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���o�m�1�t�†�v�b�o�m
�$�_�b�v �vtudy integrat�;�v machine learning, SHAP, Geographically Weighted Regr�;�v�v�b�o�m�7 and 
Graph Neural Network�v to analyze the �v�ra�¢�-�t pa�‚ �;�u�m�v and driving factor�v of air poll�†�¢�o�m��
in Eur�o�r�;�-�m���1�b�¢�;�v�:����
Our re�vult�v reveal that emi�v�vion driver�v vary acr�o�v�v economic level�v and geographic 
r�;�]�b�o�m�v�: We further con�vtruct an inter-city in�Y�†�;�m�1�; network, iden�¢fying varying lev�;�t�v of 
impact and cr�o�v�v�J�1�b�|�‹���rropaga�¢�o�m�:����
�$�_�;�v�; �b�m�v�b�]h�|�v provide �v�†�r�r�o�u�| for geographically targeted and network-aware air quality 
management �vtrat�;�]�b�;�v���-�t�b�]�m�;�7���‰�b�|�_���v�†�vtainable urban development g�o�-�t�v�:
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���o�7�†�t�;���“�J�&�u�0�-�m�����l�b�v�v�b�o�m����n�Y�†�;�m�1�;�����m�-�ty�v�b�v���ˆ�b�-����raph A�‚ en�¢�o�m

Module 3-Spa�¢�-�t����eterogeneity Analy�v�b�v���o�=��Pollutan�|�v

We applied a GWR model to �-�v�v�;�v�v how �;�l�b�v�v�b�o�m driver in�Y�†�;�m�1�; v�-�u�b�;�v acr�o�v�v �v�r�-�1�;�: By 
allowing each city to e�v�¢�late it�v��own���vet of local coe�L�1�b�;nt�v, GWR capture�v��the geographic 
heterog�;�m�;�b�|�‹���-�m�7���v�ra�¢�-�t���m�o�m�J�vta�¢�o�m�-�u�b�|�‹���b�m���r�o�t�t�†tant genera�¢�o�m���l�;�1�_�-�m�b�v�l�v�:
The analy�vi�v��focu�ve�v��on NOx and PM2.5, with �Cve explanatory variable�v: indu�vtrial land area, 
and the number of public tr�-�m�v�r�o�u�| �vtop�v�7 re�vtauran�|�v�7 bicycle �t�-�m�;�v�7 and medical f�-�1�b�t�b�¢�;�v�: 
Local R², r�;�v�b�7�†�-�t�v�7 and variable coe�Lcient�v were �ˆ�b�v�†alized �†�v�b�mg graduated color point 
map�v�:

We con�vtruct a GAT ba�ved on geographic proximity to model �v�ra�¢al dependencie�v and 
pollutant tra�m�vm�b�v�v�b�o�m pathway�v among ci�¢�;�v�: The GAT framework u�¢�t�bz�;�v a�‚ en�¢�on 
weight�v to iden�¢fy city pair�v with �v�b�]�m�b�Ccant emi�v�vion in�Y�†�;�m�1�;�7 quan�¢fying both the 
outg�o�b�m�]���b�l�r�-�1�|���-�m�7���v�†�v�1�;p�¢�0�b�t�b�|�‹���o�=���;�-�1�_���1�b�|�‹���‰�b�|�_�b�m���|�_�;���m�;�|work.
���m �-�7�7�b�¢�o�m�7 we compute a range of graph centrality mea�vur�;�v�7 including PageRank, 
betw�;�;�m�m�;�v�v�7 and �1�t�o�v�;�m�;�v�v centrality. Out-degree and ���m�J�7�;�]ree are �†�v�;�7 to analyze and 
�ˆ�b�v�†�-�t�bze the r�o�t�;�v���o�=���1�b�¢�;�v���b�m���|�_�;���r�o�t�t�†�¢�o�m���metwork.

��ntr�o�7�†�1�¢�o�m
Su�vtainable development �_�-�v become a dominant global agenda, yet air �r�o�t�t�†�¢�o�m r�;�l�-�b�m�v��
a pre�v�ving challenge acro�v�v European �1�b�¢�;�v. Thi�v �vtudy inve�v�¢gate�v the driver�v, �vpa�¢�-l 
pa�‚ �;�u�m�v�7 and inter-city propaga�¢�o�m of four major air pollutan�|�v acr�o�v�v Europe’�v Func�¢�o�m�-�t��
Urban Ar�;�-�v���P�
U���v�Q�:
We integrate machine learning, Geographically Weighted Regr�;�v�v�b�o�m �PGWR�Q�7 and Graph 
A�‚ en�¢�o�m Network�v �PGA�$�Q to iden�¢fy key em�b�v�v�b�o�m driver�v�: �$�_�;�v�; met�_�o�7�v a�t�v�o uncover 
�v�ra�¢�-�t heterogeneity under varying economic and geographic contex�|�v�7 �-�v well �-�v inter-
city propaga�¢�o�m���vtructur�;�v�:

Unit of Analy�v�b�v�9���u�•�–�����†r�o�r�;�-�m���
�†�m�1�¢�o�m�-�t���&�u�0�-�m����r�;�-�v
Target V�-�u�b�-�0�t�;�v�9��CO2, SO2, NOx, PM2.5
Explanatory Variable�v: A total of 14 �vpa�¢al and �vocioeconomic variable�v are con�videred, 
including indu�vtrial land area, popula�¢�o�m, and the number of EV charging �vta�¢�o�m�v�7 public 
tr�-�m�v�r�o�u�|���vtop�v�7���-�m�7���l�;�7�bcal f�-�1�b�t�b�¢�;�v�7���-�l�o�m�]���o�|�_�;r�v�:

Module 2-Stra�¢�C�;�7���"�����������m�-�ty�v�b�v��by Economic Tier

Module 1-Global P�o�t�t�†�¢�o�m����r�;�7�b�1�¢�o�m���-�m�7��Feature A�‚�u�b�0�†�¢�o�m

• The importance of indu�vtrial land i�v rela�¢vely �vtable, but it�v impact i�v �vtronger in lower 
ec�o�m�o�l�b�1���¢�;r�v�:

• Medical f�-�1�b�t�b�¢�;�v are c�o�m�v�b�v�|ently important driver�v of �����™�:�œ and �"���™ �;�l�b�v�v�b�o�m�v acr�o�v�v all 
ec�o�m�o�l�b�1���¢�;r�v�:
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