
 

Evaluation of relationships between meteorological variables and actual 

evapotranspiration using regression and hierarchical clustering 

(Case Study: Castelvetrano, Italy) 

 
 Vafa Mahmoudinezhad1* , Afshin Honarbakhsh2 , Khodayar Abdollahi2 , Dario De Caro3  

 

1 Ph.D. Student, Department of Natural Engineering, Faculty of Natural Resources and Earth Sciences, Shahrekord University, 

Shahrekord, Iran 
2 Associate Professor, Department of Natural Engineering, Faculty of Natural Resources and Earth Sciences, Shahrekord 

University, Shahrekord, Iran 
3 Researcher, Department of Engineering, University of Palermo, Palermo, Italy 

   

Extended Abstract  
Introduction 
Actual evapotranspiration, one of the most important components of the hydrological cycle, causes 60% of precipitation to 

return to the atmosphere. This value increases up to 90% in dry and semi-arid areas. In recent years, with population growth, 

increasing water demand, and climate change, the importance of this phenomenon has doubled. Despite its importance, actual 

evapotranspiration remains largely unknown and its estimation by direct measurement methods is costly and time-consuming. 

In this regard, the Penman-Monteith method, the most accepted method for estimating reference evaporation and transpiration, 

also requires a lot of meteorological data. Despite the weakness of the conceptual model, using experimental methods to 

estimate evaporation and transpiration is still common due to its simplicity. In addition, examining the conceptual model and 

statistical methods without prejudice makes it possible to identify the influential variables and create experimental relationships 

compatible with the conceptual model. 

 

Materials and Methods  
The case study, with an area of 13 ha, is located in the southwest of Sicily (Italy), about five km from Castelvetrano. The 

landscape is flat and the soil type is relatively homogeneous. The main crops are olives (70% coverage), vineyards (24%), fruit 

trees (2.6%), and other garden products (3.4%). The plants are about 3.5 m tall and are arranged in a regular grid of five m by 

eight m (density of 250 plants per ha). The climate of the region is Mediterranean and the soil texture class, according to the 

USDA classification, is silty clay loam. In this research, one-hour meteorological data from 23 meteorological variables from 

the Sicily meteorological-agricultural station and actual evapotranspiration data extracted from the Eddy covariance method 

for the statistical period of 2009-2016 were used. Linear regression methods were used to investigate the relationships between 

the 24 variables and actual evapotranspiration. Integrated hierarchical clustering was used also to classify the 24 variables. 

 

Results and Discussion  
Evaluating the relationships between the 24 variables (23 meteorological variables and actual evapotranspiration) using the 

linear regression method led to the extraction of relationships between parameters in the form of a 24×24 matrix. In other words, 

to predict each variable (as a dependent variable), 23 relationships with other parameters (as independent parameters) were 

extracted. Then, the priority of the independent variables to predict each dependent variable was determined based on the 

correlation coefficient (R). The average of the 23 numerical ranks of an independent variable to predict other dependent 

variables indicates the degree of competence of that variable to predict other variables. The result of integrated hierarchical 
clustering with a 70% correlation is seven clusters. The members of cluster number one are different temperature variables 

(instantaneous, minimum, maximum, and average), cluster number two, rainfall variable (the only single member cluster), 

cluster number three, humidity variables (instantaneous, minimum, maximum, and average), cluster number four, pressure 

variables (station pressure and sea level pressure), cluster number five, variables of total solar radiation and evaporation and 

transpiration (the only cluster with non-identical members), cluster number six, different wind speed variables (instantaneous, 

minimum, maximum and average at the height of two and 10 m) and cluster number seven showed the wind direction variables. 

The summary of the classification results generally shows that the meteorological variables are independent except for the 

variables of the same name (such as temperature variables) all Variables with the same name were placed in a cluster, and the 

only variables with different names that were located in a cluster were total solar radiation and evaporation and transpiration. 

The representative of each cluster is the best predictor (based on rank) among the members of that cluster to predict other 

variables. Based on this, average temperature variables, rainfall, average relative humidity, sea level pressure, total solar 

radiation, maximum wind speed at a height of two m, and wind direction at a height of 10 m were determined as representatives 
of seven clusters. Also, the best predictor of these representatives was determined from inside and outside the cluster members. 

Based on the regression analysis, the best predictor of actual evapotranspiration with a correlation coefficient of more than 70% 

in total solar radiation. Instantaneous and minimum relative humidity variables with a correlation coefficient of about 50% 

(inverse relationship) took second and third place respectively to estimate actual evapotranspiration. The fourth and fifth ranks 



  
also belong to the average and maximum humidity with a correlation coefficient of about 49%. The independent variable of 
the duration of wetness of the leaves with a correlation coefficient of 40% has taken the sixth place. The characteristics of wind 

speed, temperature, wind direction, total annual rainfall, and pressure have the next ranks to estimate the actual 

evapotranspiration, respectively, with correlation coefficients of less than 30%. 

 

Conclusion  
In general, the high correlation between total solar radiation and actual evapotranspiration in a cluster indicates the key role of 

this meteorological variable in estimating evaporation and transpiration and is a justification for using methods based on energy 

balance to estimate this parameter. The high correlation between the estimation of actual evapotranspiration with the total solar 

radiation, considering the dependence of this variable on other climatic and hydrological variables, can be a useful point for 

use in watersheds lacking data and information. Also, the state of relative humidity ranks first and second respectively to predict 

other variables and actual evapotranspiration, indicating the key role of this variable in the case study. Contrary to some research 

about the key role of precipitation in the estimation of evaporation and transpiration in the Mediterranean climate, in this 

research no acceptable correlation was observed between the independent variable of precipitation and the dependent variable 

of actual evapotranspiration, although this issue may be related to the form of the equation. In this regard, instantaneous, 

minimum, average, and maximum relative humidity were ranked after total solar radiation. On the other hand, the total solar 

radiation in the estimation of the actual evapotranspiration with a correlation coefficient (71%) compared to the independent 
variable of relative humidity is in the first rank of the predictors, although it is ranked after the average and minimum relative 

humidity in the estimation of 23 meteorological variables. However, total solar radiation and relative humidity (average and 

minimum) were identified as two independent variables that are effective in estimating meteorological variables, especially 

actual evapotranspiration, and it is suggested that more research be done in watersheds with different climatic variations to 

discover the internal relationships of actual evapotranspiration and other climatic variables. 
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� ���.:

 <- �&)�"Q"�9�- R��" <
��
 0�4B ���  &)�)Alexandris 

et al., 2006; Antonopoulos and Antonopoulos, 2018( .

!�  R�� �"�e��
!  <,	�" ���- �����D,� �� ���9 R���	 n�)� ��

*�5 �"A6"�L C�8,M���[ �!
B�� �� �" 
 0� *��W,)� �� �: �
�

*0��
�) 4B g"�a 
 ����: &�: ����: ���+kp e"��5 �� !�+0�) (

<� ���(� �J������ 1�.
� �! ���!
B�� 4��: )Valiantzas, 

                                                                      
1 Blaney-Criddle 
2 Jensen-Haise 

2006; Aschonitis et al., 2012; Antonopoulos and 

Antonopoulos, 2018( .  
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 ! 
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! 0� *��W,)� �� �'N�
 =�':)�+! ��� 4��

<5�# 
 *��)8J�� !� ���[�� ��:��� <2M2) ����F '��J� �!�� <

�
��:�2,M-)1 ����,"� !��- K��L !� O���,)� (5�� 
 e��
! �"� .

>�2�:�� ��*�! ��
��:����: &#��5 ���� �"��+-�
 =�': !� �'N

��� �� 7(���/ <� .�5�� C-�� �e��
! �"� O���,)� *
c ) �
��: g�

��� &#��5 �2]� >���  �:��?@:����: �� !�s+-5 =�': ��-� !� .��

��
�9��R�� ��5 m��� �����D,� <� �
��� �0�) 
 *

��9 O���,)���"*���-�� �����D,� �"� n�,)� !� ���: �
��

R�� ���!�-.��� <')�: �! ��  

   

2- L�� � ����
�  

2-1- #�%
&� ���� +4&��  

�� >�M�) K�[ K��L !� <'��J� �!�� <8J !��-]�	 !� ����,"�2F 

C�E �� ��
��:�2,M- ��5 0� �,��2�- Z�9 �
�l
 
 {JM� 0��
� q�# ̀ �

�!�� !��N �6�� �,�M
  >$5)1( >��5 <8J�� �2]� dX�u�� .

CN! 4�,"0 )Nocellara del Belice ()70 �(�5�9 �]!� 

4�,M-�:) ��24 
 (�]!�  d��-��)6/2 
 (�]!�  dX�u�� �6"�

) �[��4/3 <
��,"�� <8J�� ���� 
 KB .&)� (�]!� �� <- &)� ��

P!�� 
 ��� �X�� ���� 
 4�,M�0 
 A�"�9 R�( !� e)�,� P!�� ���

�� m��� 4�,M��: !� ��"�9 .��5 �"� &l�M� �� <8J��13  !�,$�

 <�)d�u,�� ʺ35 ʹ38 ◦37  
 ����5ʺ50 ʹ50 ◦12  �� (�N�5

 �
�l `�W:!� 4�,#!�5/3 <� ��,�$�5 d!�]F  Cy��Z�9  !�8  �,�

 C-��:)250 8�( .&)� (!�,$� !� *��+F  n�)� �� q�# &	��

<8�(���� USDA �Silty clay loam ) &)�Cammalleri et 

al., 2013  gu
 4�$E *�JN Y" e)�: �&#!� �� 0��
 �!�� KB .(

�� ���@: &#!� !��- !� *�5��5.

   

 

 M0�1- �%
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����� �
N�)�� A�� ��# 
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��� ��  

Figure 1- The location of the studied weather station in Italy 
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 !� �N�5F  *�5 gu
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*
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��0 ���!�-s� *�6,M"� !� <, �) 5 *��W,)� .�
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�,
�)����+ �2�� <� �+�
!���,� )rrr(� <y�� ��M
 &��(! ��

)u_ins) ��M
 &��(! >N��l �(u_min ��M
 &��(! ��6
��� �(

)u_avg) ��M
 &��(! ��-��l �(u_max (gMl �� �]!� � !��	

) *�6,M"�p0) �"!� {J) !��	 (p( Ml �� gR�$)�9�,$��  ���:

) 3��� �,� �� R
G�6� <� ��5!�# �2-radglo 4��� Q�# 4��0 �(

���) ��lw_min ( �<8�N� <�<y�� & �)) ��� ��ff2_ins �(

) ��� & �) ��6
���ff2_avg �(��-��l ) ��� & �)ff2_max (

 `�W:!� !�
� <�
�? �� �,� <� �,�� <y�� &�L) ��� ��dd2_ins( 
 

<y�� &�L e)�,�) ��� ��dd2_avg �( ̀ �W:!� !�
� �,� <L!� <�� 

<y�� & �)) ��� ��ff10_ins ��� & �) ��6
��� �(

)ff10_avg �(��-��l ) ��� & �)ff10_max<y�� &�L �( ��

) ���dd10_ins<y�� &�L ��6
��� �() ��� ��dd10_avg ( !�

 ̀ �W:!�10  <L!� <� �,�����: 
- <� �'N�
 =�':�2��) �� �,� & �

)Eta .( !� R
�L1  �����D,� �!��B �W�]�: d��]�u#

����: 
 *�5 *��W,)� �)��5���- �'N�
 =�':!� R�) ���

2016-2009 &)� *�5 <H�!�.  

  

 :�*O1-  � 	�
����� �
�
���� ��
�@ F
P�;�ETa  ��

�-�
��(�). �
N�)��  

Table 1- Statistical parameters of available meteorological 

variables and ETa at Castelvetrano station  

�!��B m#�5  ��-��l  >N��l  ��6
���  ����
� '�!��  

p  1039.4  989.2  1016.6  6.2  
p0  1024.4  974.7  1002.1  6.0  

u_max  100.0  12.0  70.8  18.5  
u_avg  100.0  10.0  67.3  19.4  
u_min  100.0  8.0  63.8  20.4  
u_ins  100.0  11.0  67.4  19.5  

rrr  23.4  0.0  0.1  0.5  
t_max 39.4 -2.9 17.8 7.2 

t_avg 39.0 -3.8 17.2 7.1 

t_min 38.6 -4.4 16.6 7.1 

t_ins 39.1 -3.8 17.2 7.1 

radglo 3.7 0.0 0.7 1.01 

dd10_avg 360.0 0.0 188.3 118.7 

dd10_ins 359.0 0.0 185.1 117.8 

ff10_max 23.6 0.7 6.0 3.1 

ff10_avg 12.9 0.0 3.2 1.7 

ff10_ins 19.5 0.0 3.2 1.9 

dd2_avg 360.0 0.0 195.4 120.9 

dd2_ins 359.0 0.0 188.3 119.4 

ff2_max 20.0 0.0 4.4 2.6 

ff2_avg 9.6 0.0 1.9 1.2 

ff2_ins 14.0 0.0 1.9 1.5 

lw_mi 60.0 0.0 24.7 28.2 

Eta 1.7 0.0 0.1 0.1 

  

����:- =�':�'N�
 �2��)8J�� (�,�F  e���)�: �<'��J� �!��

) Q
�"!��- ��� !�5 O�� Y"Eddy Covariance flux tower (

*0��
� �"� .&��)� *���5 ���+<
���)  !�2009 0�L� 
 *�5 gu
/ 

C�*�"� !� m��# ���: �� �
���
�
��	 ) ��"�930  & �) �(<8�N�

,W��5B ���!���5 
 KB !��� 
 ��� &�L 
F 2Co  !� �!�

��	  X��

)20 �� C���	 (A:�� .�!
BO�� EC  m��# �,��"��! Y" ��!��E 

) �"A��LCNR4�Campbell Scientific Inch�Logan �UT �

USA `�W:!� !� *���5 g��u
 (5/8 *0��
� ���� ��,� ���: ���+

 ��'� <) �:�] �,���
B Y" �3��� �,� �� d�
 g��Ml �� m��#

)CSAT3-D �Campbell Scientific Inch �Logan �UT �

USAC� ���� ( �� �,�) ��� & ���) ��'� <��) ��AL� �
�� *�"�

>�2�: 
 (<L!�) &�L 
 (<���
���?2���]�
 0�+ �+F  A��N 4
��� 0��

)IRGA �Li-7500 �Li-cor inch �Lincoln�NE �USA (

*0��
� ������ 
 KB !��� &y2[ ���+ g��Ml ��) ���-����M-�
3-m mmol `�W:!� !� 
� �� �(&W�  �"� .�
!�� !��N �,�<
������) 

�W��] 
� <� A�.�F  ��# !���5�.���)�
 ) *���5HFP01SC �

Hukseflux<��� <��- &���)� ( 
 ��'� !� &�� q�# !� g�:�:

<"�) �
�l 7�  !� �!��1/0 �,� !��N *��� .&)� *�5 *���"���  ��

�
�
��	  �+X�,"� Y" !� X���� 
 ��"���9CR5000 )Campbell 

Scientific Inch�Logan �Utah��y	���l d!���- <��� A�.� (F 

PCMCIA 3�L�� �!
B) n���M�� �"���+ ���!���5 .��-H (

: 
@ 0� *��W,)� �� (3��� �,� �� d�
) ���#<J��!�)��� �"0 ��� <

��) ��5Cammalleri et al., 2013:(  

)1(  H = ρcpσWT 

)2(  LE = λσWQ 

 �4B !�ρ  ��� ���6E)g'$� �,� �� 1�+(� cp  ����+ &�	�|

 &��? !��	 !� ��� t�#)�"�2- 1�+ �� R
G( �WT�  gMl ��)


 (<�
�? �� �"�2- �,� WQ� <� (<�
�? 3����,� �� 1�+)g�:�:  �����

 !��� ���6E �" ��� ���� 
 ����  ��� & �) ��� Q
�"!��- ��

 �
��0 1�+ Y" �� ��!�5 1��: .��,M� KB30 <8�N� *��W,)� �� ��

1�
 0�	�')�: !�AF  e)�: <,	�"Manca (2023)  ���"0!�.�
�5 

  

2-3- L��
� 

2-3-1- #��$�*��  

<8�( ���� <��'����J� �"� !�*��� ����<���5�# P
! 0� �� ����

 �� ���[�� ��:��� <2��M2��)70 ���]!� <� �6,��M��� {J) 4��� 

�"A+ �� &�����5F <� >��-1�
 �� 
 �
��9 4���  !�A	�Minitab18 

 ����<��5�#&���5 ���)!�� 
 ���� 
 �)��5��� �����D,� ���

����:-.&)� *�5 *��W,)� �
��:�2,M- *�6,M"� �'N�
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2-3-2-��
� 	&$ "���
��  

��9 ���� *��) �J# 4��)�+!&)� *�5 *��W,)� ����D,� ���� �

<��!�() ��D,� Y" <-Y) 1
� ��D,� <� <,M��
 (x �5�� (

)Bangdiwala, 2018.(  

)3(  y = ax + b 

)4(  R =

∑ x�y�

n
−  x� y�

s� s�

 

)5(  a = R
s�

s�

 

)6(  b = y� − ax� 

 !��X�� e��
! y  �<,M��
 ��D,�x  �>8,M���D,�x� 
 y� <� 4��� 

��6
��� ix  
iy� a  
b  g"��a<J��! �R  �<
��
 �6,M��� g"�a

n  
 <
��
 ���':xs  
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� ix  
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 �6,M��� g"�a 
 4��)�+! 0� >]�l Z"�,
 <�R&"��
� � ����

��9 ���� ��D,� ��: &"��
� �"�:X�� 
 1�.
� ����D,� �"�) ���� �

��"�9<�:! ��D,� �� ���� &"��
� �"�: .�5 ����Q�)�  ��6
���

�:!F &"��
���9 ���� ��D,� 4B ����� �6"� �����D,� ���� <�)�

.�5  ���� P
! �"�24  ����� �� �M"�

�-�� 0� *��W,)� �� ��D,�

.&)� *�5 *��W,)� >M-� !� �M"�:�� d��)���  

  

3- Q9� � R�
�-  

3-1- #��$ R�
�-�*��  

 Z"�,
>��]�l 0� <��5�# ���[�� ��:��� <2��M2��) ����24 ���/ 


 �)��5��� ����:- �'N�
 =�':!�  R
�L2 .&)�  
  

 :�*O2- #��$ R�
�- 
� 	���
� #()(� �*��70  *G��

#� 	N�)�8�#� M�
. L�� 
� A�
�� S&� "���T�U "���T *-�


���� � ��O�� 	�
����� �
�
����- �
N�)�� �� 	� �� !
��

�-�
��(�).  

Table 2- Hierarchical clustering results with 70% correlation 

as similarity level with complete linkage method of available 

meteorological variables and ETa at Castelvetrano station  

  

 R
�L2 �� 4����
 <2M2��) P
! �� <��5�# &W� ���': ���

 
 ��:���70 4��
 <- *�5 >�$�: �6,��M��� ���]!�����/ B4 

 &�M
 �! �6,M��� �"�:X�� <5�# �� 4
!� �����D,� <- &)�

<� C� �6"�!� �
!�� �:!���] <� &���M
 <��5�# �� �����D,� <-

<��5�# �"���)C- �� �"� �� .�
!�� �! &�����5 
 �6,��M��� �"�:

��5�# !� n���)�F !����5/ <y��) ��� x2,�� �����D,� Y" ���

 �! �6,���M��� 
 &������5 �"�:X�� (e���)�,� 
 ��-��l �>N��l
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��5�# !� �	�( 0� .�
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�
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 0� �:X�� �6,��M��� �6"� ��D,�70  �<5�# �"� 
 <,5��
 ���]!�

<��5�# ���:<� �! ��D,� Y" e8	 <- &)� ��  *��� t�u,#� ��#

��5�# !� .&��)�F !����5/ C� �����D,� A�
 <��)C� 
 1�
 &����
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 ��-��
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 �! �6,��M��� C��� 4����
 �6"� !� �	�( 0� .����

��5�#F !����5/  !��	 
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 !��E
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<5�# ~�_ � 

1 t_ins, t_min, t_avg, t_max 

2 rrr 

3 u_ins, u_min, u_avg, u_max, lw_min 

4 p0, p 

5 Radglo, Eta 

6 
ff2_ins, ff2_avg, ff2_max, f10_ins, ff10_avg, 

ff10_max 

7 dd2_ins, dd2_avg, dd10_ins, dd10_avg 
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Table 3- The results of the ranking of the predictor variables 

of the existing meteorological variables and ETa at 

Castelotrano station  

�:!F <� ��D,��  4��

��9����*���-  
��D,� 1�
  

 ��6
���

&"��
�  
 �"�,��

��9����,� *���-��D  
1 U_avg  8.375  U_min  

2  U_min  8.542  U_avg  

3  Radglo  8.625  Eta  

4  Ff2_max  8.833  Ff10_max  

5  U_ins  8.917  U_avg  

6  U_max  8.958  U_avg  

7  ff10_max  9.167  Ff10_avg  

8 ff10_avg  9.625  ff10_max  

9 ff2_avg  10.958  ff2_max  

10 Lw_min 11.208 U_min 

11 Eta 11.583 Radglo 

12 Ff10_ins 11.875 ff10_avg 

13 T_avg 11.958 T_max 

14 T_max 12.167 T_avg 

15 T_min 12.250 T_avg 

16 T_ins 12.292 T_avg 

17 Ff2_ins 13.167 Ff2_avg 

18 P 15.792 P0 

19 P0 15.875 P 

20 Dd10_ins 16.208 dd10_avg 

21 Dd10_avg 16.833 Dd2_avg 

22 Dd2_ins 18.458 ff2_avg 

23 dd2_avg 18.542 ff2_max 

24 Rr 19.792 Lw_min 
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Table 4- Results of clusters and predictors within and outside the cluster

!��5/ <5�#  ��"��
/ <5�#  ��9 �"�,���������-/ <5�# 4
!���  ��9 �"�,���������-/ ��"��
 �"A6"�L/ <5�#  

1 T_avg [°C] T_avg [°C] U_max 

2 Rrr Rrr Lw_min 

3 U_avg U_avg Radglo 

4 P P ff10_max 

5 Radglo Radglo U_min 

6 ff2_max ff2_avg Radglo 

7 dd10_ins dd2_avg Radglo 

3�L Z"�,
 7��J��5 ����/  R
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<5�# 4
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5�# 0� O!�# ��M
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 <5�# 4���F !��5/ 

 <5�# �����D,� e)�,� ���� ��D,� �"A6"�L �"�,�� �Y"
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Table 5- The results of ranking variables predicting ETa  

<�:! ��D,� 1�
 R <J��! <5�# 1�
 

1 Radglo 0.713 Eta=0.076237789 Radglo+0/001925 5 

2 U_ins -0.497 Eta=-0.002610484 U_ins +0.2339 3 

3 U_min -0.493 Eta=-0.002493835 U_min+0.217124 3 

4 U_avg -0.487 Eta=-0.002575381 U_avg+0.23133 3 

5 U_max -0.471 Eta=-0.002601272 U_max+0.242217 3 

6 Lw_min -0.409 Eta=-0.001581038 Lw_min+0.096154 3 

7 ff2_max 0.354 Eta=0.01527294 ff2_max-0.00685 6 

8 T_ins 0.346 Eta=0.00529909 T_ins-0.03538 1 

9 ff2_avg 0.345 Eta=0.030432664 ff2_avg +0.004625 6 

10 T_avg 0.338 Eta=0.005198481 T_avg-0.03356 1 

11 T_max 0.337 Eta=0.005144361 T_max-0.03575 1 

12 T_min 0.336 Eta=0.005198859 T_min-0.03051 1 

13 ff10_avg 0.335 Eta=0.022061491ff10_avg-0.00889 6 

14 ff10_max 0.327 Eta=0.011581504ff10_max-0.00893 6 

15 ff10_ins 0.307 Eta=0.01752295 ff10_ins+0.004667 6 

16 ff2_ins 0.304 Eta=0. 022891438 ff2_ins+0.017534 6 

17 dd10_ins 0.139 Eta=0.000128765 dd10_ins+0.03445 7 

18 dd10_avg 0.128 Eta=0.000117329 dd10_avg+0.036235 7 

19 dd2_ins 0.108 Eta=9.88385E-05 dd2_ins+0.039507 7 

20 dd2_avg 0.092 Eta=8.25797E-05 dd2_avg+0.042183 7 

21 Rrr -0.040 Eta=-0.007337676 Rrr+0.05846 2 

22 P0 0.019 Eta=0.000359827 P0-0.30258 4 

23 P -0.001 Eta=-2.11385E-05 P+0.079438 4 
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