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Atmospheric Impact of Biogenic Volatile Organic Compounds: Im-
proving Measurement and Modeling Capabilities

Namrata Shanmukh Panji

(ABSTRACT)

Biogenic volatile organic compounds (BVOCs) are naturally occurring organic compounds

emitted by plants, trees, and ecosystems, exerting a profound influence on the Earth’s at-

mosphere, air quality, climate, and ecosystem dynamics. This research project aims to ad-

vance our understanding of BVOC emissions and their implications through a comprehensive

and multi-faceted investigation. We investigate the dynamics of BVOCs in the atmosphere

through three key objectives. First, we introduce a novel enriching inlet that uses selective

permeation to preconcentrate reactive organic gases in small sample flows for atmospheric

gas sampling, enhancing the sensitivity and detection limits of analytical instruments. En-

richments between 4640% and 111% were measured for major reactive atmospheric gases

at ultra low flow rates and roughly several hundred percent for ambient samples at mod-

erately low flow rates. Second, we constrain light-dependency in BVOC emissions models

by comparing modeled and long-term observed BVOC concentrations measured at a mid-

canopy monitoring site in a southeastern US forest. The Model of Emissions of Gases and

Aerosols from Nature (MEGAN) and the Framework for 0-D Atmospheric Modeling (F0AM)

were utilized to simulate emissions and chemical transformations, respectively to disentangle

the time- and species-specificity of light dependency for various BVOC (�-pinene, cam-

phene, and �-fenchene are completely light-independent and limonene, �-thujene, sabinene,

and 
-terpinene are seasonally light-dependent). Finally, we examine these models deeper

to investigate uncertainties and highlight current limitations due to variability in planetary



boundary layer height (PBLH) datasets. We highlight the significance of simultaneous PBLH

and BVOC measurements for improving the accuracy of BVOC concentration models. We

show that a lack of co-located measurements is a large source of uncertainty in modeling

BVOC concentrations. The successful completion of these objectives contributes to a bet-

ter understanding of the complex interactions between BVOC emissions and atmospheric

chemistry.



Atmospheric Impact of Biogenic Volatile Organic Compounds: Im-
proving Measurement and Modeling Capabilities

Namrata Shanmukh Panji

(GENERAL AUDIENCE ABSTRACT)

Biogenic volatile organic compounds (BVOCs) are natural chemicals released by plants,

trees, and ecosystems. They interact with combustion emissions such as those from vehicles

(nitrous oxides or NO species) in the presence of light to produce secondary pollutants such

as ozone and particulate matter which significantly affect human health, Earth’s atmosphere,

air quality, climate, and ecosystems. This research aims to deepen our understanding of

BVOC emissions and their effects through a detailed study of measurement and modeling

techniques used to study BVOC. We accomplish this via three main goals. First, we introduce

a new method to enhance the detection of reactive gases in small air samples, improving

the sensitivity of currently available analytical instruments. This method showed significant

improvements in detecting key atmospheric gases. Second, we examine how BVOC emissions

depend on light by comparing models with long-term observations from a forest in the

southeastern US. We used two models, Model of Emissions of Gases and Aerosols from Nature

(MEGAN) and Framework for 0-D Atmospheric Modeling (F0AM), to simulate emissions

and chemical changes, revealing that some BVOC emissions are completely light-independent

processes, while others depend on the season. Finally, we examine these models deeper to

investigate the uncertainties due to variability in planetary boundary layer height (PBLH)

datasets (the layer of air closest to the Earth’s surface where pollutants are concentrated).

We show that a lack of BVOC and PBLH measurements made at the same location is a large

source of uncertainty in modeling BVOC concentrations. Achieving these goals will enhance



our understanding of the complex interactions between BVOC emissions and atmospheric

chemistry.
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�+�K�@�k�b�@�R�V�-�T�?�B�;�?���M�/�T�H�Q�r���`�2 �i�?�2 �T�`�2�b�b�m�`�2�b �Q�M �i�?�2 �?�B�;�? ���M�/ �H�Q�r �T�`�2�b�b�m�`�2 �b�B�/�2�b �Q�7 �i�?�2 �K�2�K�#�`���M�2

�`�2�b�T�2�+�i�B�p�2�H�v �B�M �+�K�>�; �U�Q�`� �T �B�b �i�?�2 �T�`�2�b�b�m�`�2 �/�B�7�7�2�`�2�M�+�2 ���+�`�Q�b�b �i�?�2 �r���H�H �Q�7 �i�?�2 �T�2�`�K�2���#�H�2

�K�2�K�#�`���M�2�V�-�t �B�b �i�?�2 �i�?�B�+�F�M�2�b�b �Q�7 �i�?�2 �T�2�`�K�2���#�H�2 �K�2�K�#�`���M�2 �B�M �+�K�- ���M�/�S �B�b �i�?�2 �T�2�`�K�2���#�B�H�B�i�v

�+�Q�2�7�7�B�+�B�2�M�i �Q�7 �i�?�2 �;���b�2�Q�m�b �b�T�2�+�B�2�b �U�S�B�M�M���m ���M�/ �h�Q�v�-�R�N�N�e�V�X�S�B�b �+�Q�K�K�Q�M�H�v �2�t�T�`�2�b�b�2�/ �B�M �i�2�`�K�b

�Q�7 �i�?�2 �M�Q�M�@�a�A �m�M�B�i �"���`�`�2�`�- �2�[�m���H �i�Q �R�y�@�R�y�+�K�j �U�a�h�S�V �+�K �+�K�@�k�b�@�R�+�K�>�;�@�R�Q�` �j�X�j�8� �R�y�@�R�R�K�Q�H �K

�K�@�k�b�@�R�#����̀@�R�X



�h�?�2 �;���b �7�H�m�t�C�+���M �#�2 �2�t�T�`�2�b�b�2�/ �B�M �i�2�`�K�b �Q�7 �p�Q�H�m�K�2�i�`�B�+ �7�H�Q�r�`���i�2 �i�?���i �T�2�`�K�2���i�2�b ���+�`�Q�b�b �i�?�2

�K�2�K�#�`���M�2 �m�b�B�M�; �1�[�m���i�B�Q�M �U�k�X�k�V �r�?�2�`�2�Z�T�2�`�K�-�B�B�b �B�M �b�i���M�/���`�/ �+�m�#�B�+ �+�2�M�i�B�K�2�i�2�`�b �T�2�` �K�B�M�m�i�2�-

�b�+�+�K �Q�` �+�K�j �U�a�h�S�V �K�B�M�@�R���M�/�� �B�b �i�?�2 �b�m�`�7���+�2 ���`�2�� �Q�7 �i�?�2 �T�2�`�K�2���#�H�2 �K�2�K�#�`���M�2 �B�M �+�K�k�X

Qperm;i = Ji � A �U�k�X�k�V

�A�M �i�?�B�b �r�Q�`�F�- �r�2 �2�t�T�H�Q�B�i �i�?�B�b �T�2�`�K�2���#�B�H�B�i�v �r�B�i�? �i�?�2 �T�m�`�T�Q�b�2 �Q�7 �2�M�`�B�+�?�B�M�; ���K�#�B�2�M�i �b���K�T�H�2

�7�H�Q�r�b �i�Q �?���p�2 �?�B�;�?�2�` �+�Q�M�+�2�M�i�`���i�B�Q�M�b �Q�7 �i�`���+�2 �;���b�2�b �Q�7 �B�M�i�2�`�2�b�i�X ���B�` �B�b �b���K�T�H�2�/ �i�?�`�Q�m�;�? �i�m�#�B�M�;

�+�Q�K�T�`�B�b�2�/ �Q�7 �� �T�2�`�K�2���#�H�2 �K�2�K�#�`���M�2 �b�m�#�D�2�+�i�2�/ �i�Q �� �T�`�2�b�b�m�`�2 �/�B�7�7�2�`�2�M�i�B���H�X �A�M ���H�H �r�Q�`�F �b�?�Q�r�M

�?�2�`�2�- �b���K�T�H�2 �7�H�Q�r �i�?�`�Q�m�;�? �i�?�2 �i�m�#�B�M�; �B�b �K���B�M�i���B�M�2�/ ���i �� �?�B�;�?�2�` �T�`�2�b�b�m�`�2�- ���H�H�Q�r�B�M�; �T�2�`�K�2���i�B�Q�M

�Q�7 �;���b�2�b �Q�m�i �Q�7 �i�?�2 �b���K�T�H�2�- ���b �b�?�Q�r�M �B�M �6�B�;�m�`�2 �R�- �i�?�Q�m�;�? �B�M �T�`�B�M�+�B�T�H�2 �i�?�2 �b�v�b�i�2�K �+�Q�m�H�/ �#�2

�/�2�b�B�;�M�2�/ �i�Q �Q�T�2�`���i�2 �m�M�/�2�` �� �`�2�p�2�`�b�2�/ �T�`�2�b�b�m�`�2 �/�B�7�7�2�`�2�M�i�B���H�X

�6�B�;�m�`�2 �k�X�R�, �G�Q�M�;�B�i�m�/�B�M���H �+�`�Q�b�b�@�b�2�+�i�B�Q�M �Q�7 �i�?�2 �h�2�7�H�Q�M�h�J ���6�@�k�9�y�y �B�M�H�2�i �U�`�2�T�`�2�b�2�M�i�2�/ �#�v �i�?�2 �#�H�m�2
�/���b�?�2�/ �`�2�;�B�Q�M�b�V �Q�7 �H�2�M�;�i�?�G�- �B�M�i�2�`�M���H �/�B���K�2�i�2�` �Q�7�. �- ���M�/ �r���H�H �i�?�B�+�F�M�2�b�b �Q�7�t�X �h�?�2 �p�Q�H�m�K�2�i�`�B�+
�7�H�Q�r �`���i�2�b �2�M�i�2�`�B�M�; �i�?�2 �i�m�#�B�M�;�- �K�Q�p�B�M�; ���+�`�Q�b�b �i�?�2 �i�m�#�B�M�; �r���H�H�b�- ���M�/ �H�2���p�B�M�; �i�?�2 �i�m�#�B�M�; ���`�2
�/�2�M�Q�i�2�/ �#�v�Z�B�M�- �Z�T�2�`�K�- ���M�/�Z�Q�m�i�`�2�b�T�2�+�i�B�p�2�H�v�X �h�?�2 �p�Q�H�m�K�2�i�`�B�+ �7�H�m�t �Q�7 �i�?�2 �;���b�2�Q�m�b �b�T�2�+�B�2�b
�K�Q�p�B�M�; ���+�`�Q�b�b �i�?�2 �i�m�#�B�M�; �B�b �/�2�M�Q�i�2�/ �#�v�C�X

�l�M�/�2�` �i�?�2�b�2 �+�Q�M�/�B�i�B�Q�M�b�-�� �B�M �1�[�m���i�B�Q�M �U�k�X�k�V �B�b �;�B�p�2�M �#�v� �.�G �r�?�2�`�2�. ���M�/�G���`�2 �i�?�2 �B�M�@

�M�2�` �/�B���K�2�i�2�` ���M�/ �H�2�M�;�i�? �Q�7 �i�m�#�B�M�; �`�2�b�T�2�+�i�B�p�2�H�v�X �A�M �i�?�B�b �r�Q�`�F�- �r�2 �m�b�2 �h�2�7�H�Q�M�h�J ���6�@�k�9�y�y�- ��

�+�Q�K�K�2�`�+�B���H�H�v ���p���B�H���#�H�2 ���K�Q�`�T�?�Q�m�b �;�H���b�b�v �+�Q�T�Q�H�v�K�2�` �Q�7 �i�2�i�`���7�H�m�Q�`�Q�2�i�?�v�H�2�M�2 �U�h�6�1�V ���M�/ �k�-�k�@

�#�B�b�U�i�`�B�7�H�m�Q�`�Q�K�2�i�?�v�H�V�@�9�-�8�@�/�B�7�H�m�Q�`�Q�@�R�-�j�@�/�B�Q�t�Q�H�2 �U�"�.�.�V�X �h�?�2 �;���b �T�2�`�K�2���#�B�H�B�i�v �i�?�`�Q�m�;�? �h�2�7�H�Q�M�h�J



���6�@�k�9�y�y �7�Q�H�H�Q�r�b �� �b�B�x�2�@�b�B�2�p�B�M�; �i�`�2�M�/ �r�?�2�`�2 �T�2�`�K�2���#�B�H�B�i�v �/�2�+�`�2���b�2�b �r�B�i�? �B�M�+�`�2���b�2 �B�M �+�`�B�i�B�@

�+���H �p�Q�H�m�K�2 �Q�7 �i�?�2 �;���b�2�Q�m�b �b�T�2�+�B�2�b �i�`���M�b�T�Q�`�i�B�M�; ���+�`�Q�b�b �i�?�2 �K�2�K�#�`���M�2 �U�w�?���M�; ���M�/ �q�2�#�2�`�-

�k�y�R�R�V�X �A�M �T�`�B�M�+�B�T�H�2�- �i�?�2 ���T�T�`�Q���+�? �/�2�b�+�`�B�#�2�/ �?�2�`�2 �+�Q�m�H�/ �#�2 ���T�T�H�B�2�/ �i�Q �Q�i�?�2�` �T�2�`�K�2���#�H�2 �K���@

�i�2�`�B���H�b�- �T�`�Q�p�B�/�2�/ �i�?�2 �K���i�2�`�B���H �B�b �b�2�H�2�+�i�B�p�2�H�v �T�2�`�K�2���#�H�2 �#�2�i�r�2�2�M ���M���H�v�i�2�b �Q�7 �B�M�i�2�`�2�b�i ���M�/ ���B�`�-

�#�m�i �h�2�7�H�Q�M�h�J ���6�@�k�9�y�y ���7�7�Q�`�/�b �Q�M�2 �Q�7 �i�?�2 �?�B�;�?�2�b�i �+�m�`�`�2�M�i�H�v �F�M�Q�r�M �T�2�`�K�2���#�B�H�B�i�B�2�b �7�Q�` ���B�`�X

�6�m�`�i�?�2�`�K�Q�`�2�- �h�2�7�H�Q�M �B�b �� �T�`�2�7�2�`�`�2�/ �K���i�2�`�B���H �7�Q�` �b���K�T�H�B�M�; ���i�K�Q�b�T�?�2�`�B�+ �;���b�2�b �U�.�2�K�B�M�; �2�i ���H�X�-

�k�y�R�N�V�- �b�Q �B�i �B�b ���M �B�/�2���H �K���i�2�`�B���H �7�Q�` �i�?�B�b ���T�T�H�B�+���i�B�Q�M�X

�*�Q�K�#�B�M�B�M�; �2�[�m���i�B�Q�M�b �U�k�X�R�V ���M�/ �U�k�X�k�V ���M�/ ���+�+�Q�m�M�i�B�M�; �7�Q�` �i�?�2 �m�M�B�i �+�Q�M�p�2�`�b�B�Q�M�b �v�B�2�H�/�b �1�[�m���i�B�Q�M

�U�k�X�j�V�,

Qperm;i [sccm] = 60
h s

min

i
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�
cmHg
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�
� 10� 10 � Pi [Barrer ] �

� p[bar] � A [cm2]
x [cm]

�U�k�X�j�V

�h�?�2 �b�i���M�/���`�/ �p�Q�H�m�K�2�i�`�B�+ �T�2�`�K�2���i�B�Q�M �`���i�2 �+���M �#�2 �m�M�/�2�`�b�i�Q�Q�/ ���b �� �K���b�b �Q�` �K�Q�H���` �7�H�Q�r ���b �B�M

�1�[�m���i�B�Q�M �U�k�X�9�V �,

Qperm;i

�
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�
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h s
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i
� 3:35� 10� 11 � Pi [Barrer ] �
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� � Qperm;i [sccm]
�U�k�X�9�V

�A�M �i�?�B�b �r�Q�`�F�- �i�?�2 �p�Q�H�m�K�2�i�`�B�+ �7�H�Q�r�`���i�2 �H�2���p�B�M�; �i�?�2 �B�M�H�2�i ���b �i�?�2 �b���K�T�H�2 �7�H�Q�r �U�Z�Q�m�i�B�M �6�B�;�m�`�2�k�X�R�V

�B�b �� �T�`�2�b�2�i �+�Q�M�/�B�i�B�Q�M�- �b�2�i �#�v �i�?�2 �b���K�T�H�B�M�; �B�M�b�i�`�m�K�2�M�i�X �6�H�Q�r �B�M�i�Q �i�?�2 �B�M�H�2�i �B�b �b�B�K�T�H�v �i�?�2 �b�m�K

�Q�7 �T�2�`�K�2���i�B�Q�M �7�H�Q�r ���M�/ �Q�m�i�H�2�i �7�H�Q�r�- ���b �B�M �1�[�m���i�B�Q�M �U�k�X�8�V ���b�,

Qin;i = Qperm;i + Qout;i �U�k�X�8�V

���b �i�?�2 �;�Q���H �Q�7 �i�?�B�b �r�Q�`�F �B�b �i�Q �b���K�T�H�2 �i�`���+�2 �;���b�2�b �B�M �� �b���K�T�H�2 �7�H�Q�r �/�Q�K�B�M���i�2�/ �#�v ���B�`�- �r�2



�+���M �+�Q�M�b�B�/�2�` �i�?���i �� �;�B�p�2�M �i�Q�i���H �7�H�Q�r�-�Z�D�-�i�Q�i�B�b �i�?�2 �b�m�K �Q�7 �i�?�2 �+�Q�K�#�B�M�2�/ �7�H�Q�r �`���i�2�b �Q�7 ���B�` ���M�/

���M�v �Q�i�?�2�` �+�Q�K�T�Q�M�2�M�i�b �Q�7 �i�?�2 �;���b �U�2�X�;�X�- ���M ���M���H�v�i�2 �Q�7 �B�M�i�2�`�2�b�i�V�- ���M�/ �7�Q�` �/�B�H�m�i�2 �;���b�2�b �B�M ��

�T�`�2�/�Q�K�B�M���M�i�H�v ���B�` �b���K�T�H�2 �7�H�Q�r �B�b ���T�T�`�Q�t�B�K���i�2�H�v �2�[�m���H �i�Q �i�?�2 ���B�` �7�H�Q�r�`���i�2�,

Qj;tot = Qj;air + Qj;analyte + ::: � Qj;air �U�k�X�e�V

�1���+�? ���M���H�v�i�2 �B�M �2���+�? �7�H�Q�r�-�D�- �2�t�B�b�i�b �r�B�i�? �b�Q�K�2 �+�Q�M�+�2�M�i�`���i�B�Q�M�-�*�- �K�2���b�m�`�2�/ ���b �B�i�b �K�B�t�B�M�; �`���i�B�Q

�U�K�Q�H�2�b �Q�7 ���M���H�v�i�2 �T�2�` �K�Q�H�2 �Q�7 ���B�`�V�,

Cj;analyte =
Qj;analyte

Qj;air
�U�k�X�d�V

�1���+�? ���M���H�v�i�2 �r�B�H�H �?���p�2 �� �T�2�`�K�2���#�B�H�B�i�v ���+�`�Q�b�b �i�?�2 �K�2�K�#�`���M�2 ���+�+�Q�`�/�B�M�; �i�Q �i�?�2�B�` �+�`�B�i�B�+���H �p�Q�H�m�K�2�-

�i�2�K�T�2�`���i�m�`�2�- �B�M�i�2�`���+�i�B�Q�M�b �r�B�i�? �i�?�2 �i�m�#�B�M�; �T�Q�H�v�K�2�`�- ���M�/ �i�Q �b�Q�K�2 �2�t�i�2�M�i �T�`�2�b�b�m�`�2 �/�B�7�7�2�`�2�M�i�B���H�b

�U�S�B�M�M���m ���M�/ �h�Q�v�- �R�N�N�e�V�X �A�M �i�?�2 �+���b�2 �Q�7 ���M ���M���H�v�i�2 �i�?���i �?���b �H�Q�r�2�` �T�2�`�K�2���#�B�H�B�i�v �i�?���M ���B�`�-

�`�2�H���i�B�p�2�H�v �K�Q�`�2 ���B�` �r�B�H�H �+�`�Q�b�b �i�?�2 �K�2�K�#�`���M�2�- ���M�/ �i�?�2 ���K�Q�m�M�i �Q�7 ���M���H�v�i�2 �B�M�Z�Q�m�i�- �r�B�H�H �#�2

�2�M�`�B�+�?�2�/ �`�2�H���i�B�p�2 �i�Q �i�?�2 �`�2�K���B�M�B�M�; ���B�`�X �h�?�B�b �2�M�`�B�+�?�K�2�M�i �+���M �#�2 �[�m���M�i�B�7�B�2�/ ���b �i�?�2 �2�t�+�2�b�b

�+�Q�M�+�2�M�i�`���i�B�Q�M ���M���H�v�i�2 �B�M �i�?�2 �Q�m�i�H�2�i �7�H�Q�r �`�2�H���i�B�p�2 �i�Q �i�?�2 �B�M�H�2�i �7�H�Q�r�X

Enrichment =
Cout;analyte

Cin;analyte
� 1 =

Qout;analyte

Qout;air

Q in;analyte

Q in;air

� 1 �U�k�X�3�V

�h�?�2 �K���t�B�K�m�K �T�Q�b�b�B�#�H�2 �+�Q�M�+�2�M�i�`���i�B�Q�M �2�M�`�B�+�?�K�2�M�i �Q�+�+�m�`�b �7�Q�` ���M�v ���M���H�v�i�2 �i�?���i �?���b �M�Q �T�2�`�K�2�@

���#�B�H�B�i�v ���+�`�Q�b�b �i�?�2 �K�2�K�#�`���M�2�X �A�M �b�m�+�? �� �+���b�2�- �M�Q ���M���H�v�i�2 �B�b �H�Q�b�i �#�v �T�2�`�K�2���i�B�Q�M ���M�/�Z�B�M�-���M���H�v�i�2

�B�b �2�[�m���H �i�Q�Z�Q�m�i�-���M���H�v�i�2�X �1�M�`�B�+�?�K�2�M�i ���i �i�?�B�b �2�t�i�`�2�K�2 �+�Q�M�/�B�i�B�Q�M �Q�7 �M�Q ���M���H�v�i�2 �T�2�`�K�2���#�B�H�B�i�v �B�b

�;�B�p�2�M ���b�,



Maximum enrichment =

Q in;analyte

Qout;air

Q in;analyte

Q in;air

� 1 =
Qin;air

Qout;air
� 1 �U�k�X�N�V

�6�`�Q�K �1�[�m���i�B�Q�M�b �U�k�X�3�V ���M�/ �U�k�X�N�V�- �2�M�`�B�+�?�K�2�M�i �B�b �T�`�B�K���`�B�H�v �/�2�i�2�`�K�B�M�2�/ �#�v �i�?�2 ���K�Q�m�M�i �Q�7 ���B�`

�i�?���i �T�2�`�K�2���i�2�b ���+�`�Q�b�b �i�?�2 �K�2�K�#�`���M�2�X �h�?�2 �K���t�B�K�m�K �2�M�`�B�+�?�K�2�M�i �B�b �b�B�K�T�H�v �i�?�2 �`���i�B�Q �Q�7 �?�Q�r

�K�m�+�? ���B�` �2�M�i�2�`�b �i�?�2 �B�M�H�2�i �p�2�`�b�m�b �?�Q�r �K�m�+�? �7�H�Q�r�b �i�Q �i�?�2 �B�M�b�i�`�m�K�2�M�i�- ���M�/ ���H�H ���M���H�v�i�2 �K���b�b

�r�B�i�?�B�M �i�?�2 �T�2�`�K�2���i�2�/ �7�H�Q�r �`�2�K���B�M�b �B�M �i�?�2 �K�B�M�Q�` �Q�m�i�H�2�i �7�H�Q�r�X

�A�M �`�2���H�B�i�v�- ���H�H ���M���H�v�i�2 �;���b�2�b �+���M �T�2�`�K�2���i�2 ���+�`�Q�b�b �i�?�2 �K�2�K�#�`���M�2 �i�Q �b�Q�K�2 �/�2�;�`�2�2�X �h�?�2 �/�2�;�`�2�2

�i�Q �r�?�B�+�? �Q�M�2 �+�Q�K�T�Q�M�2�M�i �+�`�Q�b�b�2�b �i�?�2 �K�2�K�#�`���M�2 �`�2�H���i�B�p�2 �i�Q ���M�Q�i�?�2�` �U�i�?�2 �ô�b�2�H�2�+�i�B�p�B�i�v�ô�V �B�b ��

�7�m�M�+�i�B�Q�M �Q�7 �i�?�2 �`���i�B�Q �Q�7 �T�2�`�K�2���#�B�H�B�i�B�2�b�X �h�?�2 �b�2�H�2�+�i�B�p�B�i�v �Q�7 �B�M�i�2�`�2�b�i �B�M �i�?�B�b �r�Q�`�F �B�b �i�?���i �Q�7 �i�?�2

���M���H�v�i�2 �U�r�?�B�+�? �B�/�2���H�H�v �`�2�K���B�M�b �B�M �i�?�2 �b���K�T�H�2 �7�H�Q�r�V �`�2�H���i�B�p�2 �i�Q ���B�` �U�r�?�B�+�? �B�b �`�2�K�Q�p�2�/ ���+�`�Q�b�b

�i�?�2 �K�2�K�#�`���M�2�V�-�S���M���H�v�i�2�f�S���B��̀X ���i �i�?�2 �2�t�i�`�2�K�2 �+�Q�M�/�B�i�B�Q�M �Q�7 �M�Q �b�2�H�2�+�i�B�p�B�i�v�- �r�?�2�`�2 ���M���H�v�i�2 �T�2�`�@

�K�2���#�B�H�B�i�v ���T�T�`�Q���+�?�2�b �i�?���i �Q�7 �M�B�i�`�Q�;�2�M ���M�/�f�Q�` �Q�t�v�;�2�M�- �i�?�2 �+�Q�K�T�Q�b�B�i�B�Q�M �Q�7 �i�?�2 �T�2�`�K�2���i�B�Q�M

�7�H�Q�r �B�b �B�/�2�M�i�B�+���H �i�Q �i�?���i �Q�7 �i�?�2 �b���K�T�H�2 �7�H�Q�r ���M�/ �i�?�2�`�2 �B�b �M�Q �2�M�`�B�+�?�K�2�M�i�X ���i �B�M�i�2�`�K�2�/�B���i�2

�b�2�H�2�+�i�B�p�B�i�v�-�Z�T�2�`�K�B�b �/�2�T�H�2�i�2�/ �B�M ���M���H�v�i�2 �`�2�H���i�B�p�2 �i�Q ���B�`�- �r�B�i�? �`�2�K���B�M�B�M�; ���M���H�v�i�2 �K���b�b �+�Q�M�+�2�M�@

�i�`���i�2�/ �B�M�i�Q �i�?�2 �b���K�T�H�2 �7�H�Q�r�X �� �;�2�M�2�`���H �7�Q�`�K �/�2�b�+�`�B�#�2�b �2�t�i�`�2�K�2 ���M�/ �B�M�i�2�`�K�2�/�B���i�2 �+���b�2�b�- �B�M

�r�?�B�+�? �2�M�`�B�+�?�K�2�M�i �Q�7 ���M ���M���H�v�i�2 �B�b �`�2�/�m�+�2�/ �7�`�Q�K �K���t�B�K�m�K �2�M�`�B�+�?�K�2�M�i ���b �� �7�m�M�+�i�B�Q�M �Q�7 �i�?�2

�b�2�H�2�+�i�B�p�B�i�v�,

Enrichment [%] = (
Qin;air

Qout;air
� 1) � (1 �
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) � 100 �U�k�X�R�y�V

�h�Q�i���H �2�M�`�B�+�?�K�2�M�i �+���M �i�?�2�`�2�7�Q�`�2 �#�2 �+���H�+�m�H���i�2�/ �#�v �+�Q�K�#�B�M�B�M�; �1�[�m���i�B�Q�M�b �U�k�X�j�V�- �U�k�X�8�V�- ���M�/ �U�k�X�R�y�V

���b�,

Enrichment [%] = ( Pair � Panalyte ) �
� p[bar]

Qout;air [sccm]
�

A [cm2]
x [cm]

� 60
h s

min

i

� 75
�

cmHg
bar

�
� 10� 10 � 100

�U�k�X�R�R�V



�A�M �1�[�m���i�B�Q�M �U�k�X�R�R�V�- �i�?�2 �7�B�`�b�i �i�2�`�K �`�2�T�`�2�b�2�M�i�b �i�?�2 �b�2�H�2�+�i�B�p�B�i�v �Q�7 �i�?�2 ���M���H�v�i�2 ���M�/ �K�2�K�#�`���M�2

�K���i�2�`�B���H�- �i�?�2 �b�2�+�Q�M�/ �i�2�`�K �`�2�T�`�2�b�2�M�i�b �b�v�b�i�2�K �Q�T�2�`���i�B�M�; �+�Q�M�/�B�i�B�Q�M�b�- �i�?�2 �i�?�B�`�/ �i�2�`�K �`�2�T�`�2�b�2�M�i�b

�T�?�v�b�B�+���H �T���`���K�2�i�2�`�b �Q�7 �i�?�2 �i�m�#�B�M�; �K�2�K�#�`���M�2�- ���M�/ �i�?�2 �`�2�K���B�M�B�M�; �i�2�`�K�b �`�2�T�`�2�b�2�M�i �m�M�B�i �+�Q�M�@

�p�2�`�b�B�Q�M�b ���M�/ �+�Q�M�b�i���M�i�b�X �6�Q�` �i�?�2 �T�m�`�T�Q�b�2 �Q�7 �Q�m�` ���T�T�H�B�+���i�B�Q�M�- �r�2 �M�Q�i�2 �i�?���i �T�2�`�K�2���#�B�H�B�i�B�2�b �Q�7

�K�Q�b�i ���M���H�v�i�2�b �Q�7 �B�M�i�2�`�2�b�i ���`�2 ���M �Q�`�/�2�` �Q�7 �K���;�M�B�i�m�/�2 �H�Q�r�2�` �i�?���M �i�?���i �Q�7 ���B�` �U���H�2�M�i�B�2�p �2�i ���H�X�-

�k�y�y�k�V�X �S�2�`�K�2���#�B�H�B�i�B�2�b �Q�7 �K�B�t�2�/ �;���b�2�b �i�v�T�B�+���H�H�v �/�B�p�2�`�;�2 �7�`�Q�K �T�m�`�2 �;���b �T�2�`�K�2���#�B�H�B�i�B�2�b �Q�` �B�/�2���H

�K�B�t�B�M�; ���M�/ �p���`�v �#�v �i�2�K�T�2�`���i�m�`�2 ���M�/ �T�`�2�b�b�m�`�2 �/�B�7�7�2�`�2�M�i�B���H�X �6�m�`�i�?�2�`�K�Q�`�2�- ���B�` �B�b �B�i�b�2�H�7 �� �K�B�t�@

�i�m�`�2 �Q�7 �i�r�Q �;���b�2�b�- �b�Q �r�?�B�H�2 ���M ���p�2�`���;�2 �T�2�`�K�2���#�B�H�B�i�v �Q�7 �M�B�i�`�Q�;�2�M ���M�/ �Q�t�v�;�2�M �U� �e�y�y �"���`�`�2�`

�7�Q�` �`�Q�Q�K�@�i�2�K�T�2�`���i�m�`�2 �h�2�7�H�Q�M�h�J ���6�@�k�9�y�y �U���H�2�M�i�B�2�p �2�i ���H�X�-�k�y�y�k�V�V �B�b �m�b�2�/ �B�M �i�?�B�b �r�Q�`�F �i�Q �/�2�@

�b�+�`�B�#�2 ���B�`�- �i�?�B�b ���T�T�`�Q���+�? �K���v �M�Q�i �2�t���+�i�H�v �`�2�T�`�2�b�2�M�i �i�?�2 �T�2�`�K�2���#�B�H�B�i�v �Q�7 �i�?�2 �K�B�t�i�m�`�2�X �A�i �B�b

�i�?�2�`�2�7�Q�`�2 �;�2�M�2�`���H�H�v �2�t�T�2�+�i�2�/ �i�?���i �� �T�`�2�+�B�b�2 �T�2�`�K�2���#�B�H�B�i�v �Q�` �b�2�H�2�+�i�B�p�B�i�v �r�B�H�H �M�Q�i �#�2 �F�M�Q�r�M �7�Q�`

�2���+�? ���M���H�v�i�2 �B�M �i�?�2 �+�Q�K�T�H�2�t ���i�K�Q�b�T�?�2�`�B�+ �K�B�t�i�m�`�2�X �>�Q�r�2�p�2�`�- �K�Q�b�i ���M���H�v�i�2�b �B�M �i�?�2 ���i�K�Q�@

�b�T�?�2�`�2 ���`�2 �b�m�7�7�B�+�B�2�M�i�H�v �H���`�;�2 �i�Q �K���t�B�K�B�x�2 �b�2�H�2�+�i�B�p�B�i�v �B�M �i�?�2 �K���i�2�`�B���H �m�b�2�/ �B�M �i�?�B�b �r�Q�`�F ���M�/ ���`�2

�b�?�Q�r�M �i�Q ���T�T�`�Q���+�? �K���t�B�K�m�K �2�M�`�B�+�?�K�2�M�i�- �b�Q �� �T�`�2�+�B�b�2 ���+�+�Q�m�M�i�B�M�; �Q�7 �T�2�`�K�2���#�B�H�B�i�v �B�b �H�B�F�2�H�v

�M�Q�i �M�2�+�2�b�b���`�v�X

�h�?�2 �7�Q�H�H�Q�r�B�M�; �b�2�+�i�B�Q�M �/�2�b�+�`�B�#�2�b �i�?�2 �2�t�T�2�`�B�K�2�M�i���H �K�2�i�?�Q�/ �m�b�2�/ �i�Q �[�m���M�i�B�7�v �i�?�2 �2�t�i�2�M�i �Q�7

�2�M�`�B�+�?�K�2�M�i �7�Q�` �b�2�H�2�+�i�2�/ �+�Q�K�T�Q�m�M�/�b �Q�7 �B�M�i�2�`�2�b�i�X �A�M �b�m�#�b�2�[�m�2�M�i �/�B�b�+�m�b�b�B�Q�M�-�Z�Q�m�i�B�b �`�2�7�2�`�`�2�/ �i�Q

���b�Z �7�Q�` �b�B�K�T�H�B�+�B�i�v�- ���b �i�?�B�b �B�b �i�?�2 �7�H�Q�r �i�?���i �B�b ���+�i�m���H�H�v �b���K�T�H�2�/ �#�v �i�?�2 �/�2�i�2�+�i�Q�` �/�Q�r�M�b�i�`�2���K�X

�k�X�j�X�k �1�t�T�2�`�B�K�2�M�i���H �a�2�i�m�T ���M�/ �.���i�� ���M���H�v�b�B�b

�>�B�;�? �+�Q�M�+�2�M�i� �̀��i�B�Q�M �2�t�T�2�`�B�K�2�M�i�b�X �1�t�T�2�`�B�K�2�M�i�b �r�2�`�2 �+�Q�M�/�m�+�i�2�/ �i�Q �2�p���H�m���i�2 �i�?�2 �T�2�`�7�Q�`�K���M�+�2 �Q�7

�i�?�2 �2�M�`�B�+�?�B�M�; �B�M�H�2�i �m�b�B�M�; �i�?�2 �b�2�i�m�T ���b �b�?�Q�r�M �B�M �6�B�;�m�`�2�k�X�k�X �S�`�2�b�b�m�`�B�x�2�/ �;���b �+�v�H�B�M�/�2�`�b �r�2�`�2 �m�b�2�/

�i�Q �/�2�H�B�p�2�` �i�?�2 �b���K�T�H�2 �i�Q �i�?�2 �2�M�`�B�+�?�B�M�; �B�M�H�2�i �i�?�`�Q�m�;�? �� �T�`�2�b�b�m�`�2 �`�2�;�m�H���i�Q�` ���i �T�`�2�b�b�m�`�2�b �#�2�i�r�2�2�M

�R ���M�/ �j �#���` ���#�b�Q�H�m�i�2 �U�R�9�X�8 �i�Q �9�j�X�8 �T�b�B���V ���M�/ �i�2�b�i�b �r�2�`�2 �T�2�`�7�Q�`�K�2�/ ���i �y�X�k �b�+�+�K �i�Q �8 �b�+�+�K�X



�h�?�2�b�2 �H�Q�r �7�H�Q�r�b ���`�2 ���H�B�;�M�2�/ �r�B�i�? �i�v�T�B�+���H �:�* �7�H�Q�r�b ���M�/ ���M ���T�T�H�B�+���i�B�Q�M �7�Q�` �7�m�i�m�`�2 �`�2�b�2���`�+�? �B�b

�2�t�T�2�+�i�2�/ �i�Q �B�M�+�Q�`�T�Q�`���i�2 �i�?�B�b ���T�T�`�Q���+�? �B�M�i�Q �� �+�Q�K�#�B�M�2�/ �B�M�b�i�`�m�K�2�M�i �i�?���i �r�Q�m�H�/ ���H�H�Q�r �b�Q�K�2

�b�2�T���`���i�B�Q�M �Q�7 ���M���H�v�i�2�b �B�M ���K�#�B�2�M�i ���i�K�Q�b�T�?�2�`�2�b �T�`�Q�p�B�/�2�/ �b�Q�K�2 �2�M�;�B�M�2�2�`�B�M�; ���M�/ ���M���H�v�i�B�+���H

�+�?���H�H�2�M�;�2�b �+�Q�m�H�/ �#�2 �Q�p�2�`�+�Q�K�2�X �S�Q�`�i���#�H�2 �+���H�B�#�`���i�B�Q�M �;���b �+�v�H�B�M�/�2�`�b �r�2�`�2 �m�b�2�/ �7�Q�` �K�2�i�?���M�2

�U�R�W �J�2�i�?���M�2 �"���H���M�+�2 ���B�` �*�2�`�i�B�7�B�2�/ �a�i���M�/���`�/ �J�B�t�i�m�`�2�- ���B�`�;���b�	�V�- �T�`�Q�T���M�2 �U�y�X�e�W �S�`�Q�T���M�2

�"���H���M�+�2 ���B�` �*�2�`�i�B�7�B�2�/ �a�i���M�/���`�/ �J�B�t�i�m�`�2�- ���B�`�;���b�	�V�- ���M�/ �#�m�i���M�2 �U�y�X�N�W �L �"�m�i���M�2 �"���H���M�+�2 ���B�`

�*�2�`�i�B�7�B�2�/ �a�i���M�/���`�/ �J�B�t�i�m�`�2�- ���B�`�;���b�	�V�X �a���K�T�H�2�b �7�Q�` �B�b�Q�T�`�2�M�2�-� �@�T�B�M�2�M�2�- �+�v�+�H�Q�?�2�t���M�2�- ���M�/ �M�@

�T�2�M�i���M�2 �r�2�`�2 ���+�[�m�B�`�2�/ ���i �=�N�3�W �T�m�`�B�i�v �7�`�Q�K �a�B�;�K���@���H�/�`�B�+�? ���M�/ �T�`�2�T���`�2�/ �B�M �e �H�B�i�`�2 �h�P�@�*���M

���B�` �a���K�T�H�B�M�; �*���M�B�b�i�2�`�b �U�_�2�b�i�2�F �*�Q�`�T�Q�`���i�B�Q�M�V�X �l�H�i�`�� �w�2�`�Q �:�`���/�2 ���B�` �U���B�`�;���b�	�V �r���b �m�b�2�/

���b �� �K���F�2 �m�T �;���b �B�M �i�?�2 �+���M�B�b�i�2�`�b�X �h�?�2 ���T�T�`�Q�t�B�K���i�2 �+�Q�M�+�2�M�i�`���i�B�Q�M�b �Q�7 �i�?�2 �b���K�T�H�2�b �B�M �i�?�2

�+���M�B�b�i�2�`�b �r�2�`�2 �e�y�y �T�T�K �7�Q�`� �@�T�B�M�2�M�2 ���M�/ �N�y�y �T�T�K �7�Q�` �B�b�Q�T�`�2�M�2�- �+�v�+�H�Q�?�2�t���M�2�- ���M�/ �M�@�T�2�M�i���M�2�X
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�T�2�`�K�2���i�B�Q�M �7�H�Q�r �2�b�i�B�K���i�2�/ �7�`�Q�K �1�[�m���i�B�Q�M �U�k�X�9�V ���M�/ �;�2�M�2�`���H�H�v �7�Q�m�M�/ �i�Q ���;�`�2�2�c �B�M �+���b�2�b �Q�7

�M�Q�M�@���;�`�2�2�K�2�M�i�- �i�?�2 �2�t�T�2�`�B�K�2�M�i���H �b�2�i�m�T �r���b �2�t���K�B�M�2�/ �7�Q�` �H�2���F�b ���M�/ �i�?�2 �2�t�T�2�`�B�K�2�M�i �`�2�T�2���i�2�/

�B�7 �� �H�2���F �r���b �7�Q�m�M�/�X �1�t���K�T�H�2 �/���i�� �B�M �6�B�;�m�`�2�k�X�j�/�2�K�Q�M�b�i�`���i�2�b �6�A�. �`�2�b�T�Q�M�b�2 �7�Q�` �T�`�Q�T���M�2 ���i

�� �T�`�2�b�b�m�`�2 �/�B�7�7�2�`�2�M�i�B���H �Q�7 �j �#���` ���M�/ �b���K�T�H�2 �7�H�Q�r�`���i�2 �Q�7 �y�X�8 �b�+�+�K�X

�6�Q�` �2���+�? �2�t�T�2�`�B�K�2�M�i�- �2�M�`�B�+�?�K�2�M�i �B�b �+���H�+�m�H���i�2�/ ���b �B�M �2�[�m���i�B�Q�M �U�k�X�R�k�V �7�`�Q�K �i�?�2 �K�2���b�m�`�2�/ �+�Q�M�@

�+�2�M�i�`���i�B�Q�M �U�B�X�2�X�- �+���H�B�#�`���i�2�/ �6�A�. �`�2�b�T�Q�M�b�2�V �Q�7 �i�?�2 ���M���H�v�i�2 �/�m�`�B�M�; �2�M�`�B�+�?�K�2�M�i�-�* �2�M�`�B�+�?�2�/�- �`�2�H���i�B�p�2



�6�B�;�m�`�2 �k�X�j�, �6�A�. �b�B�;�M���H �K�2���b�m�`�2�/ �/�m�`�B�M�; �� �b���K�T�H�2 �2�t�T�2�`�B�K�2�M�i �`�m�M �b�i�m�/�v�B�M�; �2�M�`�B�+�?�K�2�M�i �7�Q�`
�T�`�Q�T���M�2 ���i� �S �4 �j �#���` �U�a���V�-�Z �4 �y�X�8 �b�+�+�K�- ���M�/ �2�M�`�B�+�?�B�M�; �i�m�#�B�M�; �H�2�M�;�i�? �Q�7 �j�k�8 �+�K�X �h�?�2
�`�m�M �r���b �b�i���`�i�2�/ ���i �`�Q�m�;�?�H�v �i�?�2 �y�X�3 �?�Q�m�` �K���`�F ���M�/ �b�i�Q�T�T�2�/ ���i �k�X�8�y �?�Q�m�` �K���`�F�X

�i�Q �i�?�2 �+�Q�M�+�2�M�i�`���i�B�Q�M �B�M �i�?�2 �b���K�T�H�2 �K�B�t�i�m�`�2�X �h�?�2 �+�Q�M�+�2�M�i�`���i�B�Q�M �B�M �i�?�2 �b���K�T�H�2 �K�B�t�i�m�`�2 �B�b

�i�?�2 �#���b�2�H�B�M�2 �+�Q�M�+�2�M�i�`���i�B�Q�M�-�* �#���b�2�H�B�M�2�- �`�2�T�`�2�b�2�M�i�B�M�; �m�M�2�M�`�B�+�?�2�/ �7�H�Q�r ���i �i�?�2 �b�2�i �b���K�T�H�2 �7�H�Q�r�`���i�2�X

�h�?�2 �2�M�`�B�+�?�B�M�; �i�m�#�B�M�; �r���b �/�B�b�+�Q�M�M�2�+�i�2�/ ���7�i�2�` �2���+�? �2�t�T�2�`�B�K�2�M�i ���M�/ ���M�v �`�2�K���B�M�B�M�; �b���K�T�H�2 �B�M

�i�?�2 �i�m�#�B�M�; �r���b �`�2�K�Q�p�2�/ �m�b�B�M�; �� �T�m�K�T�- �#�2�7�Q�`�2 �`�2�T�2���i�B�M�; �Q�` �+�Q�M�/�m�+�i�B�M�; �� �M�2�r �2�t�T�2�`�B�K�2�M�i�X

�h�?�2 ���p�2�`���;�2 ���M�/ �b�i���M�/���`�/ �/�2�p�B���i�B�Q�M �Q�7 �2�M�`�B�+�?�K�2�M�i �Q�p�2�` �i�`�B�T�H�B�+���i�2 �2�t�T�2�`�B�K�2�M�i�b �r���b �+���H�+�m�H���i�2�/

�7�Q�` �2���+�? �b�2�i �Q�7 �Q�T�2�`���i�B�M�; �+�Q�M�/�B�i�B�Q�M�b ���M�/ �B�b �`�2�T�Q�`�i�2�/ �B�M �h���#�H�2���X�R�X

Enrichment (%) =
Cenriched � Cbaseline

Cbaseline
� 100 �U�k�X�R�k�V

�A�M ���/�/�B�i�B�Q�M �i�Q �p���H�B�/���i�B�M�; �i�?�2 �T�`�2�/�B�+�i�B�Q�M �Q�7 �2�M�`�B�+�?�K�2�M�i �#���b�2�/ �Q�M �i�?�2 �Q�T�2�`���i�B�M�; �T�`�B�M�+�B�T�H�2�b

�/�2�b�+�`�B�#�2�/ ���#�Q�p�2�- �2�t�T�2�`�B�K�2�M�i�b �r�2�`�2 �/�2�b�B�;�M�2�/ �i�Q �m�M�/�2�`�b�i���M�/ �i�?�2 �2�7�7�2�+�i �Q�7 �b�2�p�2�`���H �Q�T�2�`���i�B�M�;

�+�Q�M�/�B�i�B�Q�M�b�- �T���`�i�B�+�m�H���`�H�v �b���K�T�H�2 �7�H�Q�r�`���i�2 ���i �i�?�2 �/�2�i�2�+�i�Q�` �U�Z�V ���M�/ �T�`�2�b�b�m�`�2 �/�B�7�7�2�`�2�M�i�B���H ���+�`�Q�b�b

�i�?�2 �K�2�K�#�`���M�2 �U� �S�V�X �6�m�`�i�?�2�`�K�Q�`�2�- �`�2�b�m�H�i�b ���i �� �T�`�2�b�b�m�`�2 �/�B�7�7�2�`�2�M�i�B���H� �S���`�2 �/�2�T�2�M�/�2�M�i �Q�M �i�?�2

���#�b�Q�H�m�i�2 �T�`�2�b�b�m�`�2�b �m�b�2�/ �i�Q ���+�?�B�2�p�2 �i�?�2 �/�B�7�7�2�`�2�M�i�B���H�X �h�?�2 �T�`�2�b�b�m�`�2 �/�Q�r�M�b�i�`�2���K �Q�7 �i�?�2 �T�2�`�K�2���#�H�2



�K�2�K�#�`���M�2 ���7�7�2�+�i�b �i�?�2 �T�2�`�K�2���i�B�Q�M �`���i�2 �U���H�2�M�i�B�2�p �2�i ���H�X�-�R�N�N�d�c�J�2�`�F�2�H �2�i ���H�X�-�R�N�N�N�c���H�2�M�i�B�2�p

�2�i ���H�X�-�k�y�y�k�V�- �b�Q ���M���H�v�i�2 �T�2�`�K�2���i�B�Q�M �`���i�2�b ���`�2 �2�t�T�2�+�i�2�/ �i�Q �#�2 �H�Q�r�2�` �i�?�`�Q�m�;�? �i�?�2 �K�2�K�#�`���M�2

�r�?�2�M �i�?�2 �/�Q�r�M�b�i�`�2���K �T�`�2�b�b�m�`�2 �B�b �+�H�Q�b�2 �i�Q �p���+�m�m�K �U�b�m�#�@���i�K�Q�b�T�?�2�`�B�+ �Q�T�2�`���i�B�Q�M�V�X �"���b�2�/ �Q�M

�T�2�`�K�2���#�B�H�B�i�v �+�Q�2�7�7�B�+�B�2�M�i�b ���p���B�H���#�H�2 �B�M �H�B�i�2�`���i�m�`�2 �7�Q�` �H�Q�r �/�Q�r�M�b�i�`�2���K �T�`�2�b�b�m�`�2�b �U���H�2�M�i�B�2�p �2�i ���H�X�-

�R�N�N�d�V �+�Q�K�T���`�2�/ �i�Q �?�B�;�? �T�`�2�b�b�m�`�2 �+�Q�M�/�B�i�B�Q�M�b �U���H�2�M�i�B�2�p �2�i ���H�X�-�k�y�y�k�V�- �+�?���M�;�2�b �B�M �T�2�`�K�2���i�B�Q�M

�`���i�2�b �m�M�/�2�` �H�Q�r �/�Q�r�M�b�i�`�2���K �T�`�2�b�b�m�`�2�b ���`�2 �2�b�i�B�K���i�2�/ �i�Q �B�K�T�`�Q�p�2 �2�M�`�B�+�?�K�2�M�i �#�v� �k�y�W �7�Q�`

�K�2�i�?���M�2�X �>�Q�r�2�p�2�`�- �r�?�B�H�2 �� �i�`�2�M�/ �Q�7 �B�K�T�`�Q�p�2�/ �2�M�`�B�+�?�K�2�M�i �m�M�/�2�` �b�m�#�@���i�K�Q�b�T�?�2�`�B�+ �+�Q�M�/�B�i�B�Q�M�b

�B�b �2�t�T�2�+�i�2�/�- �[�m���M�i�B�i���i�B�p�2 �2�b�i�B�K���i�B�Q�M �Q�7 �B�K�T�`�Q�p�2�K�2�M�i �U�B�M�+�H�m�/�B�M�; �i�?�B�b �k�y�W �2�b�i�B�K���i�2�V �B�b �?�B�;�?�H�v

�m�M�+�2�`�i���B�M �/�m�2 �i�Q �� �H���+�F �Q�7 �/���i�� �Q�M �K�Q�b�i ���M���H�v�i�2�b ���M�/ �/�B�7�7�2�`�2�M�+�2�b �#�2�i�r�2�2�M �b�T�2�+�B�7�B�+ �T�Q�H�v�K�2�`�b�X

�q�2 �i�?�2�`�2�7�Q�`�2 �2�t���K�B�M�2 �T�`�2�b�b�m�`�2 �/�B�7�7�2�`�2�M�i�B���H�b �B�M �i�r�Q �r���v�b�, �U�R�V �?�B�;�? �T�`�2�b�b�m�`�2 �U�>�S�V �Q�T�2�`���i�B�M�;

�+�Q�M�/�B�i�B�Q�M �r�?�2�`�2 �i�?�2 �b���K�T�H�2 �7�H�Q�r �B�M�b�B�/�2 �i�?�2 �2�M�`�B�+�?�B�M�; �i�m�#�B�M�; �r���b �K���B�M�i���B�M�2�/ ���i �� �?�B�;�? �T�`�2�b�b�m�`�2

���M�/ �i�?�2 �Q�m�i�b�B�/�2 �Q�7 �i�?�2 �i�m�#�B�M�; ���i ���K�#�B�2�M�i �T�`�2�b�b�m�`�2�b�- ���M�/ �U�k�V �b�m�#�@���i�K�Q�b�T�?�2�`�B�+ �U�a���V �Q�T�2�`���i�B�M�;

�+�Q�M�/�B�i�B�Q�M �r�?�2�`�2 �i�?�2 �b���K�T�H�2 �7�H�Q�r �B�M�b�B�/�2 �i�?�2 �2�M�`�B�+�?�B�M�; �i�m�#�B�M�; �r���b �K���B�M�i���B�M�2�/ ���i �?�B�;�? �Q�`

���K�#�B�2�M�i �T�`�2�b�b�m�`�2�b ���M�/ �i�?�2 �Q�m�i�b�B�/�2 �Q�7 �i�?�2 �i�m�#�B�M�; ���i �p���+�m�m�K �T�`�2�b�b�m�`�2�b�X �q�2 �M�Q�i�2 �i�?���i ���K�#�B�2�M�i�@

�T�`�2�b�b�m�`�2 �b���K�T�H�B�M�; �B�b �H�B�K�B�i�2�/ �i�Q �� �R �#���` �T�`�2�b�b�m�`�2 �/�B�7�7�2�`�2�M�i�B���H�- �#�m�i �K���M�v ���M���H�v�i�2�b �Q�7 �B�M�i�2�`�2�b�i

�+���M �#�2 �T���b�b�2�/ �i�?�`�Q�m�;�? �� �+�Q�K�T�`�2�b�b�Q�` �Q�` �T�m�K�T �r�B�i�?�Q�m�i �b�B�;�M�B�7�B�+���M�i �H�Q�b�b�2�b �U�G�2�`�M�2�` �2�i ���H�X�-�k�y�R�d�V�-

�b�m�;�;�2�b�i�B�M�; �i�?���i �� �T�`�2�b�b�m�`�B�x�2�/ �b���K�T�H�2 �b�i�`�2���K �+�Q�m�H�/ �2�M���#�H�2 �?�B�;�? �2�M�`�B�+�?�K�2�M�i�b�X �1�M�`�B�+�?�K�2�M�i �r���b

�7�m�`�i�?�2�` �b�i�m�/�B�2�/ �m�b�B�M�; �/�B�7�7�2�`�2�M�i ���M���H�v�i�2�b �U�K�2�i�?���M�2�- �T�`�Q�T���M�2�- �#�m�i���M�2�- �T�2�M�i���M�2�- �+�v�+�H�Q�?�2�t���M�2�-

� �@�T�B�M�2�M�2�- ���M�/ �B�b�Q�T�`�2�M�2�V �i�Q �b�i�m�/�v �i�?�2 �B�M�7�H�m�2�M�+�2 �Q�7 �i�?�2 �T�2�`�K�2���#�B�H�B�i�v �Q�7 �i�?�2 ���M���H�v�i�2 �K�Q�H�2�+�m�H�2

�Q�M �b���K�T�H�2 �2�M�`�B�+�?�K�2�M�i�X �� �H�B�b�i �Q�7 ���H�H �+�Q�M�/�B�i�B�Q�M�b �b�i�m�/�B�2�/ �B�b �T�`�2�b�2�M�i�2�/ �B�M �h���#�H�2�k�X�R�X �1���+�?

�+�Q�M�/�B�i�B�Q�M �r���b �i�2�b�i�2�/ �B�M �i�`�B�T�H�B�+���i�2 �m�M�H�2�b�b �Q�i�?�2�`�r�B�b�2 �M�Q�i�2�/�X �6�Q�` ���H�H �2�t�T�2�`�B�K�2�M�i�b �b�?�Q�r�M�- �i�?�2

�T�?�v�b�B�+���H �/�B�K�2�M�b�B�Q�M�b �Q�7 �i�?�2 �2�M�`�B�+�?�B�M�; �i�m�#�B�M�; �m�b�2�/ �r�2�`�2�,�. �4 �y�X�e�R �K�K�-�t �4 �y�X�y�e�9 �K�K�- ���M�/

�G�4 �j�k�8 �+�K�X �_�2�b�B�/�2�M�+�2 �i�B�K�2 �B�M �i�?�2 �2�M�`�B�+�?�K�2�M�i �i�m�#�B�M�; �r�B�i�? �i�?�2�b�2 �T�?�v�b�B�+���H �/�B�K�2�M�b�B�Q�M�b �B�b

���T�T�`�Q�t�B�K���i�2�H�v �R �K�B�M�m�i�2 ���i �R �b�+�+�K �U���M�/ �b�+���H�2�b �H�B�M�2���`�H�v �r�B�i�? �7�H�Q�r �`���i�2�V�X �A�M ���/�/�B�i�B�Q�M�- �i�2�b�i�b

�r�2�`�2 �+���`�`�B�2�/ �Q�m�i �i�Q �p�2�`�B�7�v �i�?�2 �K�m�i�m���H �B�M�/�2�T�2�M�/�2�M�+�2 �Q�7 �2�M�`�B�+�?�K�2�M�i ���M�/ ���M���H�v�i�2 �+�Q�M�+�2�M�i�`���i�B�Q�M

���M�/ �?���p�2 �#�2�2�M �/�2�i���B�H�2�/ �B�M �6�B�;�m�`�2�b���X�k���M�/���X�j�X



�h���#�H�2 �k�X�R�, �G�B�b�i �Q�7 �Q�T�2�`���i�B�M�; �+�Q�M�/�B�i�B�Q�M�b �i�2�b�i�2�/ �i�Q �b�i�m�/�v �2�M�`�B�+�?�K�2�M�i �Q�7�7�2�`�2�/ �#�v �� �j�k�8 �+�K �H�2�M�;�i�?
�Q�7 �2�M�`�B�+�?�B�M�; �B�M�H�2�i

���M���H�v�i�2
�S�2�`�K�2���#�B�H�B�i�v �+�Q�2�7�7�B�+�B�2�M�i�-

�S �U�"���`�`�2�`�V
�6�H�Q�r�- �Z

�U�b�+�+�K�V
�S�`�2�b�b�m�`�2 �/�B�7�7�2�`�2�M�i�B���H�-

� �S �U�#���`�V
�S�`�2�b�b�m�`�2 �+�Q�M�/�B�i�B�Q�M

�K�2�i�?���M�2 �9�y�y �k �k �a���- �>�S
�#�m�i���M�2 �k�y �k �k �a���- �>�S
�T�2�M�i���M�2 �j�8 �k �k �a���- �>�S
� �@�T�B�M�2�M�2 �3 �k �k �a���- �>�S
�B�b�Q�T�`�2�M�2 �9�y �k �k �a���- �>�S
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