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ABSTRACT
There are a lot of meteorological stations around the world, like Pakistan, where all the meteorological
parameters are not accessible to analyze Penman-Monteith (PM) method for the estimation of Reference
Evapotranspiration (ETo). So ablative methods such as Hargreaves Samani (HS) equation are therefore a
potential solution to this problem, which required small numbers of meteorological parameters to estimate ETo.
But, simplification brings imprecision and the need for regional calibration of the HS equation’s constant. In
this study, fuzzy logic based calibration of the constants in the HS equation at the various climatic locations of
Pakistan for the period of 1980� 2019 is performed. The precision of HS and Modified HS (MHS) against
standard PM method for the approximation of ETo was evaluated and compared the calibration process of HS
equation by adjusting the coefficients of the equation gradually. The performance of the MHS is evaluated
based on the statistical indicators such as Mean Absolute Error (MAE), Root Mean Square Error (RMSE), and
Performance Index (PI). The statistical assessment of the study revealed that the MHS equation performed
better as compared to the conventional HS equation and simultaneous adjustment of all the empirical
parameters “ah”, “bh”,”ch” and “dh” was the best alternative for calibration of the HS equation. Furthermore,
the change point detection analysis has been carried out on ETo (estimated by MHS) using Pettitt’s test,
Buishand’s range test and Buishand’s U test. Results of the change point analysis indicated different change
points from year 1980 to 2019, mainly due to the industrialization and urbanization during this time period.
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1. Introduction

Pure water has been considered as precious as blue gold and is
intended to be the gravest concern of today’s era. Around 70%
of the world’s freshwater resources are consumed by

agriculture (Hafeez and Khan, 2018). However, problems

regarding water management issues are becoming ever more

critical in several countries around the world. As a result, more

effective irrigation water application is therefore required.

Moreover, an effective and sustainable organization of water

reservoirs requires precise knowledge of the source of produc-

tion and distribution of resources (Song et al., 2019).
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Evapotranspiration is an essential feature of the water
cycle. Furthermore, it plays a pivotal role in the hydro-
logical cycle, which has great importance in agriculture,
hydrological, ecological, and climatic. It also involves
both soil evaporation and plant transpiration and
accounts for 90% of the rainfall in semi-arid and arid
regions (El-wahed and El-mageed, 2014). Therefore, its
accurate estimation is not merely crucial for the study of
climate change and the assessment of water resources but
also has an abundant application in the management of
crop water needs, prediction, and monitoring of drought,
effective development of water resources, etc. (Song et al.,
2019). However, due to the shortage of measured evapo-
transpiration data, Reference Evapotranspiration (ETo) is
invariably used to estimate actual evapotranspiration.

From the last few decades, numerous methods have
been developed and recommended to estimate ETo for
various types of climatic conditions. Amongst these, the
FAO-56 Penman-Monteith (PM) method has been
regarded as the standard method. Moreover, it is also
used as the benchmark equation and utilized by numer-
ous researchers to validate other equations (Bhat et al.,
2017; Patel et al., 2015). Rim (2009) used PM equation to
estimate ETo and examine the effect of urbanization, geo-
graphical, and topographical conditions on evapotrans-
piration. Similarly, Ndiaye et al. (2017) used PM to
investigates the responses of ETo to the variation of cli-
matic variables, and C�ordova et al. (2015) evaluate the
precision of the PM method for the calculation of ETo

using various combinations of incomplete climate data of
PMO landscapes in the high Andes of southern Ecuador.

The PM equation requires a wide range of meteoro-
logical data like Solar Radiation (SR), Wind Speed (WS),
Temperature (Temp), Humidity (Hum), Vapor Pressure
(VP), and Soil Heat Flux(SHF). However, all of these
meteorological data are unlikely to be available with the
majority of weather stations. For the situations in which
climate data are incomplete, the PM equation is not suit-
able (Patel et al., 2015).

To overcome the issue of climatic parameters availabil-
ity, various methods like Blaney-Criddle (BC),
Thornthwaite (Th), Trabert (Tr), Hargreaves-Samani
(HS), Jensen-Haise (JH), Abtew (Ab), Makkink (Mk),
Ivanov(Iv), Turc (Tu), and Priestly-Taylor(PT) are
explored to estimate ETo with limited meteorological data
(Song et al., 2019; Bhat et al., 2017). Consequently, Bhat
et al. (2017) compared various universally accepted ETo
estimation methods, e.g., PT model, HS model, MK
model, BC model, Iv model, by considering the PM as a
standard method. Among these five models, MK Model
was found to be the appropriate model, and the IV model
was the least performance model for the location
Srinagar in JK, India. For estimating the ETo, (Valipour

et al., 2017) selected five models based on temperature,
five on radiation, and five based on mass transfer, in rela-
tion to better performance of them in various climates
based on previous research. They demonstrated that radi-
ation-based models were better adapted to climate change
than the temperature-based models and, more precisely,
the models based on mass transfer.

Among the methods mentioned above, the HS equa-
tion received maximum attention from the research com-
munities because it only needs temperature and SR for
estimation. The simplification of the HS brings inaccur-
acy and inconsistency to ETo estimation (Patel et al.,
2015). Hafeez and Khan (2018) evaluated HS and BC
methods’ precision concerning the standard PM method
for approximating ETo in arid coastal regions of Sindh
and Baluchistan. The research outcomes suggested that
the HS method underestimated the standard PM method
at all the meteorological stations of coastal conditions
and the BC method overestimated the PM method at all
the meteorological stations of coastal conditions.
Similarly, Jabloun and Sahli (2008) evaluates the HS
equation for computing ETo. Results obtained from the
comparison of ETo daily estimates by the HS equation
against the PM method across the Tunisian locations
showed a systematic overestimation at inland sites; how-
ever, at coastal zones, the HS equation tends to underrate
ETo.

Therefore, further research is needed to adjust the HS
coefficients to local conditions to achieve greater accur-
acy. The HS constant calibration for various climatic
conditions can be an acceptable approach to estimate the
ETo with greater precision. Several researchers have suc-
ceeded in calibrating these constants under different cli-
matic conditions. Ferreira et al. (2018) compared the
calibration of the HS equation by using the Solver tool
from Microsoft Excel, which employs the nonlinear opti-
mization algorithm. For that purpose, they used daily
data from six climatic stations situated in the state of
Minas Gerais, from 1997 to 2016. Similarly, Patel et al.
(2015) used fuzzy logic to calibrate only two HS equation
constant for various meteorological stations of India like
Bikaner, Calcutta, Kakinada, Coimbatore, Panjim-Goa,
Kota, Deharadun, and Srinagar. Results of the study
concluded that MHS enhanced the results by reducing
the error in ETo estimates.

Although several studies are dealing with the calibra-
tion of equations for the ETo estimate, there is still a dis-
crepancy in the effectiveness of the calibration methods.
However, the usage of more appropriate calibration tech-
niques may enhance the results. As a result, this study
was therefore intended to calibrate the constants of HS
equation. For that purpose, fuzzy logic-based calibration
of all the constants (ah, bh, ch) in the HS equation for
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various meteorological stations of Pakistan is carried out.
Meanwhile, In the Modified Hargreaves-Samani (MHS)
equation, the effective temperature is used instead of the
mean temperature. Moreover, the constant of effective
temperature (dh) has also been calibrated. The calibration
of the HS equation was conducted in four ways: by
adjusting the parameter of effective temperature dh, by
adjusting the parameters of ah and dh, by adjusting the
parameters of ah, bh and dh, and by adjusting the param-
eters of ah, bh, ch and dh.

Furthermore, in any study where researchers are deal-
ing with the time series, there is always the question of
whether the probability distribution remains constant or
changes. Therefore, homogeneity is an essential concern
to detect the variability in data because when there is no
change point in the data, it signifies that the data meas-
urements can be performed simultaneously, with the same
instruments and under the same environments.
Researchers from all over the globe have conducted sev-
eral studies to detect change points in data. Palaniswami
and Muthiah (2018) used a combination of Cumulative
Sum charts (CUSUM) and bootstrapping to detect
change points in precipitation and Temperature series
over the Vellar river basin. Similarly, a study has been
conducted by Jaiswal et al. (2015) to identify the climato-
logical parameters’ breakpoints. For that purpose, they
used different homogeneity tests, namely, Pettitt’s test,
Von Neumann ratio test, Buishand’s range test, and
Standard Normal Homogeneity test. Meanwhile, change
point detection analysis for remote sensing data has been
done by Militino et al. (2020) by using a different non-
parametric test. Thus, considering the importance of
change point analysis, this research is further extended to
assess the homogeneity in ETo obtained by MHS.

This research has focused on providing a proposed
ablative method for the precise estimation of ETo, and
then the outcomes associated with this proposed algo-
rithm are further utilized to detect an abrupt change in
the distributional properties of ETo series. The finding of
this research would be helpful to the researchers, plan-
ners, and policymakers to examine the climate change
and the assessment of water resources and the manage-
ment of crop water needs, prediction, monitoring of
drought, and effective development of water resources.

The rest of the paper is organized in the following
way. Section 2 consists of the overview of the PM and
HS methods. Besides, a detailed description of the MHS,
homogeneity tests, and statistical assessment are also
given in this section. Section 3 is devoted to summarize
the results of the study. In section 4, we look for the dis-
cussion of the results. The paper ends with the conclusion
in section 5.

2. Materials and methods

2.1. Study area

The study site is Pakistan, which is located between 23
degrees 35minutes to 37 degrees 05minutes of north lati-
tude and 60 degrees 50minutes to 77 degrees 50minutes
of east longitude, and 8611m above the mean sea level.
In this study, the data set comprises maximum tempera-
ture, minimum temperature, wind speed measured at
0000 UTC and 1200 UTC, humidity measured at 0000
UTC and 1200 UTC, and sunshine hours of different
meteorological stations of Pakistan from 1980� 2019 are
utilized to estimate ETo. Meteorological data were pro-
vided and rigorously quality controlled by the
Meteorological department of Pakistan.

2.2. Estimation of reference evapotranspiration

2.2.1. Food and agriculture organization Penman-
Monteith method. The PM method is considered the most
appropriate method to estimate the ETo over a broad
range of climates and is recommended by the Food and
Agriculture Organization (FAO) as the standard method
(Wang et al., 2017). The combination based PM equation
is indicated in equation 1

EToPM ¼ 0:408s Rn � Gð Þ þ c 900
tþ273 u2 es � eað Þ

sþ c 1þ 0:34u2ð Þ (1)

Where EToPM is the ETo calculated by Penman-
Monteith; Rn is the net SR; G is the SHF; t is the daily
mean Temp; u2 is the WS at 2m height; es is the satur-
ation VP; ea is the actual VP; s is the slope of the satur-
ation VP function; c is the psychometric constant (Wang
et al., 2017).

EToPM can also be calculated by using the SPEI pack-
age of R Software with input variables maximum Temp,
minimum Temp, WS, Hum and sunshine hours. Whereas
the variable Rs can be estimated with the help of avail-
able climatic data and location of the station (Rahman
et al., 2020).

2.2.2. Hargreaves-Samani. The HS method has been
considered an attractive methodology to estimate ETo as
it is facile and trustworthy. Moreover, it requires only a
few data, so it is easy to calculate and has a minimal
effect on arid meteorological station results. This method
is based on temperature, as it necessitates only the min-
imal and maximal temperature values. Thus, the HS
method is usually applied to estimate ETo when we have
only the temperature. The reader can refer to numerous
researches such as Hargreaves and Samani (1982, 1985)
for further details on this method (Hafeez and
Khan, 2018).
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However, ETo estimated by HS equation is defined as.

ETo ¼ 0:0023� Rs Tmax � Tminð Þ0:5ðT þ 17:8Þ (2)

Rs is the extra-terrestrial SR, and Tmean is mean monthly
Temp (C�), respectively.

2.2.3. Modified Hargreaves-Samani. HS is made simple
without considering the consequences of humidity and
wind speed in the ETo rate explicitly. Thus, the actual HS
equation cannot provide a precise estimate of the location
under extreme weather conditions (Patel et al., 2015).
Therefore, a Fuzzy Inference System (FIS) will be applied
to determine the modified value of HS parameters.

ETo ¼ ah� Rs Tmax � Tminð Þbh Teff þ chð Þ (3)

Where, Tmax and Tmin are maximum and minimum
Temp respectively, Teff ¼ dh � ((3 * Tmax) �Tmin)/2 and
Rs is the extra-terrestrial SR which is obtained according
to (Allen et al., 1998).

Fuzzy logic method for calibration. A fuzzy interfer-
ence system is a scheme that utilizes fuzzy set theory to
map inputs to outputs. Usually, FIS has four essential
components: fuzzifier, fuzzy rule base, fuzzy inference
engine, and defuzzifier. Fuzzifier transforms every input
data element into degrees of membership by a look-up in
single or multiple membership functions. The fuzzy rule
base contains rules that encompass all possible fuzzy rela-
tions between inputs and outputs. These rules are demon-
strated in the IF-THEN format. There are mainly two
types of rule systems: Mamdani and Sugeno (Patel
et al., 2015).

Depending on the problem at hand, the user can
choose the appropriate rule system. The fuzzy inference
engine considers all the fuzzy rules in the fuzzy rule base
and adapts an input set into the corresponding outputs.
Defuzzifier transforms the resulting fuzzy outputs from
the fuzzy inference engine to a number. The conceptual
layout of FIS is illustrated in Figure 1.

In this study, we used FIS to compute the modified
empirical values for the MHS equation parameters (ah,
bh, ch and dh). Two input variables are used for each par-
ameter. Here input variables WS Diff is the difference

between the wind speed measured at 1200 UTC and 0000
UTC, Temp Diff is the difference between max and min
Temperature, Hum Diff is the difference between relative
humidity measured at 1200 UTC and 0000 UTC, and
sunshine hours. Further, a fuzzy rule base is developed
based on the influence of such variables on the value of
ah, bh, ch and dh. In this context, research literature’s on
HS is used to develop the fuzzy rule base. Current
research employed the FIS by using MATLAB software.
Block diagram of fuzzy logic-based calibration of con-
stants of the MHS is presented in Figure 2

2.1. Tests for change point detection

The detection of change point is an essential aspect in
determining the time frame from where a significant
change took place in a time series. Therefore, in this
study, three non-parametric tests, namely Pettitt’s test,
Busihand’s range test, and Buishand’s U test, are applied
to identify the change point in ETo series. A brief descrip-
tion of the tests that have been used in this research is
described as follow:

2.1.1. Pettitt’s test. Pettitt’s test is a non-parametric
homogeneity test that has been extensively utilized in
hydro-climatological studies to detect a single change
point in the mean of the distribution of the variable of
interest. This test is based on the Mann-Whitney two-
sample test and examines the null hypothesis: There is no
change in the distribution of the variable of interest, as
opposed to the alternative: Change point exists in the dis-
tribution of the variable of interest (Pohlert, 2018;
Jaiswal et al., 2015). The Pettitt’s test statistic for sample
length (n) is defined as:

PK ¼ maxjUkj (4)

Fig. 1. Architecture of Fuzzy Logic Interference.

Fig. 2. Calibration based on fuzzy logic interference.
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Where,

Uk ¼
Xk
i¼1

Xn
j¼kþ1

sgn EToi � ETojð Þ (5)

A change-point exists at time k when the statistic PK

significantly differs from zero at a specified level
(Mallakpour and Villarini, 2016). The approximate sig-
nificant level is defined as:

p � 2exp
�6P2

K

K3 þ K2

� �
(6)

We will reject the null hypothesis and split the data into
two sub-series (fore and aft the change point) with two
diverse distribution functions if the p-value is less than the
level of significance a (Mallakpour and Villarini, 2016).

2.1.2. Buishand’s tests. The Buishand’s tests presume
that the sequence of ETo derives from the normal distri-
bution with mean m and variance r2 (Jaiswal et al., 2015).
Assuming a change in the mean at time k, we can write

xi ¼ lþ �i, i ¼ 1, 2, 3, :::, k
lþ Dþ �i, i ¼ kþ 1, :::, n

�

where Ei is a normally distributed variable with mean 0,
and D 6¼ 0 is the extent which shift the average of data
after time k. In short, Buishand’s tests presume that there
is a leap in the average of data since time k. There are
two types of such tests: Buishand’s Range test and
Buishand’s U test (Militino et al., 2020; Jaiswal et al.,
2015). The test statistic of Buishand’s Range test is

Br ¼ maxSk�minSk

r
(7)

where,

Sk ¼
Xk

i¼1
EToi � ETo

� �
, ð1 � i � nÞ (8)

The test statistics for Buishand U test is:

Bu ¼ ½nðnþ 1Þ��1
Xn�1

k¼1

Sk=Dxð Þ2 (9)

where,

Dx ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n�1

Xn

i¼1
EToi � ETo

� �q
(10)

The corresponding p-values of both tests are computed
by utilizing Monte Carlo simulation (Pohlert, 2018).

2.2. Statistical assessment

Researchers use several metrics to evaluate the perform-
ance of different methods, e.g., Root

Mean Square Error (RMSE), Mean Square Error
(MSE), Mean Absolute Error (MAE), Mean Percentage
Error (MPE), Performance Index (PI) etc. RMSE has
been employed as a standard statistical metric to evaluate
the efficiency of the methods. The fundamental assump-
tion about RMSE is that the errors are unbiased and

follow a normal distribution. Meanwhile, MAE is another
effective measure broadly used in algorithm assessments,
which calculate the average magnitude of the error in a
set of the estimate, without considering their direction
(Ferreira et al., 2018). Moreover, when both metrics are
computed, by definition, RMSE is never smaller than the
MAE. Hence, RMSE and MAE both are indifferent to
the direction of error, their range is from zero to infinity,
and they are negative-oriented scores, which means small
values are better. The RMSE is more appropriate to rep-
resent algorithm performance as compared to MAE when
the error is expected to be normally distributed. Although
MAE appears similar to RMSE, there is an essential dif-
ference between these metrics, as MAE is an improper
result and RMSE is proper results. The criteria to judge
for the best method are relatively small MAE and RMSE
(Chai and Draxler, 2014).

The statistical indices MAE, RMSE, and PI were used
in this research for the performance evaluation, according
to equations 11, 12, and 15, respectively. The PI was clas-
sified in accordance with the criteria suggested by
(Camargo and Sentelhas, 1997) (Table 1).

MAE ¼ 1
N

XN
t¼1

ETMHS � ETPenj j (11)

RMSE ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
N

XN

t¼1
ETMHS � ETPenð Þ2

r
(12)

d ¼ 1�
P

ETMHS � ETPenð Þ2P
ETMHS � ETPen
�� ��þ jETPen � ETPen j

	 
2

2
64

3
75
(13)

r ¼
P

ETMHS � ETPen

� �
� ETPen � ETPen

� �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP

ETMHS � ETMHSð Þp �P
ETPen � ETPen

� � (14)

PI ¼ r� d (15)

Where,
d - Willmott’s index of agreement
r - Correlation Coefficient
PI - Performance Index

3. Analysis of the results

3.1. Parameters of calibrated Hargreaves-
Samani equation

The FIS is utilized to empirically estimate the calibrated
HS equation parameters (ah, bh, ch, dh) for different
meteorological stations of Pakistan. The fuzzy inference
engine generates the fuzzy output variable for ah, bh, ch
and dh. Meanwhile, with an appropriate defuzzification
center of gravity method, the fuzzy variables are con-
verted into crisp output. Table 2 demonstrates that the
average value of the adjusted HS coefficients, ah,
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fluctuated from 0.0001 to 0.0021, values lower than the
original ones (0.0023), indicating that the original equa-
tion has an inclination to overestimate the ETo for this
studied site. Moreover, ah is found to be higher for sta-
tion Kotli and lower for Gilgit and Lahore. Similarly, the
value of bh is varied from 0.45 to 0.69, which is lower for
stations Skardu, Islamabad, and Kotli while greater for
other stations than the original one. Similarly, ch is found
to be varied from 11.9 to 22.9, which is greater for
Bahawalnagar while smaller for other stations than the
original one, and dh is found to be highest in Skardu and
lowest in Muzaffarabad.

3.2. Performance evaluation

In this section, the comparative evaluation of HS and
MHS is presented. The performance index of the models
is classified according to the criteria given in Table 1. The
results of the comparative evaluation given in Table 2
demonstrated that the original HS equation showed per-
formance classified as Good for Skardu, as Medium for
Gilgit and as Not Good for Bahawalnagar, Kotli,
Sialkot, Jhelum, Muzaffarabad, Dera Ismail Khan
(DIK), and Islamabad. After the calibration, it was pos-
sible to obtain better classifications. The calibration of
only dh performance was classified as Good for
Muzaffarabad, Gilgit, and Skardu, while as Medium for
the remaining stations. Similarly, the calibration of all
parameters (ah, bh, ch, dh) performance is classified as

Excellent for Gilgit and Skardu, while as Very Good for
the other stations.

Statistical analysis for accuracy of the MHS is carried
out with RMSE, MAE, and PI analysis in comparison
with the standard PM equation. The comparison shows
that the original HS equation is the least suitable method
for estimating evapotranspiration for the present study
site due to the highest RMSE and lowest PI. The lowest
values of RMSE and MAE and the highest values of the
PI were obtained after calibrated for all HS equation
parameters (ah, bh, ch and dh). However, all the other
calibrations also gave near values for these indices, specif-
ically the calibrations of three parameters of HS equation
(ah, bh, dh).

In order to facilitate the visualization of the calibration
effect, a graphical representation of six stations of
Pakistan (randomly selected), namely, Bahawalnagar,
Islamabad, Kotli, Lahore, Muzaffarabad, and Sialkot,
from 1980-2019, are illustrated in Figures 3 and 4. Figure
3 demonstrates the graphical behavior of ETo estimated
by PM method, original HS equation, and calibrated HS
equations one by one. In contrast, Figure 4 elaborated
the behavior of PM equation, HG equation and cali-
brated four parameters HS equation for the same stations
of Pakistan, from 1980-2019.

3.3. Analysis of change point detection

The three homogeneity test results for estimated ETo by
MHS in ten (randomly selected) meteorological stations
of Pakistan are presented in Table 4. Change point ana-
lysis of station Bahawalnagar confirmed that the change
point has occurred in February of 1999, while the change
point occurred at station DIK in June of 1988 from all
three homogeneity tests. Similarly, a significant change
point has been exhibited for the stations of Jhelum,
Kotli, and Muzaffarabad in March of 1998. In contrast,
for Lahore and Islamabad’s stations, the change point
has appeared in June of 1995 and in June of 2006,
respectively. Meanwhile, the behavior of the historical
series of ETo confirmed that the series of April 1990 has
a significant change point for the station of Sargodha.
However, for station Gilgit, the change point has
appeared in different years for three homogeneity tests.
The change point is confirmed in April 1990 for Pettitt’s
test while in May 1995 for the Buishand range test and
Buishand U test. The graphical representation of homo-
geneity tests for three randomly selected meteorological
stations of Pakistan is illustrated in Figure 5, where Uk
and Sk at y-axis represented statistics of pettitt’s and
Buishand tests respectively. Moreover, the values of Uk
lies between �6000-6000 whereas the values of Sk lies
between �1000-1000.

Table 1. Criteria used to classify the performance index Values
of PI Performance.

Less than 0.4 Not Good

Between 0.41 to 0.55 Medium
Between 0.56 to 0.70 Good
Between 0.71 to 0.85 Very Good
Above 0.85 Excellent

Table 2. Empirical Parameters of calibrated Hargreaves-
Samani equation.

Stations Ah bh ch dh

Bahawalnagar 0.0012 0.55 22.8 0.63
Kotli 0.0021 0.46 13.6 0.57
Jhelum 0.00118 0.65 17.2 0.64
Lahore 0.0010 0.57 22.9 0.67
Muzaffarabad 0.0013 0.62 15.6 0.48
Sialkot 0.0019 0.51 16.2 0.6
Islamabad 0.0020 0.45 11.9 0.61
Skardu 0.0011 0.47 15.3 0.74
DIK 0.0013 0.62 13.8 0.67
Gilgit 0.0010 0.69 12.8 0.55
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Table 3. Comparative analysis of Hargreaves equation, Modified Hargreaves equation with Penman Montieth
equation for estimating ETo.

Station Equation MAE RMSE PI Classification

Bahawalnagar HS 179.62 187.33 0.33 Not Good
MHS(dh) 138.08 147.41 0.51 Medium
MHS(ahþdh) 91.14 110.39 0.61 Good
MHS(ahþbhþdh) 71.14 84.06 0.73 Very Good
MHS(ahþbhþ chþdh) 62.4 69.69 0.77 Very Good

Kotli HS 140.30 147.46 0.30 Not Good
MHS(dh) 122.50 130.81 0.51 Medium
MHS(ahþdh) 88.59 100.51 0.59 Good
MHS(ahþbhþdh) 60.05 72.90 0.68 Good
MHS(ahþbhþ chþdh) 43.36 52.12 0.81 Very Good

Jhelum HS 164.40 171.51 0.26 Not Good
MHS(dh) 142.10 149.82 0.51 Medium
MHS(ahþdh) 79.60 97.13 0.63 Good
MHS(ahþbhþdh) 53.90 66.53 0.78 Very Good
MHS(ahþbhþ chþdh) 52.50 63.83 0.79 Very Good

Lahore HS 141.1 147.52 0.34 Not Good
MHS(dh) 144.7 150.18 0.48 Medium
MHS(ahþdh) 92.01 109.36 0.54 Medium
MHS(ahþbhþdh) 65.60 79.74 0.70 Good
MHS(ahþbhþ chþdh) 54.5 63.76 0.76 Very Good

Muzaffarabad HS 144.60 153.89 0.42 Medium
MHS(dh) 90.5 104.77 0.58 Good
MHS(ahþdh) 80.20 99.59 0.63 Good
MHS(ahþbhþdh) 63.90 74.47 0.75 Very Good
MHS(ahþbhþ chþdh) 55.80 62.30 0.81 Very Good

Sialkot HS 143.70 150.90 0.36 Not Good
MHS(dh) 129.70 136.77 0.53 Medium
MHS(ahþdh) 76.90 89.66 0.66 Good
MHS(ahþbhþdh) 69.02 82.57 0.69 Good
MHS(ahþbhþ chþdh) 58.2 71.30 0.74 Very Good

Islamabad HS 160.23 166.97 0.34 Not Good
MHS(dh) 144.12 152.42 0.48 Medium
MHS(ahþ dh) 87.07 101.06 0.6 Good
MHS(ahþbhþdh) 52.53 65.77 0.73 Very Good
MHS(ahþbhþ chþdh) 47.02 53.11 0.83 Very Good

Skardu HS 93.24 105.72 0.61 Good
MHS(dh) 131.16 155.96 0.70 Good
MHS(ahþdh) 65.44 73.82 0.75 Very Good
MHS(ahþbhþdh) 53.17 60.48 0.79 Very Good
MHS(ahþbhþ chþdh) 52.06 66.95 0.87 Excellent

DIK HS 190.42 198.09 0.3 Not Good
MHS(dh) 153.66 164.09 0.46 Medium
MHS(ahþdh) 78.65 95.24 0.66 Good
MHS(ahþbhþdh) 66.47 88.64 0.71 Very Good
MHS(ahþbhþ chþdh) 58.98 67.01 0.79 Very Good

Gilgit HS 147.15 164.34 0.51 Medium
MHS(dh) 136.3 144.57 0.61 Good
MHS(ahþdh) 101.64 133.36 0.7 Good
MHS(ahþbhþdh) 88.73 99.45 0.77 Very Good
MHS(ahþbhþ chþdh) 54.94 65.14 0.87 Excellent
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4. Discussion

4.1. Estimation of reference evapotranspiration

Analyzing the literature on the subject, for the situation
when climate data was not complete, we found several
ablative methods to calculate ETo, but among these, the
HS equation received maximum attention from the
research communities (Hafeez and Khan, 2018; Jabloun
and Sahli, 2008; Bhat et al., 2017; Song et al., 2019).
However, in view of the previous work, we found that
the HS equation underestimates or overestimates the
standard PM method because it has been made without
considering the effect of WS and Hum explicitly in ETo

(Hafeez and Khan, 2018; Jabloun and Sahli, 2008).
Similarly, in our study, it was found that HS equation is
least appropriate for the estimation of ETo. Although, a
number of researchers have successfully calibrated the

parameters of HS equation under various climatic condi-
tions, Ferreira et al. (2018) compared the process of cali-
bration of the HS equation by using the Solver tool from
Microsoft Excel, which employs the nonlinear optimiza-
tion algorithm there is less certainty about what sort of
solution Solver can find. Similarly, Patel et al. (2015)
used fuzzy logic to calibrate the HS equation parameters
for various meteorological stations of India and con-
cluded that MHS enhanced the results by reducing the
error in ETo estimates. However, Patel et al. (2015)
enhanced their results by calibrating only two parameters
of the HS equation. Thus, in this study, we were moti-
vated by Patel et al. (2015) and gradually calibrated all
HS equation constants along with the constant of effect-
ive temperature based on FIS to further enhance the ETo

estimates. Therefore, the comparative analysis of the ori-
ginal HS equation and the calibrated HS equation based

Fig. 3. ETo estimated by Penman-Monteith, Hargreaves, and four Modified Hargreaves equations. Modified Hargreaves(1), Modified
Hargreaves(2), Modified Hargreaves(3), Modified Hargreaves(4) indicates Modified Hargreaves with 1,2,3, and 4 calibrated hargreaves
constants respectively.
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on FIS was evaluated for some randomly selected
Pakistan stations. The comparison indicates that the ori-
ginal HS equation is the least suitable method for estima-
tion of ETo for the current study site due to the highest

RMSE and lowest PI. The lowest RMSE and MAE val-
ues and highest values of the performance index were
obtained to calibrate all four parameters of Hargreaves
equation (ah, bh, ch and dh). However, all the other

Fig. 4. ETo estimated by the Penman-Monteith, Hargreaves, andModified Hargreaves equations (with four calibrated Hargreaves constants).

Table 4. Comparing the results of change point analysis in ETo for various meteorological stations of Pakistan.

Stations

Pettit’s Test Bruishand’s Range Test Bruishand’s U Test

P Year Br Year Bu Year

Bahawalnagar 7744 1999 1.58 1999 0.14 1999
DIK 6265 1988 1.56 1988 0.16 1988
Gilgit 6126 1990 1.67 1995 0.32 1995
Jhelum 4051 1998 0.96 1998 0.05 1998
Kotli 5237 1998 1.21 1998 0.08 1998
Sargodha 4482 1990 0.98 1990 0.17 1990
Sialkot 7151 2006 1.27 2006 0.47 2006
Muzaffarabad 11600 1998 2.11 1998 1.18 1998
Lahore 18497 1995 3.26 1995 3.38 1995
Islamabad 5188 2006 1.46 2006 0.26 2006
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calibrations also gave closed values for these indices, spe-
cifically the calibrations of three parameters of HS equa-
tion (ah, bh, dh). Hence, it can be concluded that all the
calibrations promoted better values (lower values), which
led to more efficient ETo estimates for current study area.
However, the simultaneous calibration of ah, bh, ch and
dh was overall the most efficient in the reducing of this
error. Meanwhile, the results of the study can also be
verified by analyzing the figures (Figures 3 and 4) which
shows that all calibrations promoted better ETo estimates.
However, their comparative analysis demonstrates that
four parameters calibrated HS equation performed
extremely well as compared to other’s one.

4.2. Change point detection

Detection of change points in the data is an important
statistical challenge in several contexts. Moreover, this
issue has often been raised in statistical and non-statis-
tical communities over several epochs (Militino et al.,

2020; Jaiswal et al., 2015; Pohlert, 2018). The present
study demonstrates the statistical significance of change
point in ETo for different meteorological stations of
Pakistan by using three homogeneity test. The results of
the change point analysis clearly indicate the distribu-
tional change in ETo series during the examined time
period. Therefore, the observed ETo series had the break-
points from 1980 to 2019, and this influence may be due
to the rapid growth of industrial and commercial activ-
ities in various stations of Pakistan. However, the
detailed reasons for the abrupt changes still need fur-
ther research.

5. Conclusion

In this research, the original HS equation’s performance
and calibrated HS equations were analyzed by estimating
ETo for diverse climatic locations of Pakistan by using
the PM method as a reference. Statistical results of this
study concluded that the original HS equation showed

Fig. 5. Change point in historical series of ETo at Jhelum, Bahawalnagar and DIK.
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varying performance among the studied sites and had a
tendency to overestimate ETo. However, after its calibra-
tion, based on FIS, significantly improve ETo estimates
were observed. The simultaneous adjustment of all the
empirical parameters (ah, bh, ch and dh) was the best
alternative to calibrate the HS equation. Thus, the pro-
posed technique has been proved an effective substitute
for the experimental method of HS calibration.
Meanwhile, because of urbanization and industrialization,
various change points have been observed in ETo esti-
mated by MHS for various meteorological stations of
Pakistan from 1980-2019. However, concerning future
work, it would be encouraged to use the actual Rs data
rather than the estimates for a more precise estimation
of ETo.

Declaration of interests

The authors declare that they have no known competing
financial interests or personal relationships that could
have influenced the work reported in this paper.

Funding

This work was supported by grants from the National
Natural Science Foundation of China program
(41801339). The authors are also thankful to the
Deanship of Scientific Research at King Saud University,
through research group no RG-1437-027.

References

Allen, R. G., Pereira, L. S., Raes, D. and Smith, M. 1998. Crop
evapotraspiration guidelines for computing crop water
requirements. In: FAO Irrigation & Drainage Paper 56. FAO,
Food and Agriculture Organization of the United
Nations,Roma. http://www.avwatermaster.org/filingdocs/195/
70653/172618e_5xAGWAx8.pdf

Bhat, S. A., Pandit, B., Din Dar, M. U., Jan, R., Khan, S. and
co-authors. 2017. Statistical comparison of reference
evapotranspiration methods: a case study from Srinagar in
J&K, India. Int. J. Curr. Microbiol. App. Sci. 6, 3731–3737.
doi:10.20546/ijcmas.2017.609.460

Camargo, A. P. D. and Sentelhas, P. C. 1997. Performance
evaluation of different potential evapotranspiration estimating
methods in the State of S~ao Paulo, Brazil. Rev. Brasileira
Agrometeorol. 5, 89–97. http://www.leb.esalq.usp.br/agmfacil/
artigos/artigos_sentelhas_1997/1997_RBAgro_5(1)_89-97_
ETPM%E9todosSP.pdf

Chai, T. and Draxler, R. R. 2014. Root mean square error
(RMSE) or mean absolute error (MAE)? -Arguments against
avoiding RMSE in the literature. Geosci. Model Dev. 7,
1247–1250. doi:10.5194/gmd-7-1247-2014

C�ordova, M., Carrillo-Rojas, G., Crespo, P., Wilcox, B. and
C�elleri, R. 2015. Evaluation of the Penman-Monteith (FAO
56PM) method for calculating reference evapotranspiration
using limited data. Mt. Res. Dev. 35, 230–239. doi:10.1659/
MRD-JOURNAL-D-14-0024.1

El-Wahed, M. H. A. and El-Mageed, T. A. A. 2014. Estimating
reference evapotranspiration using modified Blaney-Criddle
equation in arid region. Bothalia. 44, 183–195.

Ferreira, L. B., Da Cunha, F. F., Duarte, A. B., Sediyama,
G. C. and Cecon, P. R. 2018. Calibration methods for the
Hargreaves-Samani equation. Ciênc. Agrotec. 42, 104–114.
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