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Figure 1: Three different horizontal scales of the UHI effect, and vertical layers within each 
(Oke, 1997). 
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Figure 2: Subclassifications of LCZs (Stewart & Oke, 2012). 
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Figure 3����Heat fluxes present in the energy budget and their extended drivers (J. Kong et al., 
2021). 
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Figure 4: Heat map generated along evening transect by researchers in Rotterdam 
(Heusinkveld et al., 2014). 

�7�K�H���L�Q�W�H�J�U�D�W�L�R�Q���R�I���Y�D�U�L�R�X�V���G�D�W�D���F�R�O�O�H�F�W�L�R�Q���P�H�W�K�R�G�V�����H�D�F�K���Z�L�W�K���X�Q�L�T�X�H���V�W�U�H�Q�J�W�K�V�����I�D�F�L�O�L�W�D�W�H�V��

�D���F�R�P�S�U�H�K�H�Q�V�L�Y�H���D�S�S�U�R�D�F�K���W�R���X�U�E�D�Q���F�O�L�P�D�W�H���U�H�V�H�D�U�F�K�����6�K�D�Q�G�D�V���H�W���D�O�������������������'�����=�K�R�X���H�W���D�O������

���������������5�H�V�H�D�U�F�K���F�R�Q�G�X�F�W�H�G���L�Q���F�H�Q�W�U�D�O���*�H�U�P�D�Q�\���J�D�W�K�H�U�H�G���D�H�U�L�D�O���L�P�D�J�H�U�\���I�U�R�P���H�Y�H�Q�L�Q�J��

�I�O�L�J�K�W�V���D�F�T�X�L�U�L�Q�J���/�6�7���P�H�D�V�X�U�H�P�H�Q�W�V�����Z�K�L�O�H���L�Q���S�D�U�D�O�O�H�O���W�K�H�U�H���Z�H�U�H���P�R�E�L�O�H���V�X�U�Y�H�\�R�U�V���R�Q���W�K�H��

�J�U�R�X�Q�G���P�H�D�V�X�U�L�Q�J���Q�H�D�U���V�X�U�I�D�F�H���D�L�U���W�H�P�S�H�U�D�W�X�U�H�����6�F�K�Z�D�U�]���H�W���D�O���������������������7�K�H�\���F�R�P�E�L�Q�H�G��

�Z�H�D�W�K�H�U���V�W�D�W�L�R�Q���/�6�7���D�Q�G���D�L�U���W�H�P�S�H�U�D�W�X�U�H���P�H�D�V�X�U�H�P�H�Q�W�V���I�U�R�P���������O�R�F�D�W�L�R�Q�V���I�R�U���D���G�D�W�D�V�H�W���R�I��

�D�O�O���W�K�U�H�H���F�R�O�O�H�F�W�L�R�Q���P�H�W�K�R�G�V�����6�L�P�L�O�D�U�O�\�����L�Q���'�X�E�O�L�Q�����D���Q�H�W�Z�R�U�N���R�I���Z�H�D�W�K�H�U���V�W�D�W�L�R�Q�V��

�F�R�P�S�O�H�P�H�Q�W�H�G���Y�H�K�L�F�O�H���E�D�V�H�G���P�H�D�V�X�U�H�P�H�Q�W�V�����S�U�R�Y�L�G�L�Q�J���G�H�W�D�L�O�H�G���K�H�D�W���P�D�S�V���D�Q�G��

�L�G�H�Q�W�L�I�\�L�Q�J���O�R�F�D�O���W�U�H�Q�G�V�����$�O�H�[�D�Q�G�H�U���	���0�L�O�O�V�������������������8�V�H���R�I���V�D�W�H�O�O�L�W�H���L�P�D�J�H�U�\���D�Q�G���Z�H�D�W�K�H�U��

�V�W�D�W�L�R�Q�V���L�Q���H�Q�V�H�P�E�O�H���K�D�Y�H���S�U�R�Y�H�Q���W�R���H�Q�K�D�Q�F�H���K�H�D�W���P�D�S�S�L�Q�J���F�D�S�D�E�L�O�L�W�L�H�V���D�Q�G���8�+�,��

�S�U�H�G�L�F�W�L�R�Q�����)�D�E�U�L�]�L���H�W���D�O������������������ 



�ï�ô 
 

�6�W�D�W�L�V�W�L�F�D�O���0�R�G�H�O�L�Q�J���$�S�S�U�R�D�F�K�H�V 

�6�W�D�W�L�V�W�L�F�D�O���P�R�G�H�O�V���E�D�V�H�G���L�Q���O�L�Q�H�D�U���U�H�J�U�H�V�V�L�R�Q���K�D�Y�H���E�H�H�Q���H�[�W�H�Q�V�L�Y�H�O�\���X�V�H�G���W�R���X�Q�G�H�U�V�W�D�Q�G��

�K�H�D�W���G�\�Q�D�P�L�F�V���L�Q���D�V�V�R�F�L�D�W�L�R�Q���W�R���X�U�E�D�Q���I�H�D�W�X�U�H�V�����+�����/�L���H�W���D�O���������������������7�K�H���P�H�W�U�L�F���V�H�O�H�F�W�H�G���I�R�U��

�K�H�D�W���D�V���D���G�H�S�H�Q�G�H�Q�W���Y�D�U�L�D�E�O�H���L�Q���W�K�H�V�H���P�R�G�H�O�V���F�D�Q���Y�D�U�\���E�D�V�H�G���R�Q���W�K�H���U�H�V�H�D�U�F�K���R�E�M�H�F�W�L�Y�H���D�Q�G��

�D�Y�D�L�O�D�E�O�H���G�D�W�D�����6�R�P�H���K�D�Y�H���X�V�H�G���D�Q���H�[�S�O�L�F�L�W���8�+�,���L�Q�W�H�Q�V�L�W�\���Y�D�U�L�D�E�O�H���E�D�V�H�G���R�Q���D�Q���X�U�E�D�Q���U�X�U�D�O��

�F�D�O�F�X�O�D�W�L�R�Q���R�U���Z�H�L�J�K�W�H�G���X�U�E�D�Q���U�X�U�D�O���G�L�I�I�H�U�H�Q�F�H���I�U�R�P���D���Q�H�W�Z�R�U�N���R�I���V�L�P�X�O�W�D�Q�H�R�X�V��

�R�E�V�H�U�Y�D�W�L�R�Q�V�����+�H�D�Y�L�V�L�G�H���H�W���D�O���������������������7�K�L�V���F�D�Q���E�H���D���S�U�R�E�O�H�P�D�W�L�F���D�S�S�U�R�D�F�K���G�X�H���W�R���W�K�H��

�V�X�E�M�H�F�W�L�Y�L�W�\���D�Q�G���U�D�Q�J�L�Q�J���F�O�D�V�V�L�I�L�F�D�W�L�R�Q�V���D�O�R�Q�J���W�K�H���X�U�E�D�Q���U�X�U�D�O���F�R�Q�W�L�Q�X�X�P�����D�V���D�W�W�H�P�S�W�H�G���W�R��

�U�H�P�H�G�\���E�\���V�\�V�W�H�P�V���V�X�F�K���D�V���W�K�H���/�R�F�D�O���&�O�L�P�D�W�H���=�R�Q�H�����/�&�=�����F�O�D�V�V�L�I�L�F�D�W�L�R�Q�����6�W�H�Z�D�U�W���	���2�N�H����

�������������'�����=�K�R�X���H�W���D�O���������������������)�R�U���W�K�H�V�H���U�H�D�V�R�Q�V�����R�W�K�H�U�V���H�O�H�F�W���W�R���X�V�H���/�6�7���R�U���F�D�Q�R�S�\���D�L�U��

�W�H�P�S�H�U�D�W�X�U�H���D�V���W�K�H���G�H�S�H�Q�G�H�Q�W���Y�D�U�L�D�E�O�H�����H�V�S�H�F�L�D�O�O�\���L�I���G�D�W�D���Z�D�V���U�H�F�R�U�G�H�G���V�L�P�X�O�W�D�Q�H�R�X�V�O�\��

�D�F�U�R�V�V���W�K�H���V�S�D�W�L�D�O���F�R�Y�H�U�D�J�H�����&�R�P�P�R�Q���H�Q�Y�L�U�R�Q�P�H�Q�W�D�O���S�U�H�G�L�F�W�R�U�V���L�Q���V�X�F�K���P�R�G�H�O�V���L�Q�F�O�X�G�H��

�H�[�S�R�V�X�U�H���W�R���Y�H�J�H�W�D�W�L�R�Q�����L�P�S�H�U�Y�L�R�X�V���V�X�U�I�D�F�H���D�U�H�D�����E�X�L�O�G�L�Q�J���G�H�Q�V�L�W�\�����V�N�\���Y�L�H�Z���I�D�F�W�R�U�����I�O�R�R�U��

�D�U�H�D���U�D�W�L�R�����G�L�V�W�D�Q�F�H���W�R���X�U�E�D�Q���D�U�H�D�����O�D�W�L�W�X�G�H�����H�O�H�Y�D�W�L�R�Q�����D�Q�G���P�R�U�H�����,�Y�D�M�Q�ã�L�þ���H�W���D�O�������������������&����

�<�L�Q���H�W���D�O������������������ 

�5�H�V�H�D�U�F�K�H�U�V���L�Q���6�O�R�Y�H�Q�L�D���X�V�H�G���D���V�H�P�L�S�D�U�D�P�H�W�U�L�F���J�H�R�J�U�D�S�K�L�F�D�O�O�\���Z�H�L�J�K�W�H�G���P�R�G�H�O���Z�L�W�K��

�J�O�R�E�D�O���S�U�H�G�L�F�W�R�U�V���W�K�D�W���L�Q�I�O�X�H�Q�F�H�G���W�H�P�S�H�U�D�W�X�U�H���Z�L�W�K���W�K�H���V�D�P�H���H�I�I�H�F�W���V�L�]�H���W�K�U�R�X�J�K�R�X�W���W�K�H��

�V�S�D�W�L�D�O���F�R�Y�H�U�D�J�H���D�Q�G���O�R�F�D�O���S�U�H�G�L�F�W�R�U�V���E�D�V�H�G���R�Q���O�R�F�D�W�L�R�Q���D�Q�G���E�D�Q�G�Z�L�G�W�K���Y�D�O�X�H�����,�Y�D�M�Q�ã�L�þ���H�W��

�D�O���������������������7�K�L�V���P�R�G�H�O���G�H�P�R�Q�V�W�U�D�W�H�G���E�H�W�W�H�U���P�R�G�H�O���I�L�W�����U�H�Y�H�D�O�H�G���W�K�H���G�L�V�W�R�U�W�L�R�Q�V���R�I���D�Q��

�R�U�G�L�Q�D�U�\���O�L�Q�H�D�U���U�H�J�U�H�V�V�L�R�Q�����2�/�6�����P�R�G�H�O�����D�Q�G���D�F�F�R�X�Q�W�H�G���I�R�U���V�S�D�W�L�D�O���D�X�W�R�F�R�U�U�H�O�D�W�L�R�Q�����7�K�L�V��

�V�R�U�W���R�I���P�X�O�W�L�O�H�Y�H�O���P�R�G�H�O�L�Q�J���F�R�Q�W�L�Q�X�H�V���W�R���P�D�N�H���L�W�V���Z�D�\���L�Q�W�R���W�R�S�L�F�V���R�I���J�H�R�J�U�D�S�K�\���D�Q�G��

�F�O�L�P�D�W�R�O�R�J�\�����6�����/�L���H�W���D�O���������������������/�6�7���G�D�W�D���I�U�R�P���V�R�X�W�K�H�U�Q���&�K�L�Q�D���Z�D�V���P�R�G�H�O�H�G���L�Q���V�H�Y�H�U�D�O��

�Z�D�\�V���I�R�U���F�R�P�S�D�U�L�V�R�Q�����R�I���Z�K�L�F�K���L�Q�F�O�X�G�H�G���2�/�6�����9�D�U�L�D�Q�F�H���&�R�P�S�R�Q�H�Q�W���0�R�G�H�O�L�Q�J�����9�&�0������



�ï�õ 
 

�D�Q�G���5�D�Q�G�R�P���&�R�H�I�I�L�F�L�H�Q�W���0�R�G�H�O�L�Q�J�����5�&�0�������'�X���H�W���D�O���������������������7�K�H�\���I�R�X�Q�G���W�K�D�W���E�R�W�K���W�K�H��

�9�&�0���D�Q�G���5�&�0���Z�H�U�H���D�E�O�H���W�R���H�[�S�O�D�L�Q���P�R�U�H���R�I���W�K�H���Y�D�U�L�D�E�L�O�L�W�\���G�X�H���W�R���W�K�H���K�L�H�U�D�U�F�K�D�O��

�V�W�U�X�F�W�X�U�H���R�I���G�D�W�D�����0�R�G�H�O�V���V�X�F�K���D�V���W�K�H�V�H���F�D�Q���D�G�G�U�H�V�V���Z�K�H�Q���W�K�H���H�I�I�H�F�W���V�L�]�H���R�I���S�U�H�G�L�F�W�R�U�V���P�D�\��

�Y�D�U�\���U�H�J�L�R�Q�D�O�O�\���Z�L�W�K�L�Q���D���V�S�D�W�L�D�O���G�D�W�D�V�H�W���D�Q�G���K�D�Y�H���E�H�H�Q���V�K�R�Z�Q���W�R���U�H�G�X�F�H���V�S�D�W�L�D�O��

�D�X�W�R�F�R�U�U�H�O�D�W�L�R�Q���Z�L�W�K�L�Q���U�H�V�L�G�X�D�O�V�� 

�7�K�H���V�S�D�W�L�R�W�H�P�S�R�U�D�O���Q�D�W�X�U�H���R�I���8�+�,���U�H�V�H�D�U�F�K���F�D�Q���L�Q�W�U�R�G�X�F�H���G�L�V�W�R�U�W�L�R�Q���L�Q�W�R���W�\�S�L�F�D�O���2�/�6��

�P�R�G�H�O�V�����7�K�H�����V�W���/�D�Z���R�I���*�H�R�J�U�D�S�K�\���F�O�D�L�P�L�Q�J���³�H�Y�H�U�\�W�K�L�Q�J���L�V���U�H�O�D�W�H�G���W�R���H�Y�H�U�\�W�K�L�Q�J���H�O�V�H�����E�X�W��

�Q�H�D�U�H�U���W�K�L�Q�J�V���D�U�H���P�R�U�H���U�H�O�D�W�H�G���W�K�D�Q���G�L�V�W�D�Q�W���W�K�L�Q�J�V�´���V�X�S�S�R�U�W�V���W�K�H���S�R�W�H�Q�W�L�D�O���I�R�U���V�S�D�W�L�D�O��

�D�X�W�R�F�R�U�U�H�O�D�W�L�R�Q���Z�L�W�K�L�Q���G�D�W�D�V�H�W�V�����7�R�E�O�H�U�����������������8�V�L�Q�J���G�D�W�D���Z�L�W�K���V�S�D�W�L�D�O���D�X�W�R�F�R�U�U�H�O�D�W�L�R�Q��

�D�P�R�Q�J���W�H�P�S�H�U�D�W�X�U�H���R�E�V�H�U�Y�D�W�L�R�Q�V���Z�R�X�O�G���F�U�H�D�W�H���V�S�D�W�L�D�O���F�O�X�V�W�H�U�L�Q�J���R�I���U�H�V�L�G�X�D�O���Y�D�O�X�H�V����

�W�K�H�U�H�I�R�U�H���Y�L�R�O�D�W�L�Q�J���D�V�V�X�P�S�W�L�R�Q�V���R�I���L�Q�G�H�S�H�Q�G�H�Q�W���D�Q�G���L�G�H�Q�W�L�F�D�O�O�\���G�L�V�W�U�L�E�X�W�H�G���U�H�V�L�G�X�D�O�V��

�H�[�S�H�F�W�H�G���L�Q���2�/�6���U�H�J�U�H�V�V�L�R�Q���P�R�G�H�O�V�����7�R���D�G�G�U�H�V�V���W�K�H���V�S�D�W�L�D�O���G�H�S�H�Q�G�H�Q�F�L�H�V���W�K�D�W���Y�L�R�O�D�W�H���2�/�6��

�D�V�V�X�P�S�W�L�R�Q�V���R�I���U�H�V�L�G�X�D�O���L�Q�G�H�S�H�Q�G�H�Q�F�H�����V�S�D�W�L�D�O���U�H�J�U�H�V�V�L�R�Q���P�R�G�H�O�V���O�L�N�H���W�K�H���6�S�D�W�L�D�O���(�U�U�R�U��

�0�R�G�H�O�����6�(�0�����D�Q�G���W�K�H���6�S�D�W�L�D�O���/�D�J���0�R�G�H�O�����6�/�0�����D�U�H���X�W�L�O�L�]�H�G���D�F�U�R�V�V���G�L�V�F�L�S�O�L�Q�H�V�����6�(�0��

�D�G�M�X�V�W�V���W�K�H���H�U�U�R�U���W�H�U�P�V���I�R�U���V�S�D�W�L�D�O���D�X�W�R�F�R�U�U�H�O�D�W�L�R�Q�����Z�K�L�O�H���6�/�0���L�Q�F�R�U�S�R�U�D�W�H�V���D���O�D�J���Y�D�U�L�D�E�O�H��

�W�R���P�L�W�L�J�D�W�H���W�K�H���L�P�S�D�F�W���R�I���V�S�D�W�L�D�O���D�X�W�R�F�R�U�U�H�O�D�W�L�R�Q���R�Q���W�K�H���P�R�G�H�O�
�V���S�U�H�G�L�F�W�L�R�Q�V�����/�����=�K�D�Q�J���H�W��

�D�O������������������ 

 

 

 



�ð�ì 
 

�7�K�H���V�S�D�W�L�D�O���H�U�U�R�U���P�R�G�H�O���L�V���F�R�P�P�R�Q�O�\���X�V�H�G���L�Q���H�F�R�Q�R�P�H�W�U�L�F���W�R�S�L�F�V�����$�Q�V�H�O�L�Q�������������������,�W��

�U�H�V�H�P�E�O�H�V���D���F�R�P�P�R�Q���2�/�6���U�H�J�U�H�V�V�L�R�Q���L�Q���I�R�U�P�� 

3) �…
L �»
E�¼�„
E�Å�ƒ�¿
E�› 

4) �…
L �»
E�¼�„
E�¿ 

�,�Q�G�H�S�H�Q�G�H�Q�W���Y�D�U�L�D�E�O�H���³�;�´���V�H�U�Y�H�V���D�V���L�Q�S�X�W���P�X�O�W�L�S�O�L�H�G���E�\���W�K�H���O�L�Q�H�D�U���U�D�W�H���R�I���F�K�D�Q�J�H��

�G�H�W�H�U�P�L�Q�H�G���E�\���W�K�H���W�H�U�P�¶�V���U�H�J�U�H�V�V�L�R�Q���F�R�H�I�I�L�F�L�H�Q�W���³�¼�´�����D�O�O���V�H�W���E�\���D�Q���L�Q�L�W�L�D�O���R�X�W�S�X�W���Y�D�O�X�H���»����

�7�K�L�V���S�U�R�Y�L�G�H�V���D���O�L�Q�H�D�U���I�L�W���O�L�Q�H���W�K�U�R�X�J�K���W�K�H���S�R�L�Q�W�V���G�H�I�L�Q�H�G���E�\���D���G�D�W�D�V�H�W���R�I���Y�D�O�X�H�V���I�R�U���³�; �´��

�D�Q�G���W�K�H���G�H�S�H�Q�G�H�Q�W���Y�D�U�L�D�E�O�H���³�<�´�����8�Q�O�H�V�V���W�K�H���P�R�G�H�O���H�[�S�O�D�L�Q�V�������������R�I���W�K�H���Y�D�U�L�D�E�L�O�L�W�\��

���5��� ���������������W�K�H�U�H���Z�L�O�O���E�H���Y�H�U�W�L�F�D�O���G�L�V�W�D�Q�F�H���E�H�W�Z�H�H�Q���H�D�F�K���S�R�L�Q�W���D�Q�G���W�K�H���P�R�G�H�O�¶�V���I�L�W���O�L�Q�H����

�7�K�H�V�H���G�L�V�W�D�Q�F�H�V���D�U�H���V�W�R�U�H�G���L�Q���R�X�U���H�U�U�R�U���W�H�U�P���³�¿�´���� 

�7�K�H���6�(�0���P�R�G�L�I�L�H�V���W�K�H���H�U�U�R�U���W�H�U�P���W�R���D�F�F�R�X�Q�W���I�R�U���V�S�D�W�L�D�O���D�X�W�R�F�R�U�U�H�O�D�W�L�R�Q�����E�H�J�L�Q�Q�L�Q�J���Z�L�W�K���D��

�S�D�U�D�P�H�W�H�U�����������W�K�D�W���T�X�D�Q�W�L�I�L�H�V���D�X�W�R�F�R�U�U�H�O�D�W�L�R�Q���L�Q���W�K�H���H�U�U�R�U�V�����0�����I�U�R�P���D�Q���2�/�6���P�R�G�H�O�����Z�L�W�K��

�Y�D�O�X�H�V���F�O�R�V�H�U���W�R�������L�Q�G�L�F�D�W�L�Q�J���K�L�J�K�H�U���D�X�W�R�F�R�U�U�H�O�D�W�L�R�Q�����7�K�L�V���S�D�U�D�P�H�W�H�U���L�V���F�R�P�E�L�Q�H�G���Z�L�W�K���D��

�V�S�D�W�L�D�O���Z�H�L�J�K�W�V���P�D�W�U�L�[�����: �������Z�K�L�F�K���D�V�V�L�J�Q�V���U�H�O�D�W�L�R�Q�V�K�L�S�V���E�H�W�Z�H�H�Q���G�D�W�D���S�R�L�Q�W�V�����E�D�V�H�G���R�Q��

�P�H�W�K�R�G�V���V�X�F�K���D�V���L�Q�Y�H�U�V�H���G�L�V�W�D�Q�F�H���Z�H�L�J�K�W�L�Q�J���R�U���*�D�X�V�V�L�D�Q���.�H�U�Q�H�O���Z�H�L�J�K�W�L�Q�J���D�P�R�Q�J���R�W�K�H�U��

�R�S�W�L�R�Q�V�����7�K�H���U�H�V�X�O�W�L�Q�J���P�D�W�U�L�[���D�G�M�X�V�W�V���W�K�H���2�/�6���U�H�V�L�G�X�D�O�V�����D�L�P�L�Q�J���I�R�U���W�K�H�P���W�R���V�D�W�L�V�I�\���W�K�H��

�D�V�V�X�P�S�W�L�R�Q�V���R�I���L�Q�G�H�S�H�Q�G�H�Q�F�H���D�Q�G���L�G�H�Q�W�L�F�D�O���G�L�V�W�U�L�E�X�W�L�R�Q�����U�H�S�U�H�V�H�Q�W�H�G���E�\�����›�������(�[�W�H�Q�G�H�G��

�$�,�&���D�Q�G���5�����P�H�W�U�L�F�V���K�D�Y�H���E�H�H�Q���G�H�Y�H�O�R�S�H�G���W�R���D�F�F�R�X�Q�W���I�R�U���W�K�H���V�S�D�W�L�D�O���V�W�U�X�F�W�X�U�H���D�Q�G���S�U�R�Y�L�G�H��

�Y�D�O�L�G���P�R�G�H�O���I�L�W���L�Q�I�R�U�P�D�W�L�R�Q�����E�X�W���W�K�H���O�R�J���O�L�N�H�O�L�K�R�R�G���Y�D�O�X�H���L�V���F�R�P�P�R�Q�O�\���L�Q�F�O�X�G�H�G���L�Q��

�D�G�G�L�W�L�R�Q���W�R���W�K�H�V�H���P�H�W�U�L�F�V���D�V���L�W���G�R�H�V�Q�¶�W���S�H�Q�D�O�L�]�H���I�R�U���P�R�G�H�O���F�R�P�S�O�H�[�L�W�\�����6�P�L�W�K���������������� 

 



�ð�í 
 

�0�H�W�K�R�G�V 
 
�7�K�H���I�R�O�O�R�Z�L�Q�J���V�H�F�W�L�R�Q���G�H�W�D�L�O�V���R�X�U���V�W�X�G�\���D�U�H�D�����W�K�H���G�D�W�D���F�R�O�O�H�F�W�L�R�Q���S�U�R�F�H�G�X�U�H�V�����G�D�W�D��

�S�U�R�F�H�V�V�L�Q�J�����D�Q�G���P�R�G�H�O�L�Q�J���W�H�F�K�Q�L�T�X�H�V���X�V�H�G���W�R���T�X�D�Q�W�L�I�\���D���U�H�O�D�W�L�R�Q�V�K�L�S���E�H�W�Z�H�H�Q���W�H�P�S�H�U�D�W�X�U�H��

�D�Q�G���H�[�S�R�V�X�U�H���W�R���S�D�Y�H�P�H�Q�W���Z�L�W�K�L�Q���P�L�F�U�R�H�Q�Y�L�U�R�Q�P�H�Q�W�V�� 

�6�W�X�G�\���$�U�H�D 

�9�H�U�P�R�Q�W�
�V���G�L�Y�H�U�V�H���W�R�S�R�J�U�D�S�K�\�����L�Q�F�O�X�G�L�Q�J���J�U�H�H�Q���S�O�D�L�Q�V�����U�L�Y�H�U���Y�D�O�O�H�\�V�����I�R�R�W�K�L�O�O�V�����D�Q�G��

�P�R�X�Q�W�D�L�Q�V�����H�[�S�H�U�L�H�Q�F�H�V���D�Q���D�Y�H�U�D�J�H���R�I���������G�D�\�V���D�Q�Q�X�D�O�O�\���Z�L�W�K���P�D�[�L�P�X�P���W�H�P�S�H�U�D�W�X�U�H�V��

�U�H�D�F�K�L�Q�J�������ƒ�)���D�Q�G���D���K�L�V�W�R�U�L�F�D�O���D�Y�H�U�D�J�H���V�X�P�P�H�U���W�H�P�S�H�U�D�W�X�U�H���R�I�����������ƒ�)�����,�W�V���K�X�P�L�G��

�F�R�Q�W�L�Q�H�Q�W�D�O���F�O�L�P�D�W�H���L�V���L�Q�I�O�X�H�Q�F�H�G���E�\���/�D�N�H���&�K�D�P�S�O�D�L�Q���D�Q�G���S�U�R�[�L�P�L�W�\���W�R���W�K�H���$�W�O�D�Q�W�L�F��

�2�F�H�D�Q�����2�X�U���V�H�O�H�F�W�L�R�Q���R�I���P�H�V�R�V�F�D�O�H�V���D�L�P�H�G���W�R���H�Q�F�R�P�S�D�V�V���W�K�H���E�U�R�D�G�H�V�W���S�R�V�V�L�E�O�H���V�S�H�F�W�U�X�P��

�R�I���F�O�L�P�D�W�L�F���F�R�Q�G�L�W�L�R�Q�V�����H�O�H�Y�D�W�L�R�Q�����X�U�E�D�Q���S�D�W�W�H�U�Q�V�����D�Q�G���K�H�D�W���F�R�Q�W�U�L�E�X�W�L�R�Q�V�����U�H�V�X�O�W�L�Q�J���L�Q���W�K�H��

�F�K�R�L�F�H���R�I���W�H�Q���U�H�S�U�H�V�H�Q�W�D�W�L�Y�H���V�P�D�O�O���F�L�W�L�H�V���D�Q�G���W�R�Z�Q�V�����7�D�E�O�H���������)�L�J�X�U�H���������� 



�ð�î 
 

 

Figure 5: Study area. Ten cities within Vermont were used for a mobile sampling campaign 
during the summer of 2022.  
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Table 1: Details of mobile sampling conditions. Description of cities and towns visited, and 
weather conditions on days sampled. 
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Figure 6: Photograph of the E-Bike mobile sensor design: (1) Solar radiation shield  and location 
of the thermocouple and humidity sensor. (2) Humidity sensor unit. (3) Frame bag storing Omega 
2400 temperature logger, QStarz Travel Recorder XT GPS logging unit, and repair equipment. 
(4) Taillight. (5) Head light. (6) Phone mount for GPS route navigation. 
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Figure 7����Distribution of air temperature measurements by transect. 
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Figure 8: DATA PROCESSING. Each observation received a value for the percent pavement 
within 25m, 50m, and 100m of its location. (A) Data was first plotted, cleaned, and buffered at 
three different radii, (B) Land cover data for each town (C) was then intersected with each 
buffered observation. Percent pavement was then calculated based on the area of the intersected 
polygons and the area of their respective buffer. 
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Figure 9: Scatter plot of Percent Pavement area within 25m, 50m, and 100m buffers versus air 
temperature for A) morning, B) mid-day, and C) evening. Fit lines denote their regression 
coefficients in the legends to indicate magnitude and direction of association. 



�ñ�ì 
 

�'�D�W�D���I�U�R�P���W�K�H���9�H�U�P�R�Q�W���D�Q�G���1�H�Z���+�D�P�S�V�K�L�U�H���$�X�W�R�P�D�W�H�G���6�X�U�I�D�F�H���2�E�V�H�U�Y�L�Q�J���6�\�V�W�H�P�V��

���$�6�2�6�����Z�D�V���V�R�X�U�F�H�G���I�R�U���N�H�\���Z�H�D�W�K�H�U���S�D�U�D�P�H�W�H�U�V���V�X�F�K���D�V���D�L�U���W�H�P�S�H�U�D�W�X�U�H�����Z�L�Q�G���V�S�H�H�G����

�D�Q�G���F�O�R�X�G���F�R�Y�H�U���D�W���D�L�U�S�R�U�W���Z�H�D�W�K�H�U���V�W�D�W�L�R�Q�V�����,�R�Z�D���6�W�D�W�H���8�Q�L�Y�H�U�V�L�W�\�������������������'�D�L�O�\���K�L�J�K��

�W�H�P�S�H�U�D�W�X�U�H�V�����P�D�[���Z�L�Q�G���V�S�H�H�G���G�X�U�L�Q�J���V�D�P�S�O�L�Q�J���L�Q�W�H�U�Y�D�O�V�����D�Q�G���P�D�[���F�O�R�X�G���F�R�Y�H�U���G�X�U�L�Q�J��

�V�D�P�S�O�L�Q�J���L�Q�W�H�U�Y�D�O�V���Z�H�U�H���F�R�O�O�H�F�W�H�G���D�Q�G���P�D�W�F�K�H�G���W�R���H�D�F�K���R�E�V�H�U�Y�D�W�L�R�Q�����&�O�R�X�G���F�R�Y�H�U�D�J�H���Z�D�V��

�F�D�W�H�J�R�U�L�]�H�G���R�Q���D���V�F�D�O�H���I�U�R�P���������F�O�H�D�U���V�N�\�����W�R���������R�Y�H�U�F�D�V�W�����E�D�V�H�G���R�Q���D�L�U�S�R�U�W���V�W�D�W�L�R�Q���U�H�S�R�U�W�V��

�G�X�U�L�Q�J���W�K�H���V�D�P�S�O�L�Q�J���S�H�U�L�R�G�����$�S�S�H�Q�G�L�[���( ������ 

�(�D�F�K���R�E�V�H�U�Y�D�W�L�R�Q���Z�D�V���D�O�V�R���D�V�V�L�J�Q�H�G���D�����W�L�P�H���V�L�Q�F�H���V�X�Q�U�L�V�H�����Y�D�O�X�H���L�Q���P�L�Q�X�W�H�V�����E�D�V�H�G���R�Q��

�R�I�I�L�F�L�D�O���V�X�Q�U�L�V�H���W�L�P�H�V���I�R�U���W�K�H���V�D�P�S�O�L�Q�J���G�D�W�H���D�Q�G���O�R�F�D�W�L�R�Q�����W�R���D�F�F�R�X�Q�W���I�R�U���W�K�H���G�L�X�U�Q�D�O��

�W�H�P�S�H�U�D�W�X�U�H���Y�D�U�L�D�W�L�R�Q���G�X�H���W�R���V�R�O�D�U���K�H�D�W�L�Q�J�����)�L�J�X�U�H�������������7�K�L�V���U�H�V�X�O�W�H�G���L�Q���D���F�R�P�S�U�H�K�H�Q�V�L�Y�H��

�G�D�W�D�V�H�W���R�I���R�Y�H�U�������������������D�L�U���W�H�P�S�H�U�D�W�X�U�H���R�E�V�H�U�Y�D�W�L�R�Q�V�����H�Q�U�L�F�K�H�G���Z�L�W�K���G�D�L�O�\���Z�H�D�W�K�H�U��

�F�R�Q�G�L�W�L�R�Q�V�����G�L�X�U�Q�D�O���S�K�D�V�H���D�V���D���F�D�W�H�J�R�U�L�F�D�O���,�'�����P�R�U�Q�L�Q�J�����P�L�G���G�D�\�����H�Y�H�Q�L�Q�J�������H�O�H�Y�D�W�L�R�Q���G�D�W�D����

�D�Q�G���H�[�S�R�V�X�U�H���P�H�W�U�L�F�V���I�R�U���E�R�W�K���W�K�H���E�X�L�O�W���H�Q�Y�L�U�R�Q�P�H�Q�W���D�Q�G���W�U�H�H���F�R�Y�H�U���G�X�U�L�Q�J���F�R�Q�G�L�W�L�R�Q�V��

�F�R�Q�G�X�F�L�Y�H���W�R���8�+�,���H�I�I�H�F�W�V�� 

 



�ñ�í 
 

 

 

Figure 10: Spaghetti plots of time after sunrise (minutes) versus measured air temperature (F) for 
A) Morning, B) Mid-day, and C) Evening transects. Different colors represent separate transects. 
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�I�R�U���L�W�V���L�P�S�D�F�W���R�Q���P�R�G�H�O���I�L�W�����S�R�W�H�Q�W�L�D�O���F�R�O�O�L�Q�H�D�U�L�W�\���D�V�V�H�V�V�H�G���Y�L�D���W�K�H���Y�D�U�L�D�Q�F�H���L�Q�I�O�D�W�L�R�Q���I�D�F�W�R�U��

���9�,�)�����D�Q�G���W�K�H���F�R�Q�G�L�W�L�R�Q�D�O���L�Q�G�H�[�����D�Q�G���W�K�H���G�L�U�H�F�W�L�R�Q���D�Q�G���P�D�J�Q�L�W�X�G�H���R�I���W�K�H���F�R�H�I�I�L�F�L�H�Q�W��

�H�V�W�L�P�D�W�H�V�����8�S�R�Q���U�H�D�F�K�L�Q�J���D�Q���R�S�W�L�P�D�O���I�R�U�P�����S�R�W�H�Q�W�L�D�O���L�Q�W�H�U�D�F�W�L�R�Q���Y�D�U�L�D�E�O�H�V���Z�H�U�H���D�G�G�H�G���L�Q��

�W�K�H���V�D�P�H���V�W�H�S�Z�L�V�H���P�D�Q�Q�H�U���� 

�7�K�H���I�L�Q�D�O���P�R�G�H�O���W�R�R�N���W�K�H���I�R�U�P���R�I�� 

7) Ti,j,t= �D,t+ 
ºPavement, j,tPi,j,t+ 
ºBuilding, j,tBi,j,t + 
ºTreeCover, j,tA i,j,t + 
ºWaterCover, j,tGi,j,t  + 

ºElevation,j,tEi,j,t + 
ºSunrise,j,tSi,j,t+ 
ºHighTemp,j,tHi,j,t+ 
ºCloudCover,j,tCCi,j,t +  

����������
ºMaxWind, j,tWSi,j,t + 
ºPavement, j,tPi,j,t*  
ºBuilding, j,tBi,j,t+ 
ºPavement, j,tPi,j,t*  


ºCloudCover,j,tCCi,j,t +
ºPavement, j,tPi,j,t*   
ºMaxWind, j,tWSi,j,t +  
ºBuilding, j,tBi,j,t*  

ºCloudCover,j,tCCi,j,t + �Hi,j,t 

 

�7�K�H���P�R�G�H�O���L�Q�F�O�X�G�H�V���O�L�Q�H�D�U���W�H�U�P�V���D�Q�G���L�Q�W�H�U�D�F�W�L�R�Q���W�H�U�P�V���L�Q�F�O�X�G�L�Q�J���S�H�U�F�H�Q�W���S�D�Y�H�P�H�Q�W��

�H�[�S�R�V�X�U�H�����S�H�U�F�H�Q�W���E�X�L�O�G�L�Q�J���F�R�Y�H�U���H�[�S�R�V�X�U�H�����S�H�U�F�H�Q�W���W�U�H�H���F�R�Y�H�U���H�[�S�R�V�X�U�H�����H�O�H�Y�D�W�L�R�Q�����W�L�P�H��

�V�L�Q�F�H���V�X�Q�U�L�V�H�����G�D�L�O�\���K�L�J�K���W�H�P�S�H�U�D�W�X�U�H�����F�O�R�X�G���F�R�Y�H�U�D�J�H���G�X�U�L�Q�J���V�D�P�S�O�L�Q�J�����D�Q�G���P�D�[��

�Z�L�Q�G�V�S�H�H�G���G�X�U�L�Q�J���V�D�P�S�O�L�Q�J�����7�K�L�V���P�R�G�H�O���Z�D�V���J�H�Q�H�U�D�W�H�G���Q�L�Q�H���W�L�P�H�V���I�R�U���D�O�O���F�R�P�E�L�Q�D�W�L�R�Q�V���R�I��

�E�X�I�I�H�U���V�L�]�H���D�Q�G���G�L�X�U�Q�D�O���S�K�D�V�H�� 

�9�D�U�L�R�X�V���G�L�D�J�Q�R�V�W�L�F���S�U�R�F�H�G�X�U�H�V���Z�H�U�H���H�P�S�O�R�\�H�G���W�R���G�H�W�H�F�W���W�K�H���H�[�L�V�W�H�Q�F�H�����H�[�W�H�Q�W�����D�Q�G��

�F�R�Q�I�L�J�X�U�D�W�L�R�Q�V���R�I���V�S�D�W�L�D�O���D�X�W�R�F�R�U�U�H�O�D�W�L�R�Q���Z�L�W�K�L�Q���W�K�H���O�L�Q�H�D�U���P�R�G�H�O�V�����6�S�H�F�L�I�L�F�D�O�O�\�����D���0�R�U�D�Q�
�V��

�,���W�H�V�W���I�R�U���V�W�D�W�L�V�W�L�F�D�O���V�L�J�Q�L�I�L�F�D�Q�F�H�����I�D�F�L�O�L�W�D�W�H�G���E�\���0�R�Q�W�H���&�D�U�O�R���6�L�P�X�O�D�W�L�R�Q�����Z�D�V���D�S�S�O�L�H�G���W�R���W�K�H��

�U�H�V�L�G�X�D�O�V���R�I���H�D�F�K���P�R�G�H�O���³�H�L���M���W�´�����7�K�H���Q�X�O�O���K�\�S�R�W�K�H�V�L�V���Z�D�V���U�H�M�H�F�W�H�G���L�Q���D�O�O���Q�L�Q�H���O�L�Q�H�D�U���P�R�G�H�O�V����



�ñ�ð 
 

�L�Q�G�L�F�D�W�L�Q�J���W�K�H���S�U�H�V�H�Q�F�H���R�I���V�S�D�W�L�D�O���D�X�W�R�F�R�U�U�H�O�D�W�L�R�Q�����7�K�L�V���D�O�L�J�Q�H�G���Z�L�W�K���W�K�H���H�[�S�H�F�W�D�W�L�R�Q�V��

�F�R�Q�V�L�G�H�U�L�Q�J���W�K�H���V�S�D�W�L�R�W�H�P�S�R�U�D�O���Q�D�W�X�U�H���R�I���W�K�H���G�D�W�D���F�R�O�O�H�F�W�L�R�Q���S�U�R�F�H�V�V�� 

�$�G�G�L�W�L�R�Q�D�O�O�\�����W�K�H���O�L�Q�H�D�U���P�R�G�H�O�V�
���U�H�V�L�G�X�D�O�V���Z�H�U�H���J�H�R�J�U�D�S�K�L�F�D�O�O�\���S�O�R�W�W�H�G���W�R���H�[�D�P�L�Q�H���I�R�U��

�G�L�V�F�H�U�Q�L�E�O�H���V�S�D�W�L�D�O���S�D�W�W�H�U�Q�V�����7�K�H�V�H���Y�L�V�X�D�O�L�]�D�W�L�R�Q�V�����U�H�I�H�U�H�Q�F�H�G���O�R�F�D�O�O�\���I�U�R�P���R�Q�H���W�U�D�Q�V�H�F�W���L�Q��

�$�S�S�H�Q�G�L�[���)�����U�H�Y�H�D�O�H�G���H�Y�L�G�H�Q�W���V�S�D�W�L�D�O���W�U�H�Q�G�V���D�I�I�H�F�W�L�Q�J���W�K�H���P�R�G�H�O�V�
���H�I�I�L�F�D�F�\�����7�K�L�V���I�X�U�W�K�H�U��

�F�R�Q�I�L�U�P�D�W�L�R�Q���R�I���V�S�D�W�L�D�O���D�X�W�R�F�R�U�U�H�O�D�W�L�R�Q���V�N�H�Z�H�G���D�V�V�X�P�S�W�L�R�Q�V���R�I���L�Q�G�H�S�H�Q�G�H�Q�W���D�Q�G��

�L�G�H�Q�W�L�F�D�O�O�\���G�L�V�W�U�L�E�X�W�H�G���U�H�V�L�G�X�D�O�V�����Z�K�L�F�K���M�X�V�W�L�I�L�H�G���W�K�H���W�U�D�Q�V�L�W�L�R�Q���I�U�R�P���2�/�6���U�H�J�U�H�V�V�L�R�Q���W�R���W�K�H��

�X�V�H���R�I���V�S�D�W�L�D�O���H�U�U�R�U���U�H�J�U�H�V�V�L�R�Q�����$�Q�V�H�O�L�Q�����������������:�R�Q���.�L�P���H�W���D�O�������������������� 

�3�U�L�R�U���W�R���W�K�H���G�H�Y�H�O�R�S�P�H�Q�W���R�I���D�Q���H�T�X�L�Y�D�O�H�Q�W���V�S�D�W�L�D�O���H�U�U�R�U���P�R�G�H�O�����L�W���Z�D�V���Q�H�F�H�V�V�D�U�\���W�R��

�G�H�O�L�Q�H�D�W�H���W�K�H���S�D�W�W�H�U�Q�V���R�I���D�X�W�R�F�R�U�U�H�O�D�W�L�R�Q���S�U�H�V�H�Q�W���L�Q���H�D�F�K���W�U�D�Q�V�H�F�W�����,�Q�L�W�L�D�O���O�L�Q�H�D�U���U�H�J�U�H�V�V�L�R�Q�V��

�Z�H�U�H���S�H�U�I�R�U�P�H�G���R�Q���H�D�F�K���W�U�D�Q�V�H�F�W���L�Q�G�L�Y�L�G�X�D�O�O�\�����G�H�V�F�U�L�E�H�G���D�V���O�R�F�D�O���P�R�G�H�O�V�����7�K�H���G�L�I�I�H�U�H�Q�F�H�V��

�L�Q���W�K�H���G�D�W�D���E�H�W�Z�H�H�Q���W�K�H���J�O�R�E�D�O���2�/�6���P�R�G�H�O�V���D�Q�G���W�K�H�V�H���O�R�F�D�O�L�]�H�G���2�/�6���P�R�G�H�O�V���U�H�T�X�L�U�H�G���D��

�U�H�G�X�F�H�G���Q�X�P�E�H�U���R�I���W�H�U�P�V���F�R�P�S�D�U�H�G���W�R���W�K�H���P�R�U�H���F�R�P�S�U�H�K�H�Q�V�L�Y�H���S�U�L�R�U���P�R�G�H�O�V�����(�T���������� 

8) Ti,j= �Di,j+ 
ºPavement, jPi,j+ 
ºBuilding, jBi,j + 
ºTreeCover, j,Ai,j, + 
ºWaterCover, j,Gi,j,  +  

ºElevation,j,Ei,j,+   
ºSunrise,j,tSi,j+ 
ºPavement, jPi,j*  
ºBuilding, jBi,j + �Hi,j 

�,�Q���W�K�H���S�U�R�F�H�V�V���R�I���L�Q�G�L�Y�L�G�X�D�O���W�U�D�Q�V�H�F�W���D�Q�D�O�\�V�L�V�����Y�D�U�L�D�E�O�H�V���I�R�U���F�O�R�X�G���F�R�Y�H�U�����G�D�L�O�\���K�L�J�K��

�W�H�P�S�H�U�D�W�X�U�H�����Z�L�Q�G�V�S�H�H�G�����D�Q�G���W�K�H�L�U���F�R�U�U�H�V�S�R�Q�G�L�Q�J���L�Q�W�H�U�D�F�W�L�R�Q���W�H�U�P�V���Z�H�U�H���H�[�F�O�X�G�H�G���G�X�H���W�R��

�W�K�H�L�U���O�D�F�N���R�I���Y�D�U�L�D�E�L�O�L�W�\���D�F�U�R�V�V���R�E�V�H�U�Y�D�W�L�R�Q�V���D�W���W�K�H���W�U�D�Q�V�H�F�W���O�H�Y�H�O�����(�D�F�K���W�U�D�Q�V�H�F�W���U�H�F�H�L�Y�H�G��

�W�K�U�H�H���O�R�F�D�O���P�R�G�H�O�V�����G�L�I�I�H�U�L�Q�J���E�\���E�X�I�I�H�U���V�L�]�H���Z�L�W�K�L�Q���O�D�Q�G���F�R�Y�H�U���H�[�S�R�V�X�U�H���W�H�U�P�V�����7�K�H��

�U�H�V�X�O�W�L�Q�J���U�H�V�L�G�X�D�O�V���I�U�R�P���W�K�H�V�H���P�R�G�H�O�V���Z�H�U�H���X�W�L�O�L�]�H�G���W�R���F�R�Q�V�W�U�X�F�W���V�H�P�L�Y�D�U�L�R�J�U�D�P�V�����Z�K�L�F�K��

�D�V�V�L�V�W�H�G���L�Q���G�H�W�H�U�P�L�Q�L�Q�J���W�K�H���
�U�D�Q�J�H���Y�D�O�X�H�
�² �W�K�H���G�L�V�W�D�Q�F�H���E�H�\�R�Q�G���Z�K�L�F�K���V�S�D�W�L�D�O���F�R�U�U�H�O�D�W�L�R�Q��

�E�H�W�Z�H�H�Q���G�D�W�D���S�R�L�Q�W�V���F�H�D�V�H�V���W�R���E�H���V�L�J�Q�L�I�L�F�D�Q�W�����5�D�Q�J�H���Y�D�O�X�H�V���Z�H�U�H���V�\�V�W�H�P�D�W�L�F�D�O�O�\��

�G�R�F�X�P�H�Q�W�H�G���D�F�U�R�V�V���D�O�O���W�K�U�H�H���P�R�G�H�O�V���I�R�U���H�D�F�K���R�I���W�K�H���������W�U�D�Q�V�H�F�W�V�� 



�ñ�ñ 
 

�6�S�D�W�L�D�O���(�U�U�R�U���0�R�G�H�O�L�Q�J 
 
�,�Q�I�R�U�P�H�G���E�\���L�Q�V�L�J�K�W�V���I�U�R�P���0�R�U�D�Q�
�V���,���D�Q�D�O�\�V�L�V�����W�K�H���F�O�X�V�W�H�U�L�Q�J���L�Q���U�H�V�L�G�X�D�O���P�D�S�V�����D�Q�G��

�V�H�P�L�Y�D�U�L�R�J�U�D�P�V���G�H�U�L�Y�H�G���I�U�R�P���W�K�H���U�H�V�L�G�X�D�O�V���R�I���O�L�Q�H�D�U���P�R�G�H�O�V���I�R�U���H�D�F�K���W�U�D�Q�V�H�F�W�����I�X�U�W�K�H�U��

�V�S�D�W�L�D�O���D�Q�D�O�\�W�L�F�D�O���W�H�F�K�Q�L�T�X�H�V���Z�H�U�H���U�H�T�X�L�U�H�G���W�R���J�H�Q�H�U�D�W�H���W�K�H���J�O�R�E�D�O���6�(�0�V�����7�K�H���6�(�0��

�Q�H�F�H�V�V�L�W�D�W�H�V���W�K�H���L�Q�F�R�U�S�R�U�D�W�L�R�Q���R�I���D���V�S�D�W�L�D�O���Z�H�L�J�K�W�V���P�D�W�U�L�[�����Z�K�L�F�K���L�Q�W�U�R�G�X�F�H�V���D�Q���H�U�U�R�U���W�H�U�P��

�V�S�H�F�L�I�L�F�D�O�O�\���W�R���F�R�X�Q�W�H�U�D�F�W���V�S�D�W�L�D�O���G�H�S�H�Q�G�H�Q�F�L�H�V���R�E�V�H�U�Y�H�G���L�Q���W�K�H���R�U�L�J�L�Q�D�O���U�H�V�L�G�X�D�O�V�����$�P�R�Q�J��

�W�K�H���Y�D�U�L�R�X�V���V�S�D�W�L�D�O���Z�H�L�J�K�W�L�Q�J���P�H�W�K�R�G�R�O�R�J�L�H�V���D�S�S�O�L�H�G���L�Q���G�L�I�I�H�U�H�Q�W���V�W�X�G�L�H�V�����D���*�D�X�V�V�L�D�Q��

�.�H�U�Q�H�O���:�H�L�J�K�W�L�Q�J�����*�.�:�����V�F�K�H�P�H���Z�D�V���F�K�R�V�H�Q���I�R�U���R�X�U���V�S�D�W�L�D�O���Z�H�L�J�K�W�V���P�D�W�U�L�[�����7�K�L�V��

�V�F�K�H�P�H���Z�D�V���S�U�H�I�H�U�U�H�G���E�H�F�D�X�V�H���L�W���R�I�I�H�U�V���D���P�R�G�H�U�D�W�H���D�G�M�X�V�W�P�H�Q�W���L�Q���Z�H�L�J�K�W�V���U�H�O�D�W�L�Y�H���W�R��

�G�L�V�W�D�Q�F�H�����D�O�R�Q�J���Z�L�W�K���I�L�Q�H���W�X�Q�L�Q�J���F�D�S�D�E�L�O�L�W�L�H�V���Y�L�D���W�K�H���E�D�Q�G�Z�L�G�W�K���S�D�U�D�P�H�W�H�U�����D�V���V�K�R�Z�Q���L�Q��

�$�S�S�H�Q�G�L�[���* �����7�K�H���*�.�:���P�H�W�K�R�G���D�V�V�L�J�Q�V���Z�H�L�J�K�W�V���W�R���Q�H�L�J�K�E�R�U�L�Q�J���R�E�V�H�U�Y�D�W�L�R�Q�V���X�V�L�Q�J���L�W�V��

�N�H�U�Q�H�O���I�X�Q�F�W�L�R�Q�� 

9) �• �:�Š�; 
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Û
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�7�K�H���Z�H�L�J�K�W�L�Q�J���D�V�V�L�J�Q�H�G���W�R���H�D�F�K���D�G�M�D�F�H�Q�W���S�R�L�Q�W���L�V���G�H�W�H�U�P�L�Q�H�G���E�\���W�K�H�L�U���G�L�V�W�D�Q�F�H���
�G�
����

�P�H�D�V�X�U�H�G���L�Q���P�H�W�H�U�V�����W�K�U�R�X�J�K���D���I�X�Q�F�W�L�R�Q���W�K�D�W���L�Q�F�O�X�G�H�V���D�Q���H�[�S�R�Q�H�Q�W�L�D�W�H�G���F�R�P�S�R�Q�H�Q�W���Z�L�W�K��

�
�1�
�����U�H�S�U�H�V�H�Q�W�L�Q�J���W�K�H���N�H�U�Q�H�O�
�V���E�D�Q�G�Z�L�G�W�K�����(�D�F�K���W�U�D�Q�V�H�F�W���K�D�V���D���G�H�G�X�F�H�G���U�D�Q�J�H���Y�D�O�X�H���I�U�R�P��
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�Q�H�Z���W�H�U�P�V���W�R���D�F�F�R�X�Q�W���I�R�U���W�K�H���H�U�U�R�U���L�Q�W�U�R�G�X�F�H�G���E�\���V�S�D�W�L�D�O���U�H�O�D�W�L�R�Q�V�K�L�S�V�����(�T���������� 

10) Ti,j= �Di,j+ 
ºPavement, jPi,j+ 
ºBuilding, jBi,j + 
ºTreeCover, j,Ai,j, + 
ºWaterCover, j,Gi,j,  +  

ºElevation,j,Ei,j,+ 
ºSunrise,j,tSi,j+ 
ºPavement, jPi,j*  
ºBuilding, jBi,j + �OjWi,j�Hi,j + ui,j 
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�:�H�L�J�K�W�L�Q�J�����*�.�:�����Z�D�V���F�D�O�F�X�O�D�W�H�G���I�R�U���H�D�F�K���Q�H�L�J�K�E�R�U�����7�K�H�V�H���F�D�O�F�X�O�D�W�H�G���Z�H�L�J�K�W�V���Z�H�U�H���W�K�H�Q��

�X�V�H�G���W�R���U�H�S�O�D�F�H���W�K�H���F�R�U�U�H�V�S�R�Q�G�L�Q�J���L�Q�G�H�[���Z�L�W�K�L�Q���W�K�H���Q�H�L�J�K�E�R�U���P�D�W�U�L�[���W�R���F�R�Q�Y�H�U�W���W�K�H���P�D�W�U�L�[��

�W�R���D���V�S�D�W�L�D�O���Z�H�L�J�K�W�V���P�D�W�U�L�[���I�R�U���W�K�D�W���O�R�F�D�O���6�(�0�����%�H�I�R�U�H���J�H�Q�H�U�D�W�L�Q�J���W�K�H���U�H�J�U�H�V�V�L�R�Q�����H�D�F�K���U�R�Z��
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�L�V�R�O�D�W�H�G���S�R�L�Q�W���Z�L�W�K�L�Q���W�K�H���W�U�D�Q�V�H�F�W���W�R���W�K�H���W�U�D�Q�V�H�F�W�
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�G�H�H�P�H�G���W�K�H���R�S�W�L�P�D�O���E�D�Q�G�Z�L�G�W�K���I�R�U���W�K�D�W���W�U�D�Q�V�H�F�W�
�V���G�D�W�D�����&�R�Q�V�H�T�X�H�Q�W�O�\�����H�D�F�K���R�E�V�H�U�Y�D�W�L�R�Q��

�Z�D�V���D�V�V�L�J�Q�H�G���D�Q���R�S�W�L�P�D�O���E�D�Q�G�Z�L�G�W�K���F�R�U�U�H�V�S�R�Q�G�L�Q�J���W�R���L�W�V���W�U�D�Q�V�H�F�W���,�'���W�K�D�W���D�O�O�R�Z�H�G���I�R�U���P�R�U�H��
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11) Ti,j,t= �D,t+ 
ºPavement, j,tPi,j,t+ 
ºBuilding, j,tBi,j,t + 
ºTreeCover, j,tA i,j,t + 
ºWaterCover, j,tGi,j,t  + 

ºElevation,j,tEi,j,t + 
ºSunrise,j,tSi,j,t+ 
ºHighTemp,j,tHi,j,t + 
ºCloudCover,j,tCCi,j,t +  

ºMaxWind, j,tWSi,j,t + 
ºPavement, j,tPi,j,t*  
ºBuilding, j,tBi,j,t+ 
 
ºPavement, j,tPi,j,t* 
ºCloudCover,j,tCCi,j,t +
ºPavement, j,tPi,j,t*   
ºMaxWind, j,tWSi,j,t +   

ºBuilding, j,tBi,j,t*  
ºCloudCover,j,tCCi,j,t + �OjWi,j�Hi,j + ui,j 
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Table 2. OLS Regression coefficients from models representing nine combinations 
of buffer sizes used to calculate land cover exposure and diurnal phase that data 
was collected. Bolded values for coefficient estimates denote statistical significance 
(�D=0.05). 
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Table 3. Average land use coefficients and their interaction terms from SEM 
bootstrapping. Values in the table represent the mean of the coefficients generated from 
100 iterations, the standard deviation of these coefficients, and the average log-likelihood 
values. 
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Figure 11����Gridded (500 m x 500 m) change in household average mid-day air 
temperature reduction (�qF) based on a mitigation scenario involving a replacement 
of 50% of household pavement exposure with tree cover. Averages are population-
weighted. 
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Figure 12: Distribution of household temperature reductions by RUCA Classification for 
each mitigation scenario. 
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Figure 13. Distribution of temperature reductions per household in the A) 10% 
reduction scenario, B) 25% reduction scenario, and C) 50% reduction scenario. Red 
dotted lines signify the separation in deciles. 
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Figure 14. Population shares within temperature reduction deciles across all three 
mitigation scenarios for the nonwhite alone population. Data is at the block level. 
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Figure 15. Population shares of vulnerable age groups within temperature reduction 
deciles across all three mitigation scenarios. Data for both are at the census block 
group level. 
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Figure 16. Population shares of households below the poverty line within 
temperature reduction deciles across all three mitigation scenarios. The data is at the 
census tract level. 
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Table 4. List of features used in predictive machine learning models. 
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Table 5. Performance of RF model across different parameters. Bolded values 
indicate parameters of the selected optimal model. 
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Figure 17. Predictor versus residuals of validation set. 
 

 

Figure 18. Target versus predicted air temperature values in validation set. 
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Figure 19. Feature importance among features from the optimal RF model. 
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Figure 20. Residuals of validation set for optimal RF model. 
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Figure 21. Distribution of RMSE across XGBoost hyperparameter tuning. 



�í�ì�ð 
 

 

�7�K�H���R�S�W�L�P�D�O���S�D�U�D�P�H�W�H�U�V���L�Q�Y�R�O�Y�H�G���D���V�X�E�V�D�P�S�O�L�Q�J���S�U�R�S�R�U�W�L�R�Q���R�I���������������������G�H�F�L�V�L�R�Q���W�U�H�H�V�����D��

�P�L�Q�L�P�X�P���O�R�V�V���U�H�G�X�F�W�L�R�Q���R�I���]�H�U�R�����D���P�L�Q�L�P�X�P���F�K�L�O�G���Z�H�L�J�K�W���R�I���R�Q�H�����D���P�D�[�L�P�X�P���W�U�H�H���G�H�S�W�K��

�R�I�����������D���O�H�D�U�Q�L�Q�J���U�D�W�H���R�I�������������D�Q�G���V�D�P�S�O�L�Q�J���W�K�H���H�Q�W�L�U�H�W�\���R�I���W�K�H���D�Y�D�L�O�D�E�O�H���I�H�D�W�X�U�H�V�����7�K�L�V��

�U�H�V�X�O�W�H�G���L�Q���D���5�0�6�(���R�I���������������D�Q�G���D���F�R�H�I�I�L�F�L�H�Q�W���R�I���G�H�W�H�U�P�L�Q�D�W�L�R�Q�����5�������R�I�������������� ����

�G�H�P�R�Q�V�W�U�D�W�L�Q�J���Q�H�D�U�O�\�������������L�Q�F�U�H�D�V�H���L�Q���H�U�U�R�U���D�Q�G�������������G�H�F�U�H�D�V�H���L�Q���H�[�S�O�D�Q�D�W�L�R�Q���R�I���Y�D�U�L�D�E�L�O�L�W�\��

�I�U�R�P���W�K�H���R�S�W�L�P�D�O���5�)���P�R�G�H�O�����7�D�E�O�H�����������$�I�W�H�U���S�U�H�G�L�F�W�L�Q�J���R�Q���W�K�H���Y�D�O�L�G�D�W�L�R�Q���G�D�W�D�V�H�W���Z�L�W�K���W�K�L�V��

�P�R�G�H�O�����5�0�6�(���G�H�F�U�H�D�V�H�V���W�R���������������D�Q�G���5�����L�Q�F�U�H�D�V�H�V���W�R�������������� �����V�X�J�J�H�V�W�L�Q�J���D���U�R�E�X�V�W���D�Q�G��

�J�H�Q�H�U�D�O�L�]�L�Q�J���S�H�U�I�R�U�P�D�Q�F�H�����7�K�H�U�H�I�R�U�H�����Z�H���P�D�L�Q�W�D�L�Q�H�G���R�X�U���V�H�O�H�F�W�L�R�Q���R�I���W�K�H���S�U�H�Y�L�R�X�V�O�\���O�L�V�W�H�G��

�S�D�U�D�P�H�W�H�U�V���D�V���W�K�H���D�U�F�K�L�W�H�F�W�X�U�H���R�I���R�X�U���R�S�W�L�P�D�O���;�*�%�R�R�V�W���P�R�G�H�O�����)�X�U�W�K�H�U�����F�R�P�S�D�U�L�V�R�Q���R�I��

�D�F�W�X�D�O���Y�H�U�V�X�V���S�U�H�G�L�F�W�H�G���Y�D�O�X�H�V���D�F�U�R�V�V���E�R�W�K���W�U�D�L�Q�L�Q�J���D�Q�G���W�H�V�W�L�Q�J���D�O�R�Q�J���Z�L�W�K���W�K�H���5�0�6�(���D�Q�G��

�5�����V�X�S�S�R�U�W�H�G���F�R�Q�I�L�U�P�D�W�L�R�Q���R�I���W�K�L�V���P�R�G�H�O�����)�L�J�X�U�H���������� 

 



�í�ì�ñ 
 

 

Figure 22. Side by side comparison of actual versus predicted plots from training 
and testing of optimal XGBoost model. 
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Figure 23. Pavement exposure feature values versus residuals from validation set of 
the optimal XGBoost model. 
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Figure 24. Feature importance plot for features from the optimal XGBoost model. 
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Figure 25. Distribution of residuals from predictions made on the validation data by 
the optimal XGBoost model. 
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Figure 26. ALE plot of pavement exposure's effect on air temperature for optimal 
RF model. 
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Figure 27. ALE plot of pavement exposure's effect on air temperature for the 
optimal XGBoost model. 
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Figure 28. High resolution heat map of Montpelier, VT. Map was generated using 
RF regression model. 
 

 



�í�í�ï 
 

 

Figure 29. High resolution heat map of Montpelier, VT. Map was generated using 
XGBoost regression model. 
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Figure 30. High resolution map of Burlington, VT. Map was generated using RF 
regression model. 
 
 

 

Figure 31. High resolution map of Burlington, VT. Map was generated using 
XGBoost regression model. 
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Figure 32: Categorization of purchase influences. 
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Figure 33. Network of participating Vermont automobile dealerships in survey 
recruitment. 
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Figure 34. Spatial distribution of survey participants by zip code. Blue dots signify 
the location of participating dealerships. 
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Figure 35. Distribution of survey participants by vehicle type. 
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Table 6. Distribution of purchase factors and their importance across vehicle type. 
 

 Lesser Importance Moderate Importance More Importance  
NA 
(%) 

  
EV 
(%) 

CI Ga
s 

(%) 

CI EV 
(%) 

CI Gas 
(%) 

CI EV 
(%) 

CI 
 

Gas 
(%) 

CI 
  

Vehicle Cost 3.4 
(0.0-
10.0) 

9.8 
(0.0-
18.9) 

20.7 
(6.0-
35.4) 

24.4 
(11.3-
37.5) 

69.0 
(52.2-
85.8) 

63.4 
(48.7-
78.1) 

 17.2 

Concerns 
About Climate 
Change 

3.4 
(0.0-
10.0) 

48.8 
(33.5-
64.1) 

10.3 
(0.0-

24.14) 
19.5 

(7.4-
31.6) 

79.3 
(64.6-
94.0) 

 29.3 
(15.4-
43.2) 

 17.2 

Saving Money 
on Gas 

10.3 
(0.0-
21.4) 

36.6 
(21.9-
51.3) 

17.2 
(3.5-
30.9) 

29.3 
(15.4-
43.2) 

65.5 
(48.2-
82.8) 

 31.7 
(17.5-
45.9) 

 17.2 

Brand Loyalty 55.2 
(37.1-
73.3) 

12.2 
(2.2-
22.2) 

17.2 
(3.5-
30.9) 

9.8 
(0.0-
18.9) 

20.7 
(6.0-
35.4) 

 75.6 
(62.5-
88.7) 

 17.2 

Environmental 
Concerns 
About Drilling 
and Oiling 

13.8 
(1.2-
26.4) 

43.9 
(28.7-
59.1) 

3.4 
(0.0-
10.0) 

22.0 
(9.3-
34.7) 

75.9 
(60.3-
91.5) 

 31.7 
(17.5-
45.9) 

 17.2 

Use for Long 
Distance Road 
Trips 

55.2 
(37.1-
73.3) 24.4 

(11.3-
37.5) 20.7 

(6.0-
35.4) 19.5 

(7.4-
31.6) 17.2 

(3.5-
30.9) 

 53.8 
(38.5-
69.1) 

 17.2 
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Table 7. Distribution of purchase factors and their influence across vehicle types. 

 Lesser Influence Moderate Influence More Influence  
NA 
(%) 

  EV 
(%) 

CI Gas 
(%) 

CI EV 
(%) 

CI Gas 
(%) 

CI EV 
(%) 

CI 
 

Gas 
(%) 

CI 
  

Fuel or 
energy 
efficiency 

0.0 
(0.0-
0.0) 

31.7 
(17.5-
45.9) 

3.4 
(0.0-
10.0) 

41.5 
(26.4-
56.6) 

93.1 
(8.8-
40.0) 

24.4 
(11.3-
37.5) 

 16.1 

Winter 
Weather 
Performance 

37.9 
(20.2-
55.6) 

4.9 
(0.0-
11.5) 

37.9 
(20.2-
55.6) 

26.8 
(13.2-
40.4) 

20.7 
(6.0-
35.4) 

 65.9 
(51.4-
80.4 

 16.1 

Amount of 
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51.7 
(33.5-
69.9) 

26.8 
(13.2-
40.4) 

37.9 
(20.2-
55.6) 

39.0 
(24.1-
53.9) 

3.4 
(0.0-
10.0) 

 29.3 
(15.4-
43.2) 

 18.4 
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(14.2-
47.8) 

19.5 
(7.4-
31.6) 

58.6 
(40.7-
76.5) 

36.6 
(21.9-
51.3) 
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10.0) 
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56.6) 

 17.2 

Expected 
Maintenance 
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(3.5-
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(9.3-
34.7) 
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(8.5-
39.7) 
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(26.4-
56.6) 

51.7 
(33.5-
69.9) 

 31.7 
(17.5-
45.9) 
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Expected 
Reliability 

3.4 
(0.0-
10.0) 

4.9 
(0.0-
11.5) 

41.4 
(23.5-
59.3) 

12.2 
(2.2-
22.2) 

48.3 
(30.1-
66.5) 

 80.5 
(68.4-
92.6) 
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Crash Safety 31.0 
(14.2-
47.8) 

12.2 
(2.2-
22.2) 

34.5 
(17.2-
51.8) 

26.8 
(13.2-
40.4) 

27.6 
(11.3-
43.9) 

 56.1 
(40.9-
71.3) 

 18.4 

Driving 
Range 

10.3 
(0.0-
21.4) 

36.6 
(21.9-
51.3) 

44.8 
(26.7-
62.9) 

36.6 
(21.9-
51.3) 

37.9 
(20.2-
55.6) 
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(11.3-
37.5) 
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89.7 
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(26.4-
56.6) 3.4 
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10.0) 29.3 

(15.4-
43.2) 0.0 
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0.0) 
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37.5) 
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Off-Road 
Capabilities 

93.1 
(83.9-
100.0) 

46.3 
(31.0-
61.6) 

0.0 
(0.0-
0.0) 

36.6 
(21.9-
51.3) 
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Driving 
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55.2 
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(17.5-
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(8.5-
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(19.6-
48.6) 13.8 

(1.2-
26.4) 
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(15.4-
43.2) 

 18.4 

Highway 
Performance 

65.5 
(48.2-
82.8) 

14.6 
(3.8-
25.4) 

27.6 
(11.3-
43.9) 

48.8 
(33.5-
64.1) 

0.0 
(0.0-
0.0) 

 31.7 
(17.5-
45.9) 

 18.4 
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Figure 36. Distribution of gender among survey participants. 
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Figure 37. Distribution of the number of vehicles (including recent purchase) in 
household. 

 

Figure 38. Distribution of household size among survey participants. 
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Figure 39. Distribution of age among survey participants. 
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Figure 40. Distribution of household income among survey participants. 
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Table 8. Confusion matrices of predictions on training and testing of optimal 
XGBoost classifier. 
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Figure 41. Feature importance of the XGBoost Classifier model. 
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Figure 42. Distribution of Shapley values. Numbers in parentheses next to feature 
names represents average Shapley value for features across all observations. 
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Appendix A. Percent Land Cover Exposure within three different radii. Land cover 
types include Pavement (the sum of the land cover �F�O�D�V�V�H�V���³�U�R�D�G�V�´���D�Q�G���³�R�W�K�H�U���S�D�Y�H�P�H�Q�W�´��
as provided by geodata), Buildings, and Tree Cover. Individual boxplots represent the 
city that measurements were recorded in. 
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Appendix B. Distribution of elevation (m) for each air temperature measurement by 
city. 
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Appendix C. Scatter plots of Percent Building Exposure within three buffer ranges 
versus air temperature fror A) morning, B) mid-day, and C) evening. 
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Appendix D. Scatter plot of Percent Tree Cover Exposure within three buffer 
ranges versus air temperature for A) morning, B) mid-day, and C) evening. 
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Appendix E. Distribution of cloud coverage as reported by local airport stations 
during sampling intervals. 
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Appendix F. Example of spatial clustering the residuals of a global OLS model. Map 
shows a subset of residuals from a single transect in St. Johnsbury, VT. 
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Appendix G. Comparison of spatial weighting through inverse distance vs GKW. 
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Appendix H. Full OLS regression tables from global models for all nine 
combinations of buffer size and diurnal phase. Coefficients are bolded if statistically 
�V�L�J�Q�L�I�L�F�D�Q�W�����.� ������������ 
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Appendix I . Distribution of pavement exposure coefficients from local SEMs 
generated with optimal bandwidth parameter. 
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Appendix J. Distributions of the coefficient estimates from each of the nine SEMs. 
Each boxplot represents the coefficient pertaining to the exposure to a specific land cover 
within the selected buffer size and diurnal phase for that model. 
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Appendix K. Asian Alone population shares among temperature reduction deciles 
across all three mitigations scenarios. 
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Appendix L . Black Alone population shares among temperature reduction deciles 
across all three mitigation scenarios. 
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Appendix M. Hispanic or Latino Alone population shares among temperature 
reduction deciles across all three mitigation scenarios. 
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Appendix N. Distribution of pavement exposure values between observations that 
were predicted within the thresholds of +/- 0.5oF versus outside of them for the 
optimal RF model. 
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Appendix O. Distribution of building exposure values between observations that 
were predicted within the thresholds of +/- 0.5oF versus outside of them for the 
optimal RF model. 

 



�í�ô�ð 
 

 

Appendix P. Distribution of tree cover exposure values between observations that 
were predicted within the thresholds of +/- 0.5oF versus outside of them for the 
optimal RF model. 
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Appendix Q. Distribution of elevation values between observations that were 
predicted within the thresholds of +/- 0.5oF versus outside of them for the optimal 
RF model. 
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Appendix R. Distribution of pavement exposure values between observations that 
were predicted within the thresholds of +/- 0.5oF versus outside of them for the 
optimal XGBoost model. 
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Appendix S. Distribution of building exposure values between observations that 
were predicted within the thresholds of +/- 0.5oF versus outside of them for the 
optimal XGBoost model. 
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Appendix T. Distribution of tree cover exposure values between observations that 
were predicted within the thresholds of +/- 0.5oF versus outside of them for the 
optimal XGBoost model. 
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Appendix U. Distribution of elevation values between observations that were 
predicted within the thresholds of +/- 0.5oF versus outside of them for the optimal 
XGBoost model. 
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Appendix V. Comparison of summary statistics for select features across predictions 
with errors within and beyond +/-0.5oF, shown for both optimal machine learning 
models. 
 �5�D�Q�G�R�P���)�R�U�H�V�W �;�*�%�R�R�V�W 

�)�H�D�W�X�U�H�V 
�$�F�F�H�S�W�D�E�O�H �3�R�R�U �$�F�F�H�S�W�D�E�O�H �3�R�R�U 

�0�H�G�L�D�Q �6�' �0�H�G�L�D�Q �6�' �0�H�G�L�D�Q �6�' �0�H�G�L�D�Q �6�' 
�3�D�Y�H�P�H�Q�W��
�(�[�S�R�V�X�U�H 
 

���������� ���������� ���������� ���������� ���������� ���������� ���������� ���������� 

�%�X�L�O�G�L�Q�J��
�(�[�S�R�V�X�U�H�� 
 

�������� �������� ���������� �������� �������� �������� ���������� �������� 

�7�U�H�H��
�&�R�Y�H�U��
�(�[�S�R�V�X�U�H 
 

���������� ���������� ���������� ���������� ���������� ���������� ���������� ���������� 

�(�O�H�Y�D�W�L�R�Q�� 
 

���������� ���������� ���������� ���������� ������������ ���������� ������������ ���������� 

 

 

Appendix W. Spatial distribution of error in predictions made on observations in 
Burlington or Winooski belonging to the validation subset by the optimal RF model. 
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Appendix X. Spatial distribution of error in predictions made on observations in 
Burlington or Winooski belonging to the validation subset by the optimal XGBoost 
model. 
 

 
Appendix Y. Spatial distribution of the difference in error between the optimal RF 
and optimal XGBoost model in Burlington or Winooski belonging to the validation 
subset. 
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Appendix Z. ALE plot of building exposure's effect on air temperature from 
optimal RF model. 
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Appendix AA. ALE plot of tree cover exposure's effect on air temperature from 
optimal RF model. 
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Appendix BB. ALE plot of building exposure's effect on air temperature from 
optimal XGBoost model. 
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Appendix CC. ALE plot of tree cover exposure's effect on air temperature from 
optimal XGBoost model. 
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Appendix DD. Variables of interest with details as to their missingness and central 
values. 
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Appendix EE. Distribution of survey participants by vehicle make. 
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Appendix FF. Distribution of survey participants by vehicle model. 
 

 
Appendix GG. Distribution of survey participants by vehicle year. 


