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��            ��2� XV24 �2�� ���2Q� �//��31/0  2� 86/0�  �20�   ��� �/ �2��
�� �4�.  

           �0�Y2��� 6�� �2��� 3�� �*����# 6�� 3�+�% @#�w� ��� �/- 
  �4 HZ�� �*0�� .      �"�� �"�0:� ;���4 &��� ����� 6�� ���    ��>*� ?LV

      ��>J� &��� � /�1 ���������-   �����   �/�/ �� E��       �/7�2>� 2�/ &#
��  ��1 .    ���Q� 6�� ���ETo k�0:� �/ ��  $*_�� &# ���:�� �� ��L�� 

  �2� /��%�2�  �2�1 .    &*22U� D2>��V D�2>� �2"�0:� ;���24 �/� 6�� 
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   ���Q� �*����#ETo      �2� /��%�� ���:�� �� ��"1 ��   �2�1 .   f�24 ���2Q�
    �� D*�>��� ;V81/0      � �*�L�� �]�Y�� �/ 28/1      �2��� �]�Y2�� �/ 

        �� ����� f��U ���Q� ���!"# � H
9/0    2� 96/0    �2� �2�G��     �24�
)
  j��4 .( XV4 ��/Q�    &#RMSE   � MAE     I�24 �/ 6   DL2� 

  �>� ��4 �/�/ .              �2� �2
*� 2� �*���2# 6�� �� �/7�2>� &.V ���Q�
RMSE   ��� 47/0    2� 51/1  �20��              6�� �� �/7�2>� 2� � ��� �/ �2��

�"��- C���� �   �/�/ �1 ��:�          � �2�:�� �2�� �L2B �/2� �=�2> &#
      ��� ���4� /*Q7� X+V @��38/0   � 9/1 �0��      �� ��� �/ ���    �24�

         �� <� b��Y� .V ���Q� �+d �/ �# �/ �1  �4� .   �# ��   �1 ��:� jd
  �� 6�� ���      f��U ���G� � �0J� �*_

0C   ��2�/�� �Z�>��   �J2O
   /�1 ���� /*�E� ^��� .��       ���2Q� �21 &�*2_MAE       �� �2�"1 �2� 76/0 

�0��        �2�� @#21 ��� �/ ���      ���2Q� � /�21 �RMSE �� 33/0  2� 9/0 
�0��         /*2� ��G�� ��� �/ ���)   I�246 .(       ��2"�� �2:/ j2d�# �2�    2#

) ����� f��U (   /��� &���G�)  j��
4 .(6��      ��4 �A��� �Z�>�� &#
6�� �/ �0�Y22��� &22#-�*����22# � �*0�22� �D22�� &��22�   ��22#

D���   �� ��v�    �/�/ �1 �4�     �Y�Q� &��� �>�4�*# &#   �*1v� 6�� 
 6�� �FAO PM ��  ��24� ��24 ��s I�1 �*_ .     2� j2d �2# �2�

6�� ��� �Z�>��  6�� �� ��Y� ^��� �:/ FAO PM�� � �*cV
   �]�Y�� �/ �1 ����       �/�/ 2E�� �2>�4�*# &#        ,���2d �2
�/ &2#

    �� ���� @��3B� ���4� /*
*�   �2�1 .         �2�� �Z�2>�� �� �/7�2>� �2�3�
6��   22� �21 �22>� �22�� 2#�   ��22> &��22� D*�22>����+1 �� �2�� D�*22�

�]�Y��  #     �/�/ �21 �2Q.�� &       �2� �2>�4�*# &2#      �2�s I2�1 �*2_
�"� /�1 �/7�>� ���*4.  

    ���� 6�� �� �1 ��:�-   ����)35.0��(    ��2>J� &��� 
ETo  �� �/7�>�                �2� ��Y2� 6�� �2�� �/ D*�2>��� ;V f�4 �/*4

 6��FAO PM ��� 85/0 � 35/1  �2��� f��2U �   ��2� �88/0  2� 
95/0  �� ��G��    24�  �)   j��2
5 .(   ���2Q�MAE   ��2�37/0    2� 17/1 

�0��        ���Q� � ��� �/ ���RMSE   ��� 47/0   � 64/1  �20��       ��� �/ �2��
 �� ��G��  4�� .      �2��Z� f��2U P��_ �� 6�� ��� �Z�>�� �� �/ 

      1 ;>*� �1 �st� ,���d �
�/ �+/��  *���)3 (     ��2>� ��24 /E�L��
     F�� �/ ^��� �JO � �:/  �]�Y�� �� �        /�21 ��2�� /*2�E� # .   �2�� �/

      �� D*�>��� ;V f�4 �+d1 ��          ���2Q� �Z��� �/ � �>�MAE   �2� 
   �� ��"161/0 �0��        �� ���� @#1 ��� �/ ���     �2�1)   I�247 .(  ���2Q�
RMSE ��        ��� 6�� ��� �� ���% �>/46/0   � 75/0 �0��     ��� �/ ���

   ��/�� ��>J�)  I�47 .(   �� DL� ^��� ���      � �1 ���*O �/ �#/  2E�
�/�/      /*
*� ,���d �
�/ &# ���� 6�� ���4�-   ��24 Ke2O� ���� 

 6�� �� ��Y�FAO PM  �2� ��/�*2V�� &��<� �:/ ��   �24� . 2� �
   �� �T� �� jd�#       �*����2# 6�� 2� �Y�Q� �/ 6�� ��� �:/ �>� �

 �� �1   �*_   �/�/ �� E�� ��L�      �� �/7�>� ,���d �
�/ &#     �2�"1 ���1
�4�.  

  
��� ����=
 *��:�# @��+
 ���ETo  

  �/  j��
6 �OeV      �� ^��� �� &�    6�� �Y�Q� �� ���% �>/   &#
  ����� /��%�� 90���-     ;>*�� S>��� ����� RMSE     �2�m D*��% � 

����/    � ����/ &�  �]�Y�� �"# &��     �>� ��4 �A��� #. ��    ^��� �01 �*_
 �� DL�                 �21 �2�:� &*2U� D2>��V D�2>� �2"�0:� ;���4 �/ �#/

�/�/     6�� ���24� /*2Q7� /2� �=�> � X+V @�� &#FAO PM 
   ��"�� &��� ��*V ���3������- ���� ��    �2T� �� W*2"Z� �/ � �4�

       �2B�� ���: k�7# �]�
 �/ /��%�� �:/ .        ^�2�� ReV�2� ^�2�� �2��
   � 3#*��>  D���"#)13( ��    8�24�     D% ,2�+.� ^�2��      /�/ DL2� 2#

  �/�/ �1 ����               6�� ���24� /*2Q7� /2� �=�2> � ��Y� ��*_� &#
FAO PM ��"�� &��� ���3� ����E� �����- ���� �� �4� .  

  
 �	��3- I�A )b (  <��J6 I�$! 	)R2 ( <�; �(;��$��J6- K$&6 �	� ; ��A �J#D�  
�FAO PM���$* 	 ,�-����6   

  ,����$*-����6   
)alpha= 1.26(

  ,����$*-��A VWX� ����6       

������  bR2alphabR2

H
 ����  51/1  92/0  90/1  00/1  92/0  
�����d ����  18/1  94/0  49/1  00/1  94/0  

���3�>  42/1  92/0  79/1  00/1  92/0  
nV�>  23/1  93/0  56/1  1  93/0  
�"41  11/1  94/0  40/1  00/1  94/0  

D�"0�  23/1  92/0  55/1  00/1  92/0  
/���  24/1  94/0  56/1  00/1  94/0  
�EL�  11/1  95/0  40/1  00/1  95/0  

�*�L��  01/1  97/0  27/1  00/1  97/0  
Dm*:  02/1  96/0  29/1  00/1  96/0  
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 �	��4- I�A )b (  <��J6 I�$! 	)R2 ( <�; �(;��$��J6- K$&6 �	� ; ��A �J#D�  
�FAO PMY��$Z�� 	 

  Y��$Z��  
)0023.00 �C(    ��A VWX� Y��$Z��      

������  bR2
0CbR2

H
 ����  28/1  91/0  00295/0  00/1  91/0  
�����d ����  03/1  90/0  00238/0  00/1  90/0  

���3�>  14/1  95/0  00263/0  00/1  95/0  
nV�>  97/0  93/0  00223/0  00/1  93/0  
�"41  95/0  95/0  00220/0  1  95/0  

D�"0�  03/1  95/0  00230/0  03/1  95/0  
/���  01/1  92/0  00233/0  00/1  92/0  
�EL�  93/0  94/0  00215/0  00/1  94/0  

�*�L��  81/0  96/0  00186/0  00/1  96/0  
Dm*:  90/0  96/0  00207/0  00/1  96/0  

  
 �	��5- I�A )b (  <��J6 I�$! 	)R2 (�(;�� <�; $��J6- K$&6 �	� ; ��A �J#D�  
�FAO PMB=$6 	 - B��	   

  B=$6-B��	   
)35.0��(

  
  

B=$6-B��	   
��A VWX�      

������  bR2�bR2

H
 ����  35/1  93/0  438/0  00/1  93/0  
�����d ����  10/1  88/0  385/0  00/1  88/0  

���3�>  13/1  95/0  380/0  03/1  95/0  
nV�>  94/0  93/0  349/0  00/1  93/0  
�"41  96/0  89/0  350/0  01/1  89/0  

D�"0�  10/1  94/0  385/0  00/1  94/0  
/���  04/1  91/0  368/0  00/1  91/0  
�EL�  98/0  93/0  357/0  00/1  93/0  

�*�L��  85/0  92/0  320/0  00/1  92/0  
Dm*:  96/0  94/0  350/0  00/1  94/0  

  
!"#             � 3#*��2> ,2Q�QJ� ^�2�� ��2�+.� ��� ^��� ReV�� ���
  D���"#)13 ( �/�/ �1 ���� /�/ DL�  ���4� /*Q7� X+V @�� &#

 6��FAO PM�"� ��>�� ���3�    ��24 �A��� ���Z� f��U � �4�
       D���"# � �+% &/E�L�� �+/�� �/)4 (   /��/ �Z�>�� �� ��� .   �2�� �/

    ��� �� �
*� � P�QJ�   �]�Y�� �x1� �/ �1      �/�/ �2�+.� /�*� &#    &2#
 ���B% ,=>�             /*2Q7� �]�Y2�� n�2>u� �2�+�� &# j> �/ bO*cV 

��         �/�/ �1 ��/�� IOd ���� ^��� ����E� ���4�     X+V @�� &#
    �"� /*
*� ���B% ,=> �     ���� �/ � ��4�       ���� �/ �01 &���1   ���2: 

�B�� .      ���2Q� �+d ��� �/RMSE     �� �2�"1 16/0  �20��       ��� �/ �2��
�22�/�� /��%�22� .  D��22�"# � �*�22� ,22Q�QJ� 22� ^�22�� �22��)11 ( �/

      �+> � D*0�
 � D�>�G0�)9 (   ���2Q� �1 /��/ ���*�"# 3�� ���3�� �/
RMSE           /��d f���� �� � k1 �+d ��� �/ �� 3/0   � 4/0 �0��     �/ ���

��/�1 D�� ���.  
   L� ��+.� ��� ^���      �/�/ �21 �2�:� /�/ D        ��Y2� �2�*_� &2#

 6�� ���4�� /*
*�FAO PM ��"�� &��� ��>�� ���3�  �2����- 
  �����"�           �/�/ �21 ��2�� �2� ��Y2� 2.V ���Q� � �4�   @�2� &2#

  �� /*Q7� &��4�*V     �2� @��32B� ���24�   �2�� .      ���2Q� �2+d �2�� �/
RMSE   /��d 64/0 �0��         Z�� �]�
 �/ � ��� �/ ��� �� k��    ���: &���
  �B��)  j��
6.(    �� �T� �� �������       ��24 ��O*� 6�� �>�)  ��2B

     �2����� &2�/ I:��d � k��4 �.Q� &�/ D*� &�Y� (   � �2+% ;2>*�
  D���"#)4(�       �/�/ �� ��:�� ��� �LB ��"�� &���      I:��d &�/ &#

          �"�� � ?LV k�0:� I�+/ �� &*U� D>��V D�>� ;���4 &���   ?LV
�Q.���   �"� ��>�� ���3�  �4�.     �/�/ �21 ��2��         � /2� �=�2> &2#

         ��"�� &��� ���3� ����E� ���4� /*Q7� ��Y� ��*_������-   ��2�� 
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   �0�Y��� �+/�� �� �/7�>�-    �� ��4 KeO� �*0��   �4� .    �2+d ��� �/
  ���2Q�RMSE  �� �2�"1 56/0 �20��      ���2: H�/ �2��� �/ � ��� �/ �2��
�B�� .� � ^��� ��� D���"# � 3#*��> ,Q�QJ)13(  k2# �/2�1 �/-

  �1 /��/ ���*V        �+/�� ���Z� f��U �Z�>�� �� ���)26/1(�   �Z��� �� 
   ��/�1 ���� �>/ �E�L� .     �� DL� ��4 HZ�� ,�+.� ^���    �1 �#/

    ���Z� f��U ���Q�)alpha ( �0�Y��� �+/��-       k�20:� �2� ��Y� �*0�� 
  �� ��G�� �Q.��  �4� . 0:� �/k�          �� �2�"1 ������ ��� ���Q� $*_�� &#

26/1   k�0:� �/ �      �"�� � ?LV &#            ��2�� @��32B� ���2Q� �2�� ?L2V
��    ��1)13 .(            �2�� ���2Q� &*2U� D2>��V D�2>� �2"�0:� ;���4 �/

 ��� ������27/1 � 9/1/*� ��G�� .  
  �]�Y�� �/ ���     �/�/ ;QB �>�4�*# &#      /*
*� ,���d �
�/ &#

  2�E� ���4�              �2+/�� �� �/7�2>� &*2U� D2>��V D�2>� �/ 6�� ���
   �� ��4 KeO� �*����#  �4� .       �0"
 �� ��QQJ� ��> ;>*� ^��� ���

    D���"# � D��]��)8 (        �2Q�Qd � ���/<*B � ���3�� �/)6 (   D�2>� �/
    �>� ��4 ��#L� 3�� S�B .         ;2>*�� 2� �*1v� 6�� ��+.� ��� �/

RMSE  �57/0 �0��    �/ ��� ����Q�_ �/ �� H*> ����    �2� �201 &�2��-
/��% �>/ . j��
 �/ ^��� ��>6�>� ��4 �/�/ DL�  .  

    ����/ ��m D*��% ^��� S>���       i.> �/ ����/ &�5     ��2� �2O�/ 
  ;>*��RMSE �� �   6�� D�*�      ��>J� 90��� &#�����-   �� ���� 

   k�YQ� ���� �Em ��   ���Q� �1 /�1 &���RMSE b��Y� E�% �/   ,�27�
���� /���� &��/ . 6�� j�� ���� �/FAO PM   X+2V @�2� D��� 

(-Rs) ���3� ����E� )(RMSE=0.16mm/day ��  �4� . H�/ ����
 6�� I�4   �0�Y��� &#-   # � �*0��    �� ��4 KeO� �*����    �1 �4�

��  f����RMSE   E�%  j/��56/0   � 57/0 �0��      �� ��� �/ ���   24�� .

�� I�4 H*> ����6  &#����-   ��24 Ke2O� �2���  �FAO PM 
��:�� ��� �LB D���(-ea)�FAO PM    /2� �=�2> D��2� (-U)�

FAO PM /2� �=�> � X+V @�� D��� (-Rs,-U) �FAO PM 
��:�� ��� �LB � X+V @�� D��� (-Rs,-ea) ��*����# � FAO

PM         �2�:�� �2�� �LB � /� �=�> D���  (-U,-ea)  �2�       �21 ��24�
�  ���QRMSE   ��� 63/0   � 76/0 �0��        �2� ��G�� ��� �/ ���   �24� . �/

6�� I�4 H�Em ���� ��E� ���� &#- ����� FAO PM  D��2� 
    � /� �=�> �X+V @��    �2�:�� W�4� ��� �LB(-Rs,-U,-ea)   �  

�0�Y���- �*0��  ��   ��4�   ���Q� �1RMSE    �� ��L�� 8/0 �0��     �/ ���
�� ��� �4�.  
  

��=�[ 
$�Z  
  ^���   ��+.� ���    �/�/ �1 ��:� /�/ DL�         � ��2�B% ,=2> &2#

  *AB 6�� ���4� /*Q7� /� �=�>-�"�� -  &��2� ��*V ���3� C���� 
 ����� /��%��-  �� ����   �4� .  /�*� ��� �/� �/�/         2� X+2V @�� &#

        �� ��>J� �x1��d � I:��d ,���d �
�/ �� �/7�>�     � ��/��  /�*2� �/
e_�           �/7�2>� ?���*��2> �>�4�*# �]�Y�� �� �/� �=�> ,= �24 .

                  �� �/7�2>� ��2�+.� /�*2� �2Q.�� �/ �21 /�/ DL2� ^�2�� ���!"#
 �/�/ ��]���  &#  �=�>         ���st2� �/� �=�> �/�/ XQ� � �]�Y�� /�

  �/�/ �� �/7�>� �� &# �=�> �]�Y2�� /�   �2� D% ��2Z� &2# �24� .
  �/�/ �1 ��:�   &#�� /*Q7� ��:�� ��� �LB � /� �=�>  6�� ��4�

�0�Y���-�� ��>�� 6�� �*0��  �4� .  

  
 �	��6- \#��� RMSE 
�$; $��J6- K$&6  �	� ; ��A �J#D�FAO PM���� ;  �	� 	 ���5� 
� 
�,;$[6  

�J6� 
�+;  $��J6 �J#D� �	�- K$&6   \#���RMSE) ,��� Y	� �� $��(*  

1  FAO- PM (-Rs)  0.16 c
2  ��4 KeO� �*0�� �0�Y���0.56 b
3  ��4 KeO� �*����#  0.57 b
4  ��4 KeO� ���� ����  0.63 ab
5  FAO PM (-ea)0.64 ab
6  FAO PM (-U)0.69 ab
7  FAO PM (-Rs,-U)0.71 ab
8  FAO PM (-Rs,-ea)  0.74 ab
9  �*����#  0.75 ab
10  FAO PM (-U,-ea)0.76 ab
11  ���� ����  0.80 ab
12  FAO PM (-Rs,-U,-ea)0.88 ab
13  �*0�� �0�Y���0.97 a

*:D�� DY�� R��d ���� ,�7� /*
� H�= �� 6�� ��� ��/  i.> �/ 90��� &#5�� �O�/  �4�.  
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 @�A2- ]�(� 
(% <��=�� )MAE ( <�G�6 
�$;$��J6- K$&6 �� ; ^�$� ��Z�� ������ �� ���5� 
�  
�!� "#�$% "�#� )��*�+�# 
�  
  

       6�� �2�� �� �/7�>� �� I�: ���      D% �2��Z� �����2� )26/1 (  �2��
 //�� �Z�>�� . �/�/ ;2QB �>�4�*# �]�Y�� �/ �1 ��:�    �2
�/ &2#

       �]�Y�� �� &��Y� �/ �1 ���4� /*
*� ,���d    D�2>� �>�4�*# &#
  j*"�� &*U� D>��V ��          ���2�E� ��4 KeO� �*����# 6�� ��4�

  ��"�� &��� ���3������- ����  �2�  �24� . �2�3� ��    �Z�2>�� &2#
6��     /��%�� &#�����-   ����    �/�/ �� ����� �1        ,���2d �2
�/ &2#

    �� �1 �>� ��� ���Y#    D�*�   D% �� �]�Y�� ��> �/   �2Q.�� &2#�  �21 
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Abstract
Crop reference evapotranspiration (ETo) is an important agrometeorological parameter for water resources 

and hydrological studies, as well as for irrigation planning and management. There are several methods to 
estimate ETo, but their performance in different environments are not the same. The FAO Penman–Monteith 
(FAO PM) method has been considered as a universal standard method to estimate ETo for more than a decade. 
In some situations, using FAO PM is limited due to lack of input variables. In these cases, calculating ETo using 
FAO PM method with estimated variables is introduced, that has recommended by the FAO paper No. 56. So,
the purpose of this study is evaluating FAO PM performance to estimate ETo with missing data on wind speed, 
net radiation and saturation vapor pressure deficit, in Khorasan Razavi province. Empirical methods of ETo 
estimation including Priestley-Taylor, Hargreaves and Thornthwaite that require less input data, were calibrated 
for the region. Meteorological data from 10 synoptic stations in Khorasan Razavi province were collected to 
compare estimates of ETo using FAO PM method, by means of full and missing data. The results showed that 
when the net radiation and wind speed data are missing, again FAO PM Method is a good option for estimating 
evapotranspiration in Khorasan Razavi province, so that the RMSE value is less than 0.71 mm day-1. Also, 
Priestley–Taylor method is a good option to estimate ETo, when wind speed and vapor pressure deficit are 
missing, especially when this method was calibrated according to local conditions (RMSE = 0.56 mm day-1).
When only temperature data are available, adjusted Hargreaves and modified Thornthwaite methods were better 
options to estimate ETo than the FAO PM method, since RMSEs from these methods (0.57 and 0.63 mm day-1,
respectively)  were  smaller  than  FAO  PM (RMSE = 0.88 mm day-1).
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