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Black carbon (BC) is a primary component of fine particulate matter which has a 

significant effect on climate and human health, and anthropogenic activity along 

with weather conditions affects its long-term variability. This study aimed to 

investigate the statistical relationships between meteorological elements 

(temperature, rainfall, wind speed, relative humidity, air pressure, sunshine hours, 

solar radiation, and cloudiness), criteria air pollutants (CO, NO2, SO2, O3, PM10, 

and PM2.5) and black carbon particles (BC), as well as assess and compare the 

efficacy of five different machine learning algorithms (multiple linear regression 

(MLR), generalized additive model (GAM), classification and regression trees 

(CART), random forest (RF) and gradient boosting machine (GBM)) in modeling 

pollutants and climatic factors responsible for variations in black carbon 

concentration levels in Tabriz and Tehran from 2004 to 2021 using R 4.3.2 

software. The results of the present study showed a significant variation in the 

influence of meteorological parameters and criteria air pollutants on the level of 

black carbon pollutant concentration in Tabriz and Tehran depending on the 

different geographical locations, weather conditions, and regional structure. Black 

carbon particles have experienced a significant upward trend with a relatively 

equal speed during the statistical period studied in the cities of Tabriz and Tehran. 

Based on the results of Spearman's correlation analysis, black carbon particles 

have a positive correlation with PM2.5, NO2, CO, and SO2 and a negative 

correlation with O3. Black carbon was highly correlated with parameters of wind 

speed (negatively) and relative humidity (positively) in Tabriz and temperature 

(negatively) and air pressure (positively) in Tehran. Based on the performance 

evaluation of predictive models and concerning the parsimony principle, the 

GAM model in Tabriz and the MLR model in Tehran had better performance in 

predicting black carbon values than other models. 
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´27 46°  � �J�� *��´01 °38  �1´10 °38 ) 2�� �#� zJ�� �5�C� q�R �K�(�FC� � (���1399 @�0J� .( A'��1

4C��K��,-E � n�S,$�1 � 	�� K� 
��K�� 
���(	�S 		�1 ��� �_ 4 ��1 .2�� n�S (��,$ �-� |��P- K� 
��

4$ ��� ��	�5� E� ���� 
#� =LF�- �$ �( A'��1 ��#�'O� z$��- T'�A�� � �	���� 4���- *�� 	�� *�X� (	 �7'�

K���
 E� �F' 4$ �( �!� ?'� � 4�S��.2�� �	�
 *#�- (��
 (	 ��� ��	�5� 
�� 

 2 �� �$ K��!1615  	�#b ��� C� � z$�- ��-�0�
9 l(A$ ��^� K��0�-2� C� �8 � ?'�1 K��'� 2f�'�8 ��!� ?'�1

 M���- |�^1(� �$ 4
 2�� K��!1 K���� A
�- �1200  �'������� �	�#a- (	 �'(	 \P� E� ��-´06 °51  �1´38 °51 

 � �J�� *��´34 °35  �1´51 °35 	�() 2�� �#� zJ�� �5�C� q�R11 K�(�FC� � �2022 .(46�� 3��� �$#�$
 

0J��C� ?8�
12 ��(�	 K��!1
 ������
 ��4C n�S �$K��,-E��
 ��(�$ `���,� � 	��� K��,$�1 ���
 $���� �B���  �

 n�Sn$) 2��13  �K�(�FC� �2018(. @�0J�  K��!1����$ ��GH1 2a1 �������
  K� �� '��
 ��
 *�C� (	 E��5�  �

                                                      
1 Carbon Monoxide 
2 Nitrogen Dioxide 
3 Sulphur Dioxide 
4 Ozone 
5 Particulate matter with an aerodynamic diameter less than 10 microns 
6 Generalized Additive Model 
7 Classification and Regression Trees 
8 Random Forest 
9 Gradient Boosting Machine 
10 Multiple Linear Regression 
11 Rad 
12 Köppen 
13 Beck 
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�
'� A
�-
 �!� ���� (	 (��
 	(�	 (��J. �� (	�4� =��^1��
 CR�< R�^1(�� $�? *�C� �m0�f- <���- �!� 

Tf$ E� �1	��
�� A
�-
 $��� �� K� .2�� 4$ K��!1 �!� B���#�'O� (����� I�5	 �4�06� I'��� E� ��� 
��

��"�'O�8������� ���4��S(�
 � ���	�5� 2��!� (	 �(��C� ����!� ?'�1�- @�W 4$ K�!� 
� (	 �-	 �"��(�� � 	(�S

 .2�� �#�-���� K��!1 
��� ��	�5� #'#�1 4$ 
�� M'��� ?��UC� � �'������� ��S 2� J�- �*�� 	�� IX�

 J�-�2 ��������' <���- � � 4 5�P- 	(�-'��"�,��
 
#'#C� �8 �'T 
�^�2 ��� �!��  IF� (	1  �#� �	�	 K���

.2��  

  
 15�1 : <��.2���EC%$� �9�5� F$G2: � ��)�D� ��2� �3DB��2
 <�H�& >$�
 � '($(�
 '�
. :z��- K��#�,'��  

  

�����
 :  

�	�	 ��
 ��
 ��-E� � (	 �	�^��� 	(�-'? 4 5�P- �	�	 I-�� ��
 � 4����-'��"�, ��
 ������� ���	�	 ��
  4��E�(

�'��"�, ��
 �8'T 
�^�2 ���  ��	�	
��  
���- *#- ��R��2-MERRA )M2T1NXAER(1 ��-E �E�$ (	� 1 

3(�- 2004  �130  ?��i2021 .2�� -�"���? �	�	 4����-��
 �������� �-	 I-�� )T �℃) Q(�$ �(R �mm �(

) 	�$ 2R��WS �m/s) ��,� 2$��( �(RH �%) ��� (��� �(AP �hPa) �$���� =�R�� �(SH �h 
#��(�S T$�1 �(

)SR �j/cm2/day) �
���$� � (C �Okata (	 (� (�!W'��"�, A'��1 
#'#C� ��"�,'� �	 � K��!1 
#'#C�  K�-E�� E�

                                                      
1 MERRA-2 M2T1NXAER: Aerosol Diagnostics V5.12.4 
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��������  (��
) #'	�� 2��'(	https://data.irimo.ir/ .(C� 4$�? 1�1��r �	�	 4$ o�$�- 
��-�"���?  4��E�( 2Z0[

�#�'O�(�� - 
�� 
�� �'� � ?$�
 ) #�,
��-CO �mg/m3�( ��Ki��� ) #�,
� 
	NO2 �µg/m3 �(	����  
	

) #�,
�SO2 �µg/m3) KE� �(O3 �µg/m3) <0 - =�(> � (PM10  �PM2.5 �µg/m3 ( (	21 �'��"�, �8'T 
�^�2 ��� 


 � K��!18  E� r�1�1 4$ A'��1 
��� 2�^�
 T��� ��"�,'�
 *���
 2
���^�2 ���
 K��!1 

)https://air.tehran.ir/ � () #'	�� NS� A'��1 �!� 
��� ��	�5� *���
 � T'�8 A
�-https://as.doe.ir/( .2Z0[ 
��

��R�� �#�'O�
 ���� ?$�
 ) ���� ?$�
 �-�� 2Z0[ #��$ E� A��BCSMASS1�	�	 ( *#- 
��2-MERRA 4��(�

 �#� A
�- M��1�	�	 � 
E�,5#- (����) �F'�-� �0- 
	(����� � �'�}� K�-E�� 
(���?���� �(� I��� 4��-�� (	 

)GGE(  ���F- n�F^1 =(#J �$69375  ��- 4 5�P- 	(�- 
(�-� �(�	 
��$���f���  #'	��

)2/-https://gmao.gsfc.nasa.gov/reanalysis/MERRA.( �	�	 4W��� *#- 
��2-MERRA 2J	 �2�^�
 E�  �

4��� (	 *#- ?'� 2�6��- 
	# �- =� 5�P- � #�(�	(�S�$ �'O�$ 	�C�R� 2�0$�J �( ���� ?$�
 =�(> 2Z0[ 
E��

�	�
 #�'H1#�� �
(O�
)2  �K�(�FC� �2010�F�'( u3  �K�(�FC� �2011K��$ u4  �K�(�FC� �2013	(�W�$ u5  �K�(�FC� �

2016(?'��$ � 4 5�P- ?'� *�b �$�	�^���  E� 
��� 2�^�
 T��� ��"�,'� (�!W (	 ���� ?$�
 2Z0[ 4����- ?�"���-

) ��S� *�� �	 (	 ((#_ � m'�� �
(�!� �K��a$ 	���) K��!11401 -1400�	�	 ����(���R� 4$ 2�,� ( ?$�
 
��

 *#- E� ����'(	 ����2-MERRA  4�,$ <'�� E�hydroGOF 4$�� 4$ 4
 2�� �	�
 B�#J��7'� QE(� 	�S 
 
� 4$

�- 4 5�P- ?'�#�f$ )�����-�E -$�"�(�'��6 �2024( .  

�#�C�) 	�6^- �'	�6- ��GH1 E� 
����0� (�Z�- 4$7�	�	 z'E�1 IF� �$ ( 	�F0CR �������- K��- �"�,�C� ���

@�'(�"5�4'A�1 � 
E�,5#- 
��I�0a1�' ���n ��,��� Q�(8 ��-�(�8��
  4�,$) ��	�X1 I"�� @�'(�"5� �$ ����-

missForest( 2'�'#- 
��$  4R�C�- (	 	���- 	�6^- �'	�6-�	�	 �� #� �	�^��� K��f���)9 �2022(.  �4 5�P- ?'� (	

�	����(�	) =�8 �'	�6-10 ��,��� 	�F'�( E� �	�^��� �$ ?�'�8 � O�$ (capping �#_ �#�'�C� �'	�6- �$ r�1�1 4$ 
��

95  �5 �	�	 2�^�
 � #'	�� ?'A"'���	�5� 
���'() 2��� (��J ��(�$ 	(�- ��� �11 �2022 
(��E�� 2!� .(

�	�	 �$ ���-E�#�'O� 2Z0[ 4����- �'	�6- ��������� 
��.#'	�� ���f��� ���� ?$�
 =�(> � (�� - 
�� 
��  

  

�$J�:'���K 1���:� :  

B�� (�A��R f,� 42.3.4 ��$
 A�1 B����'40a1��I (�-�
 �	�	 �� .2��� (��J �	�^��� 	(�-�(�$� K	�$ *�-��  z'E�1

 ������-_�1 (�-� 4���a- ��^� �	�	�� M��1 4��(� z$��1 4�,$ (	 �#�MVN12 #� B���� E�C
(�
)13  �K�(�FC� �

                                                      
1 Black Carbon Surface Mass Concentration 
2 Colarco 
3 Rienecker 
4 Bian 
5 Buchard 
6 Zambrano-Bigiarini 
7 Missing value 
8 imputation 
9 Stekhoven 
10 outliers 
11 Ryu 
12 Multivariate Normality 
13 Korkmaz 
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2014 Q�( .(STL1 �	�	 ���-E 
�� 4'A�1 
��$4^5Y- 4$ ��) #��( 
��Tt) �0X� �(St) �#��C�J�$ � (Rt2!� ( 

���"5� � ��#��( ���f���
 0X��  (	 ���-E 
���� �_��R�����' O� �'�#� ��
 �UC� � ����? �E�#�� ���
 =(#J 

) #��(FT� ( 0X�) �FS4$ (w���) #� �	�^��� �'E r�1�12  �K�(�FC� �2006:(  

)1(   �� = ���  (0.1 − 

��(���


��(������
�  

)2 (  �� =  ���  (0.1 − 

��(���


��(������
�     

 (�#6-FS  �FT �-4$ �#��$ ����- n' �1 �^_ ?�$ #���1
(�� 4
�	�	 ��
 ��
 ��-E�  �$FS  �FT 	A�'n  4$0 �61'`�� 

���  �G�0X�� � ��� #��(
 C� K��� �(� �#��	 5�b(	� 4
"1" � 4$'? � -� ,$ #��( 4
 2���(� �J
 �	�	 
�� (	-

 ��	��� 0X� � 	(�	� K	�$ .2�� �	�	 �( K�-E� ?- 
��-�(�8�� -*�#�
3  /����
) #��( 
(�-� 
(�	�� - ��(�$ 
��$

�#�'O� � �������� �_��R ( ��'�A��?� r�� K�-E� � K�-E *�� (	 ��� 
��4  (	 #��( � J�� r�� 	(���$ 2!�

�	�	 ���-E 
�� 4�,$ E� �	�^��� �$ ��trend 4$?-) #� 4���� (�
5 �1945 u=�5�86 �2023 
����-�(�8 K��- o��1(� .(

�#�'O� 2Z0[ ���������3��6- (	 ���� ?$�
 =�(> 2Z0[ � (�� - 
�� 
���0X� � 4����- ���-E 
��  ��f��� �$

�	�	 z'E�1 3��� �$ r���- �"�,�C� I�0a1 Q�((*�-�� ��[ � *�-��) �� 4'A�1 	(�- 
�X$ � 2��� (��J I�0a1�

I_�b V'��� 
E��  K���C�� \P� (	 r'��k 
(�-� 
(�	�� - � �"�,�C� r'��k I-�� �"�,�C� ~'�1�- E�

9/994$ �$ % 4�,$ 
���(�
corrplot 
�) #'	�� @����7 �FC�� �8 �2021 .(� 4$ 4��1 �$'�7���
 ���'����  (	

�!� � A'��1 
�� ) (�!$ IX� (�!W �K��!14- �I'(�� �3(�-) K��,$�1 �( �4���i �?��i=���8 �(�'A ) � ���
� ���-��D�

��-���) K��,-E � (4'(�� �4'���i ���-��	#� ��f��� (  �,^1�� �k'�r "�,�C��  - 3��� �$���(�4��(� 
 M��1 �#�

�
�
�-9 )2012 �� ' (3/0< �m� k (��,$ �"�,�C� :49/0 -3/0 �m� k �"�,�C� :69/0  -5/0 �"�,�C� :

 �M���-89/0  -7/0� 
�J �"�,�C� : 1  -9/0 .2��� =(�_ 
�J (��,$ �"�,�C� :  

  

'G�%)(� '�
��5$��  :  

(�Z�- 4$  1��? 5�C�b� =��G�� �_��R �������� O� �'�#�(�� - 
�� 
�� P� �$ A'��1 (	 ���� ?$�
 =�(> 2Z0[ \

� (�"5� �K��!1'@� ��
 '�	���
 ��-�? ���( I-���K� PS� ) 4���#�WMLR�(  *#-� C� C 1�@ '4��� )GAM �(

46�� 2S(	) K�����( � 
#�$CART) ��	�X1 I"�� �(RF) K�'	��� 2'�61 � (GBM 4�,$ (	 (tidymodels 

�	��8?��
) #� 
E��10 B�!F'� �11 �2020.( *#- �� ?���� �Z�(	 �$4$ ���� ?$�
 =�(> 2Z0[K���R ��-��  4�,$��

������� �_��R �� O� �'�#���(�� - 
�� 
 4$ K���RI6�,- 
������-��$ �
  ���8 ���� ?$�
4R�C�- 4$�
  E�

                                                      
1 Seasonal-Trend decomposition using Loess 
2 Wang 
3 Mann-Kendall 
4 Sen’s slope 
5 Mann 
6 Pohlert 
7 Wei 
8 Simko 
9 Mukaka 
10 Kuhn 
11 Wickham 
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��-����
 k�1 @!-�a� #����' QE��$. @�PS� ��-����
 I6�,- �� E�'< 4��S#�$
 40,0��1��-� ��k'r 

"�,�C�� D���?-� �,$ (	 4Hmisc  �(�$ 	(�-� 2��� (��J *(��)1 �1990*(�� u2 �2023(. ����E��'��- 4
�� 

 4�,$�� 
�(�	2�� (
	#R) �C
 2���-�( �$ �
 �('��	�F
 ���(�K�  (	@�'(�"5�' 
���	���
 ��-�?  A
�C1

 .#'	�����(���R� Q�(� I$�6�-3  I-��,61�@ �	�	4R�C�- 4$ ����
 �E�-�� )70% (� '�-E� �' ����(���R�T 

)302!� (% C���K��  E� 2�0$�JC 1�@ *#-��
 8�T$���	�	 E� *L6��� � � 
����E�-�� 6��- 	�$(�
�2-��A  �!��

 (	'n 4����#� �	�	 4R�C�-  �Z�1�@ ����-�(�8���
4 � 	(�-�E� ��$
  ��'n *#- E�#� �	�^��� �� .*#- �( �$ ��
 

�E�-� 4R�C�-� � #�#� QE��$ �-E� 4R�C�- (	'T  	(�-���(���R��  � #����� (��JE(�'$�� *#- 	�F0CR
�� 

 ?�� 1 r'�k 3��� �$ �"��8R25 �PS =� $�- ?�"���- 4�'( �
 )RMSE( .2��� =(�_ (T'�-E�) ����(���R� 

C���2 �,�� ��-����
  (	 I6�,-
�'N8����1 ?���1 ��-�� �� Q�( E� �	�^��� �$ ���8'2�" �,$ (	 4vip  �$

 (�#6- 3���R2 4$ - K���R�(� � 4���a- *#- 	�F0CR*� ?'��) #6  �K�(�FC� �2020 .(�!� (	'�2  *#- ��f���

�!��' 4$ �'�"��8 2J	 ?�$ �5	� 1 =(�_ �) *#- K	�$ �X�f- � ��1�
4��_ I_� ���'7 (#� B���� )n5��8  �

�
�1�-'���9 �2023 (	 .(���'#� �6-'4, *#-�� �$'# �	�� � 2J	� 	�� 4���� �Z�(	  � 2J	 �$ *#- �	 K��-

��$��$ `���,� �'�"��8 �	�� *#- 2�� ��!$ �	�� ��f��� �1�b� �A�� �$ ���'T  �����-�(�8 	�# 1T�8 
�PS���$ 

 T��
'#$�.  @�'(�"5� ��XS (	 ����$ =�RL�� r,
 
��$�	�^��� ?���- 
���	�' 
��4 5�P- ?'� (	 �#�  4$

 ���
Hands-on machine learning with R 4FC��$ 4����10 *��'�� �11 )2019.	�� 4 ���- (  
�'�X1 �#�FW

 IF� (	 T��782 .2�� �#� �	�	 T'�C�  

 

                                                      
1 Sarle 
2 Harrell 
3 K-fold cross-validation 
4 hyperparameters 
5 R-Squared 
6 Greenwell 
7 parsimony principle 
8 Falk 
9 Muthukrishna 
10 Boehmke 
11 Greenwell 
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 15�2.>
��
 '�$2L: �(�56 : :z��- K��#�,'��  

  

�C9$M N�" �  

:�H�O2: ���K  

 4$ o�$�- =�RL������-�(�8
 �������� �UC� ��? O�'�#���
 ��� �#�'O�)(���� ?$�
 � (�� - 
��  � A'��1 (	

 K��!1 I-�� �'	�6--�"����?  k� � �c
�#b �IJ�#b�2 E�1'z �	�	 E� ��01 -03-2004  �130 -06 -2021 *�#� (	 �

1 4��(� .2�� �#� �- K��� �!� �	 
�� 2� k� 4,'�6- ���,� 2$��( �	�$ 2R�� �Q(�$ �'	�6- ?�"���- 4
 #�	

?�R(	 � 2�� K��!1 E� ����$ A'��1 (	 �
���$� � �$���� =�R����-	 �*�b  (	 K��!1 (	 
#��(�S T$�1 � ��� (���

�#�'O� 2Z0[ \P� ?�"���- .2�� ����$ A'��1 �$ 4,'�6- 
��BC �NO2 �SO2 �PM10  �PM2.5  K�A�- 4$ K��!1 (	

I$�J2Z0[ ?�"���- �'	�6- �!�1 � 2�� A'��1 �!� E� ����$ �!��1 
��CO  �O3  .2�� K��!1 E� �1O�$ �
#�� A'��1 (	

 �S� K��� *�#�1  �( ������- z'E�1 2� k���- n1 K�-E� 3��� �$��� j����C5�
 - C���m�� )KS(1 �- K��� -

#�	K�C� . 4
(���- 4ZbL- �	�$ 2R�� 
������- �!�1 A'��1 (	 	��O3  �PM10 �	�	 4R�C�- (	��� �(�	
 E�1'z 

��- n1 *�-����� � - \P� (	�(�	 
05/0 .#��,�  �Q(�$ ��-	 A� ������- �-�C1 �K��!1 (	 4
 2�� �5�b (	 ?'�

 ��$���� =�R�� ���,� 2$��(NO2  �SO2 .#��,� *�-�� z'E�1 
�(�	  

  

                                                      
1 Kolmogorov-Smirnov 
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 P�(01: ����'  �" <��Q��
�C����
 '-�B��2
� � RK$�(B �
' � S�-� �" �2
�E9��T  �� �9�
��� J$��: U��!: )2021- 2004(  

��YC�  

'���K Z*��  
) �C�)���9p-value(  

T�E9���  �B��&  �B�	�"  

J$��:  U��!:  J$��:  U��!:  J$��:  U��!:  J$��:  U��!:  

T (°C) 30/13  46/17  75/5 -  20/3  42/29  68/32  004/0  001/0 <  

R (mm) 59/24  63/22  0  0  76/189  02/82  001/0 <  001/0 <  

WS (m/s) 85/3  2  12/2  07/1  74/6  05/3  14/0  25/0  

RH (%) 42/51  36/37  78/22  37/14  85/79  05/72  001/0  001/0 <  

AP (hPa) 16/859  72/863  81/850  81/856  73/870  45/869  004/0  40/0  

SH (h) 56/238  53/237  83  30/99  90/378  37/368  03/0  004/0  

SR(j/cm2/day) 86/57195  93/57294  50/11888  16247  146674  67/107064  01/0  46/0  

C (Okta) 08/3  42/2  61/0  17/0  76/5  31/5  04 -e6  14/0  

BC (µg/m3) 53/0  68/0  34/0  50/0  75/0  98/0  002/0  13/0  

CO (mg/m3) 80/2  70/2  13/1  18/1  98/5  46/5  02/0  1/0  

NO2 (µg/m3) 43/37  43/89  88/2  60/53  89/66  70/136  03/0  02/0  

SO2 (µg/m3) 50/17  15/34  63/3  28/8  60/50  61/83  001/0 <  001/0 <  

O3 (µg/m3) 36/39  96/38  13  23/13  51/72  94/71  17/0  07/0  

PM10 (µg/m3) 43/47  17/81  20/23  28/44  35/74  55/125  11/0  7/0  

PM2.5 (µg/m3) 81/19  80/31  48/10  44/16  09/38  53/52  04 -e5  11/0  

T �R �WS �RH �AP �SH �SR  �C 1�1 4$�r 	�6-'� -�"���? �,� 2$��( �	�$ 2R�� �Q(�$ ��-	 4����-�� $���� =�R�� ���� (����� �(�S T$�1�#
  �

�$��
�� - K��� �(� #��	. 

 

'�- 1���::�9��G '�
 

���'V 0X� =(#J 4$ o�$�- =����a-) �FS #��( � (��-���� )FT( ' ?��UC� �4��� ��
 �!��' K�-E� �� 
��-�(�8�� 


?- -?� r�� � *�#�
 I-�� �	�6-'� Z� ��r #��(  �p-value 4$ 4
 �"���$ r�1�1����-�(�8 #��( 2!�
 �������� 

O� �'�#� �� �A��)'T '� �A�� 2R�� �(T��
'T '� ��

(�	�� - � �!�� T (�-�
 ��#��( �2� *�#� (	2  �#� 4��(�

2�� V'��� 3��� �$ .A�1 Q�('4 STL0X� =��G� ��  #��( ��-�C1 ���-E 
�� (	 ��-���� �� �_��R)�����'  �

O�'�#�(�� .	(�	 	��� 0X� =(#J �����-�(�8 B�C1
 ��������A'��1 (	 � A� 4$  �
#��(�S T$�1 � ��� (���$���� 

.	�$ #��( =(#J E�  A�� K��!1 (	0X� =(#J� ����-�(�8
 ��������� 4$ A� �
#��(�S T$�1$����  .	�$ #��( =(#J E�

0X� =(#J� $�? �� �_��R�����' �1O�$ � =��^�-'? -�"���? 0X� =(#J� ) ��� 
�-	 4$ <0 �- ��!� �	 �� (	1  =

FST( .	�$ 4$ A�O3 �PM2.5  �BC�#�'O� �'�� #��( =(#J � 4���a- �!�� �0X� =(#J E� ����$ K��!1 � A'��1 (	 ��

 3��� �$ .#'	��STL �$����'? O� #��( =(#J'�#�  A'��1 (	��$ 
PM10 
��$ K��!1 (	 � CO  �SO2 - �$�"���? 

��( #7/0  =FTPM10 �8/0  =FTCO  �8/0  =FTSO2  .	�$  

k���4  �^_)05/0 > p-value (��-�  B#R �$ 	����� (	 #��(
 ��-E� ����-�(�8
 ��������  A� 4$ 
����-�(�8

 A'��1 (	 (T'�A��) 
#��(�S T$�1 � (T��
) ��� (��� �(T'�A��) 	�$ 2R��N8'4��� -�.	��  �!�1 A�� K��!1 (	

 A'��1 (	 .2�� �	�
 4$��1 
(�-� �(�	 *�� (	 �( 
(�	�� - ����
 #��( �
���$� ��-�(�8CO �SO2 �PM10  �PM2.5  �
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�#�'O� K��!1 (	 
��CO �SO2  �PM2.5  K���C�� \P� (	 �( 
�(�	�� - ����
 #��(95�	�	 K��� % 2R�� .#��

 T��
CO 1 A'��1 (	 T��
 2R�� E� �1#�PM2.5 �PM10  �SO2  �#�'O� A�� K��!1 (	 � 2��CO  
����$ 2R�� �$

 4$ 2�,�PM2.5  �SO2  #��( K��!1 � A'��1 �!� �	 �� (	 ���� ?$�
 =�(> 4
 2�� �5�b(	 ?'� .2�� 4���' T��


 �$ �( 
(�	�� - 
	� _2R�� �	�
 4$��1 �$��$ `���,�.#�� 

  

P�(0 2: ��:�1 �L=� �
�C����
 (9�� � '-�B��2
� � RK$�(B �
' � S�-� �" �2
�E9��T  �� �9�
��� J$��:  U��!:)2021 - 2004( 

��YC�  
) (9�� ��(.FT( ) ��L= ��(.FS(   ����KZ  (9�� [��  p-value  

J$��:  U��!:  J$��:  U��!:  J$��:  U��!:  J$��:  U��!:  J$��:  U��!:  

T (°C) 3/0  2/0  1  1  27/0 -  33/0 -  003/0 -  003/0 -  79/0  74/0  

R (mm) 1/0  2/0  3/0  5/0  40/1  79/0 -  02/0  003/0 -  16/0  43/0  

WS (m/s) 4/0  4/0  9/0  8/0  48/2  24/0 -  003/0  0001/0 -  01/0  81/0  

RH (%) 2/0  2/0  9/0  8/0  53/0  19/1 -  01/0  02/0 -  59/0  24/0  

AP (hPa) 9/0  2/0  8/0  8/0  36/8 -  68/1  05/0 -  01/0  16 -e2/2<  09/0  

SH (h) 1/0  3/0  9/0  9/0  37/0 -  06/0  04/0 -  01/0  71/0  95/0  

SR(j/cm2/day) 7/0  8/0  8/0  5/0  2  83/0 -  02/59  50/31 -  05/0  41/0  

C (Okta) 2/0  2/0  7/0  7/0  01/0  37/2 -  05 -e93/2  004/0 -  99/0  02/0  

BC (µg/m3) 3/0  2/0  9/0  7/0  90/1  71/2  0003/0  0003/0  05/0  01/0  

CO (mg/m3) 6/0  8/0  2/0  4/0  20/6 -  99/12 -  01/0 -  02/0 -  10 -e75/5  16 -e2/2<  

NO2 (µg/m3) 6/0  7/0  4/0  5/0  49/1  63/0 -  02/0  01/0 -  14/0  53/0  

SO2 (µg/m3) 6/0  8/0  4/0  2/0  83/5 -  49/10 -  07/0 -  41/0 -  09 -e59/5  16 -e2/2<  

O3 (µg/m3) 3/0  5/0  9/0  8/0  55/0 -  90/1 -  01/0 -  04/0 -  58/0  06/0  

PM10 (µg/m3) 7/0  5/0  1/0  4/0  57/9 -  77/1  2/0 -  04/0  16 -e2/2<  08/0  

PM2.5 (µg/m3) 4/0  4/0  7/0  7/0  91/1 -  50/5 -  04/0 -  1/0 -  05/0  08 -e85/3  

T �R �WS �RH �AP �SH �SR  �C 4$1�1�r 	�6-'� -�"���? �,� 2$��( �	�$ 2R�� �Q(�$ ��-	 4����-�� $���� =�R�� ���� (�����  T$�1

�(�S�#
 �$� �
 - K��� �(� #��	. 

 

���� ��B-���C��:���- T"�& '�
  

�	�	 �$�'E(� 
��$ *#- ���� ?$�
 
��MERRA-2 �K��a$ 	��� ��"�,'� (�!W (	 �#�'O� ?'� 2Z0[ 4����- ?�"���- �

) 45�� �	 
(�-� �(�	 
��$ (#_ � m'�� �
( �!�01 -01 -1400  �101 -01-1402 2
�� E� ( ��� 2�^�
 *���


2Z0[ ���-E 
�� .#'	�� 2��'(	 *#- E� ���� ?$�
 ��R�� 
��MERRA-2 ��"�,'� =�X�f- (	 A�� �#�	�' 
��

2Z0[ ���"�,'� �'	�6- 4,'�6- �2'�!� (	 .#'	�� ���f��� 4����- �'	�6- � 2��'(	 45�� �	 �(�	 ?'� 
��$ � ��

4��� �'	�6-
E�� <'�� E� *#- M��1 �#�sS�� 4���a-) <0P- 
�PS ?�"���- 
��MAE ?�"���- 4�'( �(

) �PS =� $�-RMSE�( ) ?-��D�� �"�,�C� r'�kr) ?���1 r'�k � (R2 z$�1 E� �	�^��� �$ (ggof  4�,$ (	

hydroGOF  IF� (	 K� V'��� 4
 2��� B����3 K�C� .2�� �#� 4��(��- 4ZbL- 4
(��2Z0[ 		��4��� 
��-


E����$ �#�) �'O�$ (�	�� - �"�,�C� K��!1 �!� (	 ���� ?$�
 =�(> 
72/0  =r ?'� 2Z0[ 4����- ?�"���- �$ (
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��"�,'� (	 �#�'O��E�#�� 
�� 2Z0[ 
���BC  K���C�� \P� (	95) 	(�	 %0001  <p-value�	�	 4W��� .( .( 
��

 *#-MERRA-2 ��#��(
 0X�� �( �$ 2J	 `���,� $�S� K��� -��#�	 ��$'?*�b �'? *#- �- =�����1 E� �C�� #���1

) #�
 ?���1 �( ���� ?$�
53/0  =R2 � (�PS
 �61'`�� 50 #_(	
 � K��A -�#���1 ���� E� �PS
 �����
 (	 *#- 

4$5	�I ��a5 K	�F� �'�7���
 46P�-�
 � �UC��? =(#J F^1�n ��F-� @
 *#- #��$ )69375  .(��-��$��$'? 

-�K��1  *#- 2^�MERRA-2 2Z0[��
 � ?$�
���  K��!1 �!� (	�( 4$=(�_ 
�^� � 4� C
� 5�1E�$�# -�#�
.  

  
15� 3 :���� �$��3� �%$�3�'G�- P(� �-2: ���- T"�& ���\ <]�^ �(�MERRA-2  .U��!: �� �
�EC%$� �$��3� � :z��- K��#�,'�� 

*  K���C�� \P� (	 �"�,�C� 
(�-� 
(�	�� -95�- K��� �( %.#�	  

  

�(B$RK ����- T"�& �(B$RK T�" �"��� 1���::�-�B��2
 '�
�C����
 � ����� '20 '�
 

K�C��	�	 �^�_�1 (�-� Tf$ (	 4
(�� *�#�) #'	�� �#���- ��1�#�'O� E� �S�$ �( 
����-�(�8 � ��� 
��

 z'E�1 E� ���������C� 2� �1 *�-�� 
��$ ?-��D�� 
��-�(�8�� K�-E� E� I�5	 ?�C� 4$ � #��
��(�$ o��1(�  =�(>

�#�'O� �$ ���� ?$�
��� (�� - 
�� - �������
 �������) #'	�� �	�^��� K��!1 � A'��1 (	 � �?-��D��1961 .(

- � 2�� 4���� =(�_ 
(�-� 
(�	�� - 3��� �$ M$��( I�0a1 4
 2�� ���^� (	 
(�	�� - o��1(� 4
 �'������

 K���C�� \P�9/994���"� (��J �a$ 	(�- �#����#� % IF�) #��4 .( 3��6- (	 ?-��D�� �"�,�C� r'��k I�0a1

�#�'O� �$ ���� ?$�
 �#�'O� 2�c- �"�,�C� E� �
�b A'��1 (	 4����- ���-E 
��CO �NO2 �SO2  �PM2.5  �

O� �$ =�(> ?'� �^�- �"�,�C� �#�'O3  2�c- �"�,�C� .2��BC  �$CO �NO2 �SO2  �PM2.5 �#�$�1E�$ z$��- 


 
�J �^�- �"�,�C� � ���� ?$�
 =�(> (����� (	 t���b� z$��- @!- (��,$ T6� � ����- (�����BC  �$O3 
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���� �G� �$ �'��C�� 4'A�1 K�A�- T��
 � 
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 K��- �!$��- M$��( .2�� ?�-E \P� (	 KE� 2Z0[ T��
 K� �8 (	 � ��$�1BC �#�'O� � (	 (�� - 
�� 
��

��5) 2�� �#� �#���- ?�W1  �K�(�FC� �2022 IF� 3��� �$ .(4- �� ?$�
 �m5�4$ �� ?'����$ 
�(�	 r�1�1

 �$ 2�c- �"�,�C�PM2.5  �NO2  �"�,�C� r'��k �$76/0  �48/0  =�(> 
O�$ �"�,�C� .2��BC �#�'O� �$ 
��

CO  �NOX  
O�$ �"�,�C� � *������� (	BC  �$PM2.5 ���i) 2�� �#� Q(�A� �"'	 =� 5�P- (	 ?F8 (	2  �

 �K�(�FC�2013�' u3  �K�(�FC� �2015 u?����4  �K�(�FC� �2020 ��0X� 3��6- (	 .(BC  
�(�	 A'��1 (	

 =�(> �$ M���- 2�c- �"�,�C�PM2.5  �$ m� k �^�- �"�,�C� � K��,$�1 (	O3  �"�,�C� .2�� K��,-E (	

 m� kBC  �$SO2  M��1K�66a-  �K�(�FC� � ?����) 2�� �#� #�'H1 A�� �"'	2020 �K�(�FC� � ��5 u20224$ .( -

�- (�� �4$�BC �#�'O� �$ m� k (��,$ 2�c- �"�,�C� 
�(�	 K��!1 (	 
��SO2  �PM2.5 ?�R(	 � �"�,�C� *�b

 �$ M���- �^�-O3  .2��BC  �#�'O� �$ m� k (��,$ �^�- 4P$�( n' 
�(�	 K��!1 (	CO  K��,-E � (�!$ *�X� (	

4P$�( � 2��4P$�( 4$ K��,-E IX� (	 KE� �#�'O� �$ K� 
2�c- 
 �- I'#�1 �^� k (��,$ .	��  

 �"�,�C� A'��1 (	 
#��(�S T$�1 � �$���� =�R�� �	�$ 2R�� ��-	 �������� �_��R 4����- ?�"���- �$ ���� ?$�


 ?�$ 
�J �^�- �"�,�C� .	�	 K��� 2�c- �"�,�C� �
���$� � ��� (��� ���,� 2$��( 
����-�(�8 �$ � �^�-BC �

 T$�1 � �$���� =�R�� ��-	 ~F 5�$ � ����-�(�8 ?'� T'�A�� �$ ���� ?$�
 =�(> 2Z0[ T��
 
�� - 4$ 
#��(�S

 .2��$ 3�F - 4P$�(�? � ?$�
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 ��E�� @
��1
 ���SE� � E�A�� �4��� -

��
 ��4C 
�1 � K��,-E *�� (	 (����=�� 5�� ���G'4 5�1�#T�
�� M��1 �#���
 �����C�'�� #��$ K��,$�1 (	 

K�-(�$)5 45�S�� �6 �2019 2�� �#� Q(�A� A�� �"'	 =� 5�P- (	 �-	 T'�A�� �$ ���� ?$�
 �#�'O� 2Z0[ T��
 .(

w�W)7 w��' �8 �2016�,1�$ u9  �K�(�FC� �2021(�F��� u10  �K�(�FC� �2023 4P$�( .(BC  IX� (	 A'��1 (	 �-	 �$

4P$�( 4$ K��,$�1) 2�� �#� I'#�1 �P���- @�6�,- 
53/0  =r n' (	 �-	 �$ ���� ?$�
 2�c- �"�,�C� .(

 �K�(�FC� � ?����) 2�� �#� �#���- A�� *������� (	 �F����1 ��"�,'�2020 .(BC  �$ �( �^�- �"�,�C� ?'����$

) 	(�	 A'��1 (	 	�$ 2R�� ��-�(�889/0 -  =r .( 	�$'F� @!- E��1'? ������ I-��R��  �$ 4
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�b  *�6��� �

�	�1��
 ��� �#�'O� ��#�
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��8 I�!,1 4$ 	�$ 2R�� T'�A��

�- ?�-E \P� (	 �!�� 2Z0[ T��
 4���� (	 � ���� ?$�
 4P$�( .#-����BC  �WS 4P$�( 4$ K��,-E (	 � 2�c- 
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�J �^�- �"�,�C� .2�
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1 Liu 
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7 Cheng 
8 Yang 
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4$ �' � #���4$ @�6�,- (��4�,� K���R��7'� ����1 �$ � #��
 ICR �' 
�� *�� � � � �1 � �F'A����F�- 
��
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 ?FC- K� r��- 4$ 4
 #�	 (��J ��GH1 2a1 �( Q(�$ � �$� I�F�1 #�'��� �?�-E \P� 4$ �#��( T$�1 (�#6- T��


� 
�� Q	�� �$ �
(�#'�8 T'�A�� 4���� (	 � �$� �CR *�� T'�A�� � 2��C� (�!- �$ 2��  �� (	 	���- �� (�f$

 4$ � �� (	 �� (�f$ (�}b *�C�b� T'�A�� 4���� (	 � ��� K#� B�� 4$ ���- ���� ?$�
 =�(> �zJ�� (	 .	(�N"$ ��GH1

�- ��,� 2$��( T'�A�� �"'	 =(��R .	��"�,�C�� �	�� - � 2�c-( -�"���? �$ ���� ?$�
 2Z0[ 4����-  2$��(

�,�� �(�	 *�� (	  4 5�P- 	(�- A'��1 (	- K���� 4
 #�	BC 4$ 2�� ?FC- K���R'F�  E�CCN��
 0_�� �GY-  �$

	 Q(�$ =#� � Q(�$ I$�J �� 46P�- ?'� (.#��$  n' (	 ��� 2$��( K�A�- 4
 �'��E�( (	 ���� ?$�
 
O�$ 2Z0[

(�	 (	 ��,� 2$��( �$ ���� ?$�
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