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Abstract. The selection of suitable reference evapotranspiration (ETo) models in case of climatic data
scarcity is a challenging task as it plays a pivotal role in agriculture and water resource management.
Therefore, the research work deals with selecting the appropriate mass transfer reference
evapotranspiration model using multi criteria decision technique (MCDM) in a semi-arid region of the
southern part of Kingdom of Saudi Arabia i.e., Abha. The ten mass transfer methods with ten criteria
(statistical indices) using available weather parameters from 1980 to 2018 have been illustrated in this
study. Models were calibrated (1980-2006) and validated for the period (2007-2018). The objective
weight was computed by criteria importance through inter criteria correlation (CRITIC) method and
performance score by weighted sum model (WSM), weighted product model (WPM), weighted
aggregates sum product assessment (WASPAS) and evaluation based on distance from average solution
(EDAS) methods which in turn rank the evapotranspiration method. The rankings obtained from MCDM
techniques were validated with ranking by GPI method using spearman ranking coefficient. The result
from MCDM shows that Saif model is the best model and that also GPI yielded same result. The
methodology applied in this study can be adopted in any other region which in turns proved to be
beneficial for crop cultivators, crop advisors, researchers, and water resource management.

Keywords: water management, CRITIC, WSM, WPM, WASPAS, EDAS

Introduction

The reliable estimation of reference evapotranspiration (ETo) is a crucial part of
regional water resources planning, net irrigation requirement, agriculture water
requirements and to model the climate change effect (Pandey et al., 2016). The ETo can
be measured directly by lysimeter, but the procedure is time consuming and expensive
(Mehdizadeh, 2018). The ETo could be indirectly calculated using a site-specific energy
balance or empirical models that typically includes meteorological data, altitude, and
latitude. Of the indirect methods, FAO56-PM is the most effective method for the
precise estimation of ETo (Allen et al., 1998; Berti et al., 2014). However, it demands
high and reliable data quality which is difficult to achieve (Valiantzas, 2013). The
precise quantification of the ETo forecasts is dependent on meteorological input data
(Allen, 2008). The lack of climate data leads to the need for a simple empirical equation
requiring less climate parameters, such as mass transfer, radiation and temperature
methods (Sentelhas et al., 2010). Researchers in different regions such as India, Bosnia,
Africa, China and Saudi Arabia have developed and applied many empirical equations
(Pandey and Pandey, 2018; Cadro et al., 2017; Djaman et al., 2017; Lang et al., 2017;
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Alblewi et al., 2015) as an alternative to lysimeter or standard FAO56-PM. However,
mass transfer-based models involving lesser climatic parameters are among the most
commonly used (Valipour, 2017). Such empirical equation should be assessed and
validated against lysimetric or standard FAO56-PM technique due to regional
constraints (Bogawski and Bednorz, 2014). In previous research, mass transfer methods
typically only include evaluation of the studied model. Few research conducted
evaluation calibration as well as validation of mass transfer equation (Djaman et al.,
2016). In addition, rankings using performance assessment of different models are
rarely studied against Standard FAO56-PM (Almorox et al., 2015). Alternatively,
previous studies adopt few questionable statistical indices for performance evaluation of
reference evapotranspiration, such as RMSE or MBE (Muhammad et al., 2019).
Therefore, multiple statistical indices must be used to assess the performance of the
mass transfer equation in order to obtain a realistic result. However, it is a challenging
task for decision-makers (DMs) to find optimum decision. Therefore, powerful tool is
desired for the final selection. Recently, researchers applied multi-criteria decision
making (MCDM) techniques in the field of water resource management (Minatour et
al., 2015; Makropoulos et al., 2008). To date, different MCDM methods have been
developed for ranking purpose (Mardani et al., 2016) such as Water reservoirs (Srdjevic
et al.,, 2004), urban water management (Zarghami et al., 2008), groundwater
management (Pietersen, 2006), water conservation (Janssen et al., 2005), and irrigation
planning (Gupta et al., 2000). Senent-Aparicio et al. (2017) assesses the effects of
climate change in the Segura river basin (SE Spain) using SWAT and Fuzzy TOPSIS.
Many studies have been carried out in the Kingdom of Saudi Arabia to estimate various
ETo models against the FAO-56 Penman Monteith models (Abo-Ghobar and
Mohammad, 1995; Al-Omran et al., 2004; EINesr et al., 2010; Islam et al., 2019 a, b;
Islam et al., 2020). In the study region, the ranking of mass transfer-based equation was
rarely studied using MCDM. The goal of this study is to estimate (evaluate) ETo using
ten mass transfer equations for the period between 1980-2018 and to further improve its
efficiency, it is calibrated for the period between 1980-2006 and validated against
standard FAO56-PM for the period between 2007-2018 and finally ranked by MCDM
technique. The suggested methodology in the present study could be used in future for
selecting best reference evapotranspiration model as a substitute to standard FAO56-PM
in any region around the world. Also, the calibration improves the preciseness of ETo
estimation. Moreover, the best selected model for estimating ETo could be used by
agriculturist, hydrologist, policy and decision makers for the strategic planning of water
resource management in the future.

Materials and methods

The present research was conducted to evaluate the performance of mass transfer-
based ETo under limited climatic condition against standard FAO56-PM during
evaluation (1980-2018), calibration (1980-2006) and validation (2007-2018) under
semi-arid scenario Abha, KSA. The weather data is taken from Abha meteorological
department at GPS location 18°14’N, 42°39’E. Such partitioning of calibration and
validation period is attributed to the need for more data to train the algorithms, as
suggested by Valipour (2015). The performance of these equations has been based on
ten statistical criteria. The model ranking was based on MCDM techniques, where
weightage is obtained by CRITIC method, while ranking by WSM, WPM, WASPAS
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and EDAS method. The ranking results from MCDM were compared with the outcome
of GPIl. The spearman ranking correlation was used to check the accuracy of the
MCDM ranking. The fundamental objective of this study work is to choose the best
model in the study region to replace the FAO56-PM model since this model required
several climatic parameters that were sometimes difficult to achieve in the mountainous
Abha region due to signal connectivity problems. Moreover, to select FAO56-PM as a
standard against mass transfer models. The first important step is to validate its
accuracy with respect to experimentally measured data.

The stepwise methodology adopted in the study is described by the flowchart in

Figure 1.
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Figure 1. Methodology (stepwise computation)

Experimental setup

For the validation of the FAO56-PM model The measurement of the Davis Vantage
Pro2 weather station at GPS location 18°15°06”N, 42°33°27”E was taken for a period of
three months, i.e. from February to April, 2019. The schematic diagram for the weather
station is given in Figure 2. The integrated instrument includes all sensors — anemometer,
rain collector, temperature, humidity and solar irradiance — for measuring all required
climatic parameters as well as measured evapotranspiration. The specific aim of reading
from the Davis instrument is to verify the result from estimates of FAO56-PM using
climatic data obtained from measurement of sensors against measured ETo from the
weather station so that it can be used as a reference for other mass transfer model, as the
FAO56-PM model is used in this analysis for evaluation, calibration and validation
purposes. The outcome of plots of estimated FAO56-PM against measured ETo from
Davis instrument reading (Fig. 3) indicates that there is a strong association between two
readings with a very small error as indicated from the figure.
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Figure 2. Schematic diagram for experimental setup of Davis weather station
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Figure 3. Validation of FAO56-PM with Davis weather station (Abha)

FAO56-PM and mass transfer model description

The estimation of reference evapotranspiration was done using well-recognized
model i.e., FAO56-PM as given by Equation 1 as well as ten mass transfer equation as
given by Equations 2-11 under data limitation in the study region between 1980-2018.
Models selected for the study region are largely accepted under similar climatic
conditions. Models are mentioned below.

Standard model (FAO 56-PM) (Allen et al., 1998)

0.408x4x% (Rn—G)+yx (o ) xus x(es—eq)

ETo = Ti273 (Eq.1)

A+yx(1+0.34u;)

Empirical models (mass transfer)
Dalton (1802)

ETo = (0.3648 + 0.07223u;) x (e, — e,) (Eq.2)
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Trabert (1896)
ETo = 0.408 x 0.3075 X ,/u, x (e, — e,) (Eq.3)
Meyer (1926)
ETo = (0.375 + 0.05026u,) X (e, — e,) (Eq.4)
Rohwer (1931)
ETo = 0.44(1+ 0.27u,) X (e, —e,) (Eq.5)
Penman (1948)
ETo=0.35x (1 +0.24u,) x (e; —e,) (Eq.6)
Albrecht (1950)
ETo = (0.1005 + 0.297u,) X (e; —e,) (Eq.7)
Brockamp (1963)
ETo = (0.543u3*®) x (e, —e,) (Eq.8)
WMO (1966)
ETo = (0.1298 + 0.0934u,) x (e, — e,) (Eq.9)
Mahringer (1970)
ETo = 0.15072 x [3.6u, x (e, —e,) (Eq.10)
Saif (2019b)
ETo = (0.37 + 0.72u,) X (es — e,) (Eq.11)

where ETo is in mm day'. Rn and G represent net radiation and heat flux density of
soil (MIm~2 day ") respectively. u, represent the velocity of wind at 2 m height (m s™).
T represents mean temperature at height of 2 m (°C). (es—ea) (kPa) represent vapour
pressure deficit. A and y denoted vapor pressure curve (slope) and psychrometric
constant (kPa °C™") respectively. RHmean = Mean Relative Humidity (%).

Calibration and validation of ETo equations

To calibrate Mass Transfer Models. The graph between mass transfer equation
and standard FAO56-PM equation was plotted and regression analysis was
performed (Allen et al., 1998). The calibration technique adopted was defined by
Equation 12:
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ETraose-pm = @-ETgyp +b (Eq.12)

where ETraoss pm denotes estimated result by FAO56-PM model while ET eve denotes
the various empirical equation using in the present study (10-mass transfer equations).
The constant a (slope) and b (intercept) called as calibrated empirical coefficients. The
calibrated equations must have slope (a) close to unity while intersept (b) should be near
to zero for best result. In order to estimate calibrated coefficient a (slope) multiply the
slope of a regression line by inversing the slope in order to make the slope of equation
closer to unity. Also to get b (intercept) closer to zero opposite sign value of intercept
was added for new regression equation (Xu et al., 2013).

Evaluation criteria and global performance index (GPI)

For the GPI computation (Eqg. 13), various statistical indices (error indictor) as
described by Equations 14-23 is required prior to the estimation of GPI. (Ali et al., 2019).
The ideal value of all indices equals zero except for R? it is taken as 1. Despotovic et al.
(2015) used the concept of GPI by normalizing the errors between the scale of 0 to 1 and
further subtracting it from the equivalent medians then adding up the differences so
obtained using the weight factors. The expression for GPI for the i model is as follows:

GPI, = Y12, a; (5, — ¥y) (Eq.13)

where @; depends on statistical values (+1 value for recommended value 0 and -1 for

recommended value 1 (e.g. R?. ¥; and ¥;; are the median and scaled values,
respectively.
Willmott and Matsuura (2005) applied MAE in their study as given by Equation 14.
Mean absolute error (MAE)

n
1
MAE = HZ'ETO,ME — ET, paose-pm (Eq-14)
i=1

Root mean square error

1
n 2

1
n (ETO,ME - ETa,FAOS&—PM)zl (Eq-15)

i=1

RMSE =

Mean absolute relative error (MARE)

n

1
MARE =—Z
n

i=1

ETO,M:' - ETG,FAOS&—PM
ETO,M:'

(Eq.16)

In the modelling of solar radiations, Behar et al. (2015) and Gueymard (2014) used
Ugs as given by Equation 17:
Uncertainty at 95%

Ugs = 1.96(5D? + RM.S‘EZ)% (Eq.17)
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Root mean squared relative error

f

2
RMSRE = |£E?=1 (ETOMi—EToFAOEa—PM) (Eq18)
‘\I n

ETp i

Also in the modelling of global solar radiation, Li et al. (2013) applied RRMSE as
given by Equation 19:
Relative root mean square error

1 2
—rn (ETO,M' —ET, ,FAOSE.—PM)
RRMSE = 100 X J“ e e (Eq.19)
Zi:l ETO,M'E'
Mean bias error
1 n
MBE = EZ(ETO,ME — ET, ra0s6—pM) (Eq.20)
i=1

Correlation coefficient

2
E?ZI(ETO,ME' - ETO,FAOS&—PM)

R?=1-— 2 Eq.21
X (ETO,ME - ETo,Mfav) ( a )
Maximum absolute relative error
erMAX = max(lE‘TO,Mz' _ETa,FA056—PM|) (Eq22)
| ETO,M:’ |

Moreover, Stone (1993) and Mulaudzi et al. (2015) applied t-statistics in the
evaluation of solar radiation as shown by Equation 23:

1
(n— 1)MBE r (Eq.23)

RMSE? — MBE?

Multi criteria decision technique

For the implementation of MCDM techniques the weightages were computed using
CRITIC method and for measuring the performance score of various empirical equations
(alternatives), the models i.e., WSM, WPM, WASPAS and EDAS were used using the
same statistical indices as implemented in GPI (criteria). Of all the criteria, the R? criteria
is referred to as beneficial criteria and the other nine are non-beneficial criteria. The
performance values (the higher the value the better the model will be) of the different ETo
models will determine the promising model in the Abha region, which is one of the
novelty in this research work. The adopted technique is as defined by Figure 4.

Objective weight

The objective weight is computed by criteria importance through inter criteria
correlation (CRITIC) method. The method is first proposed by Diakoulaki et al. (1995)
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and it is objective weighting methods. In order to find the contrast between criteria
correlation analysis are done (Adali and Isik, 2017). There is m feasible alternatives, A;
(i=1, 2, ..., m)and n evaluation criteria Cj (j = 1, 2, ..., n) in the problem. The stepwise
methodology is described below:

Step 1 To establish decision matrix X showing alternatives performance as compared
to various criteria.

Step 2 The normalization of decision matrix is done using Equation 24:

Tij = MAX _ ymin (Eq24)
X; X;

where rij represent performance value of normalized decision matrix of i'" alternative on
j™ criterion.

Step 3 The weight of the j™ criterion (wj) is obtained as by Equation 25, where C;j is
given by Equation 26:

£

Wj - Z!n;:l Cj (Eq25)

where
G =g Ziy(1 —1y) (Eq.26)

Cj is the quantity of information contained in j™" criterion, o; is standard deviation of
the j*" criterion and rjj’ is the correlation coefcient between j and j*™" criteria.

| Identify the Reference Evapotranspiration : | | Determine the weight of criteria by | :
: Problem ™ CRITIC method | Phase 2
| I ey — _
1 I
l Select the d«;ciswn makers | I T —— = |
: | . Determune the ranking of the H—
I I | | alternatives using | Phase 3
i | Define the selection criterias | : l WSM.WPM.WASPAS EDAS : B
: + I ....................... d n
| ‘ Choose the Alternatives ‘ | e ¢ ____________
i_ """"""""""""""""""" | . Select the best alternative based I Phase 4
I I on above method | —

Figure 4. Application of MCDM in selecting best ETo model

Performance score

Weighted sum model (WSM) (Mann and Evangelos, 1989): The importance of i
alternative by WSM technique is computed using Equation 27:

Qi{l] = Zj=1 %y W (Eq.27)

Weighted Product Model (WPM) (Mann and Evangelos, 1989): The importance of it"
alternative by WPM technique is computed using Equation 28:
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sz} = ?zl(fij)wj (Eq.28)

Weighted Aggregates Sum Product Assessment (WASPAS) method: A joint
generalized criterion of weighted aggregation of additive and multiplicative method is
then proposed as given by Equation 29 (Saparauskas et al., 2011).

mn mn
Q=050 +050% = 0.52 T w; + 0.5 H(fi ) (Eq.29)
=1 =1

b ]

Evaluation based on Distance from Average Solution (EDAS) method:

The methodology is adopted as studied by Keshavarz et al. (2015). The stepwise
computation by EDAS method is described below:

Step 1. Criteria and alternatives are decided based on need of problem.

Step 2. Decision matrix of X based on selected criteria and alternatives are
established as given by Equation 30:
(Eq.30)

Xll xlz .Ilm ]

Anl  AnZ - Anm

where xij represents the value of i alternative with respect to j™ criterion based on
performance.
Step 3. AV based on all criteria are determined using Equations 31-32:

Aav=lay]. . Ji=1..,m (Eq.31)
mn
t X
AV = % =1, ., m (Eq.32)

Step 4. The PDA and NDA matrices are calculated based on the type of Criteria as
given by Equations 33-38:

PDA = [PDA;] (Eq.33)
NDA =[NDA;] (Eq.34)
If criterion j is benefit criteria,

max (0. (XU' - A%))

PDA;; = v (Eq.35)
max | 0, (Alf} — XU-)
NDA; = ( av ) (Eq.36)

If criterion j is non beneficial criterion,
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max (O, (Al’} — XU))

PDA,; = a7, (Eq.37)
_ max(ﬂ.{jx;-j—AVj ))
NDA,; = — (Eq.38)

il

Here, PDAj; and NDA)j indicate the positive and negative distances of i alternative
from AV in terms of jth criterion, respectively.

Step 5. Weighted sum of PDA and NDA for all alternatives are determined by using
Equations 39-40:

T
ZJ‘=1

m
ZFl

Here W; indicates the weight of j™ criterion.
Step 6. For all alternatives, SP and SN values are normalised by using Equations 41-
42):

NSP, = — 0t
' max (SP,) (Eq.41)
NSN, = 1 skl
t max (SN;) (Eq.42)
Step 7. Appraisal score (AS) for all alternatives are calculated as:
1
AS; = > (NSP; + NSN;) (Eq.43)

where 0 <AS; < 1.
Step 8. According to the obtained AS, alternatives are ranked in descending order.
The alternative with the highest AS is the best one among the other alternatives.

Results and discussion

This study presents a comparison (evaluation 1980-2018, calibration 1980-2006 and
validation 2007-2018) of the selected ten mass transfer reference equations
(alternatives) to the standard FAO56-PM. The models of mass transfer based were
chosen in the study because of their rigor and comprehensiveness as defined by various
researchers in the field of water resource management (e.g. Ali and Shui, 2009; Tabari
et al., 2013). Average Monthly ETo per day (mm/day) during evaluation, calibration
and validation period is given in Tables 1-3 while the seasonal variation as shown by
Table 4. The performance of different mass transfer equations was evaluated through
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ten statistical indices (criteria) as described in the methodology. The criterion weight of
the different indices was determined using the CRITIC method, whereas four MCDM
techniques i.e., WSM WPM, WASPAS and EDAS were used to rank the mass transfer
method. In addition, the GPI ranking has been computed to validate the result using
MCDM techniques. The rank correlation coefficient for Spearman was determined
between MCDM and GPI technique to check the accuracy of MCDM technique. When
comparing the reference evapotranspiration by selected mass transfer model with
standard FAO56-PM in terms of correlation coefficient and error indices (Fig. 5) during
the evaluation process, it was observed that all selected equations bears a strong
correlation (R? ranges 0.89 to 0.96) with FAOS56-PM with the highest correlation
observed in the Saif model and lower by Trabert model. In addition, when evaluating
the output of the same equations in terms of the error indicator, Saif model achieved the
highest precision. The results assessed from 1980-2018 showed that some of the method
of mass transfer performed better without calibration like Albrecht and Saif model,
which is in agreement with Islam et al. (2019b). Similar findings were previously
obtained after evaluating six ETo equations for the Senegal River Delta (Djaman et al.,
2016). The results are in accordance with the analysis done by Djaman et al. (2015)
under Sahelian conditions in the Senegal river valley. These models use the temperature
and wind speed observation to estimate the ETo values (Shiri, 2018). Though in certain
regions such models may provide accurate results (Xu and Singh, 2002; Tabari et al.,
2013). The accuracy of the results of these models as described in Kiafar et al. (2017)
may be reduced by low aerodynamic effects. Moreover, wind speed and air temperature
were determined at different altitudes resulting in a significant number of related or
equivalent equations. Therefore, it will be difficult to apply data from one location
and/or height to another and apply a model developed in a specified region at another
location with certainty (Shiri, 2018). Like the other ETo models, local calibration is a
big drawback of such models. To overcome such problems, the comparison was made
again with regard to correlation coefficients and error indicators while calibrating the
whole equation against standard FAO56-PM (Fig. 6), All chosen equations were shown
to have a high correlation (R? ranges 0.91 to 0.98) with the FAO56-PM with the highest
correlation detected in the Saif model and lower in the Meyer and Trabert model. The
Saif model also achieved the highest accuracy while observing the performance of the
same equations in terms of the error indicator. The models are calibrated similar to the
studies of Irmak et al. (2003) and Xu and Singh (2001). It has been found from the
inspection of the output during calibration that the model calibration significantly
enhanced the efficiency of all equations. Also same result noticed while validating the
calibrated equations (Fig. 7) with (R? ranges from 0.872 to 0.921). The high correlation
observed by Saif model and lower by Trabert model. Which is similar to result obtained
by Bogawski and Bednorz, 2014 in study in Poland. Conversely Meyer equation
perform better in north-western Ontario, Canada (Singh and Xu, 2002) Also while
observing the performance of same equations in terms of error indicator the highest
accuracy was achieved by Saif model. The result obtained is in agreement with Islam et
al. (2019b). Additionally, the findings of the research are in agreement with Kisi and
Zounemat Kermani (2014). From the study it has been confirmed that in some region
overestimated the ETo by Mass transfer (Valipour, 2015; Winter et al., 1995) while
other underestimated (Tabari et al., 2013; Djaman et al., 2015). Azhar and Perera (2011)
and Zhai et al. (2010) calibrated ETo models and concluded that calibration can be used
to modify ETo with multi-station data to improve its accuracy. Bormann (2011)
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examined various models of mass transfer to examine climate change in Germany and
noticed a substantial difference in the performance of all models. Therefore, MCDM
technique was applied to rank different model based on performance.

Table 1. Average monthly ETo per day (mm/day) during evaluation period 1980-2018

Month | FAO56-PM | Dalton | Trabert | Meyer | Rohwer | Penman | Albrecht | Brockamp | WMO | Mahringer | Saif
Jan 1.84 0.4 0.15 0.36 0.54 0.54 0.67 0.61 0.28 0.34 1.72
Feb 191 0.38 0.14 0.34 0.52 0.52 0.66 0.59 0.27 0.32 1.69
Mar 1.95 0.39 0.15 0.35 0.54 0.54 0.7 0.61 0.29 0.34 1.79
Apr 2.59 0.59 0.22 0.54 0.8 0.78 0.94 0.9 04 0.49 242
May 2.84 0.76 0.27 0.71 1.03 0.99 1.13 1.14 05 0.62 2.92
Jun 3.85 1.09 0.39 1 147 1.43 1.66 1.64 0.72 0.9 4.29
Jul 3.18 0.86 0.31 0.79 1.16 1.13 1.34 13 0.57 0.71 3.44
Aug 312 0.84 0.3 0.77 1.13 11 131 1.26 0.56 0.69 3.37
Sep 3.52 0.96 0.34 0.88 1.29 1.24 1.43 1.43 0.63 0.78 3.69
Oct 2.89 0.73 0.26 0.68 0.97 0.93 1.04 1.08 0.46 0.59 2.69
Nov 1.62 0.38 0.13 0.35 0.51 0.49 0.55 0.56 0.24 0.31 1.42
Dec 15 0.35 0.12 0.33 0.47 0.45 0.49 0.52 0.22 0.28 1.28

Table 2. Average monthly ETo per day (mm/day) during calibration period 1980-2006

Month | FAO56-PM | Dalton | Trabert | Meyer | Rohwer | Penman | Albrecht | Brockamp | WMO | Mahringer | Saif
Jan 1.36 1.29 1.34 1.28 131 1.35 1.47 1.35 1.39 1.36 1.45
Feb 1.99 171 1.77 1.69 1.74 1.78 1.94 1.77 1.84 1.79 192
Mar 1.90 1.70 1.76 1.68 1.73 177 1.93 1.76 1.83 1.78 191
Apr 2.80 2.48 2.53 247 2.50 2.54 2.66 2.53 2.58 2.55 2.64
May 2.58 2.53 2.53 2.55 2.53 2.53 2.53 2.54 2.53 2.54 2.53
Jun 418 414 4.22 413 4.18 4.23 4.42 421 4.30 4.23 4.39
Jul 3.55 3.74 3.72 3.77 3.73 3.73 3.70 3.74 3.72 3.73 3.71
Aug 3.18 331 3.29 3.33 3.30 3.30 3.28 331 3.29 331 3.29
Sep 3.85 3.93 391 3.96 3.92 391 3.89 3.92 391 3.92 3.89
Oct 3.87 351 3.58 3.50 3.54 3.59 3.75 3.58 3.65 3.60 3.73
Nov 1.77 1.75 1.75 1.76 1.75 1.75 1.77 1.77 1.76 177 1.76
Dec 2.06 2.10 2.04 2.14 2.09 2.06 1.95 2.07 2.02 2.06 1.97

Table 3. Average monthly ETo per day (mm/day) during validation period 2007-2018

Month | FAO56-PM | Dalton | Trabert | Meyer | Rohwer | Penman | Albrecht | Brockamp | WMO | Mahringer | Saif
Jan 152 0.36 0.18 0.33 0.48 0.47 0.56 0.53 0.26 0.31 1.40
Feb 1.99 0.43 0.21 0.39 0.58 0.58 0.73 0.65 0.32 0.37 1.81
Mar 231 0.53 0.24 0.47 0.71 0.71 0.89 0.80 0.39 0.46 2.23
Apr 242 0.59 0.26 0.54 0.79 0.77 0.89 0.88 0.40 0.50 2.24
May 261 0.77 0.31 0.72 1.02 0.97 1.05 111 0.49 0.62 2.68
Jun 3.48 1.06 0.42 0.98 1.40 1.34 1.48 1.54 0.68 0.86 3.79
Jul 3.23 0.98 0.40 0.91 131 1.26 1.41 1.45 0.64 0.81 3.61
Aug 2.78 0.83 0.34 0.77 1.09 1.05 1.15 1.20 0.54 0.67 2.94
Sep 3.42 0.98 0.39 0.91 131 1.26 1.41 1.45 0.64 0.80 3.61
Oct 2.92 0.75 0.31 0.69 0.98 0.94 1.01 1.08 0.48 0.60 2.58
Nov 1.56 0.43 0.19 0.40 0.55 0.52 0.55 0.60 0.27 0.34 1.39
Dec 141 0.36 0.17 0.33 0.47 0.45 0.50 0.51 0.24 0.30 1.24
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Table 4. Seasonal average variation of ETo per day (mm/day) during period 1980-2018

Month FAO56-PM | Dalton |Trabert|Meyer | Rohwer |Penman |Albrecht|Brockamp |WMO| Mahringer | Saif
Winter 1.90 0.39 0.15 0.35 0.54 0.53 0.68 0.60 0.28 0.33 1.73
Spring 3.09 0.81 0.29 0.75 1.10 1.07 1.25 1.23 0.54 0.67 321
Summer 3.27 0.88 0.32 0.81 1.19 1.16 1.36 1.33 0.59 0.73 3.50
Autumn 2.00 0.49 0.17 0.45 0.65 0.62 0.69 0.72 0.31 0.39 1.80
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The models are ranked on the basis of multi-criteria decision-making techniques after
evaluating, calibrating and validating the mass transfer equation against FAO56-PM
model. The weightage was estimated by the CRITIC model as shown by Figure 8.
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Figure 8. Weightage by CRITIC method

The performance score obtained by WSM, WPM, WASPAS, EDAS Models during
evaluation calibration and validation. Furthermore, the performance score for validation
as described in Figures 9-11 is computed by GPI. The findings clearly show that the Saif
model is the one that better fits the study region. The ranking of the MCDM technique
shows that Saif model is the best model in the study area. In addition, GPA validates the
same result as indicated (Fig. 12). Trabert model showed equally worst performance
during evaluation, calibration and validation respectively. Also, spearman’s ranking
correlation is estimated between MCDM and GPI as shown in Table 5. This study finds
strong concordance among the results of three different MCDM methods. Although the
low-ranked alternatives were not always positioned alike, the best and second-best
choices were the same for all three results. Similarly, the least preferred alternative was
also the same. The important fact to note here is, despite the variety of data synthesis
procedures and level of intricacy involved with these methods, the suggestions were
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similar for the preferred alternatives. Since most of the water supply related problems
seek to find the best suitable alternatives (Hajkowicz and Higgins, 2008; Sikder et al.,
2015; Tirth et al., 2020), it could be inferred from the findings of the study that both
simple and comprehensive MCDM methods yield the same output.
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Table 5. Spearman’s rank correlation coefficient values

Evaluation
WSM WPM WASPAS EDAS GPI
WSM 0.92 0.89 0.92 0.88
WPM 0.99 1.00 0.96
WASPAS 0.99 0.99
EDAS 0.96
Calibration
WSM 0.96 1.00 0.96 0.94
WPM 0.96 1.00 0.98
WASPAS 0.96 0.94
EDAS 0.98
Validation
WSM 0.89 0.94 0.89 0.95
WPM 0.99 1.00 0.98
WASPAS 0.99 0.99
EDAS 0.98

Conclusions

This study was conducted to evaluate (period: 1980-2018), calibrate (period: 1980-
2006) and further validate (period: 2007-2018) ten reference evapotranspiration models
against standard FAO56 PM model in southern region (Abha) of Saudi Arabia. The
performance scores (ranking) of aforementioned alternative models were computed
based on ten statistical indices. The overall effect of these ten statistical indices were
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computed by multicriteria decision technique such as CRITIC (weightage of statistical
indices), WSM, WPM, WASPAS and EDAS (ranking of alternative models). The
ranking by MCDM technique were compared by GPI ranking using spearman ranking
coefficient. The following inference can be made after achieving aforementioned
objectives:

1. This work provides an integrated decision support tool for evaluating water
resource management strategies

2. The calibrated equation performs better and hence provide consistent result.

3. The ranking by MCDM techniques (WSM, WPM, WASPAS and EDAS) shows
that Saif model gives best performance while estimating reference evapotranspiration
also GPI confirms the same.

4. MCDM models proved to be a versatile technique for selecting the most promising
model in the study region.

5. The results are likely to help minimize the error in estimating reference
evapotranspiration, and in addition the approach implemented in this study can be used
in regions around the world with similar topography and climatic conditions.

6. Further research are required to assess the impact of using a reduced data set for
daily ETo estimation hourly. In addition, in future the seasonal shifts in ETo must also
be examined. Additionally, similar problem can be ranked by other available MCDM
methods in the future.
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