ¼ 0:88, b13 ¼ 0:37, b14 ¼ 0:0041 are the coefficients of the K–N–F (1955) equation.

2.4.5. Linacre (1994) equation

The equation presented by Linacre (1994) can be considered an improvement on the Linacre (1977) equation (Stephens et al.
2018). The new equation (wind velocity) was also added to the mathematical form of the equation as a practical input to

Figure 3 | Scattergrams of climatic components in arid and semi-arid regions.
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evaporation, which uses five coefficients to calculate evaporation.

E ¼ [ b15 T � b16 þ b17 V (T � Td)]

b18 þ
b19

S

� �

Considering the equation, E is th calculated pan-evaporation (mm/day); VP is the wind velocity at the height of 2 m above
the ground (m/s), T is the average daily air temperature (°C), Td is the dew point temperature (°C); and
b15 ¼ 21, b16 ¼ 166, b17 ¼ 6, b18 ¼ 28, b19 ¼ 46 are the coefficients of Linacre (1994) equation. Also, S is the slope of

the psychrometric curve in millibars of mercury obtained from the following equation (Murray 1967; Basnyat 1987):

S ¼ es
4098:03

(T þ 237:3)2

 !

In the above equation, T is the average daily temperature (°C) and es is the saturated vapor pressure at the water surface,
which can be obtained from the following relation (Xu & Singh 2002):

es ¼ 6:1078 exp
17:2694 T
( T þ 237:3)

� �

2.4.6. Papadakis (1961) equation

In this equation, Papadakis (1961) presented a simple linear relationship between the VPD, and evaporation is applied
(Basnyat 1987). This equation uses only one coefficient to calculate evaporation using climatic components temperature
and relative humidity (Bozorgi et al. 2020).

E ¼ b20( es � ed )

E is the calculated pan-evaporation (mm/day); (es � ed ) is the VPD (mbar), and finally b20 ¼ 0:5626 is the coefficient of the

Papadakis (1961) equation.

2.4.7. Kohler (1954) equation

This equation was developed by Kohler (1954). Also known as the Hefner equation, the Kohler (1954) equation can be con-
sidered an extended mathematical form of the Papadakis (1961) equation, in which the wind velocity component is added to

the mathematical form of the equation to improve the evaporation calculation (Song et al. 2020).

E ¼ (es � ed )(b21 þ b22 VP)

E is the calculated pan-evaporation (inches per day); (es � ed ) is the VPD (inches of mercury); VP is the wind velocity at the
standard height of the evaporation pan installed from the ground (miles per day); and b21 ¼ 0:42, b22 ¼ 0:004 are the coeffi-
cients of the Kohler (1954) equation.

2.5. The process of improving empirical mathematical equations

It is necessary to use the data from these regions to improve the precision of the empirical mathematical equations in calcu-
lating the pan-evaporation in arid and semi-arid regions. In the improvement process, using an optimization algorithm can
significantly impact better equation precision. In this research, the Nelder–Mead (N–M) algorithm embedded in the

MATLAB environment has been used. A simplex comprises nþ 1 vertices in an n-dimensional space, each representing a
potential solution to the optimization problem. In every iteration, the worst solution is replaced by a better solution obtained
by performing some operations on the vertices (Kshirsagar et al. 2020). The procedure implemented for applying the N–M

algorithm is illustrated in Figure 4.

2.6. Precision of modeling

It is necessary to use indicators that consider the precision of modeling to assess the precision of equations (Ansarifar et al.
2020). Many indicators have been devised to assess the precision of equations. However, the indicators should be chosen
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based on the equations’ properties. In this study, two indicators, mean bias error (MBE) and normalized root mean square
error (nRMSE), were used to assess the precision of the equations. The first indicator indicates overestimated and underes-

timated patterns of evaporation equations (Rincón et al. 2018). The second indicator shows the precision of the equations in
calculating evaporation (Norouzi et al. 2021). The mathematical form of these indicators is shown in the lower part of the
presentation.

MBE ¼ 1
n

Xn
i¼1

(pi � oi)� 100

nRMSE ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
n

Xn
i¼1

( pi � oi)
2

s

�o
� 100

Figure 4 | The flowchart of the N–M algorithm (Kshirsagar et al. 2020).
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In the presented equations, pi and oi are used for the calculated and recorded values. If the modeling is exact, both indi-

cators will have a zero value. Suppose the number of equations under study is high and more than one indicator is used
to assess modeling precision. In that case, another indicator is needed to overcome the analysis challenges. This research
uses the compound performance indicator (CPI) as a compound indicator (Despotovic et al. 2015). The CPI indicator con-

verts the values of the nRMSE and MBE indicators into an indicator, facilitating the analysis of the results. In this method,
first, the values of the two main indicators are scaled, which prevents the adverse impact of different values and ranges of the
two main indicators on the CPI indicator. The following equation scales the main indicators (Manju & Sandeep 2019):

zscaled ¼ z� zmin

zmax � zmin

� �

where zmin, zmax, zscaled, and z are the minimum, maximum, scaled, and natural values of the indicator. Consequently, the
maximum and minimum scaled indicators will be 1 and 0. The mathematical form of the mentioned equation indicates
the values of two main indicators ranging from 0 to 1. The following equation calculates the compound indicator (Manju

& Mavi 2021:.

CPI ¼
X2
k¼1

bk(fk � hlk)

The bk is considered 1 for nRMSE and MBE. The fk is equal to the median of scaled values of precision indicator k. More-
over, hlk is used for scaled values of indicator l for equation k. To the mathematical form of CPI, it is clear that the higher the
value of this indicator, the higher the precision of the studied empirical mathematical equations for pan-evaporation and vice

versa (Feng et al. 2018).

3. RESULTS

3.1. Improvement results

The empirical mathematical equations for pan-evaporation calculation were improved using the N–M algorithm. Changes in
the values of the objective functions of the empirical mathematical equations for calculating pan-evaporation are presented in
Figure 5. In these plots, the horizontal and vertical axes represent the iterations and values of the objective functions, respect-

ively. Table 3 shows the values of the equation coefficients for pan-evaporation before and after improvement. Paying close
attention to how the coefficients of the equations change before and after the improvement yields remarkable results. The
coefficient changed only 12% after improvement for the Papadakis (1961) equation. This low change is very important, con-

sidering that this empirical mathematical equation has only one coefficient. In the two equations of Linacre (1994) and
Linacre (1977), the values of the two coefficients changed from 166 and 15 to 0. In the Linacre (1977) equation, improvement
made the mathematical form of the equation simpler. This finding means that the original mathematical form of the Linacre

(1977) equation is not suitable enough to calculate pan-evaporation in arid and semi-arid regions.

3.2. Spatial distribution of equation precision indicators

Values of nRMSE and MBE indicators were calculated considering the 14 equations used in this study (7 original and 7
improved empirical mathematical equations). This study used a map to show the spatial precision of equations. Spatial dis-
tributions of the indicators for the original and improved equations are illustrated in Figures 6 and 7. Figure 8 used plots to
visualize the equations’ precision and the overestimated and underestimated pattern errors. There is no access to data to

improve the equations in many regions, so assessing the original equations is essential. According to this fact, the comparative
assessment of the original equations and the comparative assessment of the original and improved empirical mathematical
equations were presented together.

3.3. Assessment of the original empirical mathematical equations to calculate pan-evaporation

The indicators for the precision of empirical mathematical equations to calculate pan-evaporation are presented in Figures 6–8.

In addition, the CPI indicator of the original equations is shown in Figure 9. Among the original empirical mathematical
equations, the three equations K–N–F (1955), Kohler (1954), and Papadakis (1961) had more precise answers in calculating
the pan-evaporation than the other equations. These relevant results attract attention considering the simple mathematical
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form of these equations, especially the Papadakis equation (1961). Comparing the original equations reveals that Trabert

(1896) and Linacre (1977) equations had the least precise calculations. Applying original coefficients extracted in other
regions is one reason for unsuitable results. Comparing the results of equations in the overestimated or underestimated pat-
tern field is very important (Béchet et al. 2018). Assessment of the original equations shows that the equations of Antal (1973),

Papadakis (1961), and Linacre (1994) tend to overestimate, while the Kohler (1954), K–N–F (1955), Linacre (1977), and
Trabert (1896) equations tend to underestimate. The Antal (1973) equation had the most overestimated, and the Trabert
equation (1896) had the most underestimated pattern in the calculations. The K–N–F (1955) equation shows the lowest

Figure 5 | Changes in the objective function in the improvement process for the pan-evaporative empirical mathematical equations.
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overestimated/underestimated pattern compared to other equations, which indicates a suitable equilibrium in the pan-evap-
oration calculations with this equation.

3.4. Assessment of original and improved equations

Precision indicators are presented in Figures 6–8, and values of CPI indicators are illustrated in Figure 10. The number of
equations after improvement increased from 7 to 14, with 7 being the original equation and 7 being the improved equation.
The improved K–N–F (1955) equation was the best among the 14 equations studied. Then the improved Linacre (1994)

equation can be considered the second most suitable equation. The most important disadvantage of this equation is that it
did not lead to suitable results in the southern regions. In contrast, in other regions, the precision of this equation was suitable.
The similarity between the two improved K–N–F (1955) and improved Linacre (1994) is that wind velocity is considered an
input component. Assessment of the 14 equations studied reveals that the original Trabert (1896) and Linacre (1977)

equations led to the most unsuitable results regarding computational precision. In addition to the unsuitable original coeffi-
cients of these equations, the unsuitable mathematical form has also been effective in these unsuitable results. Among these
14 equations, the lowest value of overestimated/underestimated pattern is improved Papadakis (1961), an important result in

related studies. After the improved Papadakis (1961), the improved Kohler (1954) and the original K–N–F (1955) equations
had limited underestimated/overestimated behavior. Among these 14 equations, the original Trabert (1896) and Linacre
(1977) equations had the largest overestimated/underestimated values, which confirmed the unsuitable results of these

equations.

3.5. Impact of improvement on original empirical mathematical equations to calculate pan-evaporation

A comparative study of the original and improved equations reveals that most improvements occurred in the Trabert
equation. It is crucial because the improved Trabert (1896) equation indicates its unsuitable precision compared to other

Table 3 | Original and improved values of empirical mathematical equation coefficients in arid and semi-arid regions

Empirical mathematical equation Coefficients Default value Improved value Changes in percent

Trabert (1896) b1 0.3075 2.8374 2.5

Antal (1973) b2 1.1 0.6 �0.5

b3 0.7 0.6 �0.1

b4 1 1.1 0.1

b5 273 2.4 �270.6

b6 4.8 0.5 �4.3

Linacre (1977) b7 700 1,009.6 309.6

b8 0.006 0.008 0.002

b9 100 139 39

b10 15 0 �15

b11 80 59 �21

K–N–F (1955) b12 0.88 0.7 �0.18

b13 0.37 0.58 0.21

b14 0.0041 0.0015 �0.0026

Linacre (1994) b15 21 21.3 0.3

b16 166 0 �166

b17 6 4 �2

b18 28 60 32

b19 46 28 �18

Papadakis (1961) b20 0.563 0.5 �0.1

Kohler (1954) b21 0.42 0.65 �0.23

b22 0.004 0.001 �0.003
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Figure 6 | Spatial distribution of MBE indicators in arid and semi-arid regions.
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Figure 7 | Spatial distribution of nRMSE indicator in arid and semi-arid regions.
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Figure 8 | Visual assessment of the precision of empirical mathematical pan-evaporation equations in arid and semi-arid regions.
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equations. Comparing the precision of the original and improved Kohler (1954), Papadakis (1961), and K–N–F (1955)
equations reveals that compared to other equations, the improvement had the least impact on them. Another critical point

is that the precision of these equations has been suitable in both original and improved cases, and this shows that these
equations can be considered to have consistency in arid and semi-arid regions. The original and improved K–N–F (1955)
among all equations led to greater precision in calculating the pan-evaporation. After improving, the overestimated pattern

of the Antal (1973) and Linacre (1994) equations, as well as the underestimated pattern of the Kohler (1954), Trabert
(1896), and Linacre (1977) equations has decreased. The original equation of Papadakis (1961) was slightly more than esti-
mated, while the improved equation had a limited estimate of limited behavior. However, in general, the pattern of this

equation became more balanced after improvement. The original K–N–F (1955) equation has a somewhat underestimated
problem; the improved equation is finely overestimated after improvement.

3.6. Spatial assessment

Attention to the impact of spatial variations (Figures 6 and 7) on the results of the studied equations has led to the revelation

of specific results. On the one hand, the nRMSE indicator shows the highest precision in the eastern and northwestern
regions and the lowest precision in the southern and southeastern regions. On the other hand, if the overestimated/underes-
timated pattern is considered the basis for the decision, the best results can be seen in the western and northeastern regions

and the lowest precision in the southern and southwestern regions. In general, the precision of the equations in the southern
regions has been less than in other regions. This pattern is generally recognizable in the south, southeast, and southwest. Also,
in the western, northeastern, eastern, and northwestern regions, the precision of the equations in calculating the pan-evapor-

ation is higher than in other regions. In the central regions, the precision of the equations is in the median situation compared
to other regions.

4. DISCUSSION

Considering Figure 5, in which changes in the objective function are plotted for consecutive iterations, it is clear that the N–M
optimization algorithm has a suitable performance to calculate the coefficients of the studied equations. Similar results of the

suitability of this algorithm in improving the equations applied in the field of water and environment have been reported (Liu
et al. 2015). There is a coefficient in the mathematical form of Papadakis (1961) and Trabert (1896) equations. Considering
the difference between the coefficients of these equations, before and after improvement shows the apparent difference

Figure 9 | The CPI indicator for original pan-evaporation empirical mathematical equations in arid and semi-arid regions.

Figure 10 | The CPI indicator original and improved pan-evaporation empirical mathematical equations in arid and semi-arid regions.
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between the two equations in the precision of calculating pan-evaporation in arid and semi-arid regions. After improving, the

coefficient of the Trabert equation (1896) has changed a lot. However, the coefficient has changed slightly in the Papadakis
equation (1961). This result indicates that the original equation of Trabert (1896) is an unsuitable equation, and the original
Papadakis (1961) equation is suitable for calculating pan-evaporation in arid and semi-arid regions. The variations between

the original and improved coefficients depend on the reported original values and a function of the mathematical form of the
equations. Suppose the mathematical form of these two equations is similar in terms of the precision of pan-evaporation cal-
culation in arid and semi-arid regions. In that case, the precision of the results should be relatively similar after improvement,
but such a result was not obtained. It means that the mathematical form of the Trabert (1896) equation is not precise enough

to calculate pan-evaporation in arid and semi-arid regions.
Among the original equations and according to all recorded data series studied, the highest precision in calculating pan-

evaporation was obtained by using the K–N–F (1955) equation and then Kohler (1954) and Papadakis (1961) equations.

The K–N–F (1955) equation was the best original in arid and semi-arid regions. In the mathematical form of this equation,
there are two distinct and essential features. One considers wind velocity, and the other is the nonlinear relationship between
VPD and pan-evaporation. Improving precision concerning the use of nonlinear relationships in evaporation-related studies

has been emphasized by Liu et al. (2018), and the findings of this study confirm the mentioned research. The main difference
between this equation and the Kohler (1954) equation is the existence of this relation in a nonlinear mathematical form. On
the other hand, this finding emphasizes the effective role of wind in arid and semi-arid regions in evaporation. Based on the

above, the suitable mathematical form of the K–N–F (1955) equation can be considered a dominant factor in achieving the
suitable precision of calculations.

As seen in the mathematical form of the equations, Papadakis (1961) has the simplest mathematical form of the studied
equations. This equation’s suitable results confirm Bozorgi et al.’s research results (2021). The Papadakis (1961) equation

was developed based on temperature and relative humidity, and the K–N–F (1955) and Kohler (1954) equations, besides
these climatic components, also use wind velocity. According to the mathematical form of these equations and the relatively
close precision of the results, it can be found that in arid and semi-arid regions, the most critical component affecting evap-

oration is the relative humidity and temperature pan. Then wind velocity is the third effective component. The significant
impact of relative humidity and temperature on evaporation has also been considered in Burn & Hesch (2007) study.

Among the 14 original and improved equations in this study, the improved K–N–F (1955) and Linacre (1994) equations had

the highest precision in calculating the pan-evaporation. In the improved K–N–F (1955) equation, wind velocity is included in
the calculations as a component alongside temperature and relative humidity. In the Linacre (1994) equation, although the
wind velocity component is used, the relative humidity component is not used. Notably, the weakness of the Linacre (1994)
equation has been in the recorded data series in the southern regions. An important feature of these regions is the high rela-

tive humidity. In addition to the above, it can be concluded that the application of the Linacre (1994) equation has been
improved. Although it has had good results in regions of high relative humidity, the precision of this equation is significantly
reduced. While in these conditions, the empirical mathematical equations that use the relative humidity component have led

to more precise calculations.
The least precise results in the calculations were due to the use of the Trabert (1896) and Linacre (1977) equations. The first

reason for these unsuitable results is related to the original coefficients of these equations because the precision of these two

equations has increased after improving. Although the precision of these two equations has improved in the improved pro-
cess, they still do not have high precision compared to other equations. Therefore, it can be concluded that the main
limitation of these two equations goes back to their mathematical form. In the Trabert (1896) equation, the relationship

between wind velocity and evaporation is assumed to be radical. This mathematical form of applying wind velocity means
that, despite the inclusion of temperature and relative humidity components, this equation does not have the acceptable abil-
ity to calculate pan-evaporation in arid and semi-arid regions. It seems that in the Linacre (1977) equation, components such
as latitude and elevation cause the inability of this equation to calculate pan-evaporation with acceptable precision. In

addition, this equation does not use wind velocity and relative humidity to calculate evaporation. At the same time, the find-
ings of this study indicate the significant impact of these two components on the precision of calculating pan-evaporation in
arid and semi-arid regions. According to the findings, the limitation in the mathematical form of these two equations for cal-

culating pan-evaporation in arid and semi-arid regions becomes more apparent. Generally, the precision of pan-evaporation
calculation by the set of equations in the southern regions has been less than in other regions. These regions are characterized
by high relative humidity and temperature compared to other regions.
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Further attention shows that the cause of this problem is the mathematical form of equations that do not use relative humid-

ity. In other words, this group of equations has reduced the precision in assessing the set of equations together. Also, the
precision of the equations in the western and eastern regions has been better than in other regions. The most crucial differ-
ence between these regions and the southern region is the relative humidity and temperature. These findings emphasize the

impact of spatial distribution on the precision of the equations, consistent with the findings of Feng et al. (2018).

5. CONCLUSION

Evaporation is extremely important in an arid and semi-arid region that faces water shortages. The most well-known method
of recording evaporation data is to use an evaporation pan. In many regions, pan-evaporation data are unavailable, so empiri-
cal mathematical equations are used as a practical alternative. Applying empirical mathematical equations in different

climatic conditions can produce a wide range of results. It is usually fragile in arid and semi-arid regions due to water
shortages, agriculture, environment, and socio-economic conditions. In such cases, there is more need for suitable and precise
calculations of pan-evaporation. In arid and semi-arid regions, relative humidity is generally low, the temperature is high, and

as a result, the application of empirical mathematical equations that are not only developed in these regions can be of unsui-
table precision. This research studied the precision of the seven original empirical mathematical equations and the improved
equations to assess the pan-evaporation equations focusing on arid and semi-arid regions. A review of the results of this study

shows that the K–N–F (1955), Kohler (1954), and Papadakis (1961) equations had the highest precision among the original
equations. It shows the significant impact of three components of temperature, relative humidity, and wind velocity in arid
and semi-arid regions on the amount of pan-evaporation. Among the 14 studied equations, the best precision belongs to

the improved K–N–F (1955), Linacre (1994), and Kohler (1954) equations. However, the equations that rank next are also
improved from the original ones, indicating the need to improve the equations in arid and semi-arid regions.
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