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DFURVV�WKH�VDPSOH�SHULRGV�H[FHSW�WKH�VRXUFH�DUHD�VL]H�DQG�VKDSH��ZKLFK�FKDQJHG�HDFK�GD\��DQG� 
WKH�GRZQZLQG�UHFHSWRU�ORFDWLRQV��ZKLFK�ZHUH�VSHFLILF�WR�HDFK�ILHOG�VWXGLHV������� �QRW�DSSOLFDEOH� 
����������������������������������������������������������������������������������������������������������������������������������������������������������

7DEOH�����&DOFXODWHG�30�FRQFHQWUDWLRQV��μJ�P���PHDVXUHG�GXULQJ�0D\������DW�DOO�VDPSOH� 
ORFDWLRQV�������������������������������������������������������������������������������������������������������������������������������������������

7DEOH�����&DOFXODWHG�30�FRQFHQWUDWLRQV��μJ�P���PHDVXUHG�GXULQJ�-XQH������DW�DOO�VDPSOH� 
ORFDWLRQV�������������������������������������������������������������������������������������������������������������������������������������������

7DEOH�����30�FRQFHQWUDWLRQV��μJ�P���XVHG�LQ�HPLVVLRQ�UDWH�FDOFXODWLRQV�IURP�VDPSOH�SHULRGV�LQ� 
0D\����������������������������������������������������������������������������������������������������������������������������������������������

7DEOH�����30�FRQFHQWUDWLRQV��μJ�P���XVHG�LQ�HPLVVLRQ�UDWH�FDOFXODWLRQV�IURP�VDPSOH�SHULRGV�LQ� 
-XQH����������������������������������������������������������������������������������������������������������������������������������������������

7DEOH�����30�FRQFHQWUDWLRQV��μJ�P���DV�PHDVXUHG�E\�23&V�IURP�VDPSOH�SHULRGV�LQ�0D\������� 
�23&�30N� �9N�[�0&)N������������������������������������������������������������������������������������������������������������������
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7DEOH�����30�FRQFHQWUDWLRQV��μJ�P���DV�PHDVXUHG�E\�23&V�IURP�VDPSOH�SHULRGV�LQ�-XQH������� 
�23&�30N� �9N�[�0&)N������������������������������������������������������������������������������������������������������������������ 

7DEOH�����30�FRQFHQWUDWLRQV��μJ�P���DV�PHDVXUHG�E\�23&V�XVHG�LQ�HPLVVLRQ�UDWH�FDOFXODWLRQV� 
IURP�VDPSOH�SHULRGV�LQ�0D\��������23&�30N� �9N�[�0&)N���������������������������������������������������������� 

7DEOH�����30�FRQFHQWUDWLRQV��μJ�P���DV�PHDVXUHG�E\�23&V�XVHG�LQ�HPLVVLRQ�UDWH�FDOFXODWLRQV� 
IURP�VDPSOH�SHULRGV�LQ�-XQH��������23&�30N� �9N�[�0&)N���������������������������������������������������������� 

7DEOH�����6L]H�IUDFWLRQDWHG�UHVXOWV�RI�WKH�YLVXDO�LQVSHFWLRQ�RI�DQQXODU�ILOWHU�ULQJV�������������������������� 

7DEOH�����5HVXOWV�RI�WKH�YLVXDO�LQVSHFWLRQ�RI�ILOWHU�ULQJV�E\�VDPSOH�GDWH���������������������������������������� 

7DEOH�����6DPSOH�SHULRG�ILOWHU�GDWDVHWV�XVHG�LQ�FDOFXODWLQJ�HPLVVLRQV��ZLWK�UHDVRQV�IRU�ZK\�VRPH� 
GDWDVHWV�ZHUH�QRW�XVHG�LQ�IXUWKHU�FDOFXODWLRQV��������������������������������������������������������������������������������� 
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TABLE OF ABBREVIATIONS/VARIABLES  
Abbr./Var. Definition 
βE  EDFNVFDWWHU�YDOXHV�PHDVXUHG�E\�OLGDU�LQ�YHFWRU�IRUP����P�VWHUDGLDQV�� 
βV  SDUWLFOH�QRUPDOL]HG�EDFNVFDWWHU�IURP�23&�GDWD�LQ�YHFWRU�IRUP����P�VWHUDGLDQV�� 
η  FRQWURO�HIILFLHQF\� 
μJ  PLFURJUDPV���[�����JUDP�� 
μL PLFUROLWHU���[�����OLWHU�� 
μP� PLFURPHWHUV���[�����PHWHU�� 
ȡȞ� GHQVLW\�RI�ZDWHU�YDSRU� 
ı� VWDQGDUG�GHYLDWLRQ� 
ıZ� VWDQGDUG�GHYLDWLRQ�RI�WKH�YHUWLFDO�ZLQG��P�V�� 
ı\� KRUL]RQWDO�SOXPH�VSUHDG�SDUDPHWHU��PHWHU�� 
ı]� YHUWLFDO�SOXPH�VSUHDG�SDUDPHWHU��PHWHU�� 
�'� WZR�GLPHQVLRQDO� 
�'� WKUHH�GLPHQVLRQDO� 
$� DFUHV�RI�ODQG�WLOOHG� 
$&6� $PHULFDQ�&KHPLFDO�6RFLHW\� 
$FWLYLW\� DPRXQW�RI�WLPH�WKH�HQJLQH�LV�DFWLYH�GXULQJ�WKH�\HDU��KU�\U�� 
$(502'� $PHULFDQ�0HWHRURORJLFDO�6RFLHW\�(QYLURQPHQWDO�3URWHFWLRQ�$JHQF\�5HJXODWRU\�0RGHO� 
DJO� DERYH�JURXQG�OHYHO� 
$06� DHURVRO�PDVV�VSHFWURPHWHU� 
$47� DLU�TXDOLW\�WUDLOHU� 
$56� $JULFXOWXUDO�5HVHDUFK�6HUYLFH� 
$YJ� DYHUDJH� 
$YJ+S� PD[LPXP�UDWHG�DYHUDJH�KRUVHSRZHU��EKS�� 
EKS� EUDNH�KRUVHSRZHU� 
&��� ���PLQXWH�DYHUDJH�SROOXWDQW�FRQFHQWUDWLRQ��μJ�P��� 
&'� GRZQZLQG�30.�FRQFHQWUDWLRQ��μJ�P��� 
&PHDVXUHG� PHDVXUHG�30�FRQFHQWUDWLRQ��μJ�P��� 
&PRGHOHG� PRGHOHG�FRQFHQWUDWLRQ��μJ�P��� 
&ǋ� VFDQ�DUHD�DYHUDJH�XSZLQG�30 �

.�FRQFHQWUDWLRQ��μJ�P �� 
F� &DUERQ�GLR[LGH�FRQFHQWUDWLRQ� 
F(� FRQVWDQW������OE�DFUH�SDVV� 
&)5� &RGH�RI�)HGHUDO�5HJXODWLRQV� 
&D��� &DOFLXP�LRQ� 
&$5%� 6WDWH�RI�&DOLIRUQLD�$LU�5HVRXUFHV�%RDUG� 
&&)� FRXQWLQJ�FRUUHFWLRQ�IDFWRU��XQLWOHVV�� 
&&9� FRQWLQXLQJ�FDOLEUDWLRQ�YHULILFDWLRQ� 
&)� FRQYHUVLRQ�IDFWRU�IURP��J�\U��WR��WRQV�GD\�� 
&+UV� FXPXODWLYH�HQJLQH�RSHUDWLRQ�KRXUV��KU�� 
&,� FRQILGHQFH�LQWHUYDO� 
&,0,6� &DOLIRUQLD�,UULJDWLRQ�0DQDJHPHQW�,QIRUPDWLRQ�6\VWHP� 
&O�� &KORULGH�LRQ� 
&03� FRQVHUYDWLRQ�PDQDJHPHQW�SUDFWLFH� 
&2�� &DUERQ�GLR[LGH� 
&7� FRQVHUYDWLRQ�WLOODJH� 
G� SDUWLFOH�GLDPHWHU��μP�� 
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Abbr./Var. Definition 
GDHUR� DHURG\QDPLF�GLDPHWHU��μP�� 
GL��XSSHU� XSSHU�HGJH�RI�ELQ�L��μP�� 
GL��ORZHU� ORZHU�HGJH�RI�ELQ�L��μP�� 
GN� SDUWLFOH�RI�GLDPHWHU�N��μP�� 
G3$� SURMHFWHG�DUHD�GLDPHWHU��μP�� 
'',� GRXEOH�GLVWLOOHG��GH�LRQL]HG�ZDWHU� 
')� HQJLQH�GHWHULRUDWLRQ�IDFWRU��XQLWOHVV�� 
GU� HQJLQH�GHWHULRUDWLRQ�UDWH��J�EKS�KU��� 
(� HDVW� 
(� IOX[�RI�ZDWHU�YDSRU�IURP�WKH�VRLO�VXUIDFH� 
(&7� HPLVVLRQ�UDWH�IRU�WKH�FRQYHQWLRQDO�WLOODJH�PHWKRG� 
(HVWLPDWHG� GHULYHG�HPLVVLRQ�UDWH��μJ�V�P��� 
(30� 30�HPLVVLRQ��OEV�� 
(VHHG� VHHG�HPLVVLRQ�UDWH��μJ�V�P��� 
(677� HPLVVLRQ�UDWH�IRU�WKH�VWULS�WLOO�WLOODJH�PHWKRG� 
(&� HOHPHQWDO�&DUERQ�SDUWLFXODWH�PDWWHU� 
(&� HGG\�FRYDULDQFH� 
(&�2&� HOHPHQWDO�&DUERQ�RUJDQLF�&DUERQ�SDUWLFXODWH�VDPSOHU� 
()� HPLVVLRQ�IDFWRU��J�EKS�KU�� 
()DGM�30�� DGMXVWHG�30�HPLVVLRQ�IDFWRU��J�KS�KU�� 
()VV� VWHDG\�VWDWH�PHDVXUHG�HPLVVLRQ�IDFWRU��J�KS�KU�� 
(PLVVLRQV� DPRXQW�RI�SROOXWDQW�UHOHDVHG��WRQV�GD\�� 
(3$� 8QLWHG�6WDWHV�(QYLURQPHQWDO�3URWHFWLRQ�$JHQF\� 
)� SDUWLFXODWH�IOX[�LQ�OLGDU�VFDQV��μg/s)� 
)�� )OXRULGH�LRQ� 
)50� IHGHUDO�UHIHUHQFH�PHWKRG� 
*0'� JHRPHWULF�PHDQ�GLDPHWHU��μP�� 
*36� JOREDO�SRVLWLRQLQJ�V\VWHP� 
+� VHQVLEOH�KHDW� 
+� HIIHFWLYH�VWDFN�KHLJKW��PHWHU�� 
+�62�� +\GURJHQ�VXOIDWH� 
+&O� +\GURJHQ�FKORULGH� 
KS� KRUVHSRZHU� 
KUWUDFWRU� WUDFWRU�RSHUDWLRQ�KRXU� 
,&� LRQ�FKURPDWRJUDSK\� 
,5*$� LQIUDUHG�JDV�DQDO\]HUV� 
,6&67�� ,QGXVWULDO�6RXUFH�&RPSOH[��6KRUW�7HUP�9HU���� 
N� GLPHQVLRQOHVV�SDUWLFOH�VL]H�PXOWLSOLHU� 
. �� 3RWDVVLXP�LRQ� 
/(� ODWHQW�KHDW� 
/RDG� ORDG�IDFWRU� 
/SP� OLWHUV�SHU�PLQXWH� 
0� PRODU� 
P� PHWHU� 
0&)� PDVV�FRQYHUVLRQ�IDFWRU��J�FP��� 
0'/� PLQLPXP�GHWHFWLRQ�OHYHO� 
0J��� 0DJQHVLXP�LRQ� 
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Abbr./Var. Definition 
1� QRUWK� 
1LM� DYHUDJH�QXPEHU�FRQFHQWUDWLRQ�SHU�ELQ�L�IRU�23&�M��QXPEHU�FP��� 
ĕL� PHDQ�RI�WKH�DYHUDJHV�DFURVV�DOO�23&V�IRU�ELQ�L��QXPEHU�FP��� 
Q� QXPEHU�RI�VDPSOHV� 
Q�U�� UHODWLYH�DPSOLWXGH�RI�WKH�DHURVRO�FRPSRQHQW�RI�WRWDO�DWPRVSKHULF�EDFNVFDWWHU�DW�UDQJH�U� 

�XQLWOHVV�� 
1D�� 6RGLXP�LRQ� 
1$$46� 1DWLRQDO�$PELHQW�$LU�4XDOLW\�6WDQGDUG� 
1D2+� 6RGLXP�K\GUR[LGH� 
1&� QRW�FDOFXODWHG� 
1(9(6� 1RQURDG�(QJLQH�DQG�9HKLFOH�(PLVVLRQ�6WXG\� 
QJ� QDQRJUDP���[�����JUDP�� 
1+ �

� � $PPRQLXP�LRQ� 
12 �

� � 1LWULWH�LRQ� 
12 �

� � 1LWUDWH�LRQ� 
12[� 2[LGHV�RI�QLWURJHQ� 
12152$'� 8�6��(3$�1RQURDG�(PLVVLRQV�0RGHO� 
15&6� 1DWXUDO�5HVRXUFHV�&RQVHUYDWLRQ�6HUYLFH� 
2&� 2UJDQLF�&DUERQ� 
2))52$'� &$5%�2IIURDG�(PLVVLRQV�0RGHO� 
23&� RSWLFDO�SDUWLFOH�FRXQWHU� 
S� SRZHU�ODZ�ZLQG�VSHHG�FRHIILFLHQW��XQLWOHVV�� 
SLM� UDZ�23&�SDUWLFOH�FRXQWV�LQ�ELQ�L��QXPEHU�� 
30� SDUWLFXODWH�PDWWHU� 
30���� SDUWLFXODWH�PDWWHU�ZLWK�DQ�DHURG\QDPLF�GLDPHWHU�OHVV�WKDQ�RU�HTXDO�WR�����PLFURPHWHUV� 
30���� SDUWLFXODWH�PDWWHU�ZLWK�DQ�DHURG\QDPLF�GLDPHWHU�OHVV�WKDQ�RU�HTXDO�WR�����PLFURPHWHUV� 
30��� SDUWLFXODWH�PDWWHU�ZLWK�DQ�DHURG\QDPLF�GLDPHWHU�OHVV�WKDQ�RU�HTXDO�WR����PLFURPHWHUV� 
30N� SDUWLFXODWH�PDWWHU�ZLWK�DQ�DHURG\QDPLF�GLDPHWHU�OHVV�WKDQ�RU�HTXDO�WR�N�PLFURPHWHUV� 
30.�U�� SDUWLFXODWH�PDWWHU�ZLWK�DQ�DHURG\QDPLF�GLDPHWHU�OHVV�WKDQ�RU�HTXDO�WR�.�PLFURPHWHUV�� 

FDOFXODWHG�IURP�OLGDU�GDWD��DW�UDQJH�U�� 
SSP� SDUWV�SHU�PLOOLRQ� 
36/� SRO\VW\UHQH�ODWH[�VSKHUH� 
4� HPLVVLRQ�UDWH��μJ�V�� 
T� ZDWHU�YDSRU�FRQFHQWUDWLRQ� 
TM� DYHUDJH�PHDVXUHG�VDPSOH�IORZ�IRU�23&�M��FP��PLQ�� 
5$5(� 5HJLRQDO�$SSOLHG�5HVHDUFK�(IIRUW� 
5'� UHVSLUDEOH�GXVW� 
6� VRXWK� 
V� VLOW�FRQWHQW�RI�VXUIDFH�VRLO����� 
6'/� 6SDFH�'\QDPLFV�/DERUDWRU\� 
62 ��

� � 6XOIDWH�LRQ� 
630DGM� GLHVHO�VXOIXU�FRQWHQW�DGMXVWPHQW�IDFWRU��J�KS�KU�� 
67� VWDQGDUG�WLOODJH� 
WM� VDPSOH�WLPH�IRU�23&�M��PLQ�� 
WS� QXPEHU�RI�SDVVHV�RU�WLOOLQJV�SHU�\HDU� 
7$)� WUDQVLHQW�DGMXVWPHQW�IDFWRU��XQLWOHVV�� 
7'� WRWDO�GXVW� 
763� WRWDO�VXVSHQGHG�SDUWLFXODWH� 



6'/�������� &DOLIRUQLD������7LOODJH�&DPSDLJQ� [LL� 

Abbr./Var. Definition 
X� ZLQG�VSHHG�LQ�WKH�VWUHDPZLVH�GLUHFWLRQ��P�V�� 
X� IULFWLRQ�YHORFLW\��P�V�� 
X�� 0HDVXUHG�UHIHUHQFH�ZLQG�VSHHG��P�V�� 
X�� &DOFXODWHG�ZLQG�VSHHG�EDVHG�RQ�WKH�UHIHUHQFH�ZLQG�VSHHG��P�V�� 
X*0� PHDQ�ZLQG�VSHHG�DW�WKH�UHOHDVH�KHLJKW�+��P�V�� 

 
 PRPHQWXP�WHUP�RI�WKH�VWUHDPZLVH�DQG�YHUWLFDO�ZLQG�GLUHFWLRQV��P��V��� 
X Z � 
8&� 8QLYHUVLW\�RI�&DOLIRUQLD� 
86'$� 8QLWHG�6WDWHV�'HSDUWPHQW�RI�$JULFXOWXUH� 
8:5/� 8WDK�:DWHU�5HVHDUFK�/DERUDWRU\� 
V �FP�

E SDUWLFOH�QRUPDOL]HG�YROXPH�FRQFHQWUDWLRQ�YHFWRU��μP� �� 
9N� 23&�FXPXODWLYH�YROXPH�FRQFHQWUDWLRQ�XS�WR�D�GLDPHWHU�RI�N��μP��FP��� 
9.�U�� FXPXODWLYH�YROXPH�FRQFHQWUDWLRQ�IURP�OLGDU�GDWD�DW�UDQJH�U��μP��FP��� 
9� ZLQG�VSHHG�LQ�WKH�ODWHUDO�GLUHFWLRQ��P�V�� 
Y �U��K� DYHUDJH�ZLQG�VSHHG�FRPSRQHQW�DW�UDQJH�U�DQG�KHLJKW�K�WKDW�LV�SDUDOOHO�WR�WKH�ORQJ�D[LV�RI�
__  
 � WKH�OLGDU�VWDSOH�ER[� 

 
 PRPHQWXP�WHUP�RI�WKH�ODWHUDO�DQG�YHUWLFDO�ZLQG�GLUHFWLRQV��P��V��� 
Y Z � 
:� ZHVW� 
:� ZDWW� 
W GLDJRQDO�ZHLJKWLQJ�PDWUL[�XVHG�LQ�OLGDU�GDWD�DQDO\VLV��XQLWOHVV�� 
Z� ZLQG�VSHHG�LQ�WKH�YHUWLFDO�GLUHFWLRQ��P�V�� 
:66� ZHE�VRLO�VXUYH\� 
\� KRUL]RQWDO�GLVWDQFH�RI�WKH�PRGHOHG�UHFHSWRU�IURP�WKH�FHQWHUOLQH�RI�WKH�SOXPH��PHWHU�� 
]� KHLJKW�RI�PRGHOHG�UHFHSWRU�DERYH�JURXQG�OHYHO��PHWHU�� 
]�� KHLJKW�DW�ZKLFK�WKH�UHIHUHQFH�ZLQG�VSHHG�ZDV�PHDVXUHG��P�� 
]�� KHLJKW�RI�WKH�FDOFXODWHG�ZLQG�VSHHG��P�� 
=+� ]HUR�KRXU�HQJLQH�HPLVVLRQ�UDWH��J�EKS�KU�� 
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7KH� VWDWHPHQWV� DQG� FRQFOXVLRQV� LQ� WKLV� UHSRUW� DUH� WKRVH� RI� 6'/� DQG� QRW� QHFHVVDULO\� WKRVH� RI� WKH� 
&DOLIRUQLD�$LU�5HVRXUFHV�%RDUG��WKH�6DQ�-RDTXLQ� 9DOOH\ZLGH�$LU�3ROOXWLRQ�6WXG\� $JHQF\��RU�LWV� 
3ROLF\�&RPPLWWHH��WKHLU�HPSOR\HHV�RU�WKHLU�PHPEHUV��7KH�PHQWLRQ�RI�FRPPHUFLDO�SURGXFWV��WKHLU� 
VRXUFH��RU�WKHLU�XVH�LQ�FRQQHFWLRQ�ZLWK�PDWHULDO�UHSRUWHG�KHUHLQ�LV�QRW�WR�EH�FRQVWUXHG�DV�DFWXDO�RU� 
LPSOLHG�HQGRUVHPHQW�RI�VXFK�SURGXFWV�� 
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 EXECUTIVE SUMMARY  
$LUERUQH�SDUWLFOHV��HVSHFLDOO\�SDUWLFXODWH�PDWWHU� ���PLFURPHWHUV��ȝP��RU�VPDOOHU� LQ�DHURG\QDPLF� 
GLDPHWHU��30����DQG�ILQH�SDUWLFXODWH�PDWWHU������P�RU� VPDOOHU�LQ� DHURG\QDPLF�GLDPHWHU� �30������ 
DUH� PLFURVFRSLF� VROLGV� RU� OLTXLG� GURSOHWV� LQ� WKH� DLU� WKDW� FDQ� FDXVH� VHULRXV� KHDOWK� SUREOHPV� �H�J��� 
FRXJKLQJ�� GLIILFXOW\� EUHDWKLQJ�� GHFUHDVHG� OXQJ� IXQFWLRQ�� DVWKPD�� KHDUW� DWWDFNV�� DQG� SUHPDWXUH� 
GHDWK��� HVSHFLDOO\� LQ� SHRSOH� ZLWK� KHDUW� DQG� OXQJ� GLVHDVH�� &RQFHUQ� ZLWK� KHDOWK� HIIHFWV� UHVXOWLQJ� 
IURP� 30��� H[SRVXUH� LV� GUDZLQJ� LQFUHDVHG� UHJXODWRU\� VFUXWLQ\� DQG� UHVHDUFK� WRZDUG� ORFDO� 
DJULFXOWXUDO� WLOODJH� RSHUDWLRQV�� 7R� LQYHVWLJDWH� WKH� FRQWURO� HIIHFWLYHQHVV� RI� RQH� RI� WKH� FXUUHQW� 
&RQVHUYDWLRQ� 0DQDJHPHQW� 3UDFWLFHV� �&03V�� ZULWWHQ� IRU� DJULFXOWXUDO� ODQG� SUHSDUDWLRQ� RQ� WKH� 
JHQHUDWLRQ� RI� SDUWLFXODWH� PDWWHU� �30�� OHYHOV�� WKH� 6DQ� -RDTXLQ� 9DOOH\ZLGH� $LU� 3ROOXWLRQ� 6WXG\� 
$JHQF\�IXQGHG�D�SURMHFW�WR�VWXG\��� 

�� 7KH� PDJQLWXGH�� IOX[�� DQG� WUDQVSRUW� RI� 30� HPLVVLRQV� SURGXFHG� E\� DJULFXOWXUDO� 
SUDFWLFHV�IRU�URZ�FURSV�ZKHUH�WLOODJH�&03V�DUH�LPSOHPHQWHG�YV��WKH�PDJQLWXGH�� 
IOX[�� DQG� WUDQVSRUW� RI� 30� HPLVVLRQV� SURGXFHG� E\� DJULFXOWXUDO� SUDFWLFHV� ZKHUH� 
&03V�DUH�QRW�LPSOHPHQWHG��� 

�� 7KH� FRQWURO� HIILFLHQFLHV� RI� HTXLSPHQW� XVHG� WR� LPSOHPHQW� WKH� ³FRQVHUYDWLRQ� 
WLOODJH´� &03�� ,I� UHVRXUFHV� DOORZ� DVVHVVLQJ� DGGLWLRQDO� &03V�� ZKDW� DUH� WKH� 
FRQWURO� HIILFLHQFLHV� RI� WKH� ³HTXLSPHQW� FKDQJH�WHFKQRORJLFDO� LPSURYHPHQWV´� 
&03"�� 

�� ,I� WKHVH� &03V� IRU� D� VSHFLILF� FURS� FDQ�EH� TXDQWLWDWLYHO\� FRPSDUHG�� FRQWUROOLQJ� 
IRU�VRLO�W\SH��VRLO�PRLVWXUH��DQG�PHWHRURORJLFDO�FRQGLWLRQV�� 

7KLV�VWXG\�XVHG�DGYDQFHG�PHDVXUHPHQW�WHFKQRORJLHV��ZKLFK�OLQN�OLGDU�V\VWHPV�ZLWK�FRQYHQWLRQDO� 
SRLQW�PHDVXUHPHQW� DLU� TXDOLW\� VDPSOHUV�� WR� PDS� 30� HPLVVLRQV� DW� KLJK� VSDWLDO� DQG� WHPSRUDO� 
UHVROXWLRQ� LQ� RUGHU� WR� DFFXUDWHO\� FRPSDUH� &03V� ZLWK� FRQYHQWLRQDO� WLOODJH� V\VWHPV�� 7KH�SXUSRVH� 
RI� WKLV� ILHOG� VWXG\� ZDV� WR� GHWHUPLQH� LI� DQG� KRZ� PXFK� SDUWLFXODWH� HPLVVLRQV� GLIIHU� EHWZHHQ� WKH� 
FRQYHQWLRQDO� PHWKRG� RI� DJULFXOWXUDO� IDOO� WLOODJH� DQG� D� FRQVHUYDWLRQ� WLOODJH� &03�� � ,W� LV� D� 
FRPSDQLRQ� VWXG\� WR� DQ� HDUOLHU� VWXG\� SHUIRUPHG� LQ� 2FWREHU� ����� QHDU� /RV� %DQRV�� &$� 
LQYHVWLJDWLQJ� WKH� FRQWURO� HIILFLHQF\� RI� FRPELQHG� RSHUDWLRQV� &03� YHUVXV� FRQYHQWLRQDO� WLOODJH� LQ� 
WKH�IDOO�WLOODJH�VHTXHQFH��)LQGLQJV�IURP�WKDW�VWXG\�DUH�GHWDLOHG�LQ�D�SUHYLRXV�UHSRUW�>�@�� 

7KH� WHVW� ORFDWLRQ� DQG� &03� WR� EH� HYDOXDWHG� ZHUH� FKRVHQ� LQ� GLVFXVVLRQ� ZLWK� VWDNHKROGHUV�� 
UHJXODWRU\�DJHQFLHV��DQG�UHVHDUFKHUV��7KH�FXUUHQW�VWXG\�ZDV�SHUIRUPHG�LQ�WKH�6DQ�-RDTXLQ�9DOOH\� 
RI�&DOLIRUQLD�LQ�0D\�DQG�-XQH�RI������GXULQJ�WKH�VSULQJ�WLOODJH�VHTXHQFH�EHWZHHQ�D�ZLQWHU�ZKHDW� 
FURS� DQG� FRUQ�� 7KH� FRQYHQWLRQDO� ���SDVV� VSULQJ� WLOODJH� VHTXHQFH� IRU� D� ILHOG� JRLQJ� IURP� ZLQWHU� 
ZKHDW�LQWR�FRUQ�ZDV��WZR�SDVVHV�IRU�LQ�ILHOG�LUULJDWLRQ�ERUGHU�EUHDNGRZQ��FKLVHO��WZR�GLVF�SDVVHV�� 
OLVWHU�� WZR� FXOWLYDWRU� SDVVHV�� UROO�� SODQW�� IHUWLOL]HU� LQMHFWLRQ�� DQG� WZR� PRUH� FXOWLYDWRU� SDVVHV�� 7KH� 
VSULQJ� FRQVHUYDWLRQ� WLOODJH� &03� VHTXHQFH� FRQVLVWHG� RI� RQO\� WKUHH� WUDFWRU� SDVVHV�� VWULS�WLOO�� 
SODQW�IHUWLOL]H�� DQG� KHUELFLGH� VSUD\�� VSHFLILFDOO\�� WKH� &03� LPSOHPHQW� LQYHVWLJDWHG� ZDV� WKH� VWULS� 
WLOO�LPSOHPHQW��� 

$Q�H[WHQVLYH�QHWZRUN�RI�PHDVXUHPHQW�V\VWHPV�ZHUH�XVHG�GXULQJ�WKLV�VWXG\��LQFOXGLQJ�D�VFDQQLQJ� 
OLGDU�� D� IXOO� PHWHRURORJ\� VXLWH�� IRXU� VRQLF� DQHPRPHWHUV� �IRU� WXUEXOHQFH� LQIRUPDWLRQ��� DQG� ILOWHU� 
DQG� RSWLFDO� DHURVRO� SRLQW� VDPSOHUV�� 7ZR� DGGLWLRQDO� DHURVRO� FKHPLFDO� DQDO\VLV� V\VWHPV� ZHUH� 
HPSOR\HG�IURP�D�VDPSOLQJ�WUDLOHU�ORFDWHG�RQ�WKH�GRZQZLQG�VLGH�RI�WKH�ILHOG�XQGHU�WHVW���� 

7LOODJH� SDUWLFXODWH� HPLVVLRQ� UDWHV� ZHUH� GHWHUPLQHG� XVLQJ� WZR� PHWKRGV�� ��� LQYHUVH� PRGHOLQJ� 
FRXSOHG�ZLWK�REVHUYHG�IDFLOLW\�GHULYHG�FRQFHQWUDWLRQV�IURP�ILOWHU��DQG�RSWLFDO�EDVHG�LQVWUXPHQWV�� 



DQG� ��� D� PDVV� EDODQFH� DSSURDFK� DSSOLHG�WR� XSZLQG� DQG� GRZQZLQG� 30� FRQFHQWUDWLRQV� PHDVXUHG� 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 

E\� WKH� OLGDU�� 7KH� WLOODJH� HPLVVLRQV� ZHUH� PRGHOHG� XVLQJ� WZR� GLIIHUHQW� DLU� GLVSHUVLRQ� PRGHOV�� � WKH�
,QGXVWULDO� 6RXUFH� &RPSOH[� 6KRUW�7HUP� 0RGHO�� YHUVLRQ� �� �,6&67��� DQG� WKH� $PHULFDQ�
0HWHRURORJLFDO� 6RFLHW\�(QYLURQPHQWDO� 3URWHFWLRQ� $JHQF\� 5HJXODWRU\� 0RGHO� �$(502'���
(PLVVLRQ� GDWD� FDOFXODWHG� IRU� HDFK� PHDVXUHPHQW� PHWKRG� IRU� WKH� FRQYHQWLRQDO� DQG� FRQVHUYDWLRQ�
WLOODJH�RSHUDWLRQV�DUH�SUHVHQWHG�KHUHLQ��7KH�VWXG\�VKRZHG�WKDW�WKH�FRQVHUYDWLRQ�SUDFWLFH�UHTXLUHG�
�� ���� RI� WKH� QXPEHU� RI� WUDFWRU� SDVVHV� ZKHQ� FRPSDUHG� WR� FRQYHQWLRQDO� WLOODJH�� VLPLODU�UHGXFWLRQV�
LQ�IXHO�XVH�DQG�WUDFWRU�H[KDXVW�DVVRFLDWHG�30���HPLVVLRQV�ZHUH�H[SHFWHG�WR�KDYH�RFFXUUHG��� 

/LGDU�GHULYHG� DQG� LQYHUVH� PRGHOLQJ� HPLVVLRQ� UDWHV� IRU� 30����� 30���� DQG� WRWDO� VXVSHQGHG�
SDUWLFXODWH� �763�� E\� RSHUDWLRQ�� DV� ZHOO� DV� WKH� DYHUDJH� WLOODJH� UDWH� LQ� KRXUV� SHU� KHFWDUH� DUH�
VXPPDUL]HG�KHUHLQ��%DVHG�RQ�OLGDU�GDWD��WKH�FRQVHUYDWLRQ�WLOODJH�PHWKRG�UHGXFHG�30����HPLVVLRQ�
E\� ����� 30��� E\� ����� DQG� 763� E\� ����� ZKLFK� ZHUH� DOO� VWDWLVWLFDOO\� VLJQLILFDQW� GLIIHUHQFHV��
5HGXFHG� HPLVVLRQV� DV� FDOFXODWHG� XVLQJ� LQYHUVH� PRGHOLQJ� DQG� RSWLFDO� SDUWLFOH� FRXQWHU� GDWD� DUH�
YHU\� FORVH� WR� OLGDU�GHULYHG� UHGXFWLRQV� DW� ����� ����� DQG� ���� IRU� 30����� 30���� DQG� 763��
UHVSHFWLYHO\��7KH�WLPH�SHU�KHFWDUH�UHTXLUHG�WR�SHUIRUP�WKH�FRQVHUYDWLRQ�WLOODJH�ZDV�DERXW�����RI�
WKH� FRQYHQWLRQDO� PHWKRG�� 7KH� FRQWURO� HIILFLHQF\� RI� WKH� &RQVHUYDWLRQ� 0DQDJHPHQW� 3UDFWLFH� IRU�
SDUWLFXODWH�HPLVVLRQV�ZDV���������������DQG�������IRU�30�����30����DQG�763��UHVSHFWLYHO\��EDVHG�
RQ� OLGDU� GDWD� DQG� ������� ������� DQG� ������ IRU� 30����� 30���� DQG� 763�� UHVSHFWLYHO\�� EDVHG� RQ�
LQYHUVH�PRGHOLQJ�ZLWK�RSWLFDO�SDUWLFOH�FRXQWHU�GDWD��� 

6RPH� RI� WKH� GHULYHG� 30��� HPLVVLRQ� UDWHV� IURP� WKLV� H[SHULPHQW� DJUHH� ZLWK� WKRVH� UHSRUWHG� LQ� WKH�
OLWHUDWXUH�� DV� ZHOO� DV� WKH� HPLVVLRQ� IDFWRUV� XVHG� E\� WKH� 6WDWH� RI� &DOLIRUQLD� $LU� 5HVRXUFHV� %RDUG�
�&$5%�� WR� FDOFXODWH� DUHD� VRXUFH� 30��� FRQWULEXWLRQV� IURP� DJULFXOWXUDO� WLOOLQJ� >��@�� RWKHUV� GR� QRW�
DJUHH� DQG� DUH� VLJQLILFDQWO\� KLJKHU�� VXFK� DV� WKH� HPLVVLRQ� UDWHV� IRU� WKH� FKLVHO�� GLVF� ��� GLVF� ��� DQG�
OLVWHU� SDVVHV�� (PLVVLRQV� IDFWRU� YDOXHV� HVWLPDWHG� WKURXJK� LQYHUVH� PRGHOLQJ� IRU� WKHVH� RSHUDWLRQV�
DUH� EHORZ� WKH� ���� OHYHO� SUHGLFWHG� E\� VWDWLVWLFDO� GLVWULEXWLRQV� ILWWHG� WR� SXEOLVKHG� GDWD�� HPLVVLRQV�
HVWLPDWHV� IURP� OLGDU� IRU� WKH� VDPH� RSHUDWLRQV� DUH� DERYH� WKH� ���� OHYHO�� :KLOH� YDOXHV� IURP�
SXEOLVKHG�VWXGLHV�DUH�JHQHUDOO\�QRW�LQ�FORVH�DJUHHPHQW��WKH\�DUH�ZLWKLQ�WKH�UDQJH�RI�WKH�YDULDELOLW\�
H[SHFWHG� IURP� PHDVXUHPHQWV� PDGH� XQGHU� GLIIHUHQW� PHWHRURORJLFDO� DQG� VRLO� FRQGLWLRQV�� DV�
GHPRQVWUDWHG�E\�WKH�ZLGH�UDQJH�RI�YDOXHV�LQ�WKH�OLWHUDWXUH�>��@>��@��,Q�JHQHUDO��WKH�HPLVVLRQ�UDWHV�
FDOFXODWHG� IURP� WKLV� VWXG\� DUH� KLJKHU� WKDQ� RWKHUV� UHSRUWHG� EXW� DUH� ZLWKLQ� WKH� YDULDELOLW\� RI� RWKHU�
UHSRUWHG�HPLVVLRQ�UDWHV�� 

� 

� 
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 1. BACKGROUND  
$LUERUQH�SDUWLFOHV��HVSHFLDOO\� SDUWLFXODWH�PDWWHU����PLFURPHWHUV��ȝP��RU�VPDOOHU�LQ� DHURG\QDPLF� 
GLDPHWHU��30����DQG�ILQH�SDUWLFXODWH�PDWWHU������P�RU� VPDOOHU�LQ� DHURG\QDPLF�GLDPHWHU� �30������ 
DUH� PLFURVFRSLF� VROLGV� RU� OLTXLG� GURSOHWV� LQ� WKH� DLU� WKDW� FDQ� FDXVH� VHULRXV� KHDOWK� SUREOHPV� �H�J��� 
FRXJKLQJ� RU� GLIILFXOW\� EUHDWKLQJ�� GHFUHDVHG� OXQJ� IXQFWLRQ�� DJJUDYDWHG� DVWKPD�� GHYHORSPHQW� RI� 
FKURQLF� EURQFKLWLV�� LUUHJXODU� KHDUWEHDW�� KHDUW� DWWDFNV�� DQG� SUHPDWXUH� GHDWK��� HVSHFLDOO\� LQ� SHRSOH� 
ZLWK�KHDUW�RU�OXQJ�GLVHDVH�>�@��3DUWLFOHV�ODUJHU�WKDQ�����ȝP�WHQG�WR�EH�SUHYHQWHG�IURP�HQWHULQJ�WKH� 
OXQJV� E\� WKH� QRVH� DQG� WKURDW� >�@�� 7KH� 8�6�� (QYLURQPHQWDO� 3URWHFWLRQ� $JHQF\� �8�6�� (3$�� KDV� 
HVWDEOLVKHG� OLPLWV� IRU� 30���� DQG� 30��� OHYHOV� LQ� RUGHU� WR� SURWHFW� SXEOLF� KHDOWK� DV� SDUW� RI� WKH� 
1DWLRQDO� $PELHQW� $LU� 4XDOLW\� 6WDQGDUGV� �1$$46�� >�@>�@�� 7KH� 8�6�� (3$� UHTXLUHV� VWDWH� DLU� 
TXDOLW\� PDQDJHPHQW� DJHQFLHV� WR� PRQLWRU� DPELHQW� 30���� DQG� 30��� FRQFHQWUDWLRQV� LQ� RUGHU� WR� 
LGHQWLI\� SRVVLEO\� KD]DUGRXV� FRQGLWLRQV� IRU� WKH� SRSXODWLRQ�� WR� UHSRUW� DUHDV� WKDW� H[FHHG� WKH� 
1$$46� EH\RQG� WKH� DOORZHG� QXPEHU� RI� WLPHV�� DQG� WR� HVWDEOLVK� SURFHGXUHV� WR� UHGXFH� SDUWLFXODWH� 
FRQFHQWUDWLRQV�WR�PHHW�WKH�VWDQGDUGV��� 

7R� DGGUHVV� WKH� SUREOHPV� DVVRFLDWHG� ZLWK� H[SRVXUH� WR� KLJK� SDUWLFXODWH� PDWWHU� �30�� OHYHOV�� WKH� 
8�6�� (3$� KDV� EHHQ� ZRUNLQJ� ZLWK� WKH� 6DQ� -RDTXLQ� 9DOOH\� $LU� 3ROOXWLRQ� &RQWURO� 'LVWULFW� WR� 
VXSSRUW�30�UHVHDUFK��,Q������WKH�(QYLURQPHQWDO�6FLHQFHV�'LYLVLRQ��1DWLRQDO�([SRVXUH�5HVHDUFK� 
/DERUDWRU\� ZDV� DZDUGHG� D� 5HJLRQDO� $SSOLHG� 5HVHDUFK� (IIRUW� �5$5(�� JUDQW� WR� GHWHUPLQH� WKH� 
FRQWURO� HIIHFWLYHQHVV� RI� D� &RQVHUYDWLRQ� 0DQDJHPHQW� 3UDFWLFH� �&03�� IRU� DJULFXOWXUDO� WLOODJH�� 
WDUJHWHG� WRZDUG� UHGXFLQJ� 30��� HPLVVLRQV�� XVLQJ� DGYDQFHG� PHDVXUHPHQW� WHFKQRORJLHV� VXFK� DV� 
DWPRVSKHULF� OLJKW� GHWHFWLRQ� DQG� UDQJLQJ� �OLGDU�� V\VWHPV�� 7KH� ILHOG� VWXG\� ZDV� FDUULHG� RXW� LQ� 
2FWREHU� ����� LQ� WKH� 6DQ� -RDTXLQ� 9DOOH\� >�@�� 7KLV� UHSRUW� GHVFULEHV� WKH� ����� WLOODJH� FRPSDULVRQ� 
SURMHFW�WKDW�ZDV�VXSSRUWHG�E\�WKH�6DQ�-RDTXLQ�9DOOH\ZLGH�$LU�3ROOXWLRQ�6WXG\�$JHQF\�WR�IROORZ� 
XS� WKH� ����� 5$5(� SURMHFW�� 7KH� OLGDU� V\VWHP�� ZKHQ� FRXSOHG� ZLWK� SRLQW�PHDVXUHPHQW� DLU� TXDOLW\� 
VDPSOHUV��FDQ�PDS�30�HPLVVLRQV�DW�KLJK�VSDWLDO� DQG�WHPSRUDO�UHVROXWLRQV�� DOORZLQJ�IRU�DFFXUDWH� 
FRPSDULVRQV� RI� YDULRXV� &03V� IRU� D� YDULHW\� RI� DJULFXOWXUDO� SUDFWLFHV� >�@�� 7KH� SXUSRVH� RI� WKLV� 
SURMHFW�ZDV�WR�GHSOR\�DQ�HODVWLF�OLGDU�V\VWHP��WRJHWKHU�ZLWK�D�QHWZRUN�RI�DLU�VDPSOHUV��WR�PHDVXUH� 
30�HPLVVLRQV�IURP�DJULFXOWXUDO�RSHUDWLRQV�LQ�RUGHU�WR�DQVZHU�WKH�IROORZLQJ�UHVHDUFK�TXHVWLRQV�� 

��	 :KDW� DUH� WKH� PDJQLWXGH�� IOX[�� DQG� WUDQVSRUW� RI� 30� HPLVVLRQV� SURGXFHG� E\� DJULFXOWXUDO� 
SUDFWLFHV�IRU�URZ�FURSV�ZKHUH�WLOODJH�&03V�DUH�LPSOHPHQWHG�YV��WKH�PDJQLWXGH��IOX[��DQG� 
WUDQVSRUW� RI� 30� HPLVVLRQV� SURGXFHG� E\� DJULFXOWXUDO� SUDFWLFHV� ZKHUH� &03V� DUH� QRW� 
LPSOHPHQWHG"� 

��	 :KDW�DUH�WKH�FRQWURO�HIILFLHQFLHV�RI�LPSOHPHQWLQJ�WKH�³FRQVHUYDWLRQ�WLOODJH´�&03"�� 

��	 &DQ� WKLV� &03� IRU� D� VSHFLILF� FURS� EH� TXDQWLWDWLYHO\� FRPSDUHG�� FRQWUROOLQJ� IRU� VRLO� W\SH�� 
VRLO�PRLVWXUH��DQG�PHWHRURORJLFDO�FRQGLWLRQV"�� 

,Q� 1RYHPEHU� ������ (3$� UHGHVLJQDWHG� WKH� 6DQ� -RDTXLQ� 9DOOH\� WR� DWWDLQPHQW� IRU� WKH� 30��� 
1$$46��EXW�VRXUFHV�LQ�WKH�9DOOH\�PXVW�FRQWLQXH�WR�LPSOHPHQW�PHDVXUHV�WKDW�KHOSHG�WKH�'LVWULFW� 
DWWDLQ� WKH� 30��� VWDQGDUG�� LQFOXGLQJ� &03V�� 7KH� 9DOOH\� FRQWLQXHV� WR� YLRODWH� WKH� 30���� 1$$46�� 
7KH� &03� FKRVHQ� IRU� FRPSDULVRQ� DJDLQVW� WKH� FRQYHQWLRQDO� WLOODJH� PHWKRG� ZDV� FRQVHUYDWLRQ� 
WLOODJH�� ZKLFK� LV� GHILQHG� DV� D� PHWKRG� LQ� ZKLFK� WKH� VRLO� LV� EHLQJ� WLOOHG� RU� FXOWLYDWHG� WR� D� OHVVHU� 
H[WHQW� FRPSDUHG� WR� D� FRQYHQWLRQDO� V\VWHP� >�@�� 7KHUH� DUH� VHYHUDO� GLIIHUHQW� FRQVHUYDWLRQ� WLOODJH� 
V\VWHPV�WKDW�YDU\�LQ�WKH�DPRXQW�RI�WKH�VRLO�WLOOHG��WKH�V\VWHP�FKRVHQ�IRU�H[DPLQDWLRQ�LQ�WKLV�VWXG\� 
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ZDV� WKH� VWULS�WLOO� V\VWHP�� 'DWD� FROOHFWHG� 0D\� ��� ±� -XQH� ���� ����� DW� D� VLWH� LQ� WKH� 6DQ� -RDTXLQ� 
9DOOH\�RI�&DOLIRUQLD�DUH�LQFOXGHG�LQ�WKLV�UHSRUW��� 

1.1 LITERATURE REVIEW 
$� KDQGIXO� RI� SXEOLVKHG� DUWLFOHV� SHUWDLQ� WR� 30� HPLVVLRQV� IURP� DJULFXOWXUDO� WLOODJH�� ZLWK� WKH� 
PDMRULW\� RI� WKH� VWXGLHV� SHUIRUPHG� LQ� WKH� 6WDWH� RI� &DOLIRUQLD�� 7KHUH� DUH� DOVR� VHYHUDO� SDSHUV� WKDW� 
FROOHFWLYHO\� H[DPLQH� LPSDFWV� RI� D� YDULHW\� RI� FRQVHUYDWLRQ� WLOODJH� SUDFWLFHV� ZLWK� UHVSHFW� WR� VRLO� 
FKDUDFWHULVWLFV��IXHO�FRQVXPSWLRQ��FRVW�RI�SURGXFWLRQ��DQG�DLU�HPLVVLRQV��� 

7KH� FRPSDQLRQ� VWXG\� WR� WKLV� H[SHULPHQW� ZDV� FRQGXFWHG� LQ� 2FWREHU� ����� QHDU� /RV� %DQRV�� &$� 
>�@�� ,W� H[DPLQHG� GLIIHUHQFHV� EHWZHHQ� FRQYHQWLRQDO� IDOO� WLOODJH� SUDFWLFHV� DQG� D� &RPELQHG� 
2SHUDWLRQV�&03�� 7KLV� LQYROYHG� XVLQJ� DQ� LPSOHPHQW� GHVLJQHG� WR� GR� WKH� ZRUN� RI� PXOWLSOH� 
LPSOHPHQWV�LQ�RQH�SDVV�FDOOHG�WKH�2SWLPL]HU��RQ�WZR�ILHOGV�WKDW�ZHUH�DGMDFHQW�DQG�VLPLODU�WR�RQH� 
DQRWKHU�� 7KH� FRQYHQWLRQDO� PHWKRG� FRQVLVWHG� RI� IRXU� GLIIHUHQW� SDVVHV� RYHU� WKH� ILHOG� LQ� WKH� 
IROORZLQJ� RUGHU�� ��� GLVF� SDVV�� ��� FKLVHO� SDVV�� ��� DQRWKHU� GLVF� SDVV�� DQG� ��� ODQG� SODQH� SDVV�� 7KH� 
&03�ZDV�DSSOLHG�LQ�WZR�VWHSV�LQ�WKH�IROORZLQJ�RUGHU�����FKLVHO�SDVV�� DQG� ���WKH� 2SWLPL]HU�SDVV�� 
7KLV�VWXG\�IRXQG�WKDW�WKH�&03�XVHG�����OHVV�IXHO�SHU�XQLW�DUHD�DQG�WRRN�����OHVV�WLPH�SHU�XQLW� 
DUHD��8VLQJ�D�OLGDU�PDVV�EDODQFH�DSSURDFK��LW�ZDV�GHWHUPLQHG�WKDW�WKH�&03�SURGXFHG����������� 
DQG� ���� DV� PXFK� 30����� 30���� DQG� WRWDO� VXVSHQGHG� SDUWLFXODWH� �763�� DV� WKH� FRQYHQWLRQDO� 
PHWKRG�� 7DEOH� �� SUHVHQWV� WKH� OLGDU�EDVHG� 30����� 30���� DQG� 763� HPLVVLRQV� UDWHV� IRU� HDFK� WLOODJH� 
VWHS�� &RPSDULVRQV� XVLQJ� LQYHUVH� PRGHOLQJ� FRXSOHG� ZLWK� 30� PHDVXUHPHQWV� ZHUH� QRW� FRPSOHWH� 
GXH�WR�LQVXIILFLHQW�GLIIHUHQFHV�EHWZHHQ�XSZLQG�DQG�GRZQZLQG�30����FRQFHQWUDWLRQV�GXULQJ�VRPH� 
PHDVXUHPHQW� SHULRGV�� KRZHYHU�� RSHUDWLRQ�VSHFLILF� HPLVVLRQ� UDWHV� FDOFXODWHG� XVLQJ� LQYHUVH� 
PRGHOLQJ�ZHUH�VLPLODU�WR�WKRVH�UHSRUWHG�E\�WKH�FDOLEUDWHG�OLGDU�PHDVXUHPHQWV�� 
Table 1. Emission rates ± 95% confidence intervals found by SDL [7] using lidar measurements for a 
conventional fall tillage sequence and a Combined Operations CMP sequence. 

Operation PM2.5 
(mg/m2) 

PM10 
(mg/m2) 

TSP 
(mg/m2) 

Combined: Chisel ������������ ������������ ������������� 
Combined: Optimizer ����������� ����������� ������������� 
Sum for Combined 
Operation Method 77.8 ± 14.0 111.6 ± 20.9 435.8 ± 80.9 

� 
Conventional: Disc 1 ����������� ������������ ������������� 
Conventional: Chisel ����������� ������������ ������������� 
Conventional: Disc 2 ������������ ������������ ������������� 
Conventional: Land plane ����������� ����������� ����������� 
Sum for Conventional 
Method 109.5 ± 13.5 281.9 ± 28.0 577.6 ± 60.1 

� 

7KH� XVH� RI� DQ� HODVWLF� OLGDU� V\VWHP� E\� WKH� 8QLYHUVLW\� RI� &DOLIRUQLD� DW� 'DYLV� �8&� 'DYLV�� WR� 
H[DPLQH� GXVW� SOXPHV� UHVXOWLQJ� IURP� WLOODJH� DFWLYLWLHV� ZDV� SUHVHQWHG� E\� +ROPHQ� HW� DO�>�@�� 
4XDOLWDWLYHO\�� WKH� FRQVWUXFWHG� V\VWHP� ZDV� DEOH� WR� WUDFN� WKH� SOXPH� HPLWWHG� IURP� WKH� PRYLQJ� 
VRXUFH�DQG�SURYLGH�D��'�YHUWLFDO��GRZQZLQG�PDS�RI�WKH�SOXPH��,W�ZDV�REVHUYHG�WKDW�WKH�SOXPH� 

BBBBBBBBBBBBBBBBBBBBBBBBB� 
��0HQWLRQ�RI�D�VSHFLILF�WUDGHQDPH�RU�PDQXIDFWXUHU�GRHV�QRW�LPSO\�HQGRUVHPHQW�RU�SUHIHUHQWLDO�WUHDWPHQW�E\�WKH� 
86'$�$56�RU�6SDFH�'\QDPLFV�/DERUDWRU\�RU�8WDK�6WDWH�8QLYHUVLW\� 
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�KHLJKWV� ZHUH� RIWHQ� DERYH� WKH� SRLQW� VDPSOHUV� ORFDWHG� DW� ��� P� DORQJ� WKH� GRZQZLQG� SODQH�� 7KH� 
DXWKRUV� VXJJHVWHG� WKDW� WKH� EHVW� IXJLWLYH� GXVW� VDPSOLQJ� SURFHGXUHV� ZRXOG� LQFOXGH� D� FRPELQDWLRQ� 
RI�HODVWLF�OLGDU�DQG�VWUDWHJLFDOO\�SODFHG�SRLQW�VDPSOHUV�� 

7ZR�SDSHUV�E\�+ROPHQ�HW�DO���ERWK�SXEOLVKHG�LQ�������IXUWKHU�GLVFXVV�WLOODJH�30���HPLVVLRQ�UDWH� 
LQYHVWLJDWLRQV� E\� 8&� 'DYLV� XVLQJ� ILOWHU�EDVHG� PDVV� FRQFHQWUDWLRQ� VDPSOHUV� DQG� TXDOLWDWLYH� 
PHDVXUHPHQWV� IURP� WKH� SUHYLRXVO\� PHQWLRQHG� HODVWLF� OLGDU� V\VWHP� >��@>��@�� 7KH� ��� VDPSOHV� 
ODEHOHG�DV�YDOLG�ZHUH�FROOHFWHG�IURP�)DOO������WR�:LQWHU������LQ�WKH�6DQ�-RDTXLQ�9DOOH\�GXULQJ�D� 
ZLGH� UDQJH� RI� HQYLURQPHQWDO� �WHPSHUDWXUH� � ����� �&�� UHODWLYH� KXPLGLW\� � �������� DQG� IURP� 
SULRU� WR� WKH� VHDVRQ¶V� ILUVW� SUHFLSLWDWLRQ� WR� SHULRGV� EHWZHHQ� ZLQWHU� VWRUPV�� DQG� VRLO� PRLVWXUH� 
FRQGLWLRQV� ����������� 7LOODJH� RSHUDWLRQV� H[DPLQHG� ZHUH� GLVFLQJ�� OLVWLQJ�� URRW� FXWWLQJ�� DQG� 
ULSSLQJ��&DOFXODWHG�30���HPLVVLRQ�UDWHV�UDQJHG�IURP���WR�����PJ�P�����WR�����OE�DFUH���WKH�PHDQ� 
��RQH�VWDQGDUG�GHYLDWLRQ�ZDV�����������PJ�P�������������OE�DFUH���DQG�WKH�PHGLDQ�ZDV����PJ�P�� 
����� OE�DFUH��� 2QH� SRLQW� PDGH� E\� +ROPHQ� HW� DO�� >��@� LV� WKDW� VHYHUDO� HQYLURQPHQWDO� FRQGLWLRQV� 
�H�J���WHPSHUDWXUH�SURILOH��UHODWLYH�KXPLGLW\��VRLO�PRLVWXUH��FDQ�VLJQLILFDQWO\�DIIHFW�30�HPLVVLRQV� 
DQG� VKRXOG� EH� PRQLWRUHG� DQG� DFFRXQWHG� IRU� LQ� HPLVVLRQ� UDWH� PHDVXUHPHQW� DQG� UHSRUWLQJ�� $V� D� 
UHVXOW�� WKH� UHOLDELOLW\� RI� GLUHFW� FRPSDULVRQV� RI� HPLVVLRQ� UDWHV� PHDVXUHG� XQGHU� GLIIHUHQW� 
HQYLURQPHQWDO�FRQGLWLRQV�PXVW�EH�FDUHIXOO\�H[DPLQHG�� 

7KH�VWXGLHV�SXEOLVKHG�E\�UHVHDUFKHUV�DW�8&�'DYLV�DQG�KHUHLQ�SUHYLRXVO\�GLVFXVVHG�ZHUH�SDUW�RI�D� 
PXFK� ODUJHU� LQYHVWLJDWLRQ� RI� DJULFXOWXUDO� 30��� HPLVVLRQ� UDWHV� LQ� WKH� 6DQ� -RDTXLQ� 9DOOH\� DV� 
IXQGHG�E\�WKH�8�6��'HSDUWPHQW�RI�$JULFXOWXUH�6SHFLDO�5HVHDUFK�*UDQW�3URJUDP��)LQGLQJV�RI�WKLV� 
EURDG� VWXG\� DUH� SXEOLVKHG� LQ� )ORFFKLQL� HW� DO�� ������� >��@�� 7DEOH� �� SUHVHQWV� HPLVVLRQ� IDFWRUV� 
SXEOLVKHG� LQ� WKLV� VWXG\� IRU� GLIIHUHQW� W\SHV� RI� DJULFXOWXUDO� WLOODJH�DORQJ� ZLWK� WKH� FURS� DQG� WLPH�RI� 
\HDU��$V�VHHQ�LQ�UHVXOWV�PHDVXUHG�E\�+ROPHQ�HW�DO���WKH�HPLVVLRQ�UDWHV�UHSRUWHG�E\�)ORFFKLQL�HW�DO�� 
IRU� DJULFXOWXUDO� WLOODJH� ZHUH� LQIOXHQFHG� PRUH� E\� HQYLURQPHQWDO� FRQGLWLRQV�� VXFK� DV� WKH� QHDU� 
JURXQG� WHPSHUDWXUH� SURILOH�� UHODWLYH� KXPLGLW\�� DQG� VRLO� PRLVWXUH�� WKDQ� E\� WKH� W\SH� RI� FURS� RU� 
HTXLSPHQW�XVHG�IRU�WLOOLQJ�>��@>��@�� 

7KH� &DOLIRUQLD� $LU� 5HVRXUFHV� %RDUG� �&$5%�� GHYHORSHG� DUHD� VRXUFH� HPLVVLRQ� LQYHQWRU\� 
FDOFXODWLRQ� PHWKRGRORJLHV� IRU� DJULFXOWXUDO� WLOODJH� DQG� KDUYHVWLQJ� RSHUDWLRQV� EDVHG� RQ� WKH� UHSRUW� 
E\�)ORFFKLQL�HW�DO��>��@>��@>��@��$�VXPPDU\�RI�WKH�UHVXOWLQJ�HPLVVLRQ�IDFWRUV�DSSHDUV�LQ�7DEOH���� 
7KH� JLYHQ� XQLW� IRU� WKH� HPLVVLRQ� IDFWRU� FDQ� EH� H[SODLQHG� DV� WKH� PDVV� RI� 30��� SDUWLFOHV� UHOHDVHG� 
SHU�DFUH�IRU�HDFK�RSHUDWLRQ��RU�SDVV��6SHFLILF�WLOODJH�RSHUDWLRQV�ZHUH�DVVLJQHG�WR�RQH�RI�WKHVH�ILYH� 
FDWHJRULHV�DQG�WKH�GLVSOD\HG�HPLVVLRQ�IDFWRU�ZDV�XVHG�IRU�DOO�RSHUDWLRQV�LQ�HDFK�FDWHJRU\��� 

7KH�8�6��(3$��������XVHV�WKH�HPSLULFDOO\�GHULYHG�HTXDWLRQ�VKRZQ�EHORZ�WR�HVWLPDWH�WKH�TXDQWLW\� 
RI�SDUWLFXODWH�PDWWHU�HPLWWHG�IURP�DOO�DJULFXOWXUDO�WLOOLQJ�SURFHVVHV�>��@��� 

���� ( F( uN u V u S uD � ���� 

ZKHUH� (� � 30� HPLVVLRQ� LQ� OEV�� F(� � FRQVWDQW� ���� OE�DFUH�SDVV�� N� � GLPHQVLRQOHVV� SDUWLFOH� VL]H� 
PXOWLSOLHU� �763� � ����� 30��� � ������ 30���� � �������� V� � VLOW� FRQWHQW� RI� VXUIDFH� VRLO� �����S� � 
QXPEHU�RI�SDVVHV�RU�WLOODJH�RSHUDWLRQV�LQ�D�\HDU��DQG�D� �DFUHV�RI�ODQG�WLOOHG��7KH�DERYH�HTXDWLRQ� 
ZDV� GHYHORSHG� WR� HVWLPDWH� 763� HPLVVLRQV� �N� � ����� DQG� KDV� VLQFH� EHHQ� VFDOHG� WR� HVWLPDWH� 30��� 
DQG� 30���� HPLVVLRQV� E\� XVLQJ� WKH� UHVSHFWLYH� N� YDOXH�� $YHUDJH� YDOXHV�RI� V� DUH�WDEXODWHG�LQ� 7DEOH� 
������LQ�8�6��(3$��������DV�D�IXQFWLRQ�RI�VRLO�W\SH�RQ�WKH�VRLO�WH[WXUH�FODVVLILFDWLRQ�WULDQJOH�>��@�� 
%DVHG� RQ� WKH� N� YDOXHV�� 30� UHOHDVHG� E\� WLOODJH� RSHUDWLRQV� LV� GRPLQDWHG� E\� ODUJH� SDUWLFOHV� �!� ��� 
μP)�� � 
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Table 2. Emission factors and uncertainties for land preparation as reported by Flocchini et al. (2001) [12]. 

Date Emission Factor 
(mg/m2) Uncertainty Date Emission Factor 

(mg/m2) Uncertainty 

6WXEEOH�'LVF� 
����������� ������ 1&� � ���������� ����� ����� 
���������� ����� ��� � ���������� ����� ����� 
���������� ����� ����� � ���������� ����� 1&� 
���������� ������ ��� � ���������� ����� ���� 
���������� ������ ��� � ���������� ������ ���� 
���������� ������ ��� � ���������� ����� ��� 
���������� ������ ��� � ���������� ����� ��� 
����������� ������ ��� � ���������� ����� ��� 
����������� ������ ����� � ���������� ����� ��� 
���������� ������ ���� � � � � 
)LQLVK�GLVF� 
����������� ������ ��� � ���������� ���� 1&� 
����������� ������ ��� � ���������� ���� 1&� 
����������� ����� ��� � ���������� ���� 1&� 
���������� ����� ��� � ���������� ����� 1&� 
5LSSLQJ�FKLVHO� 
���������� ������ ��� � ���������� ������ ��� 
���������� ������ ��� � ���������� ������ ��� 
���������� ������ ��� � � � � 
5RRW�FXWWLQJ� 
����������� ����� ���� � ����������� ����� ��� 

� 
Table 3. Emission factors used by the California Air Resources Board in estimating agricultural tilling PM 10 
emissions [13]. 

Agricultural Tilling Operation Emission Factor 
(lb PM10/acre-pass) (mg PM10/m2-pass) 

5RRW�FXWWLQJ� ���� ����� 
'LVFLQJ��7LOOLQJ��&KLVHOLQJ� ���� ������ 
5LSSLQJ��6XEVRLOLQJ� ���� ������ 
/DQG�3ODQLQJ� �)ORDWLQJ� ����� ������� 
:HHGLQJ� ���� ����� 

� 

$� FRPSDULVRQ� EHWZHHQ� VWDQGDUG� WLOOLQJ� SUDFWLFHV� DQG� FRQVHUYDWLRQ� WLOOLQJ� �VWULS�WLOO�� LQ� GDLU\� 
IRUDJH�SURGXFWLRQ�RQ�WZR�IDUPV�LQ�WKH�6DQ�-RDTXLQ�9DOOH\�LV�JLYHQ�E\�0DGGHQ�HW�DO���������>��@�� 
%RWK� VWULS�WLOO� DQG� VWDQGDUG� WLOO� RSHUDWLRQV� ZHUH� PRQLWRUHG� IRU�30��� HPLVVLRQV� RYHU� WZR� WLOODJH� 
F\FOHV� DW� ERWK� IDUPV�� 5HVXOWV� VKRZ� WKDW� FRQVHUYDWLRQ� WLOODJH� SUDFWLFHV� UHGXFH� 30��� HPLVVLRQV� 
IURP� RQH� IDUP� E\� ���� DQG� ���� IRU� ����� DQG� ������ UHVSHFWLYHO\�� $W� WKH� VHFRQG� IDUP�� 
FRQVHUYDWLRQ� WLOODJH� HPLVVLRQV� ZHUH� UHGXFHG� E\� ���� DQG� ���� IRU� ����� DQG� ������ UHVSHFWLYHO\�� 
'HULYHG�HPLVVLRQ�UDWHV�DUH�SUHVHQWHG�LQ�7DEOH����0DGGHQ�HW�DO��DWWULEXWH�WKHVH�UHGXFWLRQV��LQ�SDUW�� 
WR�D�UHGXFHG�WRWDO�QXPEHU�RI�SDVVHV��IURP�����SDVVHV�LQ�VWDQGDUG�WLOODJH�WR���SDVV�LQ�FRQVHUYDWLRQ� 
WLOODJH��DQG�WKH�DELOLW\�IRU�FRQVHUYDWLRQ�WLOODJH�RSHUDWLRQV�WR�EH�GRQH�XQGHU�D�KLJKHU�VRLO�PRLVWXUH� 
FRQWHQW�WKDQ�VWDQGDUG�RSHUDWLRQV�� 

� � 
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Table 4. Conventional and conservation tillage emission rates reported by Madden et al. (2008) for tillage in a 
dairy forage crop rotation [16]. ST= standard tillage method, CT = conservation tillage method. 

Season/Year Sweet Haven Dairy Barcellos Farms 
� 2SHUDWLRQ� $YJ�(PLVVLRQ� 

)DFWRU��PJ�P��� 2SHUDWLRQ� $YJ�(PLVVLRQ� 
)DFWRU��PJ�P��� 

Spring 2004 

67���VW�GLVFLQJ� ���� 67���VW�GLVFLQJ� ���� 
67���QG�GLVFLQJ��Z��UROOHU�� ����� 67���QG�GLVFLQJ� ���� 
67���UG�GLVFLQJ��Z�UROOHU�� ���� 67��/LVWLQJ� ���� 
67��3ODQWLQJ� ���� 67��%HG�GLVFLQJ� ��� 
&7��6WULS�WLOOLQJ� ���� 67��%HG�PXOFKLQJ� ��� 

&7��3ODQWLQJ� ��� 

67��5LQJ�UROOHU� ���� 
67��3ODQWLQJ� ��� 
67��5LQJ�UROOHU� ���� 
&7��3ODQWLQJ� ���� 

� 

Spring 2005 

67���VW�GLVFLQJ� ���� 67���VW�GLVFLQJ� ��� 
67���QG�GLVFLQJ��Z��UROOHU�� ���� 67���QG�GLVFLQJ� ���� 
67���UG�GLVFLQJ��Z�UROOHU�� ���� 67��&LUFOH�KDUURZ� ���� 
67��3ODQWLQJ� ���� 67��/LVWLQJ� ���� 
&7��6WULS�WLOOLQJ� ���� 67��%HG�GLVFLQJ� ���� 

&7��3ODQWLQJ� ���� 
67��%HG�PXOFKLQJ� ���� 
67��3ODQWLQJ� ���� 
&7��3ODQWLQJ� ���� 

� 

&RQYHQWLRQDO� WLOODJH� HPLVVLRQV� IDFWRUV� ZHUH� UHSRUWHG� E\� :DQJ� HW� DO�� ������� DQG� .DVXPED� HW� DO�� 
������� IURP� GLIIHUHQW� ILHOG� H[SHULPHQWV� FRQGXFWHG� LQ� FRWWRQ� ILHOGV� RQ� WKH� VDPH� IDUP� LQ� 1HZ� 
0H[LFR� >��@>��@�� .DVXPED� HW� DO�� ����� UHSRUWHG� HPLVVLRQ� UDWHV� IURP� VL[� GLIIHUHQW� GLVFLQJ� 
RSHUDWLRQ� WHVWV�� UHVXOWLQJ� LQ� DYHUDJHV� RI� ������ �� ���� PJ�P��� ����� �� ���� PJ�P��� ������ �� ���� 
PJ�P��� ����� �� ���� PJ�P��� ���� �� ���� PJ�P��� DQG� ����� �� ���� PJ�P�� ZKHUH� WKH� XQFHUWDLQW\� 
UHSUHVHQWV� WKH�VWDQGDUG� GHYLDWLRQ� �ı�� DERXW� WKH� DYHUDJH�� � :DQJ� HW� DO�� UHSRUWHG� RSHUDWLRQ� DYHUDJH� 
HPLVVLRQV� �� �ı� RI� ����� �� ���� PJ�P�� IRU� D� UROOLQJ� RSHUDWLRQ�� ������ �� ������ PJ�P�� IRU� OLVWLQJ�� 
������ �� ����� PJ�P�� IRU� SODQWLQJ�� ����� �� ���� PJ�P�� IRU� KDUYHVWLQJ�� DQG� ����� �� ����� PJ�P�� DQG� 
�������������PJ�P��IRU�GLVFLQJ�RSHUDWLRQV�GXULQJ�GLIIHUHQW� \HDUV��:DQJ�HW�DO��DOVR�GHYHORSHG�DQ� 
HPSLULFDO�UHODWLRQVKLS�UHODWLQJ�HPLVVLRQV�WR�VRLO�PRLVWXUH��VLOW�IUDFWLRQ��FURS�W\SH��DQG�RSHUDWLRQ�� 

'XVW�FRQFHQWUDWLRQV�SURGXFHG�E\�DJULFXOWXUDO�LPSOHPHQWV�XVHG�DW�D�8&�'DYLV�UHVHDUFK�IDUP�ZHUH� 
UHSRUWHG�E\�&ODXVQLW]HU�DQG�6LQJHU��������>��@��3HUVRQDO�H[SRVXUH�VDPSOHUV�PHDVXULQJ�UHVSLUDEOH� 
GXVW� �5'�� FRQFHQWUDWLRQV��SDUWLFOHV� WKDW� PD\� UHDFK� WKH� DOYHRODU� UHJLRQ� RI� WKH� OXQJV� ZKHQ� 
EUHDWKHG� LQ� �ZLWK� D� ���� FXW�SRLQW� GLDPHWHU� RI� �� �P���ZHUH� PRXQWHG� RQ� LPSOHPHQWV� LQ� ��� 
GLIIHUHQW� RSHUDWLRQV�RYHU�D�VHYHQ�PRQWK�SHULRG�LQ������� UHSOLFDWH�VDPSOHV� ZHUH� FROOHFWHG�GXULQJ� 
���RSHUDWLRQV��$YHUDJH�5'�FRQFHQWUDWLRQV�PHDVXUHG�RQ�WKH�LPSOHPHQW�UDQJHG�IURP������PJ�P�� 
IRU� GLVFLQJ� FRUQ� VWXEEOH� WR� ����� PJ�P�� IRU� ERWK� ODQG� SODQLQJ� DQG� ULSSLQJ� RSHUDWLRQV�� :KLOH� 5'� 
FRQFHQWUDWLRQ� ZDV� KHDYLO\� LQIOXHQFHG� E\� RSHUDWLRQ�� RWKHU� IDFWRUV� GHWHUPLQHG� WR� EH� VLJQLILFDQW� LQ� 
GXVW� SURGXFWLRQ� ZHUH� UHODWLYH� KXPLGLW\�� DLU� WHPSHUDWXUH�� VRLO� PRLVWXUH�� ZLQG� VSHHG�� DQG� WUDFWRU� 
VSHHG�� 

� � 
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)XUWKHU� LQYHVWLJDWLRQ� RI� WKH� GDWD� VHW� SUHVHQWHG� E\� &ODXVQLW]HU� DQG� 6LQJHU� ������� >��@� DQG� RI� 
DQRWKHU�GDWD�VHW�FROOHFWHG�RQ�D�GLIIHUHQW�8&�'DYLV�UHVHDUFK�IDUP�ZDV�UHSRUWHG�E\�&ODXVQLW]HU�DQG� 
6LQJHU��������>��@��%RWK�VHWV�RI�GDWD�IRFXV�RQ�5'�FRQFHQWUDWLRQV�DV�PHDVXUHG�RQ�WKH�DJULFXOWXUDO� 
LPSOHPHQW�� 7KH� DQDO\VLV� H[DPLQHG� HQYLURQPHQWDO� LQIOXHQFHV� RQ� WKH� PHDVXUHG� FRQFHQWUDWLRQ�� 
$JDLQ�� VRLO� PRLVWXUH� DQG� DLU� WHPSHUDWXUH� ZHUH� IRXQG� WR� EH� VLJQLILFDQW� IDFWRUV� LQ� 5'�SURGXFWLRQ�� 
7KH�5'�SURGXFWLRQ�ZLWK�UHVSHFW�WR�VRLO�PRLVWXUH�ZDV�ZHOO�ILW�E\�D�SRZHU�IXQFWLRQ��ZLWK�WKH�FXUYH� 
SUHGLFWLQJ� 5'� FRQFHQWUDWLRQV� EHFRPLQJ� VLJQLILFDQWO\� VWHHSHU� EHORZ� ���� $LU� WHPSHUDWXUH� ZDV� 
K\SRWKHVL]HG�WR� EH�VLJQLILFDQW�LQ�WKDW�LW�ZDV�D�VXUURJDWH�PHDVXUHPHQW�RI�DWPRVSKHULF�LQVWDELOLW\�� 
DV� WHPSHUDWXUH� LQFUHDVHV� QHDU� WKH� VXUIDFH�� WKH� DWPRVSKHUH� EHFRPHV� OHVV� VWDEOH� DQG� PD\� FDUU\� 
JUHDWHU�TXDQWLWLHV�RI�GXVW�XSZDUGV��� 

%DNHU� HW� DO�� ������� H[DPLQHG� GLIIHUHQFHV� EHWZHHQ� GXVW� FRQFHQWUDWLRQV� UHVXOWLQJ� IURP� VWDQGDUG� 
DQG� FRQVHUYDWLRQ� WLOODJH� SUDFWLFHV� LQ� WKH� 6DQ� -RDTXLQ� 9DOOH\� RYHU� D� WZR� \HDU� FRWWRQ�WRPDWR� FURS� 
URWDWLRQ�� HDFK� XQGHU� WZR� GLIIHUHQW� FRYHU� FURS� VFHQDULRV�� ��� QR� FRYHU� FURS� DQG� ��� D� FRYHU� FURS� 
IRUDJH� PL[WXUH� >��@�� 7RWDO� GXVW� �7'��� SDUWLFOHV� �� ���� �P� LQ� DHURG\QDPLF� GLDPHWHU�� DQG� 5'� 
VDPSOHUV�ZHUH�VWDWLRQHG�RQ�WKH�LPSOHPHQWV�WR�FROOHFW�VDPSOHV�LQ�WKH�SOXPH��)RU�ERWK�7'�DQG�5'�� 
WKH� SUHVHQFH� RU� ODFN� RI� D� FRYHU� FURS� LQ� WKH� VWDQGDUG� WLOO� WUHDWPHQW� GLG� QRW� VHHP�  WR� DIIHFW�  
FRQFHQWUDWLRQV��6XPPHG�FRQFHQWUDWLRQV�IRU�FRQVHUYDWLRQ�WLOODJH�ZLWKRXW�D�FRYHU�FURS�ZHUH�DERXW� 
RQH�WKLUG� RI� VWDQGDUG� WLOODJH�� IRU� FRQVHUYDWLRQ� WLOODJH� ZLWK� D� FRYHU� FURS�� WKH\� ZHUH� DERXW� WZR� 
WKLUGV�IRU�ERWK�GXVW�IUDFWLRQV�PHDVXUHG��5HGXFWLRQV�LQ�VXPPHG�FRQFHQWUDWLRQV�ZLWK�FRQVHUYDWLRQ� 
WLOODJH�ZHUH�DWWULEXWHG�WR�IHZHU�RSHUDWLRQV��LQFOXGLQJ�WKH�HOLPLQDWLRQ�RI�WKH�GXVWLHVW��GLVFLQJ�DQG� 
SRZHU� LQFRUSRUDWLRQ��� :KHQ� FRPSDULQJ� RSHUDWLRQV� FRPPRQ� WR� DOO� IRXU� WUHDWPHQWV�� WRPDWR� 
SODQWLQJ� DQG� KDUYHVWLQJ� LQ� FRQVHUYDWLRQ� WLOO� SURGXFHG� KLJKHU� FRQFHQWUDWLRQV� WKDQ� VWDQGDUG� WLOO� 
�WKRXJKW� WR� EH� GXH� WR� LQFUHDVHG� RUJDQLF� PDWWHU� RQ� WKH� VXUIDFH�� DQG� FRQFHQWUDWLRQV� GXULQJ� FRWWRQ� 
KDUYHVWLQJ�� ZKLFK� GRHV� QRW� GLVWXUE� WKH� VRLO�� ZHUH� HTXLYDOHQW� IRU� DOO� WUHDWPHQWV�� 7KLV� VWXG\� ZDV� 
SDUW� RI� D� ODUJHU� HIIRUW� WR� TXDQWLI\� WKH� HIIHFWV� RI� FRQVHUYDWLRQ� WLOODJH� LQ� &DOLIRUQLD� RQ� FURS� 
SURGXFWLRQ�� VRLO� TXDOLW\�� DQG�WLPH� DQG� UHVRXUFHV� GHGLFDWHG�WR� SURGXFWLRQ�DV� RXWOLQHG� E\� 0LWFKHOO� 
HW�DO���������DQG�9HHQVWUD�HW�DO���������>��@>��@�� 

8SDGK\D\D� HW� DO�� ������� FRPSDUHG� WKH� ,QFRUSUDPDVWHU�� D� RQH�SDVV� WLOODJH� LQVWUXPHQW� DJDLQVW� D� 
FRQYHQWLRQDO� FRPELQDWLRQ� RI� GLVFLQJ� WZLFH� DQG� ODQG� SODQLQJ� WZLFH� EDVHG� RQ� IXHO� FRQVXPSWLRQ�� 
WLPHOLQHVV�� DQG� HIIHFW� RQ� VRLO� >��@�� 6WXGLHV� RQ� IRXU� H[SHULPHQWDO� ILHOGV� DW� 8&� 'DYLV� VKRZHG� QR� 
VWDWLVWLFDO� GLIIHUHQFH� EHWZHHQ� UHVXOWLQJ� VRLO� FRQGLWLRQV� �EXON� GHQVLW\� FKDQJHV�� VRLO� PRLVWXUH� 
FKDQJHV��DQG�DJJUHJDWH�VL]H���EXW�WKH�,QFRUSUDPDVWHU�XVHG�EHWZHHQ�����DQG�����OHVV�IXHO�ZLWK�D� 
PHDQ� RI� ����� 7KH� WLPH� VDYLQJV� UDQJHG� IURP� ���� WR� ���� ZLWK� D� PHDQ� RI� ����� ,Q� PRVW� FDVHV�� 
WZR�SDVVHV�ZLWK�WKH�,QFRUSUDPDVWHU�ZHUH�UHTXLUHG�WR�DFKLHYH�WKH�VDPH�VRLO�FRQGLWLRQV�DV�WKH�IRXU� 
SDVVHV�LQ�WKH�FRQYHQWLRQDO�WLOO��� 

7KUHH�FRQVHUYDWLRQ�WLOODJH�PHWKRGV�ZHUH�FRPSDUHG�LQ�0LWFKHOO�HW�DO���������DJDLQVW�WKH�VWDQGDUG� 
WLOODJH� PHWKRG� LQ� FRWWRQ� SURGXFWLRQ� LQ� WHUPV� RI� \LHOG�� \LHOG� TXDOLW\�� WUDFWRU� SDVVHV�� IXHO�� DQG� 
SURGXFWLRQ� >��@�� $� VLQJOH� ILHOG� QHDU� )UHVQR�� &$� ZDV� GLYLGHG� LQ� DUHD� DPRQJ� VHYHQ� WLOODJH�  
WUHDWPHQWV�����VWDQGDUG�����QR�WLOO�FKRS�����QR�WLOO�����ULGJH�WLOO�FKRS�����ULGJH�WLOO�����VWULS�WLOO�FKRS�� 
DQG����VWULS�WLOO��3ULRU�WR�ERWK�FRWWRQ�JURZLQJ�VHDVRQV�H[DPLQHG��D�VPDOO�JUDLQ�ZKHDW�ZDV�SODQWHG� 
LQ�WKH�ILHOG�WR�HQKDQFH�VRLO�SURSHUWLHV��WKLV�FURS�ZDV�VSUD\HG�ZLWK�KHUELFLGH��DQG�LQ�WUHDWPHQWV���� 
���DQG����LW�ZDV�FKRSSHG�ZLWK�D�PRZHU�SULRU�WR�WLOODJH�DFWLYLWLHV�� ,Q�WKH�RWKHU�WUHDWPHQWV����������� 
DQG� ���� WKH� GHDG� ZKHDW� ZDV� HLWKHU� LQFRUSRUDWHG� E\� WKH� WLOOLQJ� RU� OHIW� VWDQGLQJ�� <LHOG� DQG� \LHOG� 
TXDOLW\�ZHUH�VWDWLVWLFDOO\�WKH�VDPH�IRU�ERWK�\HDUV�IRU�DOO�WUHDWPHQWV��WKRXJK�WKH�VWDQGDUG�WUHDWPHQW� 
ZDV� QXPHULFDOO\� KLJKHU� LQ� ERWK� \LHOG� DQG� \LHOG� TXDOLW\� WKH� �QG� \HDU�� &RQVHUYDWLRQ� WLOODJH� 
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WUHDWPHQWV� UHGXFHG� WUDFWRU� SDVVHV� E\� ���� WR� ���� RYHU� WKH� VWDQGDUG� PHWKRG� DQG� HVWLPDWHG� IXHO� 
UHGXFWLRQ�ZDV�����WR�����IRU�WKH�FRQVHUYDWLRQ�SUDFWLFHV��7KH�HVWLPDWHG�RYHUDOO�SURGXFWLRQ�FRVWV� 
RI� WKH� FRQVHUYDWLRQ� WLOODJH� V\VWHPV� ZHUH� ���� WR� ���� ORZHU� WKDQ� WKH� FRQYHQWLRQDO� V\VWHP�� 
0LWFKHOO�HW�DO��HVWLPDWHG��E\�H[WUDSRODWLRQ�IURP�RWKHU�ZRUN��WKDW�ZKROH�WLOODJH�SURFHVV�SDUWLFXODWH� 
PDWWHU�HPLVVLRQV�ZRXOG�DOVR�EH�GHFUHDVHG�� 

3DUWLFXODWH� PDWWHU� LV� UHOHDVHG� GXULQJ� DJULFXOWXUDO� WLOODJH� DFWLYLWLHV� IURP� ERWK� WKH� RSHUDWLRQDO� 
DFWLYLW\�RI�WKH�WLOODJH�LPSOHPHQW��DV�ZHOO�DV�WKH�WUDFWRU�LQ�XVH��(PLVVLRQV�IURP�WKH�WUDFWRU�PDLQO\� 
RULJLQDWH� IURP� WKH� WLUHV� NLFNLQJ� XS� GXVW� IURP� WKH� VRLO� DQG� WKH� FRPEXVWLRQ� HQJLQH�� $WWHPSWV� WR� 
TXDQWLI\�WKH�30�HPLWWHG�LQ�DJULFXOWXUDO�WUDFWRU�H[KDXVW�KDYH�EHHQ�PDGH�E\�WKH�8�6��(3$�DQG�WKH� 
&$5%�LQ�VRIWZDUH�GHVLJQHG�WR�HVWLPDWH�RII�URDG�HQJLQH�HPLVVLRQV�RQ�D�FRXQW\�RU�UHJLRQDO�VFDOH�� 
7KH�8�6��(3$�GHYHORSHG�WKH�12152$'�VRIWZDUH�SURJUDP��ZLWK�WKH�ODWHVW�YHUVLRQ�GLVWULEXWHG�LQ� 
�����>��@��(PLVVLRQ�IDFWRUV�IURP� FRPSUHVVLRQ�LJQLWLRQ��GLHVHO��HQJLQHV�XVHG�LQ�WKH�12152$'� 
PRGHO�DUH�FDOFXODWHG�E\�DGMXVWLQJ�D�]HUR�KRXU��=+���VWHDG\�VWDWH�PHDVXUHG�HPLVVLRQ�IDFWRU��()VV�� 
IRU� HQJLQH� GHWHULRUDWLRQ� ZLWK� RSHUDWLRQ� WLPH� �')�� DQG� D� WUDQVLHQW� DGMXVWPHQW� IDFWRU� �7$)�� WKDW� 
DFFRXQWV� IRU� YDULDWLRQV� IURP� VWHDG\�VWDWH� HQJLQH� ORDGLQJ� DQG� VSHHG�� DV� VKRZQ� LQ� WKH� IROORZLQJ� 
HTXDWLRQ�>��@�� 

� () () u7$) u') �6 � ����DG M�30� VV 30DG M 

ZKHUH� ()DGM�30�� LV� WKH� DGMXVWHG� 30� HPLVVLRQ� IDFWRU� DQG� 630DGM� LV� WKH� HPLVVLRQ� IDFWRU� DGMXVWPHQW� 
DFFRXQWLQJ� IRU� WKH� XVH� RI� D� GLHVHO� IXHO� ZLWK� D� VXOIXU� FRQWHQW� GLIIHUHQW� WKDQ� WKH� GHIDXOW� 
FRQFHQWUDWLRQV�� IXHO� VXOIXU� OHYHO� LV� NQRZQ� WR� DIIHFW� 30� HPLVVLRQV�� 7KH� XQLWV� IRU� ()DGM�30����()VV�� 
DQG� 630DGM� DUH� J�KS�KU�� ZKHUH� KS� VWDQGV� IRU� KRUVHSRZHU�� DQG� 7$)� DQG� ')� DUH� ERWK� XQLWOHVV�� $OO� 
IRXU� YDULDEOHV� RQ� WKH� ULJKW� VLGH� RI� (T�� �� YDU\� ZLWK� PRGHO� \HDU� DQG� HQJLQH� VL]H�� H[SUHVVHG� LQ� 
KRUVHSRZHU� �KS��� DFFRUGLQJ� WR� PHDVXUHG� YDOXHV� DQG�RU� WKH� HPLVVLRQ� VWDQGDUGV� HDFK� PRGHO� \HDU� 
DQG� HQJLQH� VL]H� ZDV� GHVLJQHG� WR� PHHW�� 7KH� VHOHFWLRQ� RI� YDOXHV� IRU� VWHDG\�VWDWH� HPLVVLRQ� IDFWRUV� 
DQG�DOO�WKH�DGMXVWPHQW�YDULDEOHV�JLYHQ�LQ�8�6��(3$��������>��@�ZDV�SHUIRUPHG�XVLQJ�D�YDULHW\�RI� 
WHVWV�DQG�UHVRXUFHV��LQFOXGLQJ�WKH�1RQURDG�(QJLQH�DQG�9HKLFOH�(PLVVLRQ�6WXG\��1(9(6��5HSRUW� 
>��@�� RU� E\� VHWWLQJ� WKH� YDOXHV� VXFK� WKDW� WKH� DGMXVWHG� 30� HPLVVLRQV� ZHUH� HTXDO� WR� PRGHO� \HDU� 
VSHFLILF�HPLVVLRQ�VWDQGDUGV�� 

7KH� &$5%� KDV� DOVR� GHYHORSHG� D� PRGHO� WR� IRUHFDVW� DQG� EDFNFDVW� GDLO\� H[KDXVW� HPLVVLRQV� IURP� 
RII�URDG� HQJLQHV�� LQFOXGLQJ� DJULFXOWXUDO� WUDFWRUV�� KHUHLQ� FDOOHG� 2))52$'�� 6LPLODUO\� WR� WKH� 8�6�� 
(3$¶V� 12152$'� PRGHO�� HPLVVLRQ� IDFWRUV� �()�� IRU� HDFK� HQJLQH� VL]H� DQG� PRGHO� \HDU� DUH� 
FDOFXODWHG� EDVHG� RQ� D� =+� HPLVVLRQ� UDWH� ZLWK� D� GHWHULRUDWLRQ� IDFWRU� �GU�� DSSOLHG� WR� DFFRXQW� IRU� 
HQJLQH� ZHDU� ZLWK� XVH�� DV� LQ� (T�� ��� 7KH� GHULYHG� HPLVVLRQ� IDFWRU� LV� WKHQ� PXOWLSOLHG� E\� WKH� ORDG� 
IDFWRU� �/RDG��� WKH� PD[LPXP� UDWHG� DYHUDJH� KRUVHSRZHU� �$YJ+S��� DQG� WKH� DPRXQW� RI� WLPH� WKH� 
HQJLQH�LV�DFWLYH�WKURXJK�WKH�\HDU��$FWLYLW\��LQ�KU�\U�� 

� () =+�GU &+UV � ���� 

� (PLVVLRQV ()$YJ+S /RDG $FWLYLW\&)� ���� 

ZKHUH� &+UV� LV� WKH� FXPXODWLYH� HQJLQH� RSHUDWLRQ� KRXUV�� (PLVVLRQV� LV� WKH� DPRXQW� RI� SROOXWDQW� 
UHOHDVHG�LQ�WRQV�GD\��DQG�&)�LV�WKH�FRQYHUVLRQ�IDFWRU�IURP�XQLWV�RI�JUDPV�SHU�\HDU�WR�WRQV�SHU�GD\� 
DQG�KDV�D�YDOXH�RI������ [�������7KH�YDOXHV�IRU�WKH�()�DQG�'5�DUH�GHULYHG�IURP�PHDVXUHG�YDOXHV� 
RU� WKH\� DUH� FDOFXODWHG� EDVHG� RQ� UHTXLUHPHQWV� WR� PHHW� WKH� SURSRVHG� HPLVVLRQV� OLPLWV� IRU� IXWXUH� 
\HDUV�>��@�� 
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.HDQ�HW�DO���������HVWLPDWHG�RII�URDG�GLHVHO�HQJLQH��ORFRPRWLYH��DQG�PDULQH�YHKLFOH�HPLVVLRQV�RI� 
12[� DQG� 30��� IRU� ����� EDVHG� RQ� IXHO� VDOHV� >��@�� 'LHVHO� HQJLQH� H[KDXVW� HPLVVLRQ� IDFWRUV� ZHUH� 
GHYHORSHG�EDVHG�RQ�LQIRUPDWLRQ�SURYLGHG�LQ�WKH� GHYHORSPHQW�RI�WKH�8�6�� (3$� 12152$'�RII� 
URDG� YHKLFOH� HPLVVLRQV� PRGHO� ZLWK� VXSSOHPHQWDO� LQIRUPDWLRQ� LQ� RUGHU� WR� FDOFXODWH� HPLVVLRQV� 
EDVHG�RQ�IXHO�FRQVXPSWLRQ��$�IOHHW�ZLGH�DYHUDJH�30���HPLVVLRQ�IDFWRU�ZDV�GHWHUPLQHG�IRU�IDUP� 
GLHVHO� HTXLSPHQW� WR� EH� ���� J�NJ� RI� IXHO� XVHG�� DW� DQ� DYHUDJH� PDVV� SHU� YROXPH� RI� ����� NJ�/� RI� 
GLHVHO�IXHO��)XHO�VDOHV�VXUYH\V�IURP������ZHUH�XVHG�WR�FDOFXODWH�UHJLRQDO�DQG�QDWLRQDO�HPLVVLRQV�� 
,Q� WKH� RII�URDG� FDWHJRU\�� ZKLFK� LQFOXGHV� IDUP� HTXLSPHQW�� WKH� 8�6�� (3$� 12152$'� PRGHO�  
FDOFXODWHG�RQ�DYHUDJH�����WLPHV�KLJKHU�HPLVVLRQV��ZKLFK�ZDV�DWWULEXWHG�WR�KLJKHU�HQJLQH�DFWLYLW\� 
DVVXPHG�LQ�WKH�(3$�PRGHO�WKDQ�UHSUHVHQWHG�LQ�WKH�UHSRUWHG�IXHO�VDOHV�GDWD�� 

$Q� XQFHUWDLQW\� DQDO\VLV� ZDV� FRQGXFWHG� WR� GHWHUPLQH� WKH� VWDWLVWLFV� RI� WKH� SUHFHGLQJ� 30��� 
HPLVVLRQV� IDFWRUV� UHSRUWHG� IURP� PHDVXUHPHQWV�� 7KLV� DQDO\VLV� ZDV� SHUIRUPHG� IROORZLQJ� WKH� 
HPLVVLRQV� IDFWRU� GDWDVHW� DQDO\VLV� WHFKQLTXH� XVHG� E\� 57,� ,QWHUQDWLRQDO� LQ� ³(PLVVLRQ� )DFWRU� 
8QFHUWDLQW\� $VVHVVPHQW�� 5HYLHZ� 'UDIW´� >��@�� 'DWD� SRLQWV� ZHUH� FDWHJRUL]HG� DFFRUGLQJ� WR� WKH� 
IROORZLQJ�WLOODJH�RSHUDWLRQV��ZLWK�WKH�QXPEHU�RI�YDOXHV�JLYHQ�LQ�SDUHQWKHVLV��FKLVHO������GLVF������� 
ODQG� SODQLQJ� ����� OLVWLQJ� ����� ULSSLQJ� ����� URRW� FXWWLQJ� ����� VWDQGDUG� WLOODJH� SODQWLQJ� ������ VWULS�WLOO� 
SODQWLQJ� ����� VWULS�WLOOLQJ� ����� DQG� ZHHGLQJ� ������ ,Q� FDVHV� ZKHUH� D� UHSRUW�SDSHU� RQO\� SURYLGHG� DQ� 
DYHUDJH�HPLVVLRQV�IDFWRU��WKH�DYHUDJH�YDOXH�ZDV�XVHG�RQO\�RQFH��57,�,QWHUQDWLRQDO�IRXQG�WKDW�WZR� 
SDUDPHWULF�PRGHOV��WKH�ORJQRUPDO�DQG�:HLEXOO�GLVWULEXWLRQV��EHVW�ILW�WKH�DQDO\]HG�GDWDVHWV��7KHVH� 
VDPH�WZR�SDUDPHWULF�PRGHOV� ZHUH�ILWWHG�WR�WKH�WLOODJH�RSHUDWLRQ�GDWDVHWV�ZLWK�HLJKW�RU�PRUH�GDWD� 
SRLQWV�� 7KH� HVWLPDWHG� SDUDPHWHUV� IRU� WKHVH� PRGHOV� DQG� WKH� FRUUHVSRQGLQJ� JRRGQHVV�RI�ILW� WR� WKH� 
DYDLODEOH�GDWD�SRLQWV��H[SUHVVHG�DV�WKH�URRW�PHDQ�VTXDUH�HUURU��506(���DUH�JLYHQ�LQ�7DEOH���ZLWK� 
WKH� EHWWHU� ILW� PRGHO� YDOXHV� LQ� EROG�� 1RWH� WKDW� D� VPDOOHU� 506(� UHSUHVHQWV� D� EHWWHU� ILW� WR� WKH�GDWD�� 
7KH�:HLEXOO�GLVWULEXWLRQ�SURYHG�WR�EH�D�EHWWHU�ILW�IRU�IRXU�RXW�RI�WKH�ILYH�H[DPLQHG�GDWDVHWV��7KH� 
ILWV� WR� WKH� GLVF� DQG� ZHHGLQJ� GDWDVHWV� ZHUH� EHWWHU� WKDQ� WKDW� IRU� WKH�UHPDLQLQJ� WKUHH�� ERWK� YLVXDOO\� 
DQG� EDVHG� RQ� WKH� 506(� YDOXHV�� )LJXUH� �� SUHVHQWV� WKH� KLVWRJUDP� IRU� WKH� GLVF� RSHUDWLRQ� GDWDVHW� 
DQG�FXPXODWLYH�GHQVLW\�IXQFWLRQV�GHYHORSHG�IURP�WKH�GDWD�DQG�WKH�:HLEXOO�GLVWULEXWLRQ�ILW�WR�WKH� 
GDWD��7KH�PHDQ�DQG�PHGLDQ�YDOXHV�RI�WKH�ILWWHG�:HLEXOO�GLVWULEXWLRQ�DUH�VKRZQ�RQ�WKH�FXPXODWLYH� 
GHQVLW\� IXQFWLRQ� OLQH�� DORQJ� ZLWK� WKH� HPLVVLRQV� IDFWRU� YDOXH� JLYHQ� E\� $5%� IRU� D� GLVF� RSHUDWLRQ�� 
7KH� $5%� HPLVVLRQV� IDFWRU� RI� ������ PJ�P�� LV� YHU\� FORVH� WR� WKH� :HLEXOO� GLVWULEXWLRQ� PHGLDQ� RI� 
������PJ�P���7KH�HPLVVLRQV�IDFWRU�YDOXHV�FRUUHVSRQGLQJ�WR�WKH����������PHGLDQ�������DQG����� 
OHYHOV� DORQJ� WKH� FXPXODWLYH� GLVWULEXWLRQ� FXUYH�� DV� ZHOO� DV� WKH� DYHUDJH� HPLVVLRQV� IDFWRU�� ZHUH� 
FDOFXODWHG�IRU�WKH�ILYH�RSHUDWLRQV�DQG�DUH�SUHVHQWHG�LQ� 7DEOH����7KH�����OHYHO� HPLVVLRQV� IDFWRUV� 
IRU� WKH� WKUHH� RSHUDWLRQV� ZLWK� SRRUHU� ILWV� �L�H��� KLJKHU� 506(�� VHHP� YHU\� KLJK�� WKLV� LV� OLNHO\� DQ� 
DUWLIDFW� RI� ILWWLQJ� WKH� GLVWULEXWLRQV� WR� D� OLPLWHG� QXPEHU� RI� GDWD� SRLQWV�� ,Q� WKLV� DQDO\VLV�� WKH� EHWWHU� 
ILWV�ZHUH�REWDLQHG�IRU�GDWDVHWV�ZLWK�Q������� 
� � 
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Table 5. Estimated distribution parameters and goodness-of-fit, as root mean square error (RMSE), for the 
lognormal and Weibull distributions fit to tillage operation datasets with ≥ 8 data points. Values in bold 
represent model with a better fit. 

2SHUDWLRQ� Q� 
/RJQRUPDO� :HLEXOO� 

0HDQ� ı� 506(� 6FDOH� 6KDSH� 506(� 
'LVF� ��� ����� ����� ����� 214.1 0.82 0.04 
:HHGLQJ� ��� 3.90 1.22 0.06 ����� ����� ����� 
6WDQGDUG�WLOO�3ODQWLQJ� ��� ����� ����� ����� 197.0 0.58 0.13 
6WULS�WLOO�3ODQWLQJ� �� ����� ����� ����� 143.3 0.43 0.15 
/LVWLQJ� �� ����� ����� ����� 366.0 0.50 0.22 
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Figure 1. Histogram of disc  operation emissions factors and both the empirical and the Weibull cumulative 
distribution functions (CDFs).  

 
Table 6. Emissions factor values corresponding to statistical measures of interest for the distributions fitted to 
the various tillage operation datasets. 

2SHUDWLRQ� 
(PLVVLRQV�)DFWRU��PJ�P��� 

��� ���� 0HGLDQ� 0HDQ� ���� ���� 
'LVF� ���� ����� ������ ������ ������ ������ 
:HHGLQJ� ���� ����� ����� ������ ������ ������ 
6WDQGDUG�WLOO�3ODQWLQJ� ���� ����� ������ ������ ������ �������� 
6WULS�WLOO�3ODQWLQJ� ���� ���� ����� ������ ������ �������� 
/LVWLQJ� ���� ����� ������ ������ ������ �������� 

� 

� � 
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2. EXPERIMENT DESIGN  

2.1 SITE DESCRIPTION  
$IWHU� GLVFXVVLRQ� DPRQJ� VWDNHKROGHUV�� UHJXODWRU\� DJHQFLHV�� DQG� UHVHDUFKHUV�� LW� ZDV� FROOHFWLYHO\� 
GHWHUPLQHG�WKDW�WKH�DSSURSULDWH�W\SH�RI�WLOODJH�IRU�WKLV�H[SHULPHQW�ZRXOG�EH�WKH�WLOODJH�VHTXHQFH� 
IROORZLQJ� WKH�KDUYHVW� RI� D� ZLQWHU� ZKHDW� FURS�LQ� SUHSDUDWLRQ� IRU� SODQWLQJ� RI� FRUQ�� $Q� DSSURSULDWH� 
VLWH� ZDV� LGHQWLILHG� LQ� WKH� 6DQ� -RDTXLQ� 9DOOH\� RI� &DOLIRUQLD� �VHH� )LJXUH� ��� FRQVLVWLQJ� RI� WZR� 
DGMDFHQW�ILHOGV��%RWK�ILHOGV�ZHUH�FXOWLYDWHG�LQ�ZLQWHU�ZKHDW�LQ�ODWH������DQG�ZHUH�WR�EH�SODQWHG�LQ� 
FRUQ� IRU� WKH� ����� VXPPHU� JURZLQJ� VHDVRQ�� 7KH� IRFXV� RI� WKLV� VWXG\� ZDV� FRPSDULQJ� HPLVVLRQV� 
UHVXOWLQJ� IURP� WKH� WLOODJH� RSHUDWLRQV� LQ� HDFK� ILHOG�� 7KHUHIRUH�� QR� GDWD� ZHUH� FROOHFWHG� WR� PDNH� 
FRPSDULVRQV� RI� RWKHU� SRWHQWLDOO\� YDU\LQJ� FKDUDFWHULVWLFV�� VXFK� DV� FURS� \LHOG�� VRLO� RUJDQLF� PDWWHU�� 
HWF��� EHWZHHQ� WKH� WZR� PDQDJHPHQW� SUDFWLFHV�� 7LOODJH� PDQDJHPHQW� SUDFWLFHV� DUH� RIWHQ� FURS� 
VSHFLILF� DQG� DUH� QRW� DSSURSULDWH� IRU� XVH� LQ� DOO� FURS� SURGXFWLRQ� DFWLYLWLHV�� 7KH� HIIHFWLYHQHVV� RI� 
&03V�XVHG�LQ�RWKHU�FURS�V\VWHPV�DW�UHGXFLQJ�30�HPLVVLRQV�VKRXOG�EH�LQYHVWLJDWHG�� 

$Q� DHULDO� SKRWRJUDSK� DQG� VRLO� FODVVLILFDWLRQ� PDS� RI� WKH� H[SHULPHQWDO� VLWH� LV� VKRZQ� LQ� )LJXUH� ��� 
7KHVH�GDWD�ZHUH�REWDLQHG�IURP�WKH�:HE�6RLO�6XUYH\��:66���D�ZHEVLWH�PDLQWDLQHG�E\�WKH�86'$� 
1DWXUDO�5HVRXUFHV�&RQVHUYDWLRQ�6HUYLFH��15&6��>��@���7KH�SKRWR�ZDV�VOLJKWO\�PRGLILHG�IURP�LWV� 
RULJLQDO� IRUPDW� WR� UHIOHFW� FXUUHQW� ODQG� XVH�� WR� GHOLQHDWH� DQG� ODEHO� VWXG\� ILHOGV�� DQG� WR� PDNH� VRLO� 
W\SH�ERXQGDULHV�DQG�ODEHOV�PRUH�YLVLEOH��7KH�VWXG\�ILHOGV�DUH�RXWOLQHG�DQG�ODEHOHG�LQ�\HOORZ��7KH� 
VRLO�W\SH�ERXQGDULHV�DQG�ODEHOV�DUH�LQ�ZKLWH��7KH�WZR�ILHOGV�WKDW�ZHUH�XVHG�IRU�WKLV�H[SHULPHQW�DUH� 
ODEHOHG� DV� )LHOG� �� DQG� )LHOG� ��� � 7KH� ILHOGV� DUH� UHIHUUHG� WR� E\� WKHVH� QDPHV� WKURXJKRXW� WKLV� 
H[SHULPHQW�DQG�UHIOHFW�WKH�GHVLJQDWLRQ�JLYHQ�WR�WKHP�E\�WKH�ODQGRZQHU��%RWK�)LHOG���DQG�)LHOG��� 
DUH� UHFWDQJXODU� LQ� VKDSH�� FRQWDLQ� DQ� DUHD� RI� DSSUR[LPDWHO\� ��� DFUHV� DQG� DUH� FRPSOHWHO\� 
GRPLQDWHG�E\�VRLO�W\SH������.LPEHUOLQD�ILQH�VDQG\�ORDP��VDOLQH�DONDOL��� 

7KH� DUHD� LPPHGLDWHO\� VXUURXQGLQJ� WKH� H[SHULPHQW� ILHOGV� LV� GRPLQDWHG� E\� DJULFXOWXUDO� SUDFWLFHV��� 
)LHOG� �� KDV� DGMDFHQW� FXOWLYDWHG� FURSODQG� RQ� WKUHH� VLGHV� DQG� WKH� IRXUWK� VLGH� LV� ERXQGHG� E\� DQ� 
DFWLYH� GDLU\�� )LHOG� �� KDV� DGMDFHQW� FXOWLYDWHG� FURSODQG� RQ� WZR� DQG� D� KDOI� VLGHV� DQG� WKH� RWKHU� VLGH� 
DQG�D�KDOI�DUH�DGMDFHQW�WR�DFWLYH�GDLULHV���%RWK�ILHOGV�DUH�VXUURXQGHG�RQ�DOO�VLGHV�E\�URDGV���7KHVH� 
URDGV�� ZLWK� WKH� H[FHSWLRQ� RI� RQH�� DUH� GLUW� URDGV� XVHG� IRU� ILHOG� DFFHVV� E\� IDUP� PDFKLQHU\�� � 7KH� 
SDYHG� URDG� LV� D� KHDYLO\� WUDYHOOHG�� WZR�ODQH� DVSKDOW� URDG� WKDW� ZDV� GRZQZLQG� RI� WKH� ILHOGV� GXULQJ� 
DOO� PHDVXUHPHQWV�� $GGLWLRQDOO\�� UDLOURDG� WUDFNV� DUH� ORFDWHG� WR� WKH� QRUWK� RI� WKLV� VLWH� DQG� WZR� WR� 
WKUHH�WUDLQV�SDVV�E\�SHU�GD\� ZLWK� YDU\LQJ�QXPEHUV�RI�FDUV�� 7KH� FURSV�REVHUYHG�LQ�WKH�DUHD� DW�WKH� 
WLPH�RI�WKH�H[SHULPHQW�ZHUH�JUDLQ��FRUQ��DOPRQG�RUFKDUGV�DQG�JUDSH�YLQH\DUGV��� 

7KH�WHUUDLQ�VXUURXQGLQJ�WKH�ILHOGV�ZDV�UHODWLYHO\�IODW�LQ�DOO�GLUHFWLRQV��)LJXUH���LV�D�SKRWR�WDNHQ�RQ� 
WKH�VRXWKHUQ�HGJH�RI�)LHOG���ORRNLQJ� DFURVV�)LHOG���DQG�)LHOG����7KH�PDLQ�IRUP�RI�WRSRJUDSKLFDO� 
WHUUDLQ�UHOLHI�ZDV�SURYLGHG�E\�WKH�GUDLQDJH�DQG�LUULJDWLRQ�GLWFKHV�DQG�FDQDOV���� 

2.2 OPERATION DESCRIPTION 
7KH�SXUSRVH�RI�WKLV�ILHOG�VWXG\�ZDV�WR�PHDVXUH�DQG�FRPSDUH�WKH�TXDQWLW\�RI�SDUWLFXODWH�HPLVVLRQV� 
EHWZHHQ� WKH� FRQYHQWLRQDO� PHWKRG� �RI� VSULQJ� WLOODJH� EHWZHHQ� D� ZLQWHU� ZKHDW� FURS� DQG� D� VXPPHU� 
FURS� RI� IHHG� FRUQ�� DQG� D� &RQVHUYDWLRQ� 7LOODJH� &03�� $V� GHVFULEHG� LQ� WKH� &RQVHUYDWLRQ� 
0DQDJHPHQW� 3UDFWLFHV� 3URJUDP� 5HSRUW� �������� WKH� FRQVHUYDWLRQ� WLOODJH� &03� ³LQYROYHV� XVLQJ� D� 
V\VWHP�LQ�ZKLFK�WKH�VRLO�LV�EHLQJ�WLOOHG�RU�FXOWLYDWHG�WR�D�OHVVHU�H[WHQW�FRPSDUHG�WR�D�FRQYHQWLRQDO� 
V\VWHP´� DQG� LW� LV� ³LQWHQGHG� WR� UHGXFH� SULPDU\� VRLO� GLVWXUEDQFH� RSHUDWLRQ� VXFK� DV� SORZLQJ�� 
GLVFLQJ��ULSSLQJ��DQG�FKLVHOLQJ³�� 
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Figure 2. Shaded relief map of the State of California, USA, with the location of the selected sample site 
shown by the white star. Image from geology.com [33]. 

7KH� &RQVHUYDWLRQ� 7LOODJH� &03� XQGHU� VWXG\� LV� D� VWULS�WLOO� PHWKRG� ZKLFK� FRPELQHV� PXOWLSOH� 
RSHUDWLRQV� WR� UHGXFH� WKH� QXPEHU� RI� SDVVHV� UHTXLUHG� DQG� GLVWXUEV� WKH� VRLO� RQO\� LQ� �´�ZLGH� VWULSV� 
FHQWHUHG� HYHU\� ��´� LQVWHDG� RI� GLVWXUELQJ� WKH� HQWLUH� VXUIDFH� OLNH� WKH� SORZLQJ�� GLVFLQJ�� DQG� OLVWLQJ� 
RSHUDWLRQV�RI�D�FRQYHQWLRQDO�PHWKRG��7KLV�VWULS�WLOO�PHWKRG�WKHUHIRUH�UHGXFHV�WKH�WLOOHG�VXUIDFH�E\� 
XS� WR� ���� ZKLOH� OHDYLQJ� D� ORW� RI� WKH� ZKHDW� VWXEEOH� DV� JURXQG� FRYHU� LQ� DGGLWLRQ� WR� UHGXFLQJ� WKH� 
QXPEHU� RI� SDVVHV�� 7KH� LPSOHPHQW� XVHG� LQ� WKLV� VWXG\� ZDV� WKH� 2UWKPDQ� ��W5,3U�� VKRZQ� LQ� )LJXUH� 
��� 7KH� OHYHO� RI� SUHFLVLRQ� DQG� UHSHDWDELOLW\� UHTXLUHG� E\� WKH� VWULS�WLOO� PHWKRG� PDNHV� WKH� XVH� RI� 
DFFXUDWH�*36�V\VWHPV�D�QHFHVVLW\��7KH�FRRSHUDWLQJ�IDUP�KDV�EHHQ�XVLQJ�WKH�2UWKPDQ���W5,3U�IRU� 
VHHGEHG�SUHSDUDWLRQ�RQ�DOO�RI�LWV�ILHOGV�IRU�VHYHUDO� \HDUV�ZLWK� WKH�H[FHSWLRQ�RI�)LHOG���ZKLFK�KDV� 
FRQWLQXHG�WR�EH�SUHSDUHG�E\�FRQYHQWLRQDO�WLOODJH�PHWKRGV��� 

� 
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Figure 3. Satellite image of the study location with soil types shown in white.  The study fields are outlined 
within the two rectangles. Soil type 130 represents Kimberlina fine sandy loam, saline-alkali [34]. 

7KH� FRQVHUYDWLRQ� WLOODJH� &03� DSSOLHG� LQ� WKLV� VWXG\� FRQVLVWHG� RI� WKUHH� RSHUDWLRQV� WRWDOLQJ� WKUHH� 
SDVVHV�DFURVV�WKH�ILHOG��ZLWK�DOO�WKUHH�EHLQJ�PHDVXUHG�LQ�VHSDUDWH�VDPSOH�SHULRGV��,Q�FRPSDULVRQ�� 
WKH� FRQYHQWLRQDO� WLOODJH� PHWKRG� DV� DSSOLHG� KHUH� KDG� QLQH�GLIIHUHQW� RSHUDWLRQV� WRWDOLQJ� ��� SDVVHV�� 
H[FOXGLQJ� WKH� EXLOGLQJ� DQG� UHPRYDO� RI� D� GLWFK� DQG� LQ�ILHOG� ERUGHUV�� ZLWK� ��� RI� WKHP� EHLQJ� 
PHDVXUHG�LQ�QLQH�VDPSOH�SHULRGV��� 

7KH�FRQYHQWLRQDO�WLOODJH�PHWKRG�ZDV�HPSOR\HG�LQ�)LHOG����DQG�WKH�FRQVHUYDWLRQ�WLOODJH�&03�ZDV� 
XVHG�LQ�)LHOG����7KH�RSHUDWLRQV�WKDW�ZHUH�SHUIRUPHG�LQ�HDFK�PHWKRG�DUH�VKRZQ�LQ�RUGHU�LQ�7DEOH� 
��� ZLWK� WKHLU� FRUUHVSRQGLQJ� GDWHV�� ,Q� ERWK� WKH� &03� DQG� FRQYHQWLRQDO� WLOODJH� VHTXHQFHV�� GLWFKHV� 
DQG� ILHOG�HGJH� ERUGHUV� ZHUH� EXLOW� DQG� WKHQ� EURNHQ� GRZQ� EHWZHHQ� ���������� DQG� ��������� WR� 
DOORZ�IRU� IORRG�LUULJDWLRQ�RI�WKH� ILHOG�SULRU�WR�SODQWLQJ��'UDLQDJH�GLWFKHV�RQ�WKH�HDVW�VLGH�RI�ERWK� 
ILHOGV� UHWXUQHG� H[FHVV� ZDWHU� WR� WKH� ZDVWHZDWHU� ODJRRQ� RI� WKH� DGMDFHQW� GDLU\�� $V� WKH� GLWFK� DQG� 
ILHOG�HGJH�ERUGHU�FRQVWUXFWLRQ�DQG�UHPRYDO�ZHUH�QRW�PHDVXUHG�LQ�)LHOG����WKH�FRUUHVSRQGLQJ�VWHS� 
IRU� WKH� FRQYHQWLRQDO� WLOODJH� PHWKRG� ZDV� QRW� FRQVLGHUHG� LQ� WKH� WRWDO� HPLVVLRQV� SHU�PHWKRG�� $OVR�� 
WKH�LQ�ILHOG�ERUGHUV�LQ�)LHOG���ZHUH�QRW�EURNHQ�GRZQ�DQG�VPRRWKHG�RXW��EXW�LQVWHDG�ZHUH�XVHG�IRU� 
WKH� VXPPHU� FRUQ� FURS�� 7KH� WHUP� LQ�ILHOG� ERUGHUV� DV� XVHG� KHUH� DSSOLHV� WR� ORZ� ULGJHV� RI� VRLO� WKDW� 
VHSDUDWH�WKH�ILHOG�LQWR�VPDOOHU�DUHDV�IRU�IORRG�LUULJDWLRQ��3ULRU�WR�DQ\�VSULQJ�WLOODJH�DFWLYLWLHV��ERWK� 
)LHOGV� �� DQG� �� KDG� LQ�ILHOG� ERUGHUV�UXQQLQJ� LQ� URXJKO\� DQ� HDVW�ZHVW� GLUHFWLRQ�� ZLWK� WKH�LUULJDWLRQ� 
ZDWHU�VRXUFHV�ORFDWHG�RQ�WKH�ZHVW�VLGH�RI�WKH�ILHOGV��,Q�)LHOG���WKH�ERUGHUV�ZHUH�QRW�EURNHQ�GRZQ�� 
EXW� LQ� )LHOG� �� WKH\� ZHUH� UHPRYHG� DQG� WKH�LUULJDWLRQ� ZDWHU� PRYHG� IURP� ZHVW� WR� HDVW� EHWZHHQ� WKH� 
ULGJHV�LQ�ZKLFK�WKH�FRUQ�ZDV�SODQWHG�� 
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Figure 4. Photo taken standing near the southern edge of Field 5 looking north across Field 5 towards Field 4. 
Note the relative flatness of the terrain. 

7KH� FXOWLYDWRU� SDVVHV� LQ� WKH� FRQYHQWLRQDO� WLOODJH� VHTXHQFH� IXQFWLRQ� DV� PHFKDQLFDO� ZHHG� FRQWURO�� 
ZKHUHDV� D� FKHPLFDO� ZHHG� FRQWURO� �KHUELFLGH�� LV� XVHG� LQ� WKH� &03� VHTXHQFH�� $GGLWLRQDOO\�� WKH� 
FXOWLYDWRU� SDVV� �� ZDV� FDUULHG� RXW� WKH� GD\� DIWHU� WKH� FXOWLYDWRU� SDVV� ��� EXW� XQPRYDEOH� VFKHGXOHV� 
SUHYHQWHG� LWV� PHDVXUHPHQW�� ,W� LV� DVVXPHG�� LQ� FDOFXODWLQJ� WKH� WRWDO� 30� HPLVVLRQV�� WKDW� WKH� 
HPLVVLRQ�UDWHV�RI�ERWK�SDVVHV���DQG���ZHUH�HTXDO��,Q�JHQHUDO��WZR�FXOWLYDWRU�SDVVHV�DUH�GRQH�ULJKW� 
DIWHU�WKH�RWKHU�LQ�RSSRVLWH�GLUHFWLRQV�GRZQ�WKH�URZV�WR�HQVXUH�DGHTXDWH�ZHHG�FRQWURO�� 

7KH� WUDFWRUV� DQG� LPSOHPHQWV� XVHG� GXULQJ� DOO� WKH� WLOODJH� RSHUDWLRQV� DUH� OLVWHG� LQ� 7DEOH �� E\� GDWH� 
DQG�RSHUDWLRQ�� ,Q�FDVHV� ZKHUH�PXOWLSOH�WUDFWRUV�DQG�LPSOHPHQWV�ZHUH�XVHG��WKH\�DUH�OLVWHG�LQ�WKH� 
RUGHU� RI� XVH�� $� VLQJOH�� KDQGKHOG� *36� XQLW� ZDV� XVHG� WR� DFWLYHO\� ORJ� WKH� WUDFWRUV¶� SRVLWLRQV� RYHU� 
WLPH� IRU� HDFK� UXQ�� 'XULQJ� WKH� ILUVW� SDUW� RI� WKH� OLVWHU� RSHUDWLRQ�� XQKDUYHVWHG� SODQW� PDWHULDO� DORQJ� 
WKH� ERUGHU� OLQHV� FDXVHG� FORJJLQJ� RI� WKH� OLVWHU� EODGHV�� GHFUHDVLQJ� LWV� HIIHFWLYHQHVV�� $� VHFRQG� 
WUDFWRU�ZLWK�WKH�GLVF�VHW�ZDV�EURXJKW�LQ�WR�JR�RYHU�WKH�ERUGHU�OLQHV�DJDLQ�WR�IXUWKHU�UHGXFH�WKH�VL]H� 
RI� UHVLGXDO� SODQW� PDWHULDO�� 1RWH� WKDW� WKH� FXOWLYDWRU� SDVVHV� �� DQG� �� DQG� WKH� UROOHU� SDVV� ZHUH� QRW� 
ILQLVKHG�ZKHQ�WKH�SODQWHU�DUULYHG�WR�EHJLQ�SODQWLQJ�)LHOG����7KHUHIRUH��WKH�ILUVW�VDPSOH�SHULRG� RQ� 
��������� ZDV� VWRSSHG� DQG� WKH� VHFRQG� VDPSOH� SHULRG� ZDV� VWDUWHG� VKRUWO\� WKHUHDIWHU� ZLWK� WKH� 
FXOWLYDWRU� DQG� UROOHU� VWLOO�RSHUDWLQJ� LQ� WKH� QRUWK� HQG� RI�WKH�ILHOG� ±� WKH� LPSOHPHQW�ORFDWLRQV� LQ� WKH� 
QRUWK� HQG� RI� WKH� ILHOG� DQG� PHWHRURORJLFDO� FRQGLWLRQV� OLNHO\� SUHYHQWHG� VLJQLILFDQW� LPSDFWV� IURP� 
WKH�FXOWLYDWRU�DQG�UROOHU�RSHUDWLRQV�RQ�GRZQZLQG�VDPSOHV�� 

)LHOG� SHUVRQQHO� REVHUYHG� RSHUDWLRQV� FRQWLQXDOO\� DQG� UHFRUGHG� QRWHV� RQ� WUDFWRU� RSHUDWLRQ� WLPHV�� 
SRWHQWLDO� FRQWDPLQDWLRQ� LVVXHV� GXH� WR� WUDIILF� RQ� VXUURXQGLQJ� GLUW� URDGV� DQG� ZLQG�EORZQ� GXVW�� 
JHQHUDO�PHWHRURORJLFDO�REVHUYDWLRQV��HWF�� 
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Figure 5. Orthman 1-tRIPr in operation during this field experiment.  

Table 7. Tillage operations and dates performed for the comparison study. 

Sequence Operation Date 
&RQVHUYDWLRQ�7LOODJH��)LHOG���� 
�� 6WULS�7LOO� ���������� 
�� 3ODQW�DQG�)HUWLOL]H� ��������� 
�� +HUELFLGH�$SSOLFDWLRQ� ���������� 
&RQYHQWLRQDO�7LOODJH��)LHOG���� 
�� %UHDN�GRZQ�LQ�ILHOG�LUULJDWLRQ�ERUGHUV� ���������� 
�� &KLVHO� ���������� 
�� 'LVF��� ���������� 
�� 'LVF��� ���������� 
�� /LVWHU� ���������� 
�� %XLOG�XS�GLWFK�DQG�ILHOG�HGJH�ERUGHUV� ���������� 
�� %UHDN�GRZQ�GLWFK�DQG�ILHOG�HGJH�ERUGHUV�� 

&XOWLYDWRU�SDVVHV���DQG����DQG�5ROOHU� 
��������� 

�� 3ODQW� ��������� 
�� )HUWLOL]H� ���������� 
��� &XOWLYDWRU�SDVV��� ���������� 

� 

� � 
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 Table 8. Agricultural equipment used to perform the tillage operations. 

Operation Field 
# * 

Date Tractor Implement (1 per tractor) 

6WULS�WLOO� �� �������� &DVH�0;���� 2UWKPDQ���W5,3U����URZ�����LQ��VSDFLQJ� 
%UHDN�GRZQ�LQ�ILHOG� 
ERUGHUV� 

�� �������� &DVH�3XPD����� &XVWRP�ERUGHU�EXVWHU����VHWV�RI���GLVFV�WKDW�PRYH� 
VRLO�IURP�FHQWHU�WR�HGJHV�� 

&KLVHO� �� �������� &DVH�0;���� &XVWRP�FKLVHO�����IW��ZLGH�����LQ��GHSWK��Z��HGJHG� 
UROOHU� 

'LVF��� �� �������� &DVH�3XPD����� ,QWHUQDWLRQDO�2IIVHW�'LVF�����IW��ZLGH��SXOOLQJ�D� 
VLQJOH�D[OH����VPRRWK�URDG�WLUHV���SXOOLQJ�D����IW�� 
ZLGH�VSLNHG�UROOHU�� 

'LVF��� �� �������� &DVH�3XPD����� ,QWHUQDWLRQDO�2IIVHW�'LVF�����IW��ZLGH��SXOOLQJ�D� 
VLQJOH�D[OH����VPRRWK�URDG�WLUHV���SXOOLQJ�D����IW�� 
ZLGH�VSLNHG�UROOHU� 

/LVWHU� �� �������� ���&DVH�0;���� &XVWRP�OLVWHU����URZ�����LQ��VSDFLQJ� 
���&DVH�3XPD����� ,QWHUQDWLRQDO�2IIVHW�'LVF�����IW��ZLGH� 

%XLOGLQJ�ERUGHUV�DQG� 
GLWFKHV� 

�� �������� ���.XERWD� 
0����'7� 

&XVWRP���ZD\�GLWFK�GLJJHU����VHWV�RI���GLVFV�WKDW� 
PRYH�VRLO�WRZDUG�FHQWHU�� 

���&DVH����� &XVWRP�ERUGHU�ULGJHU����VHWV�RI���GLVFV�WKDW�PRYH� 
VRLO�IURP�FHQWHU�WR�HGJHV�� 

%UHDN�ERUGHUV�DQG� 
GLWFKHV��FXOWLYDWH�� 
DQG�UROO� 

�� ������� ���.XERWD� 
0����'7� 

&XVWRP���ZD\�GLVF����VHW�RI���GLVFV�WKDW�PRYH�VRLO� 
IURP�RQH�VLGH�WR�WKH�RWKHU�� 

���&DVH����� &XVWRP�ERUGHU�EXVWHU����VHWV�RI���GLVFV�WKDW�PRYH� 
VRLO�IURP�FHQWHU�WR�HGJHV�� 

���&DVH�3XPD����� /LOOLVWRQ�5ROOLQJ�&XOWLYDWRU����URZV�ZLGH�����LQ�� 
VSDFLQJ� 

���&DVH������ )ODW�UROOHU����URZV�ZLGH� 
3ODQWLQJ� �� ������� ���&DVH�3XPD����� /LOOLVWRQ�5ROOLQJ�&XOWLYDWRU����URZV�ZLGH�����LQ�� 

VSDFLQJ� 
���&DVH������ )ODW�UROOHU����URZV�ZLGH� 
���-RKQ�'HHUH������ -RKQ�'HHUH�0D[(PHUJH���5RZ�3ODQWHU��VLQJOH� 

URZ����URZV�ZLGH�����LQ��VSDFLQJ� 
3ODQWLQJ� �� ������� &DVH�0;���� 0RQRVHP�7ZLQ�5RZ�3ODQWHU�0RGHO��[�����URZV�� 

���LQ��VSDFLQJ� 
+HUELFLGH� 
$SSOLFDWLRQ� 

�� �������� .XERWD�%�6HULHV� +DUGL�$79�6SUD\HU�����IW��ERRP� 

)HUWLOL]HU� 
$SSOLFDWLRQ� 

�� �������� &DVH������ &XVWRP�VLGH�GUHVV�IHUWLOL]HU����URZV�ZLGH�����LQ�� 
VSDFLQJ��SXOOLQJ�D�IHUWLOL]HU�WDQN����D[OH����VPDOO� 
VPRRWK�WUDFWRU�WLUHV�� 

&XOWLYDWRU� �� �������� &DVH������ /LOOLVWRQ�5ROOLQJ�&XOWLYDWRU����URZV�ZLGH�����LQ�� 
VSDFLQJ� 

�1RWH���)LHOG��� �FRQYHQWLRQDO�WLOODJH�SUDFWLFH��)LHOG��� �FRQVHUYDWLRQ�WLOODJH�&03� 
� 

� � 
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2.3 TILLAGE OPERATION DATA 
%DVHG� RQ� ILHOG� QRWHV� DQG� *36� GDWD� SRLQWV�� WKH� WRWDO� WUDFWRU� UXQ� WLPH�LQ� WUDFWRU� KRXUV� �KUWUDFWRU��� RU� 
WKH� VXP� RI� LQGLYLGXDO� WUDFWRU� RSHUDWLRQ� WLPHV�� DQG� WKH� WRWDO� DUHD� WLOOHG� SHU� GD\� ZHUH� FDOFXODWHG�� 
7KLV� WUDFWRU� UXQ� WLPH� RQO\� LQFOXGHV� WLPHV� ZKHQ� WKH� WUDFWRU� ZDV� PRYLQJ� DQG� SHUIRUPLQJ� WKH� 
VSHFLILHG� RSHUDWLRQ� LQ� WKH� ILHOG�� 7KH� WUDFWRU� KRXUV� ZH� UHSRUW� WKHUHIRUH� GR� QRW� LQFOXGH� WLPH� WKH� 
WUDFWRU�VSHQW�PRWLRQOHVV�LQ�WKH�ILHOG�ZLWK�RU�ZLWKRXW�DQ�LGOLQJ�HQJLQH��2SHUDWLRQ�GHOD\V�REVHUYHG� 
ZHUH� UHIXHOLQJ�� LPSOHPHQW� DGMXVWPHQWV�� FKDQJLQJ� HTXLSPHQW�� DQG� FRUUHFWLRQV� WR� WKH� RQ�ERDUG� 
*36� V\VWHP�� 7KH� WLOODJH� UDWH� �KHFWDUHV�KUWUDFWRU�� DQG� WKH� RSHUDWLRQ� UDWH� RI� WKH� WUDFWRUV� 
�KUWUDFWRU�KHFWDUHV��ZHUH�FDOFXODWHG�IURP�WKH�WUDFWRU�UXQ�WLPH�DQG�WRWDO�DUHD�WLOOHG��:KLOH�ERWK�ILHOGV� 
ZHUH����DFUHV�������KHFWDUHV��LQ�DUHD��PHDVXUHPHQW�HTXLSPHQW�KDG�WR�EH�SODFHG�LQVLGH�RI�WKH�ILHOG� 
HGJH� LQ� )LHOG� �� XVHG� IRU� FRQVHUYDWLRQ� WLOODJH�� UHGXFLQJ� WKH� PRQLWRUHG� DUHD� WR� DERXW� ����� DFUHV� 
������KHFWDUHV���7KH�WUDFWRU�RSHUDWLRQ�UDWHV�ZHUH�VXPPHG�WR�SURYLGH�WKH�WRWDO�DPRXQW�RI�WLPH�SHU� 
KHFWDUH� VSHQW�SUHSDULQJ� WKH� JURXQG� IRU� WKH� QH[W� FURS�� $OO� RI� WKHVH� GDWD� DUH� SUHVHQWHG� LQ� 7DEOH� ��� 
,Q�WKLV�VWXG\��WKH�WLOODJH�UDWH�RI�WKH�FRQVHUYDWLRQ�WLOODJH�RSHUDWLRQ�ZDV������KUWUDFWRU�KHFWDUH�DQG�WKH� 
FRQYHQWLRQDO�WLOODJH�UDWH�ZDV�DERXW�ILYH�WLPHV�WKDW�DPRXQW�DW������KUWUDFWRU�KHFWDUH��� 
Table 9. Operation data for both the conventional and conservation tillage studies as recorded by field 
personnel. 

Operation Date 
Total 

Tractor Time 
(hrtractor) 

Total Area 
worked 

(hectares) 

Tillage Rate 
(hectares/hrtractor) 

Tractor Rate 
(hrtractor/hectare) 

&RQVHUYDWLRQ�7LOODJH��VWXG\�DUHD� ������KHFWDUHV�� 
��6WULS�WLOO� ����� ����� ����� ����� ������ 
��3ODQW� ���� ����� ����� ����� ������ 
��+HUELFLGH�DSSOLFDWLRQ� ����� ����� ����� ����� ������ 
� � � Sum� 0.862 
&RQYHQWLRQDO�7LOODJH��VWXG\�DUHD� �������KHFWDUHV�� 
��%UHDN�GRZQ�ERUGHUV� ����� ����� ����� ����� ������ 
��&KLVHO� ����� ����� ����� ����� ������ 
��'LVF��� ����� ����� ������ ����� ������ 
��'LVF��� ����� ����� ������ ����� ������ 
��/LVWHU� ����� ����� ������ ����� ������ 
��%XLOG�GLWFKHV� ����� ����� ����� ����� ������ 
��%UHDN�GRZQ�GLWFKHV��&XOWLYDWRU� 
SDVVHV���DQG����	 �5ROOHU� 

���� ����� ������ ����� ������ 

��3ODQW� ���� ����� ������ ����� ������ 
��)HUWLOL]HU�DSSOLFDWLRQ� ����� ����� ����� ����� ������ 
��&XOWLYDWRU�SDVV��� ����� ����� ������ ����� ������ 
� � � Sum� 4.90 

'XH� WR� WKH� EUHDNV� LQ� WUDFWRU� UXQ� WLPH� DQG� YDULDWLRQ� LQ� WKH� SUHVHQFH� RI� RWKHU� WUDFWRUV�� WKH� UDWLR� RI� 
WKH� VDPSOH� SHULRG� OHQJWK� DQG� WRWDO� WUDFWRU� RSHUDWLRQ� WLPH� ZDV� VOLJKWO\� GLIIHUHQW� IRU� HDFK� UXQ�� DV� 
VKRZQ�LQ�7DEOH����EHORZ��7KH�GLIIHUHQFH�EHWZHHQ�WRWDO�WUDFWRU�RSHUDWLRQ�WLPH�DQG�VDPSOH�SHULRG� 
WLPH�LV�LPSRUWDQW�EHFDXVH�WKH�VRXUFH�VWUHQJWK�DOVR�YDULHV�EDVHG�RQ�KRZ�PDQ\�WUDFWRUV��LI�DQ\��DUH� 
RSHUDWLQJ� DW� D� JLYHQ� WLPH�� $OO� FDOFXODWLRQV� RI� HPLVVLRQ� UDWHV� KHUHLQ� KDYH� DFFRXQWHG� IRU� WKHVH� 
GLIIHUHQFHV� LQ� VRXUFH� VWUHQJWK� ZLWK� WLPH��ZLWK� ILQDO� HPLVVLRQ� UDWHV� EDVHG� RQ� WLPH�UHSRUWHG�DV� WKH� 
HPLVVLRQ�UDWH�RI�D�VLQJOH�WUDFWRU�� 

� � 
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Table 10. Sample period, total tractor operation time, and the sample period-to-tractor operation time ratio 
for all sample periods. 

Sample Sample Time (hr) Total Tractor Time (hr) Sample time/Tractor time 
5/17 Run 1 ����� ����� ����� 
5/17 Run 2 ����� ����� ����� 
5/18 ����� ����� ����� 
5/19 Run 1 ����� ����� ����� 
5/19 Run 2 ����� ����� ����� 
5/20 Run 1 ����� ����� ����� 
5/20 Run 2 ����� ����� ����� 
6/5 Run 1 ����� ����� ����� 
6/5 Run 2 ����� ����� ����� 
6/7 ����� ����� ����� 
6/11 ����� ����� ����� 
6/18 ����� ����� ����� 
6/25 ����� ����� ����� 

� 

� 

� 

� � 
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3. MEASUREMENTS AND METHODS  

3.1 MEASUREMENT OVERVIEW 
$� ZLGH� YDULHW\� RI� DLU� TXDOLW\� DQG� PHWHRURORJLFDO� VDPSOLQJ� HTXLSPHQW� ZDV� HPSOR\HG� GXULQJ� WKLV� 
ILHOG�VWXG\��7KHVH�LQVWUXPHQWV�DUH�GHVFULEHG�LQ�WKH�IROORZLQJ�VHFWLRQV�DORQJ�ZLWK�WKHLU�IXQFWLRQV�� 
GDWD� DQDO\VLV� SURFHGXUHV�� DQG� FDOLEUDWLRQ� YHULILFDWLRQ� SURFHGXUHV� ZKLFK� ZHUH� SHUIRUPHG� EHIRUH�� 
GXULQJ��DQG�DIWHU�WKH�FDPSDLJQ�WR�HQVXUH�WKH�DFFXUDF\�RI�GDWD�FROOHFWHG�� 

$V�ZLQG�GLUHFWLRQ�DQG�ZLQG�VSHHG�DUH�LPSRUWDQW�IDFWRUV�LQ�REWDLQLQJ�DFFXUDWH�DQG�UHSUHVHQWDWLYH� 
GDWD� IURP� WKH� WLOODJH� RSHUDWLRQV�� LW� ZDV� QHFHVVDU\� WR� GHWHUPLQH� WKH� GRPLQDQW� ZLQG� GLUHFWLRQ� IRU� 
WKLV� SHULRG� RI� \HDU� LQ� WKH� DUHD�� 0HWHRURORJLFDO� GDWD� IURP� WKH� &DOLIRUQLD� ,UULJDWLRQ� 0DQDJHPHQW� 
,QIRUPDWLRQ�6\VWHP��&,0,6��GDWDEDVH�ZHUH�GRZQORDGHG�IRU�0D\�DQG�-XQH�RI������WKURXJK������ 
IRU� WKH� 6WUDWIRUG� VWDWLRQ� ������ >��@�� %DVHG� RQ� WKHVH� GDWD�� WKH� GRPLQDQW� ZLQG� GLUHFWLRQ� IRU� WKH� 
PRQWKV� RI� 0D\� DQG� -XQH� LQ� WKH� DUHD� ZDV� GHWHUPLQHG� WR� EH� IURP� WKH� QRUWK� WR� WKH� QRUWKZHVW�� DV� 
VKRZQ�LQ�)LJXUH����� 

Figure�6��Wind rose for May and June of 2005 - 2007 as recorded by the CIMIS Station # 15 (Stratford). No 
calm periods were recorded. 
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'XH�WR�WKH�OD\RXW�RI�WKH�ILHOGV�DQG�DGMDFHQW�GDLU\��WKH�SUHIHUUHG�ZLQG�GLUHFWLRQ�IRU�VDPSOLQJ�ZDV� 
IURP� WKH� QRUWK� WR� QRUWKZHVW�� $VVXPLQJ� D� QRUWKZHVW� ZLQG�� LQVWUXPHQW� GHSOR\PHQW� ZDV� VXFK� WKDW� 
VDPSOHUV�PHDQW�WR�PHDVXUH�EDFNJURXQG�DHURVRO�SDUDPHWHUV�ZHUH�WR�WKH�ZHVW�DQG�QRUWKZHVW�RI�WKH� 
ILHOGV� RI� LQWHUHVW�� 6DPSOHUV� PHDQW� WR� PHDVXUH� EDFNJURXQG� SOXV� SOXPH� SDUDPHWHUV� ZHUH� WR� WKH� 
VRXWK� DQG� HDVW�� 6LPLODU� VDPSOH� OD\RXWV� ZHUH� DUUDQJHG� DURXQG� HDFK� ILHOG� XVLQJ� WKH� VDPH� 
LQVWUXPHQWV�� 6RPH� HTXLSPHQW�� VXFK� DV� WKH� OLGDU� DQG� DLU� TXDOLW\� WUDLOHUV�� UHPDLQHG� LQ� WKH� VDPH� 
SODFH�IRU�VDPSOHV�LQ�ERWK�ILHOGV�ZKLOH�PRUH�SRUWDEOH�VDPSOHUV�ZHUH�PRYHG�EHWZHHQ�ILHOGV��� 

7KH� ILUVW� OD\RXW�� VKRZQ� LQ� )LJXUH� ��� SUHVHQWV� WKH� VDPSOH� OD\RXW� IRU� PRQLWRULQJ� FRQYHQWLRQDO� 
WLOODJH� SUDFWLFHV� LQ� )LHOG� ��� 7DEOH� ��� VXPPDUL]HV� WKH� W\SHV� RI� LQVWUXPHQWV� WKDW� ZHUH� ORFDWHG� DW� 
HDFK� VLWH� DQG� WKH� GDWHV� FHUWDLQ� LQVWUXPHQWV� ZHUH� XVHG� LI� WKH\� ZHUH� QRW� XVHG� GXULQJ� WKH� HQWLUH� 
VWXG\��7KH�JUHDWHVW�GHYLDWLRQV�LQ�WKH�GDLO\�OD\RXW�RFFXUUHG�GXULQJ�WKH�UXQV�RQ�-XQH���WK�DQG���WK�� 
ZKLFK� DUH� GXH� WR� WKH� IROORZLQJ� VLWXDWLRQV�� ��� D� VHSDUDWH� VWXG\� RI� SDUWLFXODWH� DQG� JDVHRXV� 
HPLVVLRQV� IURP� WKH�DGMDFHQW� GDLU\� ZDV� FDUULHG�RXW� IURP� -XQH� ��WK� WR� WKH���WK� GXULQJ� WKH� EUHDN� LQ� 
WLOODJH� RSHUDWLRQV� WKDW� UHTXLUHG� WKH� UHORFDWLRQ� RI� PRVW� VDPSOHUV�� LQFOXGLQJ� ERWK� WKH� $JOLWH� OLGDU� 
DQG� $LU� 4XDOLW\� WUDLOHUV�� DQG� ��� D� IDLOXUH� LQ� WKH� $JOLWH� OLGDU� V\VWHP� RQ� -XQH� ��WK� SUHYHQWHG� WKH� 
OLGDU�IURP�EHLQJ�XVHG�LQ�VXEVHTXHQW�VDPSOH�SHULRGV��7KH�OLGDU�V\VWHP�ZDV�ORFDWHG�DW�SRVLWLRQ�/�� 
WKURXJKRXW� WKH� GDLU\� LQYHVWLJDWLRQ� DQG� IRU� WKH� -XQH� ��WK� VDPSOH� RI� WKH� IHUWLOL]HU� DSSOLFDWLRQ� LQ� 
)LHOG���� 

7KH� VDPSOH� DUUD\� DUUDQJHG� WR� PRQLWRU� WKH� FRQVHUYDWLRQ� WLOODJH� DFWLYLWLHV� LQ� )LHOG� �� LV� VKRZQ� LQ� 
)LJXUH����7DEOH����VXPPDUL]HV�WKH�W\SH�RI�LQVWUXPHQWV�WKDW�ZHUH�ORFDWHG�DW�HDFK�VLWH��,Q�FRQWUDVW� 
WR� WKH� VDPSOLQJ� FKDQJHV� WR� PHDVXUH� RSHUDWLRQV� LQ� )LHOG� ��� WKHUH� ZHUH� QRW� VLJQLILFDQW� GHYLDWLRQV� 
IURP� WKH� RULJLQDO� VDPSOH� OD\RXW� XVHG� DURXQG� WKLV� ILHOG� DV� DOO� VDPSOLQJ� RFFXUUHG� SULRU� WR� PRYLQJ� 
HTXLSPHQW�IRU�WKH�GDLU\�HPLVVLRQV�VWXG\�� 

3.1.1 Meteorological Measurements 
$� 9DQWDJH� 3UR�� 3OXV� ZHDWKHU� VWDWLRQ� IURP� 'DYLV� ,QVWUXPHQWV�� ,QF�� �+D\ZDUG�� &$�� ZDV� XVHG� WR� 
PRQLWRU� ZLQG� VSHHG�� ZLQG� GLUHFWLRQ�� WHPSHUDWXUH�� KXPLGLW\�� SUHFLSLWDWLRQ�� EDURPHWULF� SUHVVXUH�� 
DQG� VRODU� UDGLDWLRQ�� ,W� ZDV� ORFDWHG� RQ� WRS� RI� WKH� $LU� 4XDOLW\� VDPSOLQJ� WUDLOHU�� DW� DQ� DSSUR[LPDWH� 
KHLJKW� RI� �� P� DERYH� JURXQG� OHYHO�� ,W� ZDV� ZLUHG� WR� D� GDWDORJJHU� DQG� D� GLVSOD\� SDQHO� LQVLGH� WKH� 
WUDLOHU��ZKLFK�ZDV�FRQQHFWHG�WR�D�FRPSXWHU�IRU�GDWD�VWRUDJH��� 

7ZR� ����� P� WRZHUV� ZHUH� LQVWUXPHQWHG� ZLWK� ��FXS� DQHPRPHWHUV� �PRGHO� ������� DW� ILYH� KHLJKWV� 
������ ����� ����� ���� DQG� ����� P�� WR� PHDVXUH� WKH� YHUWLFDO� ZLQG� VSHHG� SURILOH�� 5HODWLYH� 
KXPLGLW\�WHPSHUDWXUH� VHQVRUV� �9DLVDOD� +03��&�� IURP� &DPSEHOO� 6FLHQWLILF�� ,QF�� �/RJDQ�� 87�� 
ZHUH� DOVR� VWDWLRQHG� DW� ILYH� KHLJKWV� ������ ����� ����� ����� DQG� ���� P�� WR� SURYLGH� SURILOHV� RI� 
WHPSHUDWXUH�DQG�UHODWLYH�KXPLGLW\��$�0HW�2QH�,QVWUXPHQWV��,QF���PRGHO����$��*UDQWV�3DVV��25�� 
:LQG�9DQH�ZDV�VWDWLRQHG�DW�D�KHLJKW�RI������P�RQ�HDFK�WRZHU��'DWD�IURP�HDFK�WRZHU�ZHUH�VWRUHG� 
DV� RQH� PLQXWH� DYHUDJHV� RQ� WKH� &DPSEHOO� 6FLHQWLILF� &5��;� GDWDORJJHUV� DQG� ZHUH� GRZQORDGHG� 
GDLO\�� 

7KH� HGG\� FRYDULDQFH� �(&�� LQVWUXPHQWDWLRQ� ZDV� FRPSULVHG� RI� IRXU� &DPSEHOO� 6FLHQWLILF� ,QF�� 
�/RJDQ�� 87�� �'� VRQLF� DQHPRPHWHUV� �&6$7�� DQG� IRXU� /L&25� ����� LQIUDUHG� JDV� DQDO\]HUV� 
�,5*$���7KH� VHQVRU� VHSDUDWLRQ� IRU�DOO� IRXU� (&� V\VWHPV� ZDV� ��� FP�� $OO� GDWD� ZHUH� VWRUHG�RQ� WR� D� 
&DPSEHOO� 6FLHQWLILF� GDWD� ORJJHU� �&5������� 7RJHWKHU� WKH� &6$7� DQG� /L&25� PHDVXUHG� ZDWHU� 
YDSRU� �T�� DQG� FDUERQ� GLR[LGH� �F�� FRQFHQWUDWLRQV�� DQG� YHORFLW\� FRPSRQHQWV� RI� WKH� ZLQG� IORZ� LQ� 
WKUHH�VSDWLDO�GLPHQVLRQV��[��\��DQG�]��7KHVH�PHDVXUHPHQWV�ZHUH�PDGH�DW�D�VFDQ�UDWH�RI����+]����� 
PHDVXUHPHQWV� SHU� VHFRQG� IRU� X��Y��Z��T� DQG� F�� (DFK� (&� LQVWUXPHQWDWLRQ� JURXS� ZDV� YLVLWHG�GDLO\� 
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EHWZHHQ� ������������ KRXUV� IRU� PDLQWHQDQFH�� 0DLQWHQDQFH� SHUIRUPHG� LQFOXGHG� H[FKDQJLQJ� 
FRPSDFW� IODVK� FDUGV� IRU� GDWD� VWRUDJH� RQ� WKH� &5������ VHQVRU� LQWHUURJDWLRQ� DW� WKH� GDWD� ORJJHU� 
VFUHHQ�WR�HYDOXDWH�PHDVXUHPHQW�VWDWXV��FOHDQLQJ�GXVW�IURP�WKH�VXUIDFH�RI�WKH�,5*$�OHQV�ZLWK�GH� 
LRQL]HG�ZDWHU��DQG�UHPRYLQJ�VSLGHU�ZHEV�IURP�WKH�WUDQVGXFHU�DUPV���� 

� 

Figure 7��Sample layout used for Field 4. 

Table 11. Summary of instruments located at each position for the conventional tillage study of Field 4. All 
heights given as above ground level (agl). 

Instrument 
Location 

Description 

7�� �������P�WRZHU� 
����23&����#����P� 
����0LQL9ROV����#���P��763��30���DQG�30����� 

7�� �������P�WRZHU�� 
����23&����#����P� 
����0LQL9ROV����#���P��763��30���DQG�30����� 

:0� �������P�WRZHU� 
����FXS�DQHPRPHWHUV����HDFK�#��������������������DQG������P� 
����ZLQG�YDQH����#������P� 
����WHPS�5+�VHQVRUV����HDFK�#���������������������DQG�����P� 
����&DPSEHOO�6FLHQWLILF�GDWDORJJHUV� 
����VRQLF�DQHPRPHWHUV����#������P� 
����HQHUJ\�EDODQFH�V\VWHPV����#���P� 
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 Instrument 
Location 

Description 

(0� �������P�WRZHU� 
����FXS�DQHPRPHWHUV����HDFK�#��������������������DQG������P� 
����ZLQG�YDQH����#������P� 
����WHPS�5+�VHQVRUV����HDFK�#���������������������DQG�����P� 
����&DPSEHOO�6FLHQWLILF�GDWDORJJHUV� 
����VRQLF�DQHPRPHWHUV����#������P� 
����HQHUJ\�EDODQFH�V\VWHPV����#���P� 
����23&V����#���P����#������P� 

/�� ����/LGDU�GDWD�FROOHFWLRQ�V\VWHP��������������� 
����'DYLV�PHW�VWDWLRQ�IRU�OLGDU�RSHUDWRU¶V�UHIHUHQFH�� 

/�� ����/LGDU�GDWD�FROOHFWLRQ�V\VWHP�������� 
����'DYLV�PHW�VWDWLRQ�IRU�OLGDU�RSHUDWRU¶V�UHIHUHQFH�� 

(&�� ����&DPSEHOO�6FLHQWLILF�&6$7�#�����P� 
����/L&25�,5*$�#�����P� 

(&�� ����&DPSEHOO�6FLHQWLILF�&6$7�#�����P� 
����/L&25�,5*$�#�����P� 

(&�� ����&DPSEHOO�6FLHQWLILF�&6$7�#�����P� 
����/L&25�,5*$�#�����P� 

���� ������P�WULSRG� 
����23&����#����P� 
����0LQL9ROV����#���P��763��30���DQG�30����� 

���� ������P�WULSRG� 
����0LQL9ROV����#���P��30���DQG�30����� 

���� ������P�WULSRG� 
����23&����#����P� 
����0LQL9ROV����#���P��30���DQG�30����� 

���� ������P�WULSRG� 
����0LQL9ROV����#���P��30���DQG�30����� 

���� ������P�WULSRG� 
����0LQL9ROV����#���P��30���DQG�30����� 

����� ������P�WULSRG��������������� 
����23&����#����P� 
����0LQL9ROV����#���P��763��30���DQG�30����� 

����� ������P�WULSRG�������������� 
����23&����#����P� 
����0LQL9ROV����#���P��763��30���DQG�30����� 

����� ������P�WULSRG�������� 
����23&����#����P� 
����0LQL9ROV����#���P��763��30���DQG�30����� 

/$56� ����23&����#�����P� 
$47� ����23&����#���P� 

����0LQL9ROV����#���P��763��30���DQG�30����� 
����'DYLV�PHW�VWDWLRQ����#���P� 
����2&�(&�$QDO\]HU����LQOHW�#�����P� 
����$06����LQOHW�#���P� 
����UDGLR�DQG�ODSWRS�IRU�23&�'DWD�FROOHFWLRQ� 
� 
Note:��7KH�$LU�4XDOLW\�7UDLOHU�ZDV�LQ�WKH�SRVLWLRQ�LQGLFDWHG�RQ�WKH�PDS�IRU�WKH�WLOODJH� 
SUDFWLFHV�WKDW�RFFXUUHG�IURP�����������WKURXJK�������������)RU�WKH�WZR�UHPDLQLQJ�UXQV�RQ� 
����������DQG�����������WKH�$LU�4XDOLW\�7UDLOHU�ZDV�LQ�D�GLIIHUHQW�ORFDWLRQ�DQG�WKH� 
DQDO\VLV�HTXLSPHQW�ZHUH�HLWKHU�QRW�XVHG�RU�ORFDWHG�LQ�D�GLIIHUHQW�GRZQZLQG�SRVLWLRQ�� 
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Figure 8. Sample layout used for Field 5. 

Table 12. Summary of instruments located at each position for the Conservation tillage study of Field 5. All 
heights given as above ground level (agl). 

Instrument 
Location 

Description 

7�� �������P�WRZHU� 
����23&����#����P� 
����0LQL9ROV����#���P��763��30���DQG�30����� 

7�� ��±����P�WRZHU� 
��±�23&����#���P� 

7�� �������P�WRZHU�� 
����23&����#����P� 
����0LQL9ROV����#���P��763��30���DQG�30����� 

:0� �������P�WRZHU� 
����FXS�DQHPRPHWHUV����HDFK�#��������������������DQG������P� 
����ZLQG�YDQHV����#������P� 
����WHPS�5+�VHQVRUV����HDFK�#���������������������DQG�����P� 
����&DPSEHOO�6FLHQWLILF�GDWDORJJHUV� 
����VRQLF�DQHPRPHWHUV����#������P� 
����HQHUJ\�EDODQFH�V\VWHPV����#���P� 
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(0� �������P�WRZHU� 
����FXS�DQHPRPHWHUV����HDFK�#��������������������DQG������P� 
����ZLQG�YDQHV����#������P� 
����WHPS�5+�VHQVRUV����HDFK�#���������������������DQG�����P� 
����&DPSEHOO�6FLHQWLILF�GDWDORJJHUV� 
����VRQLF�DQHPRPHWHUV����#������P� 
����HQHUJ\�EDODQFH�V\VWHPV����#���P� 
����23&V����#���P����#������P� 

/�� ����/LGDU�GDWD�FROOHFWLRQ�V\VWHP� 
����'DYLV�PHW�VWDWLRQ�IRU�OLGDU�RSHUDWRU¶V�UHIHUHQFH�� 

(&�� ����&DPSEHOO�6FLHQWLILF�&6$7�#�����P� 
����/L&25�,5*$�#�����P�� 

(&�� ����&DPSEHOO�6FLHQWLILF�&6$7�#�����P� 
����/L&25�,5*$�#�����P� 

(&�� ����&DPSEHOO�6FLHQWLILF�&6$7�#�����P� 
����/L&25�,5*$�#�����P� 

���� ������P�WULSRG� 
����23&����#����P� 
����0LQL9ROV����#���P��763��30���DQG�30����� 

���� ������P�WULSRG� 
����0LQL9ROV����#���P��30���DQG�30����� 

���� ������P�WULSRG� 
����23&����#����P� 
����0LQL9ROV����#���P��30���DQG�30����� 

���� ������P�WULSRG� 
����0LQL9ROV����#���P��30���DQG�30����� 

���� ������P�WULSRG� 
����0LQL9ROV����#���P��30���DQG�30����� 

����� ������P�WULSRG������±������� 
����23&����#����P� 
����0LQL9ROV����#���P��763��30���DQG�30����� 

/$56� ����23&����#�����P� 
$47� ����23&����#���P� 

����0LQL9ROV����#���P��763��30���DQG�30����� 
����'DYLV�PHW�VWDWLRQ����#���P� 
����2&�(&�$QDO\]HU����LQOHW�#�����P� 
����$06����LQOHW�#���P� 
����UDGLR�DQG�ODSWRS�IRU�23&�'DWD�FROOHFWLRQ� 

� 

3.1.2 Wind Profile Calculations 
:LQG�SURILOHV�QHDU�WKH�JURXQG�VXUIDFH�ZHUH�FDOFXODWHG�EDVHG�RQ�RQH�PLQXWH�DYHUDJHG�ZLQG�VSHHG� 
GDWD� IURP� WKH�ORJDULWKPLFDOO\� VSDFHG� FXS� DQHPRPHWHUV� RQ� WKH� ��� P� PHWHRURORJLFDO� WRZHU� DW� WKH� 
:0� ORFDWLRQ�� ZKLFK� ZDV� WKH� PHWHRURORJLFDO� WRZHU� ORFDWHG� XSZLQG�FURVVZLQG� RI� ERWK� WLOODJH� 
VLWHV�� $� SRZHU� ODZ� ZLQG� VSHHG� SURILOH� ILW� WR� WKH� WRZHU� GDWD� ZDV� H[WUDSRODWHG� XS� WR� ���� P� WR� 
HVWLPDWH� WKH� ZLQG� VSHHG� DW� KLJKHU� HOHYDWLRQV�� 7KH� SRZHU� ODZ� IRU� FDOFXODWLQJ� ZLQG� VSHHG� �X��� DW� 
KHLJKW� ]�� EDVHG� RQ� D� PHDVXUHG� ZLQG� VSHHG� �X��� DW� KHLJKW� ]�� LV� VKRZQ� LQ� (T�� �� IURP� &RRSHU� DQG� 
$OOH\��������>��@�� 

� � 
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ZKHUH�ZLQG�VSHHGV�DUH�LQ�P�V��KHLJKW�LV�LQ�PHWHUV��DQG�S�LV�D�XQLWOHVV�FRHIILFLHQW�WKDW�YDULHV�EDVHG� 
RQ�DWPRVSKHULF�VWDELOLW\�DQG�VXUIDFH�URXJKQHVV��7KH�DSSUR[LPDWH�YDOXH�RI�S�LV�����IRU�YHU\�VWDEOH� 
FRQGLWLRQV�DQG������IRU�YHU\�XQVWDEOH�FRQGLWLRQV�� 

$Q� HUURU� LQ� WKH� FRGH� XVHG� WR� FDOFXODWH� WKH� RQH�PLQXWH� DYHUDJH� ZLQG� GLUHFWLRQV� IURP� WKH� ZLQG� 
YDQH� DW� WKH� WRS� RI� WKH� PHWHRURORJLFDO� WRZHUV� ������ P�� ZDV� GLVFRYHUHG� LQ� SRVW�SURFHVVLQJ� RI� WKH� 
GDWD�WDNHQ�GXULQJ�WKH������IDOO�WLOODJH�&03�VWXG\�>�@��)RU�ERWK�WKH������IDOO�WLOODJH�DQG�WKH������ 
VSULQJ�WLOODJH�GDWDVHWV��RQH�PLQXWH�DYHUDJHG�KRUL]RQWDO�ZLQG�GLUHFWLRQV�FDOFXODWHG�IURP�WKH�VRQLF� 
DQHPRPHWHU� GDWD� ZHUH� XVHG� LQ� VXEVHTXHQW� DQDO\VHV�� 7KH� ZLQG� GLUHFWLRQ� PHDVXUHG� E\� WKH� VRQLF� 
DQHPRPHWHU�ZDV�DSSOLHG�WR�WKH�HQWLUH�ZLQG�VSHHG�SURILOH��)RU�PRVW�VDPSOH�SHULRGV��ZLQG�SURILOHV� 
DERYH�����P�ZHUH�QRW�UHTXLUHG�IRU�WKH�OLGDU�HPLVVLRQ�UDWH�FDOFXODWLRQV��$YHUDJHG�KRUL]RQWDO�ZLQG� 
VSHHG� GDWD� IURP� WKH� VRQLF� DQHPRPHWHU� ������ P� DJO�� RQ� 1� 0HW� ZHUH� FRPSDUHG� ZLWK� WKH� QHDUHVW� 
FXS�DQHPRPHWHU������P�DJO��ZLQG�VSHHG�PHDVXUHPHQWV�DV�D�TXDOLW\�FKHFN��%RWK�GDWD�VHWV�VKRZHG� 
WKH� VDPH� SDWWHUQV� DQG� UHFRUGHG� ZLQG� VSHHGV� ZHUH� FORVH� ��� ����� P�V� GLIIHUHQFH��� ZLWK� WKH� 
REVHUYHG� GLIIHUHQFH� OLNHO\� GXH� WR� D� FRPELQDWLRQ� RI� YHUWLFDOO\� VHSDUDWHG� VDPSOH� KHLJKWV� DQG� 
LQVWUXPHQW�HUURU��� 

3.1.3 Soil Characterization 
6RLO�FKDUDFWHUL]DWLRQ�LQYROYHG�FROOHFWLQJ�VRLO�VDPSOHV�IRU�DQDO\VLV�RI�EXON�GHQVLW\��VRLO�PRLVWXUH�� 
DQG� VDQG�VLOW�FOD\� FRQWHQW�� %XON� GHQVLW\� VDPSOHV� ZHUH� FROOHFWHG� LQ� HDFK� ILHOG� SULRU� WR� WLOODJH� 
RSHUDWLRQV��$�PDQXDO�GHYLFH�FRQVLVWLQJ�RI�D�����FP�GLDPHWHU�DQG�����FP�GHHS�F\OLQGHU�ZDV�KDQG� 
GULYHQ� LQWR� WKH� VRLO� XQWLO� WKH� WRS� RI� WKH� F\OLQGHU� ZDV� OHYHO� ZLWK� WKH� VRLO� VXUIDFH�� 6DPSOHV� ZHUH� 
UHPRYHG� DQG� SODFHG� LQWR� SUH�ZHLJKHG� FDQV�� 3RVW�ZHLJKWV� ZHUH� SHUIRUPHG� LQ� WKH� ILHOG� IRU� 
GHWHUPLQDWLRQ� RI� ZHW� ZHLJKW�� $OO� ZHLJKWV� ZHUH� GHWHUPLQHG� XVLQJ� D� 0HWWOHU� EDODQFH� �&ROXPEXV�� 
2+���0RGHO�30������ 

6DPSOHV� IRU� VRLO� PRLVWXUH� ZHUH� WDNHQ� IRU� HDFK� GD\� RI� RSHUDWLRQ� DW� UDQGRP� ORFDWLRQV� LQ� WKH� ILHOG� 
DQG� FROOHFWHG� LQ� SUH�ZHLJKHG� FDQV� �� FP� LQ� GLDPHWHU� DQG� �� FP� GHHS�� 6DPSOHV� ZHUH� FROOHFWHG� 
LPPHGLDWHO\�SULRU�WR�WKH�WLOODJH�SHULRG�RU�VKRUWO\�DIWHU�FRPPHQFHPHQW�LQ�DUHDV�WKDW�KDG�QRW�EHHQ� 
WLOOHG�� 7KH� FDQ� ZDV� SXVKHG� LQWR� WKH� VRLO� DSSUR[LPDWHO\� �FP� WKHQ� UHPRYHG�� 7KH� FDQ� ZDV� FORVHG� 
DQG�ZHLJKHG�LQ�WKH�ILHOG�IRU�GHWHUPLQDWLRQ�RI�ZHW�ZHLJKW��� 

$OO�VRLO�VDPSOHV�ZHUH�GULHG�DW�WKH�$JULFXOWXUDO�5HVHDUFK�6HUYLFH� �$56��1DWLRQDO� /DERUDWRU\�IRU�
$JULFXOWXUH� DQG� WKH� (QYLURQPHQW� �1/$(�� LQ� $PHV�� ,$� DW� D� WHPSHUDWXUH� RI� ���� �&� XQWLO� D� 
FRQVWDQW�ZHLJKW�ZDV�DFKLHYHG��a���KRXUV���6DPSOHV�ZHUH�WKHQ�ZHLJKHG�WR�GHWHUPLQH�GU\�ZHLJKW�� 
&DOFXODWLRQV� IRU� VRLO� PRLVWXUH� DQG� EXON� GHQVLW\� ZHUH� SHUIRUPHG� DFFRUGLQJ� WR� WKH� IROORZLQJ� 
HTXDWLRQV�DV�IRXQG�LQ�'RUDQ�DQG�-RQHV������>��@�� 

� � 
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ILHOG�ZDWHU�FRQWHQW����� �ZHLJKW�RI�PRLVW�VRLO�±�ZHLJKW�RI�RYHQ�GULHG�VRLO�[����� � ���� 
ZHLJKW�RI�RYHQ�GULHG�VRLO� 

� 
��PRLVWXUH� �ZHLJKW�RI�PRLVW�VRLO�±�ZHLJKW�RI�RYHQ�GULHG�VRLO�[����� � � ���� 

ZHLJKW�RI�PRLVW�VRLO� 
� 

EXON�GHQVLW\� �ZHLJKW�RI�PRLVW�VRLO�[����±�ILHOG�ZDWHU�FRQWHQW�� � � ���� 
YROXPH�RI�VRLO�FROOHFWHG� 

ZKHUH� ³YROXPH� RI� VRLO� FROOHFWHG´� � ʌ� [� UDGLXV�� [� OHQJWK� RI� F\OLQGHU� � ʌ� [� ������ [� ����� � ������ 
FP��DQG�³ILHOG�ZDWHU�FRQWHQW´�LV�WKH�YDOXH�JLYHQ�E\�(T����H[SUHVVHG�DV�D�IUDFWLRQ�� 

$�FRPSRVLWH�ZDV�PDGH�RI�DOO�WKH�VDPSOHV�FROOHFWHG��,W�ZDV�DQDO\]HG�IRU�WKH�SHUFHQW�RI�VDQG��VLOW�� 
DQG� FOD\� DFFRUGLQJ� WR� WKH� +\JURPHWHU� 3URFHGXUH�� DV� JLYHQ� LQ� 6RLO� 6DPSOLQJ� DQG� 0HWKRGV� RI� 
$QDO\VLV� ������� >��@�� 7KH� SHUFHQW� RI� VWDEOH� DJJUHJDWHV� ZDV� DOVR� GHWHUPLQHG� IURP� WKH� FRPSRVLWH� 
VDPSOH� DFFRUGLQJ� WR� WKH� 'U\�6LHYH� 0HWKRG�� DV� JLYHQ� LQ� WKH� 6RLO� 6DPSOLQJ� DQG� 0HWKRGV� RI� 
$QDO\VLV��������>��@�� 

3.1.4 Air Quality Point Samplers 
7KH� VXLWH� RI� DLU� TXDOLW\� SRLQW� VDPSOHUV� GHSOR\HG� DURXQG� WKH� WLOODJH� SORWV� WR� TXDQWLI\� ERWK� WKH� 
DPELHQW� DQG� DPELHQW� SOXV� RSHUDWLRQV� HPLVVLRQV� YDOXHV� ZHUH� VXPPDUL]HG� LQ� 7DEOH� ��� DQG� 7DEOH� 
����'HWDLOV�RI�HDFK�RI�WKHVH�VHQVRUV�DQG�WKHLU�GDWD�SURFHVVLQJ�PHWKRGV�DUH�SUHVHQWHG�EHORZ���� 

3.1.4.1 MiniVol Portable Air Sampler 
7ZHQW\�IRXU� 0LQL9RO� 3RUWDEOH� $LU� 6DPSOHUV� �$LUPHWULFV�� (XJHQH�� 25�� ZHUH� GLVWULEXWHG� WR� 
JUDYLPHWULFDOO\�PHDVXUH� WKH�WLPH�DYHUDJHG�PDVV� FRQFHQWUDWLRQV� RI�DHURVROV�DW�PXOWLSOH�ORFDWLRQV� 
VXUURXQGLQJ� WKH� ILHOGV� RI� LQWHUHVW�� 7KH� 0LQL9RO� LV� D� EDWWHU\� RSHUDWHG�� DPELHQW� DLU� VDPSOHU� WKDW� 
JLYHV� UHVXOWV� WKDW� FORVHO\� DSSUR[LPDWH� DLU� TXDOLW\� GDWD� FROOHFWHG� E\� D� )HGHUDO� 5HIHUHQFH� 0HWKRG� 
�)50�� 30� VDPSOHU� >��@>��@�� 7KH� 0LQL9RO� LV� QHLWKHU� GHVLJQDWHG� DV� DQ� )50� QRU� D� )HGHUDO� 
(TXLYDOHQF\� 0HWKRG� �)(0�� E\� WKH� (3$�� DQG� UHVXOWV� VKRXOG� EH� FRQVLGHUHG� DV� DSSUR[LPDWH� 
PHDVXUHV� RI� 30�� 7KH� VDPSOHU�GUDZV� DLU� WKURXJK� D� SDUWLFOH� VL]H� VHSDUDWRU�� RU� LPSDFWRU� KHDG�� DQG� 
WKHQ� WKURXJK� D� ILOWHU� PHGLXP� >��@�� 7KH� SKRWR� LQ� )LJXUH� �� VKRZV� 0LQL9ROV� PRXQWHG� RQ� D� 
UHFKDUJHDEOH� EDWWHU\� SDFN� ZLWK� DWWDFKHG� LPSDFWRU� VDPSOH� KHDGV� GHSOR\HG� GXULQJ� WKH� UHSRUWHG� 
VWXG\��� 

3DUWLFXODWH� FRQFHQWUDWLRQV� LQ� WKH� 30��� DQG� 30���� VL]H� IUDFWLRQV� ZHUH� PHDVXUHG� XVLQJ� LPSDFWRU� 
KHDGV� IRU� VL]H� VHSDUDWLRQ� EDVHG� RQ� DHURG\QDPLF� GLDPHWHU�� ZKLOH� 7RWDO� 6XVSHQGHG� 3DUWLFXODWH� 
�763��ZDV�PHDVXUHG�ZLWK�WKH�LPSDFWRU�KHDG�UHPRYHG��(DFK�30�VDPSOHU�ZDV�DVVLJQHG�WR�VDPSOH� 
D�VSHFLILF�VL]H�IUDFWLRQ�DW�D�VSHFLILF�ORFDWLRQ�WKURXJKRXW�WKH�VWXG\��ZLWK�ORFDWLRQ�FKDQJHV�PDGH�DV� 
GHHPHG� QHFHVVDU\�� &OXVWHUV� RI� WKUHH� 30� VDPSOHUV� ZHUH� DVVLJQHG� WR� IRXU� ORFDWLRQV�� WZR� XSZLQG� 
DQG� WZR� GRZQZLQG�� LQ� RUGHU� WR� SURYLGH� VL]H� IUDFWLRQDWHG�� PDVV�EDVHG� SDUWLFOH� ORDGLQJ� 
GLVWULEXWLRQV��� 
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Figure 9.  Two Airmetrics MiniVol Portable Air Samplers and a Met One Instruments Optical Particle 
Counter (OPC) deployed for field sampling during Spring 2008 tillage study.� 
)LOWHUV� XVHG� LQ� WKH� 30� VDPSOHUV� ZHUH� SUH�FRQGLWLRQHG� DFFRUGLQJ� WR� WKH� SURWRFROV� RXWOLQHG� LQ� ��� 
&)5���� $SSHQGL[�-� EHIRUH�REWDLQLQJ� SUH�� DQG�SRVW�VDPSOH�ILOWHU�ZHLJKWV�� )LQDO� DYHUDJH� ZHLJKWV� 
ZHUH�IRXQG�XVLQJ�D�0HWWOHU�7ROHGR�0LFUREDODQFH��7\SH�07��ORFDWHG�DW�WKH�8WDK�:DWHU�5HVHDUFK� 
/DERUDWRU\��8:5/��LQ�/RJDQ��87�WR�GHWHUPLQH�WKUHH�VWDEOH�ZHLJKWV�ZLWKLQ������J��PHDVXUHG�RQ� 
GLIIHUHQW� GD\V�� )LOWHUV� ZHUH� WUDQVSRUWHG� WR� DQG� IURP� WKH� VLWH� DQG� VWRUHG� RQ�VLWH� LQ� GHVVLFDWRUV� WR� 
PDLQWDLQ� ILOWHU� FRQGLWLRQLQJ�� )ORZ� FDOLEUDWLRQV� RQ� HDFK� 0LQL9RO� ZHUH� SHUIRUPHG� XVLQJ� D� VODQW� 
PDQRPHWHU� SULRU� WR� WKH� VWXG\� DQG� WKH� DFWXDO� VDPSOH�IORZ� ZDV� DGMXVWHG� GDLO\� RQ� HDFK� LQVWUXPHQW� 
LQ�RUGHU�WR�PDLQWDLQ�WKH�UHTXLUHG�����/�PLQ�IRU�DFFXUDWH�SDUWLFOH�VL]H�VHSDUDWLRQ��� 

'XULQJ� WKLV� VWXG\� LW� ZDV� IRXQG� WKDW� WKH� 30����DQG�30��� LPSDFWRU� KHDGV� ZHUH� EHLQJ� RYHUORDGHG� 
ZLWK� SDUWLFXODWHV� GXH� WR� KLJK� ZLQG� FRQGLWLRQV� DQG� H[WUHPHO\� KLJK� DPELHQW� SDUWLFOH� ORDGLQJ���
7KHUHIRUH��IRU�-XQH�VDPSOH�SHULRGV��ZH�LQVWDOOHG�D�30���LPSDFWRU�LQ�VHULHV�ZLWK�D�30����LPSDFWRU� 
WR�VHUYH�DV�DQ�DGGLWLRQDO�ILOWHU���7KHVH�HIIRUWV�DUH�GHVFULEHG�PRUH�IXOO\�LQ�$SSHQGL[�%�� 

3.1.4.2 Optical Particle Counter 
7HQ� 2SWLFDO� 3DUWLFOH� &RXQWHUV� �23&V��� 0RGHO� ����� IURP� 0HW� 2QH� ,QVWUXPHQWV�� ,QF�� �*UDQWV� 
3DVV�� 25��� ZHUH� FROORFDWHG� ZLWK� 0LQL9ROV� LQ� RUGHU� WR� GHVFULEH� WKH� SDUWLFOH� FRXQW� DQG� VL]H� 
GLVWULEXWLRQ� DW� ORFDWLRQV� PHDVXULQJ� EDFNJURXQG� DHURVROV� DQG� WKRVH� ORFDWLRQV� PHDVXULQJ� 
EDFNJURXQG� SOXV� SOXPH� DHURVROV�� )LJXUH� �� VKRZV� D� 0HW� 2QH� 23&� FROORFDWHG� ZLWK� 0LQL9ROV� IRU� 
VDPSOLQJ� LQ� )LHOG� ��� 7KH� ����� SDUWLFOH� FRXQWHU� XVHV� VFDWWHUHG� OLJKW� WR� VL]H� DQG� FRXQW� DLUERUQH� 
SDUWLFOHV��3DUWLFOH�FRXQWV� DUH�UHSRUWHG�LQ�HLJKW��XVHU�GHILQHG�FKDQQHOV� RYHU�D�XVHU�GHILQHG�VDPSOH� 
WLPH�� )RU� WKLV� VWXG\�� WKH� 23&V� FROOHFWHG� VDPSOHV� FRQWLQXRXVO\� DW� D� VDPSOH� WLPH� RI� ��� VHFRQGV� 
ZLWK�WKH�IROORZLQJ�FKDQQHO�VL]HV��LQ�XQLWV�RI��P������������������������������������������������������� 
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���� ��������� ���� ��������� ���� ���������� DQG� ���� !������ 7KH� GDWD� IURP� HDFK� 23&� ZHUH� UHOD\HG� WR� D� 
VLQJOH� FRPSXWHU� RYHU� D� FXVWRP� UDGLR� QHWZRUN� IRU� VWRUDJH�� ,QOHW� IORZV� IRU� LQGLYLGXDO� 23&V� ZHUH� 
PHDVXUHG�RQ�VLWH�EHIRUH� DQG�DIWHU�WKH�H[SHULPHQW� XVLQJ� D�*LOLDQ� *LOLEUDWRU��&DOLEUDWLRQ�6\VWHP�� 
D� YROXPHWULF� IORZ� PHWHU�� 7KH� DYHUDJH� RI� WKH� DYHUDJHV� IURP� HDFK� IORZ� PHDVXUHPHQW� SHULRG� ZDV� 
XVHG�DV�WKH�VDPSOH�IORZ�WKURXJKRXW�WKH�ILHOG�VWXG\��� 

&DOLEUDWLRQ� RI� 23&� SDUWLFOH� FRXQWV� ZDV� SHUIRUPHG� IRU� HDFK� VDPSOH� GD\� LQ� SRVW�FDPSDLJQ� 
DQDO\VLV�� )RU� WKLV� FDOLEUDWLRQ�� FDUHIXO� H[DPLQDWLRQ� RI� WKH� QXPEHU� FRQFHQWUDWLRQ� �QXPEHU� RI� 
SDUWLFOHV�P��� WLPH� VHULHV� \LHOGHG� D� WLPH� SHULRG� EHIRUH� RU� DIWHU� WKH� WLOODJH� RSHUDWLRQ� GXULQJ� ZKLFK� 
QR�SOXPHV�ZHUH�GHWHFWHG��1XPEHU�FRQFHQWUDWLRQ�ZDV�FKRVHQ�DV�WKH�FDOLEUDWLRQ�SRLQW��DV�RSSRVHG� 
WR�WKH�UDZ�SDUWLFOH�FRXQW�GDWD��EHFDXVH�LW�QRUPDOL]HV�WKH�UDZ�SDUWLFOH�FRXQWV�E\�VDPSOH�IORZ��VHH� 
(T�� ����� VDPSOH� IORZ� YDULHV� XS� WR� ���� EHWZHHQ� 23&V�� 7KH� DYHUDJH� QXPEHU� FRQFHQWUDWLRQ� �1LM�� 
SHU� ELQ� �L�� IRU� WKH� GHVLJQDWHG� FDOLEUDWLRQ� WLPH� IRU� HDFK� 23&� �M�� ZDV� FDOFXODWHG�� DQG� WKH� PHDQ� RI� 
WKH� DYHUDJHV� �ĕL�� ZDV� XVHG� DV� WKH� FDOLEUDWLRQ� FRQFHQWUDWLRQ�� $� VFDODU� FRUUHFWLRQ�� &RXQWLQJ� 
&RUUHFWLRQ� )DFWRU� �&&)LM��� ZDV� DSSOLHG� WR� HDFK� ELQ� �L�� RI� HDFK� 23&� �M�� DQG� ZDV� FDOFXODWHG� IRU� 
HDFK�FROORFDWHG�UXQ�EDVHG�RQ�WKH�FDOLEUDWLRQ�FRQFHQWUDWLRQ�IRU�WKDW�ELQ�DFFRUGLQJ�WR�WKH�IROORZLQJ� 
HTXDWLRQ�� 

� 
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1 LM 

1XPEHU�FRQFHQWUDWLRQ��1LM��LV�D�IXQFWLRQ�RI�UDZ�SDUWLFOH�FRXQWV��SLM���WKH�PHDVXUHG�DYHUDJH�IORZ� 
UDWH��TM���WKH�VDPSOH�WLPH��WM���DQG�WKH�&&)LM��DV�VKRZQ�LQ�(T������ 
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ZKHUH� WKH� XQLWV� IRU� HDFK� YDULDEOH� DUH� 1�  � QXPEHU�FP���SL�  � QXPEHU�� TM� �F P��PLQ��W�  � PLQXWHV�� 
DQG�&&)�LV�XQLWOHVV��$V�LQ�(T�����WKH�VXEVFULSW�M�UHSUHVHQWV�D�VSHFLILHG�23&�� 
7KH�YROXPH�FRQFHQWUDWLRQ�RI�DHURVROV�EDVHG�RQ�D�QXPEHU�FRQFHQWUDWLRQ� 1�LV�FDOFXODWHG�EDVHG�RQ� 
WKH� IROORZLQJ� DVVXPSWLRQV�� ��� WKH� SDUWLFOHV� DUH� VSKHUHV�� ��� WKH� PD[LPXP� SDUWLFOH� GLDPHWHU� 
PHDVXUHG� LV� ��� �P�� DQG� ��� WKH� JHRPHWULF� PHDQ� SDUWLFOH� GLDPHWHU� SHU� ELQ� �*0'L�� LV� 
UHSUHVHQWDWLYH�RI�WKH�SDUWLFOHV�LQ�D�JLYHQ�ELQ�L�ZLWK�WKH�DVVXPSWLRQ�RI�D�ORJ�QRUPDO�GLVWULEXWLRQ�RI� 
SDUWLFOH�QXPEHUV��7KH�*0'L�LV�FDOFXODWHG�E\�(T������ 

� *0 'L   G L�XSSHU uG L�ORZHU � ����� 

ZKHUH�GL�XSSHU�DQG�GL�ORZHU�DUH�WKH�GLDPHWHUV�RI�WKH�XSSHU�DQG�ORZHU�UDQJHV�IRU�ELQ�L��7KH�DVVXPSWLRQ� 
RI� D� PD[LPXP� PHDVXUHG� SDUWLFOH� GLDPHWHU� PXVW� EH� PDGH� LQ� RUGHU� WR� FDOFXODWH� WKH� *0'� IRU� 
FKDQQHO����ZKLFK�FRXQWV�SDUWLFOHV�!�����P��� 

7KH� FXPXODWLYH� YROXPH� FRQFHQWUDWLRQ� RI� DHURVROV� �9N�� XS� WR� D� SDUWLFOH� GLDPHWHU� N� PD\� EH�  
FDOFXODWHG�XVLQJ�WKH�IROORZLQJ�HTXDWLRQ�� 

� � 
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ZKHUH�1�G��LV�WKH�QXPEHU�FRQFHQWUDWLRQ�DW�GLDPHWHU�G��)RU�DSSOLFDWLRQ�WR�WKH�23&�GDWD��(T�����LV� 
H[SUHVVHG�LQ�WKH�IROORZLQJ�WHUPV�WKDW�KDYH�EHHQ�SUHYLRXVO\�GHILQHG�� 
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ZKHUH�*0'L�LV�H[SUHVVHG�LQ��P��1L�LV�LQ�QXPEHU�FP���DQG�9 �LV�LQ�XQLWV�RI��P�
N �FP����,Q�WKLV�FDVH�� 

WKH� 9N� GHILQLWLRQ� LV� VLPLODU� WR� 30N� FRQFHQWUDWLRQV�� WKH� IUDFWLRQ� RI� WKH� WRWDO� YROXPH� RI� SDUWLFOHV� 
ZKRVH�GLDPHWHU��LQ��P��LV���N� �������������DQG���IRU�763��� 
%\� FROORFDWLQJ� 30� VDPSOHUV� DQG� 23&V�� WKH� GDWD� SURYLGH� LQIRUPDWLRQ� DERXW� WKH� UHODWLRQVKLS� 
EHWZHHQ� RSWLFDO� DQG� DHURG\QDPLF� PHDVXUHPHQWV� DQG� DOORZ� GLUHFW� FDOLEUDWLRQ� RI� RSWLFDO� 
LQVWUXPHQWV� �ERWK� 23&� DQG� OLGDU�� WR� PDVV� FRQFHQWUDWLRQ� LQVWUXPHQWV� E\� HVWLPDWLRQ� RI� WKH� PDVV� 
FRQYHUVLRQ� IDFWRU� �0&)�� IRU� HDFK� 30N� IUDFWLRQ�� 7KH� WKHRUHWLFDO� FRQYHUVLRQ� IURP� SDUWLFXODWH� 
YROXPH� FRQFHQWUDWLRQ� WR� PDVV� FRQFHQWUDWLRQ� LV� FRPSOH[�� DQG� VHYHUDO� VLPSOLI\LQJ� DVVXPSWLRQV� 
PXVW� EH� PDGH�� � 7KHVH� LQFOXGH� D� VSKHULFDO� SDUWLFOH� VKDSH� DSSUR[LPDWLRQ�� D� SULRUL� DVVXPSWLRQ� RI� 
WKH� UHIUDFWLYH� LQGH[�� DQG� QHJOHFWLQJ� PXOWLSOH� VFDWWHULQJ� HIIHFWV�� 7KH� WLPH�UHVROYHG� 9N� GDWD� IURP� 
HDFK�23&�DV�FDOFXODWHG�LQ� (T�����DUH�WKHQ�DYHUDJHG�RYHU�WKH�FRUUHVSRQGLQJ�30�VDPSOHU�VDPSOH� 
WLPH�� 7KH� 0&)V�� LQ� XQLWV� RI� GHQVLW\� �J�FP���� IRU� HDFK� 30� VL]H� IUDFWLRQ� N� DUH� FDOFXODWHG� E\� 
GLYLGLQJ�WKH�PDVV�FRQFHQWUDWLRQV�PHDVXUHG�E\�WKH�30�VDPSOHUV��30N�� E\�WKH�WLPH�DYHUDJHG�9N�� 
7KHVH�GDWD�DUH�DYHUDJHG�RYHU�VHYHUDO�ORFDWLRQV�RU�LQVWUXPHQW�FOXVWHUV� M��ZKHUH�ȈM� �Q��DQG�ERWK�D� 
GDLO\� PHDQ� YDOXH� DQG� DQ� RYHUDOO� PHDQ� YDOXH� RI� WKH� 0&)N� LV� FDOFXODWHG� IRU� HDFK� 30N� IUDFWLRQ� 
VHSDUDWHO\�� 

�
 30 
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7KH�DHURVRO�QXPEHU�VL]H�GLVWULEXWLRQ��G1�G�OQ�G����LV�FDOFXODWHG�DV�RXWOLQHG�LQ�+LQGV�>��@�DQG� 
H[SUHVVHG�PDWKHPDWLFDOO\�LQ�(T������ 

1
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OQ�G L �XSSH U � � OQ�G L � ORZHU �

ZKHUH�GL�XSSHU�DQG�GL�ORZHU�DUH�WKH�GLDPHWHUV�RI�WKH�XSSHU�DQG�ORZHU�UDQJHV�RI�ELQ�L�� 

3.1.4.3 Organic Carbon/Elemental Carbon Analyzer  
$Q� 2UJDQLF� &DUERQ�(OHPHQWDO� &DUERQ� $QDO\]HU� �2&�(&��� 0RGHO� ����� IURP� 5XSSUHFKW� DQG� 
3DWDVKQLFN� &R��� ,QF�� �$OEDQ\�� 1<��� ZDV� ORFDWHG� LQ� WKH� $LU� 4XDOLW\� 7UDLOHU� �$47�� RQ� WKH� 
GRZQZLQG� ERUGHUV� RI� )LHOG� ��� 7KLV� LQVWUXPHQW� SURYLGHV� VDPSOH�DYHUDJHG� RUJDQLF� FDUERQ� DQG� 
HOHPHQWDO� FDUERQ� PDVV� FRQFHQWUDWLRQV� RYHU� D� XVHU�GHILQHG� VDPSOH� WLPH�� ZKLFK� ZDV� VHW� DW� RQH� 
KRXU� IRU� WKLV� VWXG\�� ,Q� RSHUDWLRQ�� WKH� V\VWHP� DOWHUQDWHO\� FROOHFWV� SDUWLFXODWH� PDWWHU� RQWR� RQH� RI� 
WZR� FHUDPLF� ILOWHUV� ZKLFK�� DIWHU� WKH� GHVLUHG� FROOHFWLRQ� SHULRG�� DUH� KHDWHG� ZLWKLQ� D� FORVHG�ORRS� 
V\VWHP� WR� GHWHUPLQH� FDUERQ� FRQWHQW� YLD� GLUHFW� WKHUPDO� GHVRUSWLRQ� DQG� S\URO\VLV� WHFKQLTXHV� 
GHYHORSHG� DQG� YDOLGDWHG� E\� 5XSSUHFKW� DQG� 3DWDVKQLFN� >��@�� $V� UHFRPPHQGHG� E\� WKH�
PDQXIDFWXUHU�� GXULQJ� WKH� DQDO\VLV� SKDVHV�� DQ� LQLWLDO� WHPSHUDWXUH� SODWHDX� RI� ����� &� IRU� ���� 
VHFRQGV� ZDV� XVHG� IRU� GHWHUPLQDWLRQ� RI� WKH� RUJDQLF� FDUERQ� �2&�� IUDFWLRQ� DQG� D� ILQDO� WHPSHUDWXUH� 
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SODWHDX�RI������&�ZDV�XVHG�IRU�TXDQWLILFDWLRQ�RI�WKH�HOHPHQWDO�FDUERQ��(&��IUDFWLRQ���7R�DFFRXQW� 
IRU�QRQ�FDUERQ�FRPSRQHQWV�RI�WKH�RUJDQLF�FRPSRXQGV¶�PDVV��WKH�2&�FRQFHQWUDWLRQV�UHSRUWHG�E\� 
WKH������DQDO\]HU�ZHUH�LQFUHDVHG�E\�WKH�UHFRPPHQGHG�PXOWLSOLHU�RI�����>��@���$�VKDUS�FXW�30���� 
F\FORQLF� VHSDUDWRU� ZDV� SODFHG� DW� WKH� LQOHW�� ZKLFK� ZDV� ORFDWHG� GLUHFWO\� DERYH� WKH� LQVWUXPHQW� RQ� 
WRS� RI� WKH� WUDLOHU�� $� QRPLQDO� IORZ� UDWH� RI� ����� /SP� ZDV� PDLQWDLQHG� WKURXJK� WKH� V\VWHP� E\� RQ� 
ERDUG�PDVV�IORZ�FRQWUROOHUV�DQG�LQWHJUDO�WHPSHUDWXUH�DQG�SUHVVXUH�VHQVRUV�� 

7KH� ����� LQVWUXPHQW� VXFFHVVIXOO\� SDVVHG� WKH� IORZ� FKHFNV�� OHDN� FKHFNV�� DQG� &2�� DXGLWV� DV� 
SUHVFULEHG�E\�LWV�PDQXDO�WKH�ZHHN�SULRU�WR�GHSDUWXUH�IRU�WKH�ILHOG�FDPSDLJQ�>��@��7KH�LQVWUXPHQW� 
SDVVHG� WKHVH� VDPH� FKHFNV� XSRQ� VHWXS� LQ� WKH� ILHOG� RQ� 0D\� ���� ������ ,W� SDVVHG� &2�� DXGLWV� 
DGPLQLVWHUHG�LQ�WKH�ILHOG�RQ�-XQH���DQG�-XQH����������� 

3.1.4.4 Ion Chromatographic Analysis 
7R�PRUH�IXOO\�FKHPLFDOO\�FKDUDFWHUL]H�WKH�QDWXUH�RI�WKH�XSZLQG�DQG�GRZQZLQG�SDUWLFXODWH�PDWWHU�� 
LRQ� FKURPDWRJUDSKLF� �,&�� DQDO\VLV� ZDV� SHUIRUPHG� RQ� ILOWHUV� FROOHFWHG� YLD� WKH� 0LQL9RO� V\VWHPV� 
WKDW� ZHUH� FROORFDWHG� ZLWK� WKH� (&�2&� LQOHW� RQ� WRS� RI� WKH� $LU� 4XDOLW\� 7UDLOHU� �$47��� $IWHU� ILQDO� 
SRVW�WHVW� ZHLJKWV� ZHUH� GHWHUPLQHG� IURP� WKH� ILOWHUV� DW� WKH� 8:5/�� WKH� FKRVHQ� ILOWHUV� ZHUH� 
VRQLFDWHG� ZLWK� WULSOLFDWH� ULQVHV� LQ� ��� P/� GRXEOH�GLVWLOOHG�� GH�LRQL]HG� ZDWHU� �'',�� DQG� VSOLW� LQWR� 
WZR� DOLTXRWV� RI� DSSUR[LPDWHO\� ��� P/� HDFK� IRU� VHSDUDWH� DQLRQ� DQG� FDWLRQ� DQDO\VLV�� 7KH� DQLRQ� 
DQDO\VLV� RFFXUUHG� ZLWKLQ� ��� KRXUV� RI� VRQLFDWLRQ� DQG� WKH� FDWLRQ� DOLTXRWV� ZHUH� VWDELOL]HG� ZLWK� ��� 
ȝ/� RI� ���� 0� +&O� DFLG� DQG� DQDO\]HG� ZLWKLQ� ��� GD\V� RI� VRQLFDWLRQ�� 7KH� EDVH� ,&� V\VWHP� �'LRQH[� 
&RUSRUDWLRQ��XWLOL]HG�DQ�$6�����$XWRPDWHG�6DPSOHU���D�&'�����&RQGXFWLYLW\�'HWHFWRU���D�*3���� 
�*UDGLHQW�3XPS���DQG�D�PHPEUDQH�VXSSUHVVRU��&DWLRQ�TXDQWLILFDWLRQ�ZDV�DFFRPSOLVKHG� XVLQJ�DQ� 
,RQ3DF��&6��$�FDWLRQ�FROXPQ��D�&*��$�FDWLRQ� JXDUG�FROXPQ��DQG� D������/�VDPSOH�ORRS�� 7KH� 
V\VWHP� HOXHQW� ZDV� ����� 0� +�62�� ZLWK� D� ���� P/�PLQ� IORZ�� $QLRQ� FRQFHQWUDWLRQV� ZHUH� 
GHWHUPLQHG�XVLQJ�DQ�,RQ3DF��$6��+&�DQLRQ�FROXPQ��D�$*��+&�DQLRQ�JXDUG�FROXPQ��DQG�D����� 
�/� VDPSOH� ORRS�� )RU� DQLRQV�� WKH� V\VWHP� HOXHQW� ZDV� ��� P0� 1D2+� ZLWK� D� ���� P/�PLQ� IORZ�� 
$PHULFDQ� &KHPLFDO� 6RFLHW\� �$&6�� UHDJHQW� JUDGH� PDWHULDOV� ZHUH� XVHG� WR� SUHSDUH� VWRFN� VWDQGDUG� 
VROXWLRQV�IRU�HDFK�RI�WKH� WDUJHW�LRQV�� IURP�ZKLFK�FRQFHQWUDWLRQV�RI�����������DQG�����PJ�/��SSP�� 
ZHUH�PL[HG�WR�PDNH�,&�FDOLEUDWLRQ�FXUYHV��7KH�LRQV�TXDQWLILHG�ZHUH�IOXRULGH��)����FKORULGH��&O���� 
QLWULWH� �12� 

���� VXOIDWH� �62� 
�����QLWUDWH� �12� 

����VRGLXP� �1D���� DPPRQLXP� �1+� 
���� SRWDVVLXP� �.���� 

PDJQHVLXP��0J�����DQG�FDOFLXP��&D�����9HULILFDWLRQV�RI�WKH�V\VWHP�FDOLEUDWLRQV�ZHUH�SHUIRUPHG� 
SULRU� WR� HDFK� DQDO\VLV� UXQ�� &RQWLQXLQJ� FDOLEUDWLRQ� YHULILFDWLRQ� VWDQGDUGV� �&&9V�� DQG� EODQN� 
VDPSOHV� �'',� ZDWHU�� ZHUH� DQDO\]HG� URXJKO\� HYHU\� ��� VDPSOHV�� 3HDN� LGHQWLILFDWLRQ� DQG� GDWD� 
SURFHVVLQJ�ZHUH�H[HFXWHG�XVLQJ�'LRQH[�3HDN1HW�'DWD�&KURPDWRJUDSK\�VRIWZDUH��9HUVLRQ��������� 

3.1.4.5 Aerosol Mass Spectrometer 
$Q� $HURVRO� 0DVV� 6SHFWURPHWHU� �$06�� IURP� $HURG\QH� 5HVHDUFK�� ,QF�� �%LOOHULFD�� 0$�� ZDV� 
ORFDWHG�LQ�WKH�VDPSOLQJ�WUDLOHU��ZLWK�D�VDPSOH�SRUW�RQ�WKH�XSZLQG�VLGH�RI�WKH�WUDLOHU�MXVW�EHORZ�WKH� 
URRI� OHYHO� �a�� P��� 7KH� $06� SURYLGHV� FKHPLFDO� FRPSRVLWLRQ� DQG� SDUWLFOH� VL]H� LQIRUPDWLRQ� IRU� 
YRODWLOH� DQG� VHPL�YRODWLOH� SDUWLFOH� FRPSRQHQWV� LQ� WKH� ���� �� ���� �P� VL]H� UDQJHV� LQ� YDFXXP� 
DHURG\QDPLF� GLDPHWHU�� +HQFH�� LW� LV� QRPLQDOO\� FRQVLGHUHG� D� 30�� LQVWUXPHQW� IRU� WKH� IUDFWLRQ� RI� 
FKHPLFDOV� GHWHFWHG�� $Q� $06� VL]H� FDOLEUDWLRQ� ZDV� FRQGXFWHG� RQ�VLWH� RQ� 0D\� ��� XVLQJ� 
SRO\VW\UHQH�ODWH[�VSKHUHV��36/V���0DVV�FDOLEUDWLRQV�ZHUH�DOVR�FRQGXFWHG�RQ�VLWH�RQ�0D\���� DQG� 
-XQH� ��� ����� XVLQJ� DPPRQLXP� QLWUDWH�� 7KH� $06� YDSRUL]HU� ZDV� RSHUDWHG� DW� KLJKHU� WKDQ� QRUPDO� 
WHPSHUDWXUH��a�����&�YV��a�����&��WR�GHWHFW�VRPH�RI�WKH�LQRUJDQLF�FRPSRQHQWV�LQ�GXVW�SDUWLFOHV�� 
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'XULQJ� VDPSOLQJ�� WKH� $06� LQWHJUDWHG� DQG� VDYHG� SDUWLFOH� FRPSRVLWLRQ� DQG� VL]H� GDWD� HYHU\� WHQ� 
PLQXWHV��� 

3.1.5 Lidar Aerosol Measurement and Tracking System
7KH� $JOLWH� OLGDU� V\VWHP� LV� D� PRQRVWDWLF� ODVHU� WUDQVPLWWHU� DQG� ���FP� UHFHLYHU� WHOHVFRSH� �)LJXUH� 
����� 7KH� ODVHU� LV� D� WKUHH�ZDYHOHQJWK�� �:�� 1G�<$*� ODVHU�� HPLWWLQJ� DW� ������ ��:��� ������ ��:�� 
DQG� ������ ��:�� ȝP� ZLWK� D� ��� N+]� UHSHWLWLRQ� UDWH�� 7KH� OLGDU� XWLOL]HV� D� WXUQLQJ� PLUURU� WXUUHW� 
PRXQWHG� RQ� WKH� WRS� RI� D� VPDOO� WUDLOHU� WR� GLUHFW� WKH� EHDP� ���q� WR� �� ��q� YHUWLFDOO\� DQG� r� ���q� 
KRUL]RQWDOO\���/LGDU�VFDQ�UDWHV�IURP����q�±��q�V�DUH�XVHG�WR�GHYHORS�WKH��'�PDS�RI�WKH�VRXUFH�V��� 
GHSHQGHQW�RQ�UDQJH�DQG�FRQFHQWUDWLRQ�RI�WKH�DHURVRO�� 

7KH� SURFHVV� XVHG� WR� UHWULHYH� DHURVRO� PDVV� FRQFHQWUDWLRQ� IURP� OLGDU� GDWD� LV� LOOXVWUDWHG� LQ� )LJXUH� 
���� 7KH� GHWDLOV� RI� $JOLWH� OLGDU� FDOLEUDWLRQ� DQG� WKH� DHURVRO� UHWULHYDO� SURFHVV� DUH� GLVFXVVHG� E\� 
0DUFKDQW�>��@�DQG�=DY\DORY�>��@��7KH�UHWULHYDO�LV�DV�IROORZV��ILUVW��WKH�OLGDU�GDWD�LV�SUHSURFHVVHG�� 
7KHQ�� WKH� UHODWLRQVKLSV� EHWZHHQ� EDFNVFDWWHU�� H[WLQFWLRQ�� YROXPH� FRQFHQWUDWLRQ�� DQG� PDVV� 
FRQFHQWUDWLRQ� RI� WKH� DHURVRO� FRPSRQHQWV� DUH� HVWDEOLVKHG� XVLQJ� LQ�VLWX� GDWD� PHDVXUHG� E\� 23&V� 
DQG� FOXVWHUV� RI� 30� VDPSOHUV� ZLWK� GLIIHUHQW� VHSDUDWLRQ� KHDGV� �30N��� $IWHU� WKDW�� WKH� LQYHUVLRQ� RI� 
WKH� OLGDU� GDWD� LV� SHUIRUPHG� XVLQJ� D� IRUP� RI� .OHWW¶V� VROXWLRQ� >��@� IRU� WZR� VFDWWHUHUV� ZKHUH� 
H[WLQFWLRQ� LV� SURSRUWLRQDO� WR� EDFNVFDWWHU�� )LQDOO\�� D� OHDVW�VTXDUHV� PHWKRG� LV� XVHG� WR� FRQYHUW� 
EDFNVFDWWHU�YDOXHV�WR�DHURVRO�PDVV�FRQFHQWUDWLRQ�XVLQJ�WKH�SUHYLRXVO\�HVWDEOLVKHG�UHODWLRQVKLSV�� 

)URP�WKH�23&�FKDQQHO�FRXQWV��WKH�SDUWLFOH�VL]H�GLVWULEXWLRQ�DW�D�VLQJOH�SRLQW�DV�D�IXQFWLRQ�RI�WLPH� 
PD\�EH�FDOFXODWHG�DFFRUGLQJ�WR�(T������7KH�EDFNVFDWWHU�DQG�H[WLQFWLRQ�FRHIILFLHQWV�QHFHVVDU\�IRU� 
VROYLQJ� WKH� OLGDU� HTXDWLRQ� DUH� WKHQ� FDOFXODWHG� DW� WKH� 23&� UHIHUHQFH� SRLQW� DV� D� IXQFWLRQ� RI� WLPH�� 
.OHWW¶V� LQYHUVLRQ� LV� XVHG� WR� FRQYHUW� WKH� OLGDU� VLJQDO� WR� WKH� RSWLFDO� SDUDPHWHUV� �EDFNVFDWWHU� YDOXHV� 
LQ�SDUWLFXODU��RI�SDUWLFXODWH�HPLWWHG�E\�WKH�RSHUDWLRQ�>��@��+DYLQJ�UHFRYHUHG�EDFNVFDWWHU�YDOXHV�DV� 
D�IXQFWLRQ�RI�UDQJH�DQG�ZDYHOHQJWK�XVLQJ�WKH�.OHWW�LQYHUVLRQ��WKHVH�PXVW�EH�FRQYHUWHG�WR�WKH� 

� 

� 
Figure 10. The three wavelength Aglite lidar at dusk, scanning a harvested wheat field.  
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� 
Figure 11. The Aglite lidar retrieval algorithm flow chart, showing the input locations for the in situ data.  

DHURVRO� FXPXODWLYH� YROXPH� FRQFHQWUDWLRQ��([SUHVVLQJ� WKH� SDUWLFOH� QRUPDOL]HG� EDFNVFDWWHU�YDOXHV� 
IURP�WKH�23&��βv��DQG�WKH�OLGDU�PHDVXUHG�EDFNVFDWWHU�YDOXHV��βE��LQ�D�YHFWRU�IRUP��DQG�DSSO\LQJ� 
WKH� 0RRUH�3HQURVH� ZHLJKWHG� PLQLPXP� OHDVW�VTXDUHV� VROXWLRQ� UHVXOWV� LQ� WKH� YDOXH� IRU� Q�U��� WKH� 
UHODWLYH�DPSOLWXGH�RI�WKH�DHURVRO�FRPSRQHQW�WR�WRWDO�DWPRVSKHULF�EDFNVFDWWHU��DW�UDQJH�U� 

aȕY :ȕ( � �Q� �U 
7 U � �����aȕ 7 :ȕY ( 

ZKLFK�FDQ�EH�PXOWLSOLHG�E\�WKH�SDUWLFOH�QRUPDOL]HG�YROXPH�FRQFHQWUDWLRQ�YHFWRU��UHVXOWLQJ�LQ�WKH� 
Vk�U��� 

9 a Q U . � �U 9( � �� ����� 

7KH�WHUP�W�LV�D�GLDJRQDO�ZHLJKWLQJ�PDWUL[��ZKRVH�GLDJRQDO�HOHPHQWV�DUH�WKH�H[SHFWHG�YDULDQFH� 
RI�WKH�HPLVVLRQ�EDFNVFDWWHU�IRU�WKH�FRUUHVSRQGLQJ�FKDQQHO�� 

7KH�UHWULHYHG�DHURVRO�YROXPH�FRQFHQWUDWLRQ�IURP�WKH�OLGDU�UHWXUQ�VLJQDO�LV�PXOWLSOLHG�E\�WKH� 
0&)N��ZKLFK�ZDV�SUHYLRXVO\�FDOFXODWHG�XVLQJ�LQ�VLWX�GDWD��(T�������$W�WKLV�SRLQW��WKH�NWK�IUDFWLRQ� 
RI�WKH�DHURVRO�PDVV�FRQFHQWUDWLRQ�RI�WKH�HPLVVLRQ�FRPSRQHQW�LV�NQRZQ�DV�D�IXQFWLRQ�RI�GLVWDQFH�� 

30 U � ������ �U 0&) �9 � �. . . 

7KH� FRQFHSW� EHKLQG� RXU� IOX[� PHDVXUHPHQW� DSSURDFK� LV� VKRZQ� LQ�Figure 12A��ZKHUH�WKH�IDFLOLW\
LV� WUHDWHG�DV�RQH�ZRXOG�FDOFXODWH�WKH�VRXUFH�VWUHQJWK�LQ�D�ELRUHDFWRU��,Q�WKLV�VLPSOLILHG
PDVV�EDODQFH�DSSURDFK��WKH�VRXUFH�VWUHQJWK�LV�GHWHUPLQHG�XVLQJ�WKH�PHDQ�IORZ�UDWH�WKURXJK�WKH
UHDFWRU�DQG�WKH�GLIIHUHQFH�LQ�UHDFWLYH�VSHFLHV�FRQFHQWUDWLRQ�HQWHULQJ�DQG�OHDYLQJ� WKH� YHVVHO�� 7KH
VFDQQLQJ� OLGDU� VDPSOHV� WKH� PDVV� FRQFHQWUDWLRQ� ILHOGV� HQWHULQJ� DQG� OHDYLQJ� WKH�IDFLOLW\�DQG
VWDQGDUG�FXS�DQHPRPHWHUV�SURYLGH�WKH�PHDQ�ZLQG�VSHHG�SURILOH��,I�ZH�GHILQH�RXU�ER[�ODUJH� HQRXJK
 VR� WKDW� QRQH� RI� WKH� HPLWWHG� PDWHULDO� HVFDSHV� WKURXJK� WKH� WRS� RU� FURVVZLQG� VLGHV� RI� WKH� ER[�� DQG
WKH� GRZQZLQG� VLGH� LV� IDU� HQRXJK� IURP� WKH� IDFLOLW\� WR� PLQLPL]H� KLJK� IUHTXHQF\� IOXFWXDWLRQV�
WKH�VDPH�VLPSOH�UHODWLRQVKLS�IRXQG�LQ�D�ELRUHDFWRU�DSSOLHV��� 
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Figure 12. (A)  Conceptual illustration of the method for using lidar to generate time resolved local area 
particulate fluxes. (B) An example of a “staple” lidar scan over the facility showing aerosol concentration on  
the three sides of the box.  

$Q�H[DPSOH�RI�RXU� OLGDU�GHULYHG�FRQFHQWUDWLRQ�GDWD� LV� VKRZQ� LQ�Figure 12B. The concentration
SORW�SDWWHUQ�IURP�VFDQQLQJ�XS�RQH�VLGH��DFURVV�WKH�WRS��DQG�GRZQ�WKH other looks like the common
RIILFH� VWDSOH� �WKH� SDSHU� IDVWHQHU��� DQG� ZLOO�  EH� UHIHUUHG�  WR� DV�  D µVWDSOH¶� VFDQ�� 7KH� GDWD�IURP
WKH� WRS� RI� WKH� ER[� LV� UHJXODUO\� H[DPLQHG� WR� EH� VXUH� WKDW� QR�VLJQLILFDQW�SDUWLFXODWH�WUDQVSRUW
LV�SDVVLQJ�WKURXJK�WKH�WRS��7KH�GDWD�IRU�WKH�OHIW�VLGH�SDQHO�RI�WKH�µVWDSOH¶�SURYLGHV�WKH�EDFNJURXQG
FRQFHQWUDWLRQ�HQWHULQJ�WKH�ER[��ZKLOH�WKDW�RQ�WKH�ULJKW�SURYLGHV the background plus facility
FRQFHQWUDWLRQV� OHDYLQJ� WKH�ER[��7KH� LQWHJUDWHG�PDVV�FRQFHQWUDWLRQ difference multiplied by the
ZLQG�VSHHG�GXULQJ�WKH�VFDQ�FRPSOHWHV�WKH�IOX[�HPLVVLRQ�FDOFXODWLRQ�by yielding mass per unit
WLPH�HPLVVLRQ�IURP�WKH�IDFLOLW\��� 

7KH�IOX[�FDOFXODWLRQ�LQ�WKH�LQWHJUDO�IRUP�IRU�FDOFXODWLQJ�IDFLOLW\�RSHUDWLRQ�HPLVVLRQV��)��FDQ�EH� 
H[SUHVVHG�DV�IROORZLQJ�� 

� ) ³³Q A �U� K�� �&' �U� K��&8 �GUGK � ���� 
U �K 

ZKHUH� Y �U� K�� LV� WKH�DYHUDJH�ZLQG�VSHHG�FRPSRQHQW�SHUSHQGLFXODU� WR� WKH� OLGDU�VFDQQLQJ�SODQH��A 
&'�U�� K�� LV� WKH� GRZQZLQG� 30.� FRQFHQWUDWLRQ� DW� SRVLWLRQ� UDQJH� U� DQG� KHLJKW�  K�� DQG� &ǋ� LV�  WKH�  
DYHUDJH�30.�FRQFHQWUDWLRQ�LQ�WKH�XSZLQG�VFDQQLQJ�SODQH��&'�±�&8�IRUP�WKH�PDVV�FRQFHQWUDWLRQ� 
GLIIHUHQFH�XSZLQG�DQG�GRZQZLQG��LQWHJUDWHG�RYHU�WKH�UDQJH��ZLGWK��DQG�KHLJKW�RI�WKH�VLGHV�RI�WKH� 
VWDSOH��,Q�RXU�URXWLQH��(T�����LV�GLVFUHWL]HG�DV��� 

� 
5 + 

� ) ¦¦QA �& �& ��'U �'K � ����LM 'LM 8 
L 5 M +� � 

ZKHUH�5��DQG�5�DUH�WKH�QHDU�DQG�IDU�DORQJ�EHDP�HGJHV�RI�WKH�ER[�DQG�+��DQG�+�IRUP�WKH�WRS�DQG� 
ERWWRP�RI�WKH�ER[���,Q�PDQ\�FDVHV��+��LV�VHW�DERYH�H\H�OHYHO�DQG�FRQFHQWUDWLRQ�LV�H[WUDSRODWHG�WR� 
WKH�JURXQG�WR�DYRLG�LOOXPLQDWLQJ�SHUVRQQHO�DQG�DQLPDOV����7KH�'U�'K�WHUP�LV�WKH�LQGLYLGXDO�DUHD� 
HOHPHQW�IRU�ZKLFK�HDFK�IOX[�FRPSRQHQW�DV�FDOFXODWHG�E\�HDFK�VWHS�LQ�WKH�GRXEOH�VXPPDWLRQ��� 

6'/�������� &DOLIRUQLD������7LOODJH�&DPSDLJQ� ��� 



Figure 12%� VKRZV� DQ� H[DPSOH� RI� VLQJOH�VFDQ� &8� DQG� &'� PDVV�FRQFHQWUDWLRQ�YDOXHV� IRU� 30��
PHDVXUHG�DORQJ�WKH�YHUWLFDO�VLGHV�RI�WKH�VWDSOH�VKDSH�EHWZHHQ�WKH�GLVWDQFHV�RI�����DQG�����P
IURP�WKH�OLGDU��6LQJOH�VFDQ�GLIIHUHQFHV��RI�FRXUVH��GR�QRW�DFFRXQW�IRU�DFFXPXODWLRQ�RU�GHSOHWLRQ�LQ
WKH�ER[�GXH�WR�ZLQG�VSHHG�YDULDWLRQ�GXULQJ�D�VFDQ��RU�IURP�KLJK�RU�ORZ�FRQFHQWUDWLRQ�SXOVHV�WKDW
PD\�VWLOO�H[LVW�LQ�WKH�GRZQZLQG�VDPSOH��)RU�D�PHDQLQJIXO�HVWLPDWH�RI�WKH�IDFLOLW\�HPLVVLRQ��PDQ\
VFDQV�DUH�FRPELQHG�WR�DFKLHYH�D�WLPH�DYHUDJHG�HPLVVLRQ�UDWH��� 

7R�SHUIRUP�WKH�OLGDU�FDOLEUDWLRQ�XVLQJ�WKH� LQ�VLWX� LQVWUXPHQWV��FROORFDWHG�VDPSOHV�DUH�QHHGHG� IRU� 
WKH� 30� VDPSOHU�� 23&�� DQG� OLGDU�� ,Q� RWKHU� ZRUGV�� WKH� OLGDU� EHDP� PXVW� GLUHFWO\� VDPSOH� WKH� VDPH� 
YROXPH� DV� DQ� 23&�30� VDPSOHU� ORFDWLRQ� IRU� DW� OHDVW� WKH� GXUDWLRQ� RI� RQH� 23&� VDPSOH� FROOHFWLRQ� 
WLPH���:KHQ�WKH�OLGDU�EHDP�LV�KHOG�FRQVWDQW��XVXDOO\�SRLQWLQJ�QH[W�WR�D�VDPSOH�WRZHU��ZH�UHIHU�WR� 
WKLV� DV� WKH� µVWDUH¶� PRGH�� 7KH� µVWDUH¶� VDPSOH� PRGH� SURYLGHV� QRW� RQO\� FDOLEUDWLRQ�� EXW� TXDOLW\� 
DVVXUDQFH� RI� WKH� GDWD� VHW� DV� ZHOO�� $IWHU� GDWD� SURFHVVLQJ� DQG� 30� FRQFHQWUDWLRQV� DORQJ� WKH� EHDP� 
KDYH� EHHQ� FDOFXODWHG�� VXFFHVVLYH� µVWDUH¶� GDWD� DUH� FRPSDUHG� DJDLQVW� GDWD�IURP� WKH� UHIHUHQFH� 23&� 
DQG� 30� VDPSOHUV� WR� YHULI\� WKDW� WKH� FRQFHQWUDWLRQV� FDOFXODWHG� IURP� ERWK� LQVWUXPHQWV� DUH� VLPLODU� 
ZLWKLQ�PHDVXUHPHQW�HUURUV�� 

)RU�PRVW�RI�WKLV�VWXG\��WKH�$JOLWH�OLGDU�ZDV�ORFDWHG�DW�SRVLWLRQ�/��DQG�XVHG�WKH�WRZHU�7���ORFDWHG�
DW� ���� DV� WKH� XSZLQG� UHIHUHQFH� SRLQW�� 'RZQZLQG� VFDQV� IRU� )LHOG� �� ZHUH� PDGH� DORQJ� WKH� OLQH�
EHWZHHQ�/��DQG�7��DW�DERXW������GRZQZLQG�VFDQV�IRU�)LHOG���ZHUH�PDGH�DORQJ�WKH�OLQH�EHWZHHQ�
/��DQG�$47�DW�DERXW������6FDQQLQJ�SURILOHV�ZHUH�SURJUDPPHG� IRU�HDFK�ILHOG�DQG�LQFOXGHG�ERWK� 
µVWDSOH¶� VFDQV� DQG� µVWDUHV¶�� ZLWK� VRPH� YDULDWLRQV� DV� QHFHVVDU\� DFFRUGLQJ� WR� FRQGLWLRQV� DW� WKH� 
VDPSOH� WLPH�� $Q� H[DPSOH� RI� D� OLGDU� VFDQ� SURILOH� XVHG� IRU� HDFK� ILHOG� LV� SURYLGHG� DV� D� UHIHUHQFH�� 
ZLWK�)LJXUH����DQG�)LJXUH����SUHVHQWLQJ�JUDSKLFDO�UHSUHVHQWDWLRQ�RI�WKH�D]LPXWK�DQG�HOHYDWLRQ�RI� 
WKH� EHDP� GXULQJ� HDFK� VHTXHQWLDO� GDWD� DYHUDJLQJ� DQG� DUFKLYDO� SHULRG� �DYHUDJHG� DQG� DUFKLYHG� 
HYHU\���������VHFRQGV����� 

Field 4� ±� 7KH� VFDQQLQJ� SDWWHUQ� XVHG� GXULQJ� WKH� EUHDNLQJ� ERUGHUV� RSHUDWLRQ� RQ� 0D\� ��� 
FRPPHQFHG�ZLWK�D�VWDUH� DW�����IRU����VHFRQGV�IROORZHG�E\�WKUHH�XSZLQG�YHUWLFDO� VFDQV�UHDFKLQJ�
���� LQ� HOHYDWLRQ� DQG� ODVWLQJ� ��� VHFRQGV� HDFK�� 7KH� GRZQZLQG� SRUWLRQ� RI� WKH� SURILOH� FRQVLVWHG� RI�
WKUHH�YHUWLFDO�VFDQV�DW�DQ�D]LPXWK�RI��������HDFK�UHDFKLQJ�����LQ�HOHYDWLRQ�DQG�ODVWLQJ����VHFRQGV�� 
7KHVH�YHUWLFDO�VFDQV�ZHUH�IROORZHG�E\� D�VWDUH� DW�WKH�GRZQZLQG�WRZHU� IRU� ���VHFRQGV��7KH�EHDP�
ZDV� WKHQ� UHWXUQHG� WR� ���� DQG� EHJDQ� DJDLQ�� � 7KH� WRWDO� WLPH� SHU� SURILOH� LQFOXGLQJ� LQWHUPLWWHQW� 
GHOD\V�WR�SRVLWLRQ�D]LPXWK�ZDV�����VHF���a�����PLQ���� 

Field 5�±�7KH�VFDQQLQJ�SDWWHUQ�XVHG�GXULQJ�WKH�KHUELFLGH�DSSOLFDWLRQ�RSHUDWLRQ�RQ�-XQH����
FRPPHQFHG�ZLWK�D�VWDUH�DW�����IRU����VHFRQGV�IROORZHG�E\�WZR�XSZLQG�YHUWLFDO�VFDQV�UHDFKLQJ�
����LQ�HOHYDWLRQ�DQG�ODVWLQJ����VHFRQGV�HDFK��7KH�GRZQZLQG�SRUWLRQ�RI�WKH�SURILOH�FRQVLVWHG�RI�D�
VWDUH�IRU����VHFRQGV�DW�D]LPXWK�DQJOH�����IROORZHG�E\�IRXU�YHUWLFDO�VFDQV�HDFK�UHDFKLQJ�����LQ�
HOHYDWLRQ�DQG�ODVWLQJ����VHFRQGV���7KH�SURILOH�WKHQ�PRYHG�WKH�EHDP�WR�DQ�D]LPXWK�RI�����IRU�D�
VWDUH�DW�7��ODVWLQJ����VHFRQGV��7KH�EHDP�ZDV�WKHQ�UHWXUQHG�WR�����DQG�WKH�SURILOH�ZDV�VWDUWHG� 
RYHU���7KH�WRWDO�WLPH�SHU�SURILOH�LQFOXGLQJ�LQWHUPLWWHQW�GHOD\V�WR�SRVLWLRQ�D]LPXWK�ZDV�����VHF�� 
�a����PLQ���� 
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Figure 13. Example of a lidar scan profile used to monitor PM concentrations around and emissions from  
conventional tillage operations in Field 4. Each data point represents a  0.5 second averaging time, therefore 
data point 1000 was taken at time = 500 seconds.  
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Figure 14. Example of a lidar scan profile used to monitor PM concentrations around and emissions from  
conservation tillage operations in Field 5. Each data point represents a  0.5 second averaging time, therefore 
data point 1000 was taken at time = 500 seconds.  

� � 

6'/�������� &DOLIRUQLD������7LOODJH�&DPSDLJQ� ��� 



 

 

3.2 DISPERSION MODELING SOFTWARE 
7KH� 8�� 6�� (3$� KDV� DSSURYHG� D� QXPEHU� RI� DLU� GLVSHUVLRQ� PRGHOV� IRU� XVH� LQ� UHJXODWRU\� 
DSSOLFDWLRQV��7KHVH�DUH�OLVWHG�LQ�$SSHQGL[�:�RI����&)5�3DUW����>��@��LQFOXGHG�DUH�WKH�,QGXVWULDO� 
6RXUFH� &RPSOH[� 6KRUW�7HUP� 0RGHO�� YHUVLRQ� �� �,6&67��� DQG� WKH� $PHULFDQ� 0HWHRURORJLFDO� 
6RFLHW\�(QYLURQPHQWDO� 3URWHFWLRQ� $JHQF\� 5HJXODWRU\� 0RGHO� �$(502'��� ZKLFK� DV� RI� 
1RYHPEHU� ����� LV� UHFRPPHQGHG� IRU� DOO� UHJXODWRU\� DSSOLFDWLRQV� >�@>�@�� %RWK� PRGHOV� DVVXPH� 
VWHDG\�VWDWH� FRQGLWLRQV�� FRQWLQXRXV� HPLVVLRQV�� DQG� FRQVHUYDWLRQ� RI� PDVV�� 7KH� GHIDXOW�� DQG� 
PLQLPXP�� WLPH�VWHS� DYDLODEOH� IRU� ERWK� PRGHOV� LV� RQH� KRXU�� 7KHUHIRUH�� DOO� PHWHRURORJLFDO� LQSXW� 
GDWD�UHSUHVHQW�RQH�KRXU�DYHUDJHV�� 

,6&67��DVVXPHV�D�*DXVVLDQ�GLVWULEXWLRQ�RI�YHUWLFDO�DQG�FURVVZLQG�SROOXWDQW�FRQFHQWUDWLRQV�>��@�� 
7KH� *DXVVLDQ� SOXPH� HTXDWLRQ� XVHV� WKH� 3DVTXLOO�*LIIRUG� KRUL]RQWDO� DQG� YHUWLFDO� SOXPH� VSUHDG� 
SDUDPHWHUV��ı\�DQG�ı]��UHVSHFWLYHO\��VKRZQ�LQ�(T������� 

· �4 § � \� ° § � � ] � + � � · § � � ] � + � · ½° &�� H[S ̈  � � 
¸ ® H[S ̈  ¨ � � 
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&��� LV� WKH� WHQ�PLQXWH� DYHUDJH� FRQFHQWUDWLRQ� �ȝJ�P���� 4� LV� WKH� HPLVVLRQ� UDWH� �ȝJ�V��� X*0� LV�  WKH�  
DYHUDJH� ZLQG� VSHHG� DW� UHOHDVH� KHLJKW� �P�V��� \� LV� WKH� KRUL]RQWDO� GLVWDQFH� RI� WKH� FKRVHQ� UHFHSWRU� 
IURP�WKH�FHQWHUOLQH�RI�WKH�SOXPH��P���]�LV�WKH�KHLJKW�RI�WKH�UHFHSWRU�DERYH�JURXQG�OHYHO��P��DQG�+� 
LV�WKH�HIIHFWLYH�VWDFN�KHLJKW��P���ZKLFK�LQFOXGHV�HVWLPDWHV�RI�SOXPH�ULVH�GXH�WR�EXR\DQF\�DQG�RU� 
PRPHQWXP�>��@�� 

,6&67�� DVVXPHV� D� *DXVVLDQ� GLVWULEXWLRQ� RI� SROOXWDQWV� EDVHG� RQ� WLPH�DYHUDJHG� PHWHRURORJLFDO� 
GDWD�� ,W� DOVR� XVHV� VWDELOLW\� FODVVHV� WR� DGGUHVV� SROOXWLRQ� GLVSHUVLRQ� GXH� WR� DWPRVSKHULF� PL[LQJ�� 
6WDELOLW\� FODVVHV� DUH� W\SLFDOO\� GHWHUPLQHG� E\� D� FRPELQDWLRQ� RI� YHUWLFDO� WHPSHUDWXUH� ODSVH� UDWHV� 
DQG� LQFRPLQJ� VRODU� UDGLDWLRQ� RU� PHWKRGV� XVLQJ� YHUWLFDO� RU� KRUL]RQWDO� ZLQG� YDULDQFH� >��@�� 
$(502'�UHTXLUHV�PRUH�GHWDLOHG�PHWHRURORJLFDO�DQG�VXUIDFH�FKDUDFWHULVWLF�LQIRUPDWLRQ��%HFDXVH� 
RI� WKH� DGGLWLRQDO� LQSXW� UHTXLUHPHQWV� IRU� $(502'� DQG� WKH� ODFN� RI� DQ� HVWDEOLVKHG� GDWDEDVH� IRU� 
WKHVH�LQSXWV��PDQ\�UHJXODWRU\�DJHQFLHV�FRQWLQXH�WR�XVH�,6&67���� 

7KH�VXLWH�RI�PHWHRURORJLFDO�LQVWUXPHQWV�HPSOR\HG�GXULQJ�WKLV�ILHOG�VWXG\�DOORZHG�XV�WR�XVH�ERWK� 
PRGHOV� LQ� WKLV� VWXG\�� $(502'� XVHV� FRQWLQXRXV� IXQFWLRQV� IRU� DWPRVSKHULF� VWDELOLW\� 
GHWHUPLQDWLRQV�� DQG� EDVHG� RQ� VWDELOLW\� GHWHUPLQHV� WKH� DSSURSULDWH� GLVWULEXWLRQ�� D� *DXVVLDQ� 
GLVWULEXWLRQ� IRU� VWDEOH� DWPRVSKHULF� FRQGLWLRQV�� DQG� D� EL�*DXVVLDQ� GLVWULEXWLRQ� IRU� XQVWDEOH�� RU� 
WXUEXOHQW� FRQGLWLRQV�� $(502'� LV� DOVR� EHWWHU� DW� DFFRXQWLQJ� IRU� WHUUDLQ� IHDWXUHV� DQG� EXLOGLQJ� 
GRZQZDVK�SKHQRPHQD�WKDQ� ,6&67��>��@��7KH�FRPPHUFLDO�LQWHUIDFH�XVHG�WR�UXQ�WKH�PRGHOV�ZDV� 
,6&�$(502'�9LHZ�SDFNDJHG�E\�/DNHV�(QYLURQPHQWDO��,QF���:DWHUORR��2QWDULR��&DQDGD��� 

)LQDO� HPLVVLRQ� UDWHV� ZHUH� GHWHUPLQHG� XVLQJ� LQYHUVH� PRGHOLQJ� FRXSOHG� ZLWK� REVHUYHG� IDFLOLW\� 
GHULYHG� SROOXWDQW� FRQFHQWUDWLRQV�� ,Q� LQYHUVH� PRGHOLQJ�� WKH� GRZQZLQG� LPSDFW� RQ� SROOXWDQW� 
FRQFHQWUDWLRQV�E\�D�VRXUFH�LV�NQRZQ�ZKLOH�WKH�HPLVVLRQ�UDWH�LV�XQNQRZQ��7R�VROYH�IRU�WKH�VRXUFH� 
HPLVVLRQ� UDWH�� D� PRGHO� VXFK� DV� ,6&67�� RU� $(502'� LV� UXQ� ZLWK� WKH� IROORZLQJ� LQSXWV�� RQ�VLWH� 
FROOHFWHG�PHWHRURORJLFDO�GDWD��WKH�IDFLOLW\�OD\RXW��WKH�ORFDWLRQV�RI�SROOXWDQW�VRXUFHV�DQG�UHFHSWRUV� 
�VDPSOHUV��� DQG� DQ� HVWLPDWHG� RU� ³VHHG´� HPLVVLRQ� UDWH�� ZKLFK� FDQ� EH� REWDLQHG� IURP� OLWHUDWXUH�� 
2EVHUYHG� IDFLOLW\�GHULYHG� FRQFHQWUDWLRQV� DUH� FDOFXODWHG� E\� VXEWUDFWLQJ� PHDVXUHG� EDFNJURXQG� 
OHYHOV� IURP� FRQFHQWUDWLRQV� PHDVXUHG� DW� ORFDWLRQV� LPSDFWHG� E\� WKH� VRXUFH� SOXPH�� 0RGHOHG� 
FRQFHQWUDWLRQV�DUH�WKHQ� FRPSDUHG�WR�WKH�IDFLOLW\�GHULYHG�FRQFHQWUDWLRQV� IURP�ERWK�0LQL9ROV�DQG� 
23&V� DW� HDFK� VDPSOHU� ORFDWLRQ�� 7KH� ORFDWLRQ�VSHFLILF� UDWLR� RI� WKH� PHDVXUHG� FRQFHQWUDWLRQ� 
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�&PHDVXUHG�� WR� WKH� PRGHOHG� FRQFHQWUDWLRQ� �&PRGHOHG�� LV� PXOWLSOLHG� E\� WKH� VHHG� HPLVVLRQ� UDWH� �(VHHG�� 
DQG� DQ� DYHUDJH� DFURVV� DOO� YDOLG� ORFDWLRQV� LV� FDOFXODWHG� WR� \LHOG� WKH� VRXUFH� HPLVVLRQ� UDWH� 
FRUUHVSRQGLQJ�WR�WKH�PHDVXUHG�IDFLOLW\�GHULYHG�FRQFHQWUDWLRQV��(HVWLPDWHG��DV�VKRZQ�LQ�(T������ 
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· &PHDVXUHG � ����� 
&PRGHOHG 
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¹
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$� VHHG� HPLVVLRQ� UDWH� RI� ���� ȝJ�V�P�� ZDV� XVHG� LQ� WKH� GLVSHUVLRQ� PRGHOV�� 7KLV� YDOXH� ZDV� DQ� 
DYHUDJH� RI� SUHOLPLQDU\� HPLVVLRQ� UDWHV� IRXQG� WKURXJK� LQYHUVH� PRGHOLQJ� LQ� WKH� ����� IDOO� WLOODJH� 
&03�VWXG\�WKDW�LV�D�FRPSDQLRQ�WR�WKH�FXUUHQW�VWXG\�>�@��� 

,W�VKRXOG�EH�QRWHG�WKDW�HYDOXDWLRQV�RI�DLU�GLVSHUVLRQ�PRGHO�DFFXUDF\�KDYH�VKRZQ�WKDW�PRGHOV�DUH� 
EHWWHU� DW� SUHGLFWLQJ� FRQFHQWUDWLRQV� RYHU� ORQJHU� DYHUDJLQJ� WLPHV� WKDQ� VKRUWHU� WLPH� SHULRGV� DW� D� 
VSHFLILF� ORFDWLRQ�� VXFK� PRGHOV� ZHUH� GHYHORSHG� DQG� RSWLPL]HG� WR� SUHGLFW� ORQJHU�WHUP� DYHUDJHV� 
DQG� GR� QRW� LQFRUSRUDWH� DOO� RI� WKH� PDQ\� WHPSRUDOO\� DQG� VSDWLDOO\� YDULDEOH� IDFWRUV� WKDW� PD\� DIIHFW� 
GLVSHUVLRQ� LQ� WKH� DWPRVSKHUH�� 0RGHOV� FDQ� SUHGLFW� WKH� PDJQLWXGH� RI� WKH� KLJKHVW� FRQFHQWUDWLRQ� 
UHDVRQDEO\� ZHOO�� ZLWK� D� W\SLFDO� UDQJH� RI� HUURU� RI� ����� WR� ����� EXW� GR� QRW� UHOLDEO\� SUHGLFW� WKH� 
H[DFW� ORFDWLRQ� DQG� WLPH� RI� WKH� KLJKHVW� YDOXH�� 0HDVXUHG� DQG� PRGHOHG� FRQFHQWUDWLRQV� DW� WKH� VDPH� 
ORFDWLRQ�DUH�XVXDOO\�SRRUO\�FRUUHODWHG��ZKLFK�LV�OLNHO\�GXH�WR�D�FRPELQDWLRQ�RI�XQFHUWDLQWLHV�LQ�WKH� 
LQSXW� GDWD� DQG� XQTXDQWLILDEOH� XQFHUWDLQWLHV� ZLWKLQ� WKH� PRGHO�� 7KH� XQFHUWDLQW\� RI� WKH� LQSXW� GDWD� 
�H�J���PHWHRURORJLFDO�GDWD��HPLVVLRQ�UDWHV��VRXUFH� DQG�UHFHSWRU�ORFDWLRQV��WRSRJUDSK\��SRWHQWLDOO\� 
PD\�EH�UHGXFHG�WKURXJK�FDUHIXO�FROOHFWLRQ�DQG�VFUHHQLQJ��,Q�DGGLWLRQ��WKH�GHSRVLWLRQ�DQG�SDUWLFOH� 
UHPRYDO� PHFKDQLVPV� DUH� OLPLWHG� LQ� WKH� ,6&67�� DQG� $(502'� PRGHOV� KHUHLQ� HPSOR\HG�� 
,QVXIILFLHQW� FRUUHFWLRQ� ZLWKLQ� D� JLYHQ� PRGHO� IRU� WKHVH� DQG� RWKHU� SURFHVVHV� WKDW� GHFUHDVH� 
GRZQZLQG� SROOXWDQW� FRQFHQWUDWLRQV� ZLOO� OHDG� WR� DQ� XQGHUHVWLPDWLRQ� RI� HPLVVLRQ� UDWHV� EDVHG� RQ� 
PHDVXUHG�GRZQZLQG�LPSDFWV�� 

$Q� H[DPSOH� RI� HUURUV� GXH� WR� XQFHUWDLQW\� LQ� WKH� LQSXW� SDUDPHWHUV� LV� WKDW� FRQFHQWUDWLRQ� HUURUV�
EHWZHHQ� ���� DQG� ���� FDQ� UHVXOW� IURP� DQ� XQFHUWDLQW\� RI� ��� WR� ���� LQ� WKH� ZLQG� GLUHFWLRQ� WKDW� 
GLUHFWO\� DIIHFWV� SOXPH� ORFDWLRQ�� GHSHQGLQJ� RQ� DWPRVSKHULF� VWDELOLW\� DQG� WKH� VDPSOHU�UHFHSWRU� 
ORFDWLRQ��8QFHUWDLQW\�ZLWKLQ�DLU�GLVSHUVLRQ�PRGHOV��FDOOHG�³LQKHUHQW�XQFHUWDLQW\�´�LV�PRVWO\�GXH�WR� 
WKH� VLPSOLILFDWLRQ� RI� FRPSOH[� DQG� KLJKO\� YDULDEOH� SURFHVVHV� DIIHFWLQJ� GLVSHUVLRQ� LQ� WKH� 
DWPRVSKHUH�� ,I� DWPRVSKHULF� FRQGLWLRQV� WKDW� DUH� XVHG� DV� LQSXWV� LQWR� WKH� PRGHO� �H�J��� ZLQG� VSHHG�� 
ZLQG� GLUHFWLRQ�� PL[LQJ� KHLJKW�� DUH� FRQVLVWHQW� DFURVV� PXOWLSOH� VDPSOH� SHULRGV�� WKH� PRGHO� ZRXOG� 
SUHGLFW� WKH� VDPH� FRQFHQWUDWLRQ�� ZKLOH� PHDVXUHG� FRQFHQWUDWLRQV� FRXOG� YDU\� VLJQLILFDQWO\� GXH� WR� 
YDULDELOLW\� LQ� WKH� FRPSOH[� SURFHVVHV� WKDW� DUH� QRW� GLUHFWO\� DFFRXQWHG� IRU� LQ� WKH� PRGHO�� 7KHVH� 
LQKHUHQW� XQFHUWDLQWLHV� FDQ� SURGXFH� SUHGLFWHG� JURXQG� OHYHO� FRQFHQWUDWLRQ� HUURUV� RI� XS� WR� ����� $� 
PRUH� GHWDLOHG� GLVFXVVLRQ� RI� DLU� GLVSHUVLRQ� PRGHO� XQFHUWDLQW\� DQG� DFFXUDF\� LV� SUHVHQWHG� LQ� 
$SSHQGL[� :�� ��� &)5� ��� >��@�� 7KH� UHSRUW� ³$LU� (PLVVLRQV� IURP� $QLPDO� )HHGLQJ� 2SHUDWLRQV�� 
&XUUHQW�.QRZOHGJH��)XWXUH�1HHGV´�E\�WKH�1DWLRQDO�5HVHDUFK�&RXQFLO�RI�WKH�1DWLRQDO�$FDGHPLHV� 
VWDWHV� WKDW� GXH� WR� WKH� DVVXPSWLRQV� UHTXLUHG� ZLWK� *DXVVLDQ� GLVSHUVLRQ� PRGHOV�� WKH� XQFHUWDLQW\� 
DVVRFLDWHG� ZLWK� SUHGLFWHG� FRQFHQWUDWLRQV� DUH� QRW� VPDOOHU� WKDQ� ������ $GGLWLRQDO� XQFHUWDLQW\� LV� 
LQWURGXFHG� E\� VWDELOLW\� FODVVLILFDWLRQ� DQG� VDPSOH� LQVWUXPHQWV� >��@�� +RZHYHU�� WKH� SODFHPHQW� RI� 
QHDU�JURXQG�OHYHO�UHFHSWRUV�DORQJ�WKH�GRZQZLQG�VLGH�RI�ODUJH��JURXQG�OHYHO�DUHD�VRXUFHV��VXFK�DV� 
WKH� VHWXS� LQ� WKLV� VWXG\�� SRWHQWLDOO\� PD\� UHGXFH� WKH� LQKHUHQW� XQFHUWDLQW\� RI� WKH� SUHGLFWHG� 
FRQFHQWUDWLRQV� GXH� WR� ERWK� WKH� YHUWLFDO� DQG� KRUL]RQWDO� SUR[LPLW\� RI� WKH� UHFHSWRU� WR� WKH� VRXUFH�� 
8QIRUWXQDWHO\�� QR� GLVFXVVLRQ� RI� XQFHUWDLQW\� LQ� GLVSHUVLRQ� PRGHOV� XQGHU� VXFK� FRQGLWLRQV� LV� 
DYDLODEOH�� 
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%DVHG�RQ�WKH�LVVXH�RI�SRWHQWLDOO\�UHGXFLEOH�XQFHUWDLQW\��DOO�RI�WKH�LQSXW�GDWD�IRU�ERWK�PRGHOV�ZHUH� 
YHU\�FDUHIXOO\�VFUHHQHG�WR�UHGXFH�XQFHUWDLQW\�LQ�WKH�RXWSXW�WR�WKH�PD[LPXP�H[WHQW�SRVVLEOH��DV�LV� 
VXEVHTXHQWO\� GHVFULEHG�� (YHQ� ZLWK� VXFK� HIIRUWV�� WKH� HUURU� LQ� WKH� PRGHO� SUHGLFWHG� FRQFHQWUDWLRQV� 
IRU� WKLV� VWXG\� LV� H[SHFWHG� WR� EH� ����� DFFRUGLQJ� WR� WKH� DERYH� VRXUFHV�� ZKLFK�� ZKHQ� FRPELQHG� 
ZLWK� D� ����� VDPSOLQJ� HUURU� RI� WKH� GLIIHUHQFH� EHWZHHQ� XSZLQG� DQG� GRZQZLQG� 0LQL9RO� 30� 
VDPSOHUV� ������ HDFK�� LQ� (T�� ���� \LHOGV� D� UDQJH� RI� HUURU� DERXW� WKH� FDOFXODWHG� HPLVVLRQ� UDWH� DW� D� 
VLQJOH�ORFDWLRQ�EHWZHHQ������DQG��������$YHUDJLQJ�YDOLG�HPLVVLRQ�UDWHV�SHU�VDPSOH�SHULRG�PD\� 
UHGXFH�WKH�SRWHQWLDO�HUURU�UDQJH�WR������WR�������E\�UHPRYLQJ�LQVWUXPHQW�VDPSOLQJ�HUURU��� 

7KH� PHWHRURORJLFDO� GDWD� ZHUH� FDUHIXOO\� VFUHHQHG� DQG� FRUUHFWHG� IRU� HUURUV� SULRU� WR� SUHSURFHVVLQJ� 
IRU�WKH�GLVSHUVLRQ�PRGHOV��,W�ZDV�WKLV�VDPH�VFUHHQLQJ�SURFHVV�WKDW�XQFRYHUHG�WKH� HUURQHRXV�ZLQG� 
GLUHFWLRQ� DYHUDJLQJ� FRGH� IRU� WKH� PHWHRURORJLFDO� WRZHUV� LQ� WKH� DQDO\VLV� RI� WKH� ����� IDOO� WLOODJH� 
&03� VWXG\� >�@�� $V� SUHYLRXVO\� GHVFULEHG�� ZH� KDYH� LQVWHDG� HPSOR\HG� WKH� KRUL]RQWDO�� RQH�PLQXWH� 
DYHUDJHG� ZLQG� GLUHFWLRQV� IURP� VRQLF� DQHPRPHWHUV�� 7KH� PHWHRURORJLFDO� LQSXWV� IRU� WKH� PRGHOV� 
JHQHUDWHG�E\�WKH�SUHSURFHVVLQJ�SURJUDPV�ZHUH�DOVR�VFUHHQHG�IRU�FRQVLVWHQF\�ZLWK�LQSXW�PHDVXUHG� 
YDOXHV�� DGMXVWPHQWV� ZHUH� PDGH� DV� QHFHVVDU\�� 7KH� HIIHFWV� RI� WKH� XQFHUWDLQW\� DVVRFLDWHG� ZLWK� WKH� 
PHWHRURORJLFDO� LQSXW�� KRZHYHU� VPDOO�� FRPELQHG� ZLWK� WKH� LQKHUHQW� XQFHUWDLQW\� ZLWKLQ� WKH� PRGHO� 
PRVW�JUHDWO\�LPSDFWV�PRGHO�SUHGLFWHG�FRQFHQWUDWLRQV�DW�UHFHSWRU�ORFDWLRQV�WKDW�DUH�QHDU�WKH�HGJHV� 
RI� WKH� SUHGLFWHG� SOXPH�� ZKLFK� LQ� WXUQ� PD\� JUHDWO\� LPSDFW� WKH� FDOFXODWHG� HPLVVLRQ� UDWHV�� $U\D� 
�������VXJJHVWV� WKDW�WKH� SOXPH�HGJH�EH�GHILQHG�DV� ����RI�WKH�PD[LPXP�PRGHOHG�FRQFHQWUDWLRQ� 
WR� PLQLPL]H� WKHVH� HIIHFWV� >��@�� 7KHUHIRUH�� HPLVVLRQ� UDWHV� FDOFXODWHG� DW� ORFDWLRQV� ZLWK� SUHGLFWHG� 
FRQFHQWUDWLRQV� OHVV� WKDQ� ���� RI� WKH� PD[LPXP� SUHGLFWHG� FRQFHQWUDWLRQ� ZHUH� QRW� XVHG� LQ� 
FDOFXODWLQJ�WKH�DYHUDJH�HPLVVLRQ�UDWH��� 

$(50(7��WKH�SUHSURFHVVRU�RI�PHWHRURORJLFDO�GDWD�IRU�$(502'��UHTXLUHV�WKDW�WKH�VXUURXQGLQJ� 
ODQG� XVH� DQG� ODQG� FRYHU� EH� FDWHJRUL]HG� WR� TXDQWLI\� WKH� %RZHQ� UDWLR�� VXUIDFH� URXJKQHVV�� DQG� 
PLGGD\� DOEHGR�� )RU� WKLV� VWXG\�� WKH� ODQG� XVH� RQ� DOO� VLGHV� RI� WKH� VLWH� ZDV� FODVVLILHG� DV� FXOWLYDWHG� 
ODQG�DQG�WKH�GHIDXOW�VSULQJ�WLPH�YDOXHV�RI�PLGGD\�DOEHGR���������%RZHQ�UDWLR���������DQG�VXUIDFH� 
URXJKQHVV�������P��ZHUH�XVHG�EHFDXVH�WKH�VXPPHU�YDOXHV�IRU� FXOWLYDWHG�ODQG�DVVXPH�YHJHWDWLRQ� 
FRYHU�� ZKLFK� ZDV� QRW� WKH� VLWXDWLRQ� IRU� WKH� PDMRULW\� RI� PHDVXUHPHQW� SHULRGV�� 'XULQJ� HDFK� RI� WKH� 
VDPSOH� UXQV�� WKH� VN\� ZDV� FOHDU� RI� FORXGV�� VR� WKH� DPRXQW� RI� FORXG� FRYHU� ZDV� VHW� WR� ���� IRU� DOO� 
KRXUV��7KH�PL[LQJ�KHLJKW�IRU�LQSXW�LQWR�5$00(7�DQG�$(50(7�ZDV�VHW�DW������P�EHFDXVH�DOO� 
VDPSOHV�ZHUH�VWDUWHG�DW�OHDVW�WZR�KRXUV�DIWHU�VXQULVH�DQG�HQGHG�EHIRUH�VXQVHW��,Q�DGGLWLRQ��DOO�WKH� 
UHFHSWRU� ORFDWLRQV� RI� LQWHUHVW� ZHUH� RQ� WKH� VRXWKHUQ� HGJH� RI� WKH� ILHOG� VR� WKH� H[DFW� GHSWK� RI� WKH� 
PL[LQJ�OD\HU�GXULQJ�GD\OLJKW�KRXUV�RYHU�VXFK�D�VKRUW�GLVWDQFH�DW�JURXQG�OHYHO�ZDV�QRW�FRQVLGHUHG� 
WR� EH� D� VLJQLILFDQW� IDFWRU�� %DVHG� RQ� WKH� PHDVXUHG� LQFRPLQJ� VRODU� UDGLDWLRQ�� YHUWLFDO� WHPSHUDWXUH� 
ODSVH� UDWHV�� DQG� VXUIDFH� ZLQG� VSHHG�� VWDELOLW\� FODVVHV� IRU� ,6&� GXULQJ� DOO� VDPSOH� SHULRGV� ZHUH� 
GHWHUPLQHG�WR�EH�VOLJKWO\�XQVWDEOH�WR�YHU\�XQVWDEOH��7KH�8SSHU�$LU�(VWLPDWRU�LQ�$(50(7�9LHZ� 
ZDV�XVHG�WR�FDOFXODWH�UHTXLUHG�XSSHU�DLU�SDUDPHWHUV�EDVHG�RQ�REVHUYHG�VXUIDFH�FRQGLWLRQV��� 

'LJLWDO� HOHYDWLRQ� PRGHO� ILOHV� EDVHG� RQ� ���� PLQXWH� WRSRJUDSKLFDO� PDSV� ZHUH� XVHG� WR� FDOFXODWH� 
UHFHSWRU� DQG� VRXUFH� HOHYDWLRQV�� 7KH� WHUUDLQ� ZDV� QRW� FRQVLGHUHG� WR� EH� D� VLJQLILFDQW� IDFWRU� LQ� WKH� 
PRGHOHG� FRQFHQWUDWLRQV� DV� WKH� FKDQJH� LQ� HOHYDWLRQ� RYHU� WKH� HQWLUH� PRGHOHG� GRPDLQ� �a�� NP� [� �� 
NP�� ZDV� JUDGXDO� DQG� QR� JUHDWHU� WKDQ� �� PHWHUV�� 7KH� DUHDV� WLOOHG� GXULQJ� WKH� VDPSOH� SHULRGV� ZHUH� 
UHSUHVHQWHG� LQ� WKH� GLVSHUVLRQ� PRGHOV� E\� JURXQG� OHYHO� DUHD� VRXUFHV� WKDW� YDULHG� LQ� VL]H� DQG�VKDSH�� 
7KH�UHDGLQJV�RI�WKH�KDQGKHOG�*36�WUDFNLQJ�GHYLFH�ORFDWHG�RQ�7UDFWRU���IRU�HDFK�WLOODJH�RSHUDWLRQ�� 
PHQWLRQHG�LQ�6HFWLRQ�����ZHUH�XVHG�WR�GHYHORS�WKH�VRXUFH�DUHDV�DQG�VKDSHV��7KH�*36�UHDGLQJV�RI� 
VDPSOH� ORFDWLRQV� ZHUH� XVHG� WR� VSHFLI\� GLVFUHWH� UHFHSWRUV� IRU� FRPSDULVRQ� EHWZHHQ� PRGHOHG� DQG� 
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PHDVXUHG� FRQFHQWUDWLRQV� DW� VSHFLILF� ORFDWLRQV�� ,Q� DGGLWLRQ�� D� UHFHSWRU� JULG� ZLWK� ��� P� [� ��� P� 
VSDFLQJ� DQG� D� IODJSROH� KHLJKW� RI� ���� P� DERYH� JURXQG� OHYHO� ZDV� VHW� XS� VOLJKWO\� XSZLQG� RI�� RYHU�� 
DQG� GRZQZLQG� RI� WKH� DUHD� VRXUFH� WR� SURYLGH� D� YLVXDOL]DWLRQ� RI� WKH� PRGHOHG� SDUWLFXODWH� PDWWHU� 
FRQFHQWUDWLRQV� UHVXOWLQJ� IURP� WKH� DUHD� VRXUFH� HPLVVLRQV�� (OHYDWLRQV� IRU� UHFHSWRUV� DQG� VRXUFH� 
DUHDV�ZHUH�FDOFXODWHG�DQG�DVVLJQHG�E\�$(50$3��7DEOH����LQ�$SSHQGL[�$�SURYLGHV�PRUH�GHWDLOV� 
DERXW�WKH�VHWWLQJV�XVHG�LQ�HDFK�PRGHO��$OO�FRQFHQWUDWLRQV�XVHG�IRU�HPLVVLRQ�UDWH�FDOFXODWLRQV�DQG� 
SUHVHQWHG�LQ�WKLV�UHSRUW�DUH�DYHUDJHV�RYHU�WKH�PRGHOHG�SHULRGV�� 

3.3 STATISTICAL ANALYSIS OF DATA 
7KH� JRDO� RI� WKLV� LQYHVWLJDWLRQ� LV� WR� GHWHUPLQH� LI� WKHUH� DUH� VWDWLVWLFDO� GLIIHUHQFHV� EHWZHHQ� WKH� 
FRQYHQWLRQDO�DQG�FRQVHUYDWLRQ�WLOODJH�SUDFWLFHV�� 0DQ\�GLIIHUHQW�LQVWUXPHQWV�DQG�WHFKQLTXHV�ZHUH� 
XVHG� GXULQJ� WKLV� H[SHULPHQW�� VRPH� WHFKQLTXHV� H[KLELW� *DXVVLDQ� GLVWULEXWLRQV� DQG� VRPH� 
LQVWUXPHQWV� H[KLELW� 3RLVVRQ� GLVWULEXWLRQV�� ,QVWUXPHQWV� WKDW� FRXQW� HYHQWV� �SKRWRQV� RU� SDUWLFOHV�� 
H[KLELW�3RLVVRQ�VWDWLVWLFV�� 7KH�VSHFLILF�³3RLVVRQ´�LQVWUXPHQWV�DUH�WKH�23&�DQG�$JOLWH���$OO�RWKHU� 
LQVWUXPHQWV�H[KLELW�*DXVVLDQ�VWDWLVWLFV��5HJDUGOHVV�RI�WKH�NLQG�RI�VWDWLVWLFV�D�SDUWLFXODU�LQVWUXPHQW� 
PLJKW� XVH�� WKH� VDPH� JHQHUDO� SULQFLSOH� LV� HPSOR\HG�� ZKLFK� LV� EDVHG� RQ� FRPSDULVRQ� RI� WKH� 
PD[LPXP� HUURU� �DV� FRPSXWHG� WKURXJK� FRQILGHQFH� LQWHUYDOV� DQG� 7�YDOXHV�� IRU� FRQVHUYDWLRQ� DQG� 
QRQ�FRQVHUYDWLRQ�WLOODJH� SURFHVVHV�� 7KH�UHVSHFWLYH�PD[LPXP�HUURUV�IRU�WZR�WLOODJH�SURFHVVHV�DUH� 
FRPSDUHG� XVLQJ� D� VLPSOH� 7�WHVW� IRU� WKH� WZR� WLPH� LQWHUYDOV�� 7KH� QXOO� K\SRWKHVLV� LV� ³WKHUH� DUH� QR� 
GLIIHUHQFHV� LQ� WKH� SDUWLFXODWH� HPLVVLRQV� EHWZHHQ� FRQYHQWLRQDO� DQG� FRQVHUYDWLRQ� PDQDJHPHQW� 
SUDFWLFHV�´� 

6RLO�VDPSOHV�ZHUH�FROOHFWHG�RYHU�WKH�HQWLUH�ILHOG�RI�VWXG\�DQG�DQDO\]HG�XVLQJ�*DXVVLDQ�VWDWLVWLFV�� 
7KH� UHVSHFWLYH� DYHUDJHV� DQG� FRQILGHQFH� LQWHUYDOV� ZHUH� FDOFXODWHG� IRU� HDFK� UHJLRQ� RI� WKH� ILHOG�� 
6LQFH� QR� VWDWLVWLFDO� GLIIHUHQFH� ZDV� IRXQG� DPRQJ� UHJLRQV� RI� WKH� ILHOG�� JOREDO� VWDWLVWLFV� IRU� WKH� 
ZKROH� ILHOG� ZHUH� FDOFXODWHG� DQG� XVHG� WR� GHVFULEH� WKH� HQWLUH� ILHOG�� ,Q� WKH� FDVH� RI� WKH� 23&� 
LQVWUXPHQWV�� WKH� 23&V� JHQHUDWH� D� SDUWLFOH� VL]H� GLVWULEXWLRQ� HYHU\� ��� VHFRQGV� IRU� D� WLOODJH� 
RSHUDWLRQ�ODVWLQJ�VHYHUDO�KRXUV��7KHVH�GDWD�ZHUH�ILUVW�PDQXDOO\�H[DPLQHG�WR�UHPRYH�GDWD�DUWLIDFWV� 
VXFK� DV� XQUHDOLVWLF� KLJK� SDUWLFOH� FRXQWV� RU� SDUWLDO� GLVWULEXWLRQV�� 7KHQ�� DOO� RI� WKH� SDUWLFOH� VL]H� 
GLVWULEXWLRQV� IRU� WKH� HQWLUH� WLOODJH� SURFHVV� ZHUH� DYHUDJHG� DQG� WKH� YDULDQFH� DQG� FRQILGHQFH� 
LQWHUYDOV�FDOFXODWHG�DFFRUGLQJ�WR�WKHLU�FRUUHVSRQGLQJ�3RLVVRQ�GHILQLWLRQV���� 

7KH� SURFHVV� RI� H[WUDFWLQJ� SDUWLFOH� YROXPH� DQG� PDVV� FRQFHQWUDWLRQV� IURP� WKH� $JOLWH� OLGDU� UHWXUQ� 
VLJQDO� LV� DQ� LWHUDWLYH� SURFHVV� WKDW� LQYROYHV� VHYHUDO� OLQHDU� OHDVW� VTXDUHV� UHJUHVVLRQV�� 2XU� SURFHVV� 
IRU� UHWULHYDO� LV� WR� DYHUDJH� WKH� UHWXUQV� IRU� DQ� HQWLUH� WLOODJH� SURFHVV�� WKHQ� UXQ� WKH� FRQFHQWUDWLRQ� 
H[WUDFWLRQ� UHJUHVVLRQ�� 7\SLFDOO\�� VHYHUDO� PLOOLRQ� ODVHU� VKRWV� DUH� DYHUDJHG� SULRU� WR� FDOFXODWLRQ� RI� 
FRQFHQWUDWLRQV���� 

$�FKDOOHQJH�LQ�GHDOLQJ�ZLWK�KLJKO\�YDULDEOH�GLVFUHWH�HYHQWV��VXFK�DV�DJULFXOWXUDO�WLOODJH�RSHUDWLRQV� 
LV�WKDW�30�HPLVVLRQV�IURP�HDFK�WUDFWRU�LPSOHPHQW�SDVV�FDQ�±�DQG�GRHV�±�YDU\�FRQVLGHUDEO\�IURP� 
WKH� SUHYLRXV� WUDFWRU� SDVV� DFURVV� WKH� ILHOG�� � 7KLV� OHDGV� RXU� UDZ� GDWD� WR� DSSHDU� ³QRLV\�´� WKRXJK� LQ� 
IDFW� WKH� HUURU� EDUV� RQ� DQ\� JLYHQ� PHDVXUHPHQW� DUH� W\SLFDOO\� PXFK� VPDOOHU�� XVXDOO\� E\� D� IDFWRU� RI� 
ILYH�RU�PRUH��WKDQ�WKH�QDWXUDO�YDULDELOLW\�LQ�WKH�LQVWDQWDQHRXV�HPLVVLRQV�IURP�WKH�WLOODJH�SURFHVV���� 

7KH� DJJUHJDWLRQ� RI� WKH� SDUWLFXODWH� GDWD�� OLGDU� DQG� PHWHRURORJ\� GDWD� SURYLGH� DQ� HVWLPDWH� RI� WKH� 
SDUWLFXODWH�IOX[�ZLWKLQ�D�ILHOG���7KLV�GDWD�ZLOO�EH�H[SUHVVHG�DV�FXPXODWLYH�SDUWLFXODWH�HPLVVLRQ�IRU� 
D� VSHFLILF� SRUWLRQ� RI� WKH� WLOODJH� RSHUDWLRQ�� 7KHQ�� GLIIHUHQFHV� EHWZHHQ� V\VWHPV� ZLOO� EH� FRPSDUHG� 
XVLQJ�*DXVVLDQ�PHDQ�FRPSDULVRQ�PHWKRGV�� � 

6'/�������� &DOLIRUQLD������7LOODJH�&DPSDLJQ� ��� 



 

 

4. RESULTS AND DECISIONS  

4.1 GENERAL OBSERVATIONS 

4.1.1 Soil Characteristics 
7KH�DYHUDJH�EXON�GHQVLW\�DQG�VRLO�PRLVWXUH�YDOXHV��ZLWK��ı�DQG�WKH�QXPEHU�RI�VDPSOHV�FROOHFWHG� 
�Q��� DUH� SUHVHQWHG�LQ� 7DEOH� ���� )LJXUH� ��� SURYLGHV� D� PDS� RI� VRLO� VDPSOH� ORFDWLRQV� LQ� ERWK� ILHOGV�� 
7KH� DYHUDJH� EXON� GHQVLWLHV� ��� �ı�� IRU� )LHOGV� �� DQG� �� ZHUH� ����� �� ����� J�FP�� DQG� ����� �� ����� 
J�FP��� UHVSHFWLYHO\�� 6LPLODUO\�� WKH� VRLO� PRLVWXUH� GLG� QRW� GLIIHU� VLJQLILFDQWO\� EHWZHHQ� WKH� WZR� 
ILHOGV�� 6RLO� PRLVWXUH� JHQHUDOO\� GLG� QRW� FKDQJH� ZLWK� LQFUHDVLQJ� QXPEHU� RI�WLOODJH� RSHUDWLRQV�� 7KH� 
ODUJHVW�LQ�ILHOG� GLIIHUHQFHV�H[SHFWHGO\�ZHUH�UHFRUGHG�DIWHU�WKH�LUULJDWLRQ�HYHQW�DW�WKH�HQG�RI�0D\� 
������VHH�7DEOH ������ 

$QDO\VLV� SHUIRUPHG� RQ� VDPSOHV� IURP� )LHOG� �� \LHOGHG� DQ� DYHUDJH� VRLO� FRPSRVLWLRQ� RI� ���� VDQG�� 
���� VLOW�� DQG� ��� FOD\�� )RU� )LHOG� ��� WKH� FRPSRVLWLRQ� ZDV� ���� VDQG�� ���� VLOW�� DQG� ���� FOD\�� 
6WDEOH� DJJUHJDWH� UHVXOWV� DUH� SUHVHQWHG� LQ� 7DEOH� ��� DQG� VKRZ� WKDW� WKH� PDVV� RI� VWDEOH� DJJUHJDWHV� 
GHFUHDVHG�DIWHU�WKH�ILUVW�WLOODJH�RSHUDWLRQ�ZLWK�WKH�JUHDWHVW�GHFUHDVH�LQ�WKH�ODUJHVW�VLHYH��6LQFH�WKH� 
EXON� GHQVLW\� DQG� WKH� VRLO� PRLVWXUH� GDWD� IURP� WKH� WZR� ILHOGV� DUH� HVVHQWLDOO\� WKH� VDPH� ZLWKLQ� WKH� 
HUURU� RI� WKH� PHDVXUHPHQW�� ZH� H[SHFW� WKHVH� ILHOGV� WR� KDYH� VLPLODU� FKDUDFWHULVWLFV� IRU� DHURVRO�GXVW� 
JHQHUDWLRQ�� � 6LPLODUO\�� DV� KDV� EHHQ� VKRZQ� LQ� WKH� OLWHUDWXUH� >��@>��@>��@>��@�� ZH� H[SHFW� WKH� VRLO� 
PRLVWXUH� FRQWHQW� WR� VWURQJO\� LQIOXHQFH� WKH� DPRXQW� RI� DHURVRO�GXVW� SURGXFWLRQ� IURP� DQ\� JLYHQ� 
WLOODJH�RSHUDWLRQ�� 
Table 13. Statistics of soil characteristics measured for both fields. 

Bulk Density Data Summary Mean (g/cm3) σ (g/cm3) n 95% CI 

)LHOG����&RQYHQWLRQDO�7LOODJH�� ����� ����� ��� ����� 

)LHOG����&RQVHUYDWLRQ�7LOODJH�� ����� ����� ��� ����� 

Soil Moisture Data Summary (Date) Mean (%) σ (%) n 95% CI 

)LHOG������������� ���� ���� ��� ���� 

)LHOG������������� ���� ���� ��� ���� 

)LHOG������������� ���� ���� ��� ���� 

)LHOG������������� ���� ���� ��� ���� 

)LHOG������������ ���� ���� ��� ���� 

)LHOG������������ ���� ���� ��� ���� 
� 

� � 
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 Table 14. Stable aggregate analysis results for both fields. 

Sample collection Sieve Size (mm) Mass per 
sieve pan (g) 

Total Stable Aggregate Mass 
out of 100 g analyzed (g) 
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Figure 15. Soil sample collection locations in fields under study.  

4.1.2 Meteorological Measurements 
$� VXPPDU\� RI� WKH� PHWHRURORJLFDO� FKDUDFWHULVWLFV� UHFRUGHG� GXULQJ� WKH� VWXG\� SHULRG� DUH� SUHVHQWHG� 
LQ�WKLV�VHFWLRQ�ZLWK�VRPH�H[DPSOHV��� 

4.1.2.1 Precipitation Event 
2QH�SUHFLSLWDWLRQ�HYHQW�RFFXUUHG�GXULQJ�WKH�EUHDN�LQ�PHDVXUHPHQW�SHULRGV�IURP�0D\���WK�WR�-XQH� 
�WK�WR�DOORZ�IRU�IORRG�LUULJDWLRQ�RI�ERWK�ILHOGV��7KH�SUR[LPLW\�LQ�WLPH�RI�WKH�SUHFLSLWDWLRQ�HYHQW�WR� 
IORRG� LUULJDWLRQ� RI� WKH� ILHOGV� VXJJHVWHG� WKDW� WKH� HIIHFWV� RI� IORRG� LUULJDWLRQ� RQ� VRLO� FRQGLWLRQV� DQG� 
30� HPLVVLRQV� ZRXOG� PDVN� DQ\� HIIHFW� RI� WKH� SUHFLSLWDWLRQ� HYHQW�� $� PLQLPXP� RI� WHQ�GD\V� SDVVHG� 
EHWZHHQ�WKH�FRPSOHWLRQ�RI�LUULJDWLRQ�RQ�WKH�VWXG\�ILHOGV�DQG�DQ\�WLOODJH�DFWLYLW\��� 

4.1.2.2 Hourly  Wind Data 
2QH�PLQXWH� DYHUDJHG� ZLQG� GDWD� FROOHFWHG� DW� WKH� PHWHRURORJLFDO� WRZHU� DW� WKH� :0� ORFDWLRQ� IURP� 
0D\�DQG�-XQH������ZHUH�DYHUDJHG�DJDLQ�WR�KRXUO\�YDOXHV�LQ�RUGHU�WR�FUHDWH�D�ZLQG�URVH�RI�DFWXDO� 
FRQGLWLRQV�GXULQJ�WKH�ILHOG�H[SHULPHQW��VHH�)LJXUH�����IRU�FRPSDULVRQ�ZLWK�WKH�ZLQG�URVH�FUHDWHG� 
IRU� 0D\� DQG� -XQH� ���������� �VHH� )LJXUH� ��� IURP� WKH�&,0,6� VWDWLRQ� ORFDWHG� QHDU� 6WUDWIRUG�� &$�� 
7KH�ZLQG�VSHHG�PHDVXUHG�DW�����P�DJO�RQ�WKH�WRZHU�ZDV�XVHG�EHFDXVH�WKH�ZLQG�PHDVXUHPHQW�IRU� 
WKH� &,0,6� VWDWLRQ� DSSHDUHG� WR� EH� DW� WKH� ���� P� DJO� OHYHO�� 7KH� ZLQG� URVH� LQ� )LJXUH� ��� FORVHO\� 
UHVHPEOHV�WKH�GDWD�FROOHFWHG�E\�WKH�&,0,6�VWDWLRQ�IRU�WKH�SUHYLRXV�WKUHH� \HDUV��:LQG�FRQGLWLRQV� 
ZHUH�YHU\�IDYRUDEOH�IRU�WKH�GHVLJQHG�VDPSOH�OD\RXW�WKURXJKRXW�WKH�GXUDWLRQ�RI�WKH�ILHOG�VWXG\��� 
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Figure 16. Wind rose of wind speed and direction  measured during the May-June 2008 campaign  

4.1.2.3 Period-Average Meteorological Conditions 
0HWHRURORJLFDO�FKDUDFWHULVWLFV�ZHUH�PRQLWRUHG�RQ�VLWH�WKURXJKRXW�WKH�ILHOG�VWXG\��6DPSOH�SHULRG� 
DYHUDJH� FRQGLWLRQV� ZHUH� FDOFXODWHG� DQG� DUH� SUHVHQWHG� LQ� 7DEOH� ��� EDVHG� RQ� PHDVXUHPHQWV� WDNHQ� 
DW� WKH� :0� DQG� (0� ORFDWLRQV�� $V� FDQ� EH� VHHQ� IURP� WKHVH� GDWD�� DOO� PHDVXUHPHQWV� ZHUH� PDGH� 
GXULQJ� ZDUP� DQG� GU\� FRQGLWLRQV�� :LQGV� ZHUH� FRQVLVWHQWO\� RXW� RI� WKH� QRUWKZHVW� ZLWK� DYHUDJH� 
VSHHGV�EHWZHHQ���DQG���P�V�� 

� � 
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Table 15. Average ± 1σ temperature, relative humidity, wind speed, and wind direction for each sample 
period as measured at the WM tower. Temperature, relative humidity, and wind speed were measured at 9.7 
m agl and wind direction was measured at 11.3 m agl. 

Sample Ambient Temperature (C) Relative Humidity (%) Wind Speed (m/s) Wind Direction (°) 
5/17 Run 1 ����������� ������� ���������� ��������� 
5/17 Run 2 ����������� ��������� ���������� �������� 
5/18 ����������� ������� ���������� ��������� 
5/19 Run 1 ����������� ������� ���������� ��������� 
5/19 Run 2 ����������� ������� ���������� ��������� 
5/20 Run 1 ����������� �������� ���������� ��������� 
5/20 Run 2 ����������� ������� ���������� �������� 
6/5 Run 1 ����������� ������� ���������� ��������� 
6/5 Run 2 ����������� ������� ���������� �������� 
6/7 ����������� ������� ���������� ��������� 
6/11* ����������� ������� ���������� ��������� 
6/18 ����������� ������� ���������� �������� 
6/25* ����������� ������� ���������� ��������� 

�'DWD�WDNHQ�IURP�(0�WRZHU�GXH�WR�PLVVLQJ�GDWD�DW�:0�WRZHU� 

4.1.2.4 Wind Profile Calculations 
7KH�ZLQG�SURILOHV�XVHG�LQ�FDOFXODWLQJ�WKH�30�PDVV�IOX[HV�WKURXJK�WKH�YHUWLFDO�OLGDU�EHDP�SODQHV� 
ZHUH� GHWHUPLQHG� E\� ILWWLQJ� WKH� SRZHU� ODZ� ZLQG� VSHHG� HTXDWLRQ� �(T�� ��� WR� FXS� DQHPRPHWHU� GDWD� 
IURP�WKH�PHWHRURORJLFDO�WRZHU�ORFDWHG�DW�ORFDWLRQ�:0��,Q�ILWWLQJ�WKH�PHDVXUHG�GDWD��FDOFXODWHG�S� 
YDOXHV�UDQJHG�IURP�WKH�PLQLPXP�WR�WKH�PD[LPXP�GHVLJQDWHG�OLPLWV�RI�����DQG������UHVSHFWLYHO\�� 
DQG� IROORZHG� D� GLXUQDO� F\FOH� VLPLODU� WR� WKDW� RI� DWPRVSKHULF� VWDELOLW\� FODVV�� WKH� PHDQ� YDOXH� RI� S� 
WKURXJKRXW� WKH� ILHOG� VWXG\� �� �ı� ZDV� ����� �� �����$Q� H[DPSOH� RI� D� FDOFXODWHG� ZLQG� VSHHG� SURILOH� 
EDVHG� RQ� WRZHU�PRXQWHG� FXS� DQHPRPHWHU� GDWD� DQG� D� SRZHU�ODZ� ILWWLQJ� PRGHO� LV� SUHVHQWHG� LQ� 
)LJXUH����� � 
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Figure 17. Cup anemometer measurements shown with the wind speed profiled calculated using the 
measured wind speed.  

4.2 AEROSOL CHARACTERIZATION DATA   
7KH�IROORZLQJ�VHFWLRQ�FRQWDLQV�WKH�DHURVRO�GDWD�FROOHFWHG�XVLQJ�ERWK�WKH�ILOWHU�DQG�RSWLFDO�VDPSOHU� 
PHWKRGV��� 

4.2.1 Minivol Filter Sampler Data 
$V�PHQWLRQHG�LQ�6HFWLRQ����������DQ�DUUD\�RI�$LUPHWULFV�0LQL9RO�VDPSOHUV�ZDV�SRVLWLRQHG�WR� 
FKDUDFWHUL]H�WKH�XSZLQG�EDFNJURXQG�DQG�GRZQZLQG�30�FRQFHQWUDWLRQV��$�WRWDO�RI�����VDPSOHV� 
ZHUH�FROOHFWHG������������30��������������30����DQG����������763��&DOFXODWHG�30���� 
FRQFHQWUDWLRQV�EDVHG�RQ�ILOWHU�FDWFK�UDQJHG�IURP������WR��������ȝJ�P���30���FRQFHQWUDWLRQV� 
UDQJHG�IURP������WR��������ȝJ�P���763�FRQFHQWUDWLRQV�UDQJHG�IURP������WR��������ȝJ�P���7KH� 
0'/�IRU�HDFK�VDPSOH�SHULRG�ZDV�FDOFXODWHG�EDVHG�RQ�WKH�DYHUDJH�UXQ�WLPH�RI�WKH�0LQL9ROV��WKH� 
WDUJHWHG�IORZ�RI�����/�PLQ��DQG�WKH�PLQLPXP�ILOWHU�FDWFK�WKDW�FRXOG�EH�PHDVXUHG�LQ�WKH�GLIIHUHQFH� 
EHWZHHQ�WKH�SUH��DQG�SRVW�WHVW�ILOWHU�ZHLJKWV�RI����J��7KH�0'/�IRU�HDFK�UXQ�YDULHG�EDVHG�RQ� 
GLIIHUHQW�VDPSOH�WLPHV��WKH�DYHUDJH�0'/�����ı��Q� �����ZDV������������J�P��DQG�WKH�PHGLDQ�ZDV� 
����μJ�P���ZLWK�D�UDQJH�RI�����IRU�D�UXQ�OHQJWK�RI�����KRXUV�WR�������J�P��IRU�D�UXQ�OHQJWK�RI����� 
KRXU��7KH�FDOFXODWHG�30�FRQFHQWUDWLRQV�PHDVXUHG�DW�DOO�VDPSOH�ORFDWLRQV�GXULQJ�0D\������PD\� 
EH�IRXQG�LQ�7DEOH����DQG�GXULQJ�-XQH������PD\�EH�IRXQG�LQ�7DEOH����LQ�$SSHQGL[�$��)LJXUH���� 
SUHVHQWV�D�FRQWRXU�SORW�RI�WKH�PHDVXUHG�30���FRQFHQWUDWLRQV�DW���P�DJO�IRU�WKH�-XQH����VDPSOH� 
SHULRG�DFURVV�WKH�ILHOG�RI�VWXG\��6DPSOH�ORFDWLRQV�DUH�VKRZQ�E\�����PDUNHUV�DQG�WKH�ILHOG�HGJHV� 
DUH�DSSUR[LPDWHG�E\�WKH�EODFN�OLQHV��1RWH�WKH�EDFNJURXQG�30���FRQFHQWUDWLRQV�ZHUH�DURXQG����� 
μJ�P��� 
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Figure 18. Contour plot of measured PM10 concentration for the June 25 sample period.  

2I� WKH� ���� ILOWHU� VDPSOHV� FROOHFWHG�� ���� GLG� QRW� SDVV� TXDOLW\� DQDO\VLV�TXDOLW\� FRQWURO� �4$�4&�� 
VWHSV� DSSOLHG� WR� WKH� GDWDVHW�� OHDYLQJ� ���� IRU� XVH� LQ� FDOFXODWLQJ� HPLVVLRQ� UDWHV� XVLQJ� LQYHUVH� 
PRGHOLQJ��$Q�LQYHVWLJDWLRQ�LQWR�WKLV�KLJK�UDWH�RI�IDLOXUH�ZDV�FRQGXFWHG�DQG�D�GHWDLOHG�GHVFULSWLRQ� 
LV�SURYLGHG�LQ�$SSHQGL[�%��,Q�VXPPDU\��ILOWHUV�WKDW�GLG�QRW�SDVV�4$�4&�ZHUH�VXVSHFWHG�WR�KDYH� 
EHHQ� FRQWDPLQDWHG� HLWKHU�GXULQJ� VDPSOLQJ�RU�GXULQJ�VWRUDJH�DQG�KDQGOLQJ��(YLGHQFH�RI�³SDUWLFOH� 
ERXQFH´� ZDV� IRXQG� RQ� PDQ\� 30���� DQG� 30��� VDPSOHV� FROOHFWHG� GXULQJ� 0D\� VDPSOH� SHULRGV�� 
3DUWLFOH� ERXQFH� RFFXUV� ZKHQ� SDUWLFOHV� WKDW� FROOLGH� ZLWK� WKH� LPSDFWRU� SODWH�� WKH� PHFKDQLVP� XVHG� 
E\�WKH�0LQL9ROV�WR�H[FOXGH�SDUWLFOHV�ODUJHU�WKDQ�WKH�GHVLJQ�VL]H��DUH�UH�HQWUDLQHG�LQ�WKH�DLUVWUHDP� 
DQG�FROOHFWHG�RQ�WKH�ILOWHU�GRZQVWUHDP�DQG�UHVXOW�LQ�KLJKHU�PHDVXUHG�OHYHOV�WKDQ�DFWXDOO\�H[LVWHG�� 
7KLV� LVVXH� LV� PRVW� OLNHO\� GXH� WR� H[SRVLQJ� WKH� 0LQL9RO� VDPSOHUV� WR� GXVW� SOXPHV� H[FHHGLQJ� WKH� 
PD[LPXP� UHFRPPHQGHG� H[SRVXUH� OHYHO� DQG� LPSURSHU� LQVWUXPHQW� PDLQWHQDQFH� DQG� FOHDQLQJ� 
WKURXJK�WKH�0D\�VDPSOH�SHULRGV��&RUUHFWLYH�DFWLRQ�ZDV�WDNHQ�GXULQJ�WKH�-XQH�VDPSOH�SHULRGV�DQG� 
QR�LVVXHV�DVVRFLDWHG�ZLWK�SDUWLFOH�ERXQFH�ZHUH�REVHUYHG�LQ�WKH�VHFRQG�SRUWLRQ�RI�WKH�VWXG\�� 

$GGLWLRQDOO\��VRPH�SDUWLFOHV�ZHUH�REVHUYHG�RQ�WRS�RI�DQG�LPEHGGHG�LQWR�WKH�SODVWLF�DQQXODU�ULQJ� 
DURXQG�WKH�7HIORQ�ILOWHU�PDWHULDO�±�WKH�SODVWLF�ULQJ�LV�FRYHUHG�E\�WKH�ILOWHU�KROGHU�DVVHPEO\�GXULQJ� 
GHSOR\PHQW��7KLV�ZDV�OLNHO\�GXH�WR�FRQWDPLQDWLRQ�GXULQJ�RQ�VLWH�ILOWHU�VWRUDJH�RU�KDQGOLQJ�� 
(IIRUWV�ZHUH�PDGH�WR�PLQLPL]H�WKLV�LVVXH�WKURXJKRXW��HVSHFLDOO\�GXULQJ�WKH�-XQH�VDPSOH�SHULRGV�� 
+RZHYHU��ZLQGEORZQ�GXVW�GLG�LPSDFW�WKH�KDQGOLQJ�DQG�VWRUDJH�DUHD�GXULQJ�WKH�ODVW�VDPSOH� 
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SHULRGV�LQ�0D\��7KH�VL]H�IUDFWLRQ�GLVWULEXWLRQ�RI�DSSURYHG�ILOWHUV�ZDV�QHDUO\�LGHQWLFDO�WR�WKH�WRWDO� 
VDPSOH�VHW�����������ZHUH�30��������������ZHUH�30����DQG����������ZHUH�763��7KHVH�ILQDOL]HG� 
FRQFHQWUDWLRQV�DUH�JLYHQ�LQ�7DEOH����DQG�7DEOH����LQ�$SSHQGL[�$��6HH�$SSHQGL[�%�IRU�D�GHWDLOHG� 
GLVFXVVLRQ�RI�WKH�4$�4&�VWHSV��ILOWHU�LQVSHFWLRQ�IDLOXUH��SRVVLEOH�FDXVHV�RI�WKH�IDLOXUHV��DQG� 
SUHYHQWDWLYH�VROXWLRQV�IRU�IXWXUH�VDPSOLQJ��� 

4.2.2 PM Chemical Analysis 

4.2.2.1 Organic Carbon/Elemental Carbon Analyzer 
$V� PHQWLRQHG� SUHYLRXVO\�� WKH� RUJDQLF� FDUERQ�HOHPHQWDO� FDUERQ� DQDO\]HU� SDVVHG� WKH� 
PDQXIDFWXUHU¶V� VXJJHVWHG� LQ�ILHOG� DXGLWV� DQG� DIWHU� FRPSOHWLRQ� RI� WKH� ILHOG� SURMHFW� WKH� GDWD� ZHUH� 
PDQXDOO\� VFUHHQHG� IRU� FRPSOHWHQHVV� DQG� SRWHQWLDO� RXWOLHUV�� � 'XULQJ� WKH� WZR� GLVWLQFW� SHULRGV� RI� 
VDPSOLQJ�� 0D\� ������ DQG� -XQH� ������ ������ WKH� (&�2&� LQVWUXPHQW� RSHUDWHG� FRQWLQXDOO\� H[FHSW� 
IRU� EULHI� SHULRGV� IRU� 4$�4&� FKHFNV�� VHUYLFLQJ� RI� WKH� V\VWHP� JHQHUDWRU�� RU� VLJQLILFDQW� EUHDNV� LQ� 
WKH� SURGXFHU� RSHUDWLRQV�� � $Q� XQDQWLFLSDWHG� FRQVHTXHQFH� RI� WKH� RQH� KRXU� VDPSOH� WLPHV�� FRXSOHG� 
ZLWK� WKH� GXDO� FKDQQHO� RSHUDWLRQ� RI� WKH� 5 3� ����� (&�2&� $QDO\]HU�� ZDV� WKDW� WKH� 
VDPSOLQJ�DQDO\VLV�FOHDQLQJ�F\FOHV�H[WHQGHG�EH\RQG�WKH�SODQQHG�WZR�KRXUV���7KH�QHW�UHVXOW�ZDV�D� 
VDPSOLQJ�SURILOH�ZKHUHLQ�HYHU\�WKLUG�KRXU�RI�GDWD�ZDV�PLVVLQJ������VDPSOH�FROOHFWLRQ�HIILFLHQF\� 
RYHU�WKH�HQWLUH�GHSOR\PHQW����+RZHYHU��EHFDXVH�WKH�DFWXDO�IDUP�SUDFWLFH�SHULRGV�YDULHG�IURP�RQH� 
WR� HLJKW� KRXUV�� WKH� DFWXDO�� REVHUYHG� GDWD� SHULRGV� UDQJHG� IURP� RQH� WR� HLJKW� KRXUV�� WKH� GDWD� 
FRYHUDJH�ZDV�IURP����������DYHUDJLQJ���������������� 

7KH� 30���� 2&�(&� WLPH� VHULHV� GDWD� FROOHFWHG� DW� WKH� GRZQZLQG� $LU� 4XDOLW\� 7UDLOHU� �$47�� DUH� 
VKRZQ� LQ� )LJXUH� ���� ZLWK� WKH� VKDGHG� VHFWLRQV� LQGLFDWLQJ� WKH� GLVFUHWH� VDPSOLQJ� SHULRGV� IRU� WKH� 
REVHUYHG� WLOODJH� SUDFWLFHV�� � $V� FDQ� EH� VHHQ�� WKH� 30����DVVRFLDWHG� (&� ZDV� W\SLFDOO\� TXLWH� ORZ�� 
UDQJLQJ� IURP� ���� μJ�P�� WR� ���� μJ�P�� DQG� DYHUDJLQJ� ���� μJ�P�� ±� ����  μJ�P�� �DW� WKH� ���� 
FRQILGHQFH� LQWHUYDO�� GXULQJ� WKH� FRQFXUUHQW� WLOODJH� VDPSOLQJ� SHULRGV� DQG� GHPRQVWUDWHG� UHODWLYHO\� 
OLWWOH�YDULDELOLW\���'XULQJ�WKHVH�VDPH�VDPSOH�SHULRGV��WKH�WRWDO�30����DW�WKH�$47��PHDVXUHG�E\�WKH� 
ILOWHU�EDVHG�0LQL9RO�V\VWHPV��UDQJHG�IURP������μJ�P��WR�������μJ�P��DQG�DYHUDJLQJ������μJ�P�� 
±� ����� μJ�P�� �DW� WKH� ���� FRQILGHQFH� LQWHUYDO��� � )RU� IXUWKHU� FRPSDULVRQV�� GXULQJ� WKH� QRQ�WHVW� 
SHULRGV� WKH� (&� 30���� FRQFHQWUDWLRQV� DYHUDJHG� ���� μJ�P�� ±� ���� μJ�P�� �DW� WKH� ���� FRQILGHQFH� 
LQWHUYDO��� � 7KLV� ZRXOG� VXJJHVW� WKDW� WKH� (&� IUDFWLRQ� RI� WKH� 30���� DW� WKH� VLWH� ZDV� QRW� JUHDWO\� 
LPSDFWHG� E\� WKH� H[DPLQHG� WLOODJH� SUDFWLFHV� RU� E\� W\SLFDO� (&� VRXUFHV� VXFK� DV� ELRPDVV� RU� GLHVHO� 
FRPEXVWLRQ�DQG�LV�PRUH�OLNHO\�RI�D�UHJLRQDO�SKHQRPHQRQ�� 

7KH� REVHUYHG� 2&� 30����FRQFHQWUDWLRQV�� GHULYHG� E\� PXOWLSOLFDWLRQ� RI� WKH�UDZ� 2&� FRQFHQWUDWLRQV� 
E\������UHIHU�EDFN�WR�6HFWLRQ�����������ZHUH�DSSUR[LPDWHO\�DQ�RUGHU�RI�PDJQLWXGH�JUHDWHU�WKDQ�WKH� 
(&� FRQFHQWUDWLRQV�� UDQJLQJ� IURP� ���� μJ�P�� WR� ���� μJ�P�� DQG� DYHUDJLQJ� ���� μJ�P��±� ���� μJ�P�� 
�VHH� )LJXUH� ����� $OWKRXJK� WKH� 30���� RUJDQLF� FRPSRQHQW� VHHPHG� WR� YDU\� PRUH� DQG� RFFDVLRQDOO\� 
VKRZ�JUHDWHU�FRQFHQWUDWLRQ�VSLNHV�WKDQ�WKH�(&��WKHVH�HSLVRGHV�JHQHUDOO\�RFFXUUHG�GXULQJ�QRQ�WHVW� 
HYHQWV�� ZKHQ� WKH� 2&� 30���� DYHUDJHG� ���� μJ�P��±� ���� μJ�P���VWDWLVWLFDOO\� LQGLVWLQJXLVKDEOH� IURP� 
WKH�WLOODJH�WHVW�SHULRGV�� 
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Figure 19. PM2.5 OC/EC time series concentrations as collected at the downwind AQT location. The shaded 
sections indicate the observed agricultural practices. It should also be noted that the raw instrument OC 
concentrations have been multiplied by 1.7 to account for potential non-carbon functional groups.  
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Figure 20. PM2.5 organic matter and EC concentrations during specific sampling periods (parallel to filter-
based sampling). 

$V� FDQ� EH� GHULYHG� IURP� )LJXUH� ���� RQ� DYHUDJH�� WKH� WRWDO� FDUERQ�UHODWHG� PDWHULDO� DFFRXQWHG� IRU� 
DURXQG�������±������RI�WKH�30����PDVV�REVHUYHG�DW�WKH�$47��GRZQZLQG���)XUWKHUPRUH��DV�DOVR� 
VKRZQ� LQ� )LJXUH� ���� WKH� RSHUDWLRQV� RQ� WKH� WZR� GLIIHUHQW� ILHOGV�� )LHOG� �� �FRQYHQWLRQDO�� YHUVXV� 
)LHOG����&03���VKRZHG�QR�VWDWLVWLFDO�GLIIHUHQFH�DW�WKH�����FRQILGHQFH�OHYHO�LQ�WKH�SHUFHQWDJH�RI� 
30����EDVHG� 2&� RU� (&�� )LHOG� �� �FRQYHQWLRQDO�� RSHUDWLRQV� DYHUDJHG� ������ �� ����� DQG� ����� �� 
����� 2&� DQG� (&� 30����� UHVSHFWLYHO\�� ZKLOH� )LHOG� �� �&03�� RSHUDWLRQV� DYHUDJHG� ����� �� ����� 
DQG�������������2&�DQG�(&�30�����UHVSHFWLYHO\�� 

4.2.2.2 Ion Chromatographic (IC) Analysis  
,Q� DGGLWLRQ� WR� WKH� QHDU�UHDO� WLPH� 30���� FDUERQ� FRPSRVLWLRQDO� DQDO\VLV� GHVFULEHG� DERYH�� VROXEOH� 
LRQLF� DQDO\VHV� ZHUH� SHUIRUPHG� RQ� VHOHFWHG� 30���� ILOWHUV� FROOHFWHG� DW� WKH� $47�� 7KH� VDPSOH� 
FROOHFWLRQ� DQG� LRQ� FKURPDWRJUDSKLF� DQDO\VHV� ZHUH� GHVFULEHG� SUHYLRXVO\� LQ� 6HFWLRQ� ��������� 7KH� 
ILOWHUV� DQDO\]HG� IRU� VROXEOH� DQLRQV� DQG� FDWLRQV� ZHUH� IURP� PRVW� RI� WKH� GLVFUHWH� VDPSOH� SHULRGV� 
GHVFULEHG�DERYH�LQ�WKH�FDUERQ�IUDFWLRQ�DQDO\VLV��6HFWLRQ�����������7KH�$47�VDPSOH�ORFDWLRQ�ZDV� 
IDU�HQRXJK�GRZQZLQG�IURP�FRQYHQWLRQDO�WLOODJH�RSHUDWLRQV�LQ�)LHOG����a�����P��WKDW�WKH�VDPSOHUV� 
ZHUH� QRW� RYHUORDGHG� OLNH� WKH� RWKHU� GRZQZLQG� VDPSOHUV�GXULQJ� WKH� FKLVHO� �0D\� ����� GLVF� ���0D\� 
��� 5���� GLVF� �� �0D\� ��� 5���� DQG� OLVWHU� �0D\� ��� 5��� SDVVHV�� 7KH� FROORFDWHG� 23&� WLPH� VHULHV� 
VXSSRUWV� WKLV� FRQFOXVLRQ�� $V� VXFK�� D� WRWDO� RI� QLQH� ILOWHUV� ZHUH� DQDO\]HG� IRU� VROXEOH� LRQV��� 
+RZHYHU�� WZR� RI� WKHVH� ILOWHUV�� IURP� �������� DQG� �������� ZHUH� VXEVHTXHQWO\� VXVSHFWHG� DV� 
SRWHQWLDOO\� KDYLQJ� FRQWDPLQDWLRQ� LVVXHV� �VHH� 6HFWLRQ� ������� DQG� ZHUH� GLVFDUGHG� IURP� IXUWKHU� 
DQDO\VLV�� 

� 

� 

6'/�������� &DOLIRUQLD������7LOODJH�&DPSDLJQ� ��� 



� 
Figure 21. PM2.5 organic matter and elemental carbon concentrations during specific sampling periods  
(parallel to filter-based sampling). 

7KH� FDWLRQV� REVHUYHG� LQFOXGHG� VRGLXP� �1D���� DPPRQLXP� �1+ �
� ��� SRWDVVLXP� �.���� PDJQHVLXP� 

�0J����� DQG� FDOFLXP� �&D����� 7KH� UHVROYHG� DQLRQV� LQFOXGHG� IOXRULGH� �)���� FKORULGH� �&O���� QLWULWH� 
�12 �

� ���DQG�QLWUDWH��12 �
� ���,W�VKRXOG�EH�QRWHG�KHUH�WKDW�VXOIDWH��62 ��

� ��LV�RIWHQ�DQ�H[SHFWHG�DQLRQ� 
SUHVHQW� LQ� FRPPRQ� DPELHQW� SDUWLFXODWH�� XQIRUWXQDWHO\�� FKURPDWRJUDSKLF� IDLOXUHV� SUHYHQWHG� FOHDU� 
UHVROXWLRQ�RI�WKH�VXOIDWH�SHDN�VR�QR�YDOXHV� IRU�62 ��

� �ZHUH�REWDLQHG��+RZHYHU��VLPLODU�VWXGLHV�E\� 
WKH� SURMHFW� LQYHVWLJDWRUV� IRXQG� FHQWUDO� &DOLIRUQLD� WLOODJH� GXVW� FRQWDLQHG� ORZ� OHYHOV� RI� 62 ��

� �� 
DYHUDJLQJ� OHVV� WKDQ� ��� RI� WKH� WRWDO� REVHUYHG� VROXEOH� LRQV� DQG� DURXQG� ����� RI� WKH� WRWDO� 30���� 
PDVV� >�@�� $VLGH� IURP� WKH� VXOIDWH�� DOO� RI� WKH� H[SHFWHG� LRQV� ZKHUH� REVHUYHG� ZLWK� WKH� H[FHSWLRQ� RI�
IOXRULGH��ZKLFK�ZDV�QRW�GHWHFWHG��Q�G���LQ�DQ\�RI�WKH�VDPSOHV��$V�FDQ�EH�GHULYHG�IURP�)LJXUH���Ü� 
WKH� REVHUYHG� VROXEOH� LRQV� FRQWULEXWHG� DURXQG� ���� RI� WKH� WRWDO� ILOWHU� 30���� PDVV�� 2Q� DYHUDJH�� 
FKORULGH� ZDV� WKH� PRVW� FRPPRQ� DQLRQ� DQG� DPPRQLXP� DQG� PDJQHVLXP� ZHUH� WKH� PRVW� FRPPRQ� 
FDWLRQV�� ,W� VKRXOG� EH� QRWHG� WKDW� WKHVH� GRPLQDQFHV� ZHUH� QRW� DOZD\V� VLJQLILFDQW� DW� WKH� ���� 
FRQILGHQFH� OHYHO�� 7DEOH� ��� SUHVHQWV� WKH� DYHUDJH� LRQ� FRQFHQWUDWLRQV� DFURVV� WKH� VHYHQ� DQDO\]HG� 
ILOWHUV��XQFHUWDLQW\�UHSUHVHQWV�WKH�����FRQILGHQFH�LQWHUYDO��� 

)LJXUH� ��� VKRZV� WKH� DYHUDJH� PDVV� SHUFHQWDJHV� IRU� WKH� LQGLYLGXDO� LRQV�� DORQJ� ZLWK� WKH� ���� 
FRQILGHQFH� LQWHUYDO�� $V� FDQ� EH� VHHQ�� WKH� DYHUDJH� LQGLYLGXDO� LRQLF� VSHFLHV� FRQFHQWUDWLRQV� UDUHO\� 
DSSURDFKHG� ��� RI� WKH� WRWDO� 30����� $OWKRXJK� QRW� H[SOLFLWO\� VKRZQ� LQ� HLWKHU� )LJXUH� ��� RU� )LJXUH� 
����WKH�WRWDO�REVHUYHG�LRQLF�SHUFHQWDJH�FDQ�EH�GHULYHG�DQG�DYHUDJHG��������������� 

$V� PLJKW� EH� H[SHFWHG�� LI� WKH� SUHVXPHG� VRXUFHV� RI� WKH� FRPEXVWLRQ� DQG� VHFRQGDU\� SDUWLFOHV� DUH� 
PRUH�UHJLRQDO� LQ�QDWXUH�� WKH�LRQLF�VSHFLHV� ZRXOG�VKRZ�YHU\�OLWWOH�PDVV� FRQFHQWUDWLRQ�GLIIHUHQFHV� 
DFURVV� WKH� VDPSOHV�� :KHQ� WKH� LRQLF� FRQWULEXWLRQV� REVHUYHG� ZLWKLQ� WKLV� VWXG\� DUH� FRPELQHG� ZLWK� 
WKH� (&� DQG� 2&� FRQWULEXWLRQV�� WKH� EXON� RI� WKH� SDUWLFXODWH� PDWHULDO�� ������ �� ������ ZDV� VWLOO� 
FRQWULEXWHG� E\� XQNQRZQ� �XQDQDO\]HG�� FRQVWLWXHQWV� �VHH� )LJXUH� ����� � 7KHVH� XQDFFRXQWHG� IRU� 
FRPSRXQGV� DUH� PRVW� OLNHO\� LQVROXEOH� FUXVWDO� HOHPHQWV� DVVRFLDWHG� ZLWK� WKH� EDFNJURXQG� DHURVRO� 
DQG�H[SHFWHG�VRLO�GLVWXUEDQFH�HPLVVLRQV�GXULQJ�WKH�WLOODJH�SURFHVVHV�� 

� 
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Figure 22. Soluble ionic mass concentrations of AQT downwind PM2.5 filters. 

� 
Table 16. PM2.5 filter ion concentrations  averaged over seven downwind samples collected at AQT 
(uncertainty represents the 95% confidence interval). 

$QDO\]HG�,RQ� 
)�� 

�μJ�P��� 
&O�� 

�μJ�P��� 
12� 

�� 
�μJ�P��� 

12� 
�� 

�μJ�P��� 
1D�� 

�μJ�P��� 
1+� 

�� 
�μJ�P��� 

. �� 
�μJ�P��� 

0J��� 
�μJ�P��� 

&D��� 
�μJ�P��� 

0DVV� 
&RQFHQWUDWLRQ� Q�G�� ������ 

���� 
������ 
���� 

������ 
���� 

������ 
���� 

������� 
���� 

������ 
���� 

������ 
���� 

������ 
���� 

6'/�������� &DOLIRUQLD������7LOODJH�&DPSDLJQ� ��� 



 

0.0 

0.5 

1.0 

1.5 

2.0 

2.5 

3.0 

3.5 

Na+ NH4+ K+ Mg+2 Ca+2 F- Cl- NO2- NO3-

So
lu

bl
e 

In
oi

c S
pe

ci
es

 P
M

2.
5 

Pe
rc

en
ta

ge
 (b

y m
as

s)
 

Figure 23. Average soluble ionic  mass percentage composition of  the AQT downwind PM2.5 filters. The error 
bars represent the 95% confidence interval.  
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Figure 24. Average compositional  mass percentage of the AQT downwind PM2.5 filters. 
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 4.2.3 Aerosol Mass Spectrometer 
'XULQJ� WKH� WLOODJH� H[SHULPHQW�� WKH� $06� DFTXLUHG� FKHPLFDO� FRPSRVLWLRQ� GDWD�IURP� 0D\� ���0D\� 
���ZLWK�VRPH�VLJQLILFDQW�JDSV�LQ�WKH�GDWD�GXH�WR�PDVV�VSHFWURPHWHU�PDOIXQFWLRQLQJ��7KLV�UHTXLUHG� 
PDQXDO�VFUHHQLQJ�RI�WKH� $06�GDWD��$SSUR[LPDWHO\� ����RI�GDWD�RYHU�WKH�WLPH�SHULRG�ZDV�IRXQG� 
WR� EH� YDOLG�� /DUJH� JDSV� RFFXUUHG� WKURXJKRXW� WKH� VDPSOLQJ� SHULRG� ZLWK�� IRU� H[DPSOH�� QR� GDWD� 
DFTXLUHG� RQ� 0D\� ���� 6LPLODU� WR� WKH� $06� GDWD� DFTXLUHG� LQ� WKH� FRPSDQLRQ� H[SHULPHQW� LQ� /RV� 
%DQRV� WKH� SUHYLRXV� \HDU� >�@�� WKH� 2&� IUDFWLRQ� GRPLQDWHG� WKH� GHWHFWHG� SDUWLFOH� FKHPLFDO� 
FRPSRVLWLRQ� �)LJXUH� ����� 7KH� PDVV� VSHFWUXP� VKRZV� WKDW� 30�� LV� PRVWO\� GRPLQDWHG� E\� WKH� 
SUHVHQFH� RI� SKRWRFKHPLFDO� UHJLRQDO� SROOXWDQWV�� VXFK� DV� DPPRQLXP� QLWUDWH� �1+�12��� DQG� 
DPPRQLXP� VXOIDWH� ��1+���62��� VDOWV� DQG� 2&�� DV� LQ� )LJXUH� ���� 3DUWLFOH� VL]H� LQIRUPDWLRQ� ZDV� 
REWDLQHG��)LJXUH���� D�DQG�E��DQG�LV�LQGLFDWLYH�RI� SKRWRFKHPLFDO�SURGXFWLRQ�RI�SDUWLFOHV� ZLWK�WKH� 
VL]H�GLVWULEXWLRQV�VKRZLQJ�D�PRGH�DW�DSSUR[LPDWHO\�����μP������QP��� 

Organic 

Nitr ate 

Sulfate 

Ammonium 
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Figure 25. Average chemical composition of particles detected by the AMS from May14-15.  
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Figure 26. Representative AMS mass spectrum of particles detected during the study.  Mass-to-charge (m/z) 
ion assignments include nitrate (m/z 30 NO+ and  m/z 46 NO +

2 ), sulfate (m/z 48 SO+, 64 SO +
2 , 81 HSO +

3 , and 98  
H2SO +

4 ), and carbon (e.g. m/z 55 C4H +
7 , 57 C4H +

9 , 77 C6H +
5 , 91 C7H +

7 ). 
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%HFDXVH� RI� WKH� PDMRU� JDSV� LQ� WKH� $06� GDWD�� WKHUH� ZHUH� IHZ� DQG� OLPLWHG�WLPH� SHULRGV� ZKHUH�WKH� 
$06� DQG� 0HW� 2QH� 23&� GDWD� RYHUODS�� $� EULHI� VL[�KRXU� RYHUODS� SHULRG� LV� VKRZQ� LQ� )LJXUH� ��� 
ZKHUH� $06� PDVV� FRQFHQWUDWLRQ� GDWD� DFFRXQWV� IRU� a���� RI� WKH� FRQYHUWHG� PDVV� FRQFHQWUDWLRQV� 
IRU� WKH� �� μP� VL]H� ELQ� RI� WKH� 23&� DW� WKH� $47� VDPSOLQJ� VLWH�� 6LQFH� WKH� $06� GRHV� QRW� GHWHFW� 
UHIUDFWRU\� FRPSRQHQWV� RI� WKH� DHURVRO� �H�J��� LQRUJDQLF� R[LGHV� DQG� EODFN�HOHPHQWDO� FDUERQ�� DQG� LW� 
PHDVXUHV� YDFXXP� DHURG\QDPLF� GLDPHWHU� YHUVXV� WKH� 23&� WKDW� PHDVXUHV� RSWLFDO� GLDPHWHU�� LW� LV� 
H[SHFWHG� WKDW� WKH� $06� ZRXOG� GHWHFW� OHVV� PDVV� FRQFHQWUDWLRQ� WKDQ� WKH� 23&�� 7KH� RYHUDOO� WUHQG�� 
KRZHYHU��IRU�WKH�WLPH�SHULRG�LV�FRQVLVWHQW�EHWZHHQ�WKH�WZR�LQVWUXPHQWV�� 

� 
Figure 27. (a) Image plot of nitrate particles on May 14, 2008 using m/z 30 (NO+). This shows the formation 
of a mode of nitrate particles in the early  morning hours  of 5/14/2008, with peak  mass concentration at ~3:00 
AM Pacific Standard Time. (b) Integrated size distribution of nitrate particles from  2:00-4:00 AM  on May 14,  
2008 showing the peak in the mass distribution at ~0.65 μm.  
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� 
Figure 28. Comparison of AMS PM1 and OPC PM1 (assuming a MCF of 1.0 g/cm3) data for the morning of 
May 15, 2008  

4.3 OPTICAL CHARACTERIZATION DATA 
6HYHUDO� GLIIHUHQW� RSWLFDO� LQVWUXPHQWV� ZHUH� XVHG� WR� FKDUDFWHUL]H� WKH� DLUERUQH� SDUWLFOHV�� ERWK� 
EDFNJURXQG� DQG� WKRVH� HPLWWHG� E\� WKH� RSHUDWLRQV� XQGHU� VWXG\�� 6DPSOHV� RI� WKH� UHVXOWV� IURP� HDFK� 
LQVWUXPHQW�DUH�SUHVHQWHG�EHORZ��ZLWK�HPSKDVLV�RQ�WKH�OLGDU�UHVXOWV�� 

4.3.1 Met One Optical Particle Counter 
7KH� FROOHFWHG� 23&� GDWD� ZHUH� DQDO\]HG� IRU� SDUWLFOH� VL]H� GLVWULEXWLRQ�� SDUWLFOH� YROXPH� 
FRQFHQWUDWLRQV�� DQG� FRQYHUWHG� WR� SDUWLFOH� PDVV� FRQFHQWUDWLRQ� WKURXJK� PXOWLSOLFDWLRQ� ZLWK� WKH� 
0&)�� DV� GHVFULEHG�LQ� 6HFWLRQ� ��������� 7DEOH� ��� DQG� 7DEOH� ��� SUHVHQW� WKH� 30����� 30���� DQG� 763� 
FRQFHQWUDWLRQV� DV� UHSRUWHG� E\� WKH� 23&V�� 7KUHH� WR� IRXU� 23&V� ZHUH� LQ� SRVLWLRQV� LPPHGLDWHO\� 
GRZQZLQG� RI� WKH� ILHOG� XQGHU� VWXG\� LQ� HDFK� VDPSOH� SHULRG�� ZLWK� EHWZHHQ� RQH� DQG� IRXU� 23&V� LQ� 
XSZLQG� ORFDWLRQV�� 8QOLNH� WKH� GRZQZLQG� 0LQL9RO� VDPSOHUV�� WKH� GRZQZLQG� 23&V� ZHUH� QRW� 
RYHUZKHOPHG�E\�WKH�GXVW�SOXPHV�IURP�WKH�WLOODJH�DFWLYLWLHV�±�WKH�PDQXIDFWXUHU�VSHFLILHG�UDQJH�RI� 
WKH� 23&� RI� �� WR� ������������ SDUWLFOHV�P�� ZDV� QHYHU� H[FHHGHG� ±� DQG� WKXV� SURYLGHG� XVDEOH� GDWD� 
WKURXJKRXW� DOO� VDPSOH� SHULRGV�� 8SZLQG� 23&� WLPH� VHULHV� GDWD� ZHUH� H[DPLQHG� IRU� FRQWDPLQDWLRQ� 
IURP�DFWLYLWLHV�XSZLQG�RI�WKH�VLWH��VXFK�DV�XQSDYHG�URDG�WUDIILF��&RQWDPLQDWLRQ�ZDV�IRXQG�LQ�VL[� 
RI� WKH� ��� VDPSOH� SHULRGV�� ZLWK� ILYH� RI� WKRVH� RFFXUULQJ� DW� WKH� ����� VDPSOH� VLWH� WKDW� ZDV� 
LPPHGLDWHO\� GRZQZLQG� RI� DQ� XQSDYHG� URDG� �VHH� )LJXUH� ���� /DUJH� VSLNHV� LQGLFDWLYH� RI� 
FRQWDPLQDWLRQ� ZHUH� UHPRYHG� IURP� WKH� XSZLQG� 23&� WLPH� VHULHV� GDWD� LQ� WKHVH� LQVWDQFHV� WR� 
HVWLPDWH� WKH� EDFNJURXQG� DHURVRO� FRQFHQWUDWLRQ�� WKH� HVWLPDWHG� EDFNJURXQG� OHYHOV� ZHUH� LQ� YHU\� 
JRRG�DJUHHPHQW�ZLWK�WKRVH�PHDVXUHG�E\�DQ�23&�DW�D�GLIIHUHQW��XQFRQWDPLQDWHG�XSZLQG�ORFDWLRQ� 
�VHH�7DEOH����DQG�7DEOH������� 

'DWD�FRPSOHWHQHVV�IRU�WKH�23&�GDWDVHWV�ZDV�FDOFXODWHG�DV�D�UDWLR�RI�WKH�QXPEHU�RI�YDOLG�VDPSOHV� 
SHU�VDPSOH�SHULRG�RYHU�WKH�SRVVLEOH�QXPEHU�RI�YDOLG�VDPSOHV�DQG�H[SUHVVHG�DV�D�SHUFHQWDJH��'DWD� 
FRPSOHWHQHVV� ZDV� OHVV� WKDQ� ����� GXH� WR� FRPPXQLFDWLRQ� HUURUV� EHWZHHQ� WKH� 23&V� DQG� WKH� 
FRPSXWHU� ORJJLQJ� WKH� GDWD�� UHVXOWLQJ� LQ� ORVW� SDFNHWV� RI� ��� VHFRQG� VDPSOH� GDWD�� &RPPXQLFDWLRQ� 
HUURU� IUHTXHQF\� ZDV� YDULDEOH� EHWZHHQ� 23&V� DQG� DFURVV� WLPH�� 'DWD� FRPSOHWHQHVV� SHU� VDPSOH� 
SHULRG�UDQJHG�IURP�������WR���������DQG�DYHUDJHG�����ı��������������� 
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7KH� GLVWULEXWLRQ� RI� 0HW� 2QH� RSWLFDO� SDUWLFOH� FRXQWHUV� VXUURXQGLQJ� WKH� ILHOGV� RI� LQWHUHVW� DW� WZR� 
KHLJKWV� SURYLGHG� WKH� DELOLW\� WR� H[DPLQH� SDUWLFOH� HPLVVLRQV� E\� QXPEHU� DQG� VL]H� DW� VHYHUDO� 
ORFDWLRQV�� DV� ZHOO� DV� WR� PRQLWRU� WKH� 30� FRQFHQWUDWLRQ� WLPH� VHULHV�� ([DPSOHV� RI� SDUWLFOH� YROXPH� 
VL]H� GLVWULEXWLRQV� PHDVXUHG� GXULQJ� WLOODJH� RSHUDWLRQV�� LQ� XQLWV�RI�  �P��FP���P�� DUH� SUHVHQWHG� LQ� 
EDU�JUDSK�IRUP�LQ�)LJXUH�����G9�GG�LV�WKH�FKDQJH�LQ�DHURVRO�YROXPH�FRQFHQWUDWLRQ�QRUPDOL]HG�E\� 
WKH�FKDQJH�LQ�SDUWLFOH�GLDPHWHU���(DFK�JUDSK�VKRZV�WKH�EDFNJURXQG�SDUWLFOH�YROXPH�GLVWULEXWLRQ�� 
WKH�YROXPH�GLVWULEXWLRQ�RI�DHURVROV�GRZQZLQG�RI�WKH�VRXUFH��DQG�WKH�GLIIHUHQFH�EHWZHHQ�WKH�WZR� 
WKDW� LV� WKH� YROXPH� GLVWULEXWLRQ� RI� WKH� HPLWWHG� SDUWLFOHV�� ([DPLQLQJ� WKHVH� GDWD� EDVHG� RQ� YROXPH� 
FRQFHQWUDWLRQ� FDXVHV� WKH� ODUJH� SDUWLFOHV� WR� KDYH� D� PRUH� YLVLEOH� HIIHFW� WKDQ� LI� QXPEHU� 
FRQFHQWUDWLRQV�ZHUH�H[DPLQHG��+RZHYHU��YLHZLQJ�WKH�GDWD�LQ�WKLV�ZD\�LV�DGYDQWDJHRXV�EHFDXVH�LW� 
LV� DQDORJRXV� WR� PDVV�� WKH� UHODWLYH� VKDSH� RI� DQG� GLIIHUHQFH� EHWZHHQ� WKH� FXUYHV� UHPDLQV� WKH� VDPH� 
ZKLOH� WKH� VFDOH� FKDQJHV� DV� WKH� WUDQVLWLRQ� WR� PDVV� FRQFHQWUDWLRQ� LV� PDGH�� 7KHUHIRUH�� WKH� JLYHQ� 
JUDSKV�VKRZ�WKDW�WKH�JUHDWHVW�YROXPH��DQG�PDVV��RI�HPLWWHG�DHURVROV�LV�LQ�WKH�ODUJH�SDUWLFOH�UDQJH� 
DERYH� D� GLDPHWHU� RI� DERXW� ���� �P�� $V� VHHQ� LQ� WKH� UHSRUWHG� 30� VDPSOHU� OHYHOV�� WKH� JUHDWHVW� 
FRQWULEXWLRQ�E\�WLOODJH�DFWLYLWLHV�ZDV�LQ�WKH�30���DQG�763�PHDVXUHPHQWV��� 

([DPSOHV� RI� 30� WLPH� VHULHV� DUH� VKRZQ� LQ� )LJXUH� ��� IURP� ERWK� XSZLQG� DQG� GRZQZLQG� HOHYDWHG� 
ORFDWLRQV� GXULQJ� WKH� 0D\� ��� 5�� SHULRG�� 7KLV� H[DPSOH� ZDV� FKRVHQ� EHFDXVH� LW� GHPRQVWUDWHV� WKDW� 
GRZQZLQG� VDPSOHUV� ZHUH� H[SRVHG� WR� H[WUHPHO\� KLJK� 30� FRQFHQWUDWLRQV� LQ� WKH� WLOODJH� SOXPHV�� 
VXSSRUWLQJ� WKH� FRQFOXVLRQ� WKDW� GRZQZLQG� ILOWHU�EDVHG� VDPSOHUV� DGMDFHQW� WR� WKH� DFWLYLW\� ZHUH� 
RYHUORDGHG� GXULQJ� WKLV� DQG� RWKHU� VDPSOH� SHULRGV�� 23&� WLPH� VHULHV� IURP� RWKHU� SHULRGV� LQ� ZKLFK� 
WKH� ILOWHU�EDVHG� VDPSOHUV� ZHUH� GHWHUPLQHG� WR� KDYH� EHHQ� RYHUORDGHG� DOVR� VKRZ� H[WUHPHO\� KLJK� 
FRQFHQWUDWLRQV� RYHU� YHU\� VKRUW� GXUDWLRQV� RI� WLPH��$SSO\LQJ� FRQWRXULQJ� VRIWZDUH� WR� 23&� QXPEHU� 
DQG� 30��� FRQFHQWUDWLRQV� PHDVXUHG� DURXQG� WKH� ILHOG� XQGHU� VWXG\� \LHOGV� WKH� JUDSKV� LQ� )LJXUH� ���� 
'DWD� IURP� WKH� -XQH� ��� VDPSOH� SHULRG� ZHUH� FKRVHQ� IRU� GLUHFW� FRPSDULVRQ� ZLWK� WKH� ILOWHU�EDVHG� 
30���FRQFHQWUDWLRQV��)LJXUH������7KH�QXPEHU�FRQFHQWUDWLRQ�FRQWRXU�SORW�SUHVHQWV�WKH�QXPEHU�RI� 
SDUWLFOHV� ODUJHU� WKDQ� �� μP� SHU� OLWHU� RI� DLU�� WKLV� LV� WKH� SDUWLFOH� VL]H� UDQJH� FRQWDLQLQJ� WKH� JUHDWHVW� 
YROXPHWULF�FRQWULEXWLRQ�IURP�DJULFXOWXUDO�WLOODJH�� 7KH�23&�30���FRQFHQWUDWLRQV�ZHUH�FDOFXODWHG� 
E\�PXOWLSO\LQJ�WKH�9���FRQFHQWUDWLRQV�E\�WKH�0&)���IRU�WKDW�VDPSOH�SHULRG��6DPSOH�ORFDWLRQV�DUH� 
VKRZQ� E\� WKH� ���� PDUNHUV�� WKHUH� ZHUH� IHZHU� 23&� VDPSOH� ORFDWLRQV� WKDQ� 0LQL9RO� ORFDWLRQV�� 
OHDGLQJ� WR� D� FRDUVHU� FRQWRXU� PDS� IRU� 23&V�� )LHOG� HGJHV� DUH� DSSUR[LPDWHG� E\� WKH� VROLG� EODFN� 
OLQHV�� 
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Figure 29. Particle volume size distributions measured from upwind (background) and downwind 
(background plus emissions) locations, with the difference being the aerosol emitted by the tillage activity : (a) 
strip-till operation, conservation tillage method; (b) disc 2 operation, conventional tillage method, (c) plant 
operation, conservation tillage method; and (d) plant operation, conventional tillage method. 
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Figure 30. OPC PM time  series, created by  multiplying the volume concentrations (Vk) by the daily MCF, as 
measured at elevated locations in a) an upwind and b) a downwind positions during the May 19 R2 sample 
period.  
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Figure 31. Contour plots of average OPC a) number concentration (#/L) for particles larger than 1 μm and b) 
PM10 concentration (μg/m3) across the field for the third cultivator pass on June 25. 
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  4.3.2 Optical To PM Mass Concentration Conversion 
$� NH\� IDFWRU� LQ� FRQYHUWLQJ� WKH� 23&� DQG� OLGDU� GDWD� IURP� QXPEHU� GHQVLW\� �YROXPH�� GDWD� WR� PDVV� 
FRQFHQWUDWLRQ� LV� WKH� GHULYDWLRQ� RI� WKH� 0&)�� ZKLFK� ZDV� GHVFULEHG� LQ� (T�� ���� 7KH� GDLO\� DYHUDJH� 
0&)�IURP�DOO�ORFDWLRQV�ZLWK�YDOLG�FROORFDWHG�23&�DQG�0LQL9RO�VDPSOHV�DUH�VKRZQ�LQ�)LJXUH���� 
ZLWK� WKH� FRUUHVSRQGLQJ� ���� FRQILGHQFH� LQWHUYDO� �&,�� DERXW� WKH� PHDQ�� $V� 23&� GDWD� FROOHFWHG� DW� 
HDFK� VLWH� DQG� GXULQJ� HDFK� VDPSOH� SHULRG� SDVVHG� 4$�4&�� WKH� FDOFXODWLRQ� RI� 0&)� YDOXHV� ZDV� 
GHSHQGHQW�VROHO\�RQ�WKH�SUHVHQFH�RI�D�YDOLG�ILOWHU�EDVHG�30�PHDVXUHPHQW��:KLOH�WKH�QHDU�VRXUFH� 
GRZQZLQG�ILOWHU�EDVHG�VDPSOHV�IRU�VDPSOH�SHULRGV�0D\����WKURXJK�0D\����5��ZHUH�GHWHUPLQHG� 
WR�KDYH�EHHQ�RYHUORDGHG��DQG�WKXV�SUHYHQWHG�HPLVVLRQ�UDWHV�EHLQJ�FDOFXODWHG�IRU�WKRVH�RSHUDWLRQV�� 
WKH� XSZLQG� DQG� IDU�VRXUFH� GRZQZLQG� VDPSOHV� ZHUH� QRW� FRPSURPLVHG� DQG� ZHUH� XVHG� LQ� 
FDOFXODWLQJ�WKH�GDLO\�0&)�YDOXHV��� 

'D\�WR�GD\� YDULDWLRQ� LQ� WKH� 0&)� LV� QRW� ZHOO� XQGHUVWRRG�� 3RWHQWLDO� IDFWRUV� OHDGLQJ� WR� WKLV� 
YDULDWLRQ�LQFOXGH��EXW�DUH�QRW�OLPLWHG�WR�����FKDQJHV�LQ�EDFNJURXQG�DHURVRO�VRXUFHV��FRPSRVLWLRQ�� 
DQG� SDUWLFOH� VKDSH� WKDW� DIIHFW� WKH� 23&�0LQL9RO� UHODWLRQVKLS� EHWZHHQ� SDUWLFOH� 
GHWHFWLRQ�VHSDUDWLRQ�����GLIIHUHQW�WUHDWPHQWV�RI�SDUWLFOHV�ODUJHU�WKDQ�WKH�VDPSOHG�30�VL]H�N�E\�WKH� 
WZR�PHWKRGV��� ,I�D�SDUWLFOH�ODUJHU�WKDQ�WKH�FXW�RII�VL]H� N�LV�SUHVHQW�RQ�WKH�ILOWHU�DW�WKH�WLPH�RI�WKH� 
SRVW�VDPSOH�ZHLJKLQJ��LWV�PDVV�LV�LQFOXGHG�DQG��ZLWK�VXIILFLHQW�QXPEHUV�RI�ODUJH�SDUWLFOHV��ZRXOG� 
OHDG�WR�KLJKHU�WKDQ�DFWXDO�30N�FRQFHQWUDWLRQV��7KH�FROORFDWHG�23&�FRXQWV�SDUWLFOHV�ODUJHU�WKDQ�N� 
LQ� WKHLU� UHVSHFWLYH� VL]H� ELQV�� WKHUHIRUH�� WKH\� DUH� QRW� LQWHJUDWHG� LQWR� WKH� 9N� YDOXH� OLNH� LQ� WKH� 30N� 
FRQFHQWUDWLRQ�FDOFXODWLRQ��7KXV��D�KLJKHU�WKDQ�DFWXDO�30N�FRQFHQWUDWLRQ�ZRXOG�EH�GLYLGHG�E\�WKH� 
DFWXDO�9N��OHDGLQJ�WR�D�KLJKHU�WKDQ�DFWXDO�0&)�YDOXH��7KH�VHFRQG�SRWHQWLDO�IDFWRU�ZRXOG�EH�PRVW� 
LQIOXHQWLDO�LQ�FDVHV�ZKHUH�WKH�30�VDPSOHUV�KDG�EHHQ�RYHUORDGHG��+RZHYHU��SUHYLRXV�HIIRUWV�KDYH� 
UHPRYHG� ILOWHU�EDVHG� VDPSOHV� NQRZQ� RU� VXVSHFWHG� WR� KDYH� EHHQ� RYHUORDGHG� IURP� HPLVVLRQ� UDWH� 
DQG�0&)�FDOFXODWLRQV�� 
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Figure 32. Average daily measured MCF values with error bars representing the 95% confidence intervals.  



   

 

0RVW� RI� WKH� 30��� DQG� 763� 0&)� YDOXHV� ZHUH� ZLWKLQ� WKH� H[SHFWHG� UDQJH� RI� ���� WR� ���� J�FP��� 
+RZHYHU��WKH�30����0&)�YDOXHV�ZHUH�PXFK�ODUJHU�WKDQ�H[SHFWHG��ZLWK�LQGLYLGXDO�YDOXHV�UDQJLQJ� 
IURP� ���� J�FP�� WR� ����� J�FP��� 7KH� PHDQ� �� �ı� ZDV� ����� �� ���� J�FP�� DQG� WKH� PHGLDQ� ZDV� ����� 
J�FP�� ZLWK� ���� DQG� ���� TXDUWLOHV� RI� ���� DQG� ����� J�FP��� $V� SUHYLRXVO\� VWDWHG�� FDOFXODWLQJ� WKH� 
0&)� LV� D� VLPSOLILHG� PHWKRG� WR� DFFRXQW� IRU� VHYHUDO� FRPSOH[� DQG� SRVVLEO\� LQWHUGHSHQGHQW� 
YDULDEOHV� WKDW� DIIHFW� KRZ� DQ� DHURVRO� PL[WXUH� LV� PHDVXUHG�GHWHFWHG� EDVHG� RQ� ERWK� RSWLFDO� DQG� 
DHURG\QDPLF� SURSHUWLHV�� 6RPH� RI� WKH� NQRZQ� DHURVRO� SURSHUW\� UHODWLRQVKLSV� WKDW� DUH� LQFRUSRUDWHG� 
LQWR�WKH�VLQJOH� 0&)� YDOXH� DUH� SDUWLFOH� GHQVLW\� �ȡ��� G\QDPLF� VKDSH� IDFWRU� �Ȥ��� LQGH[� RI� UHIUDFWLRQ� 
�Q���DQG�SRURVLW\��,Q�SDVW�ILHOG�FDPSDLJQV��30����0&)�YDOXHV�KDYH�JHQHUDOO\�EHHQ�VOLJKWO\�KLJKHU� 
WKDQ�30���DQG�763�YDOXHV��EXW�WKH�30����0&)�YDOXHV�FDOFXODWHG�IURP�WKH�0LQL9RO�DQG�23&�GDWD� 
FROOHFWHG�GXULQJ�WKLV�ILHOG�FDPSDLJQ�DUH�JHQHUDOO\�PXFK�KLJKHU�WKDQ�WKRVH�VHHQ�EHIRUH�LQ�RXU�RZQ� 
XQSXEOLVKHG� ZRUN�� 'XH� WR� WKH� QRQ�SK\VLFDOO\� ODUJH� 0&)� YDOXHV� IRU� 30����� WKH� FDOFXODWHG� 30���� 
0&)� YDOXHV� ZHUH� QRW� XVHG� WR� FRQYHUW� WKH� OLGDU� YROXPH� FRQFHQWUDWLRQV� WR� PDVV� FRQFHQWUDWLRQV��� 
%\�ZD\� RI�  H[DPSOH�� WKH� GHQVLW\�  RI�  1L� LV�  ����  J�FP�� DQG� +J� LV� ����� J�FP��� ZKLOH� WKH� DYHUDJH� 
REVHUYHG� 30���� 0&)� YDOXH� GXULQJ� WKLV� FDPSDLJQ� LV� ����� J�FP��� � 7KHUH� LV� QR� FRQFHLYDEOH� ZD\� 
WKDW� WKLV� QXPEHU� LV� FRUUHFW�� ,QVWHDG�� WKH� DYHUDJH� VRLO� SDUWLFOH� GHQVLW\� RI� ����� J�FP�� JLYHQ� LQ� WKH� 
15&6�1DWLRQDO�6RLO�6XUYH\�+DQGERRN�ZDV�XVHG�DV�D�FRQVWDQW�30����0&)�IRU�DOO�VDPSOH�SHULRGV� 
>��@�� 7DEOH� ��� SUHVHQWV� WKH� 0&)� YDOXHV� ��� ���� FRQILGHQFH� LQWHUYDO� ZKHUH� DSSOLFDEOH�� XVHG� WR� 
FRQYHUW�23&�DQG�OLGDU�YROXPH�FRQFHQWUDWLRQ�GDWD�WR�PDVV�FRQFHQWUDWLRQ�IRU�WKLV�VWXG\��� 
Table 17. Mass conversion factors (g/cm3) used to convert optical particle measurements to mass 
concentrations for each day and averaged for the whole campaign. Error values represent the 95% 
confidence interval for n≥3. 

Date 
PM2.5 PM10 TSP 

Avg n Avg ± 95% CI n Avg ± 95% CI n 
0D\���� ����� ---� ���������� �� ���������� �� 
0D\���� ����� ---� ���������� �� ���������� �� 
0D\���� ����� ---� ���������� �� ���������� �� 
0D\���� ����� ---� ���������� �� ���������� �� 
-XQH��� ����� ---� ���������� �� ���������� �� 
-XQH��� ����� ---� ���������� �� ���������� �� 
-XQH���� ����� ---� ���������� �� ���������� �� 
-XQH���� ����� ---� ���������� �� ���������� �� 
-XQH���� ����� ---� ���������� �� ���������� �� 
All -- -- 2.1 ± 0.3 49 2.3 ± 0.7 44 

$�SRVVLEOH�FRUUHODWLRQ�ZLWK�WKH�KLJK�30����0&)�YDOXHV�ZDV�IRXQG�ZKHQ�VDPSOH�SHULRG�DYHUDJHV� 
ZHUH� FRPSDUHG� DJDLQVW� WKH� OHQJWK� RI� HDFK� VDPSOH� SHULRG�� DV� VHHQ� LQ�  )LJXUH� ���� 7KH� KLJKHVW�  
DYHUDJH� 0&)V� IRU�DOO� VL]H� IUDFWLRQV� ZHUH� IRXQG�GXULQJ�WKH� VKRUWHVW� VDPSOH� SHULRGV�� ,W� LV� XQFOHDU� 
ZKDW�WKLV�FRUUHODWLRQ�PD\�PHDQ��EXW�LW�LV�QRW�OLNHO\�D�FDXVH�DV�VDPSOHU�RSHUDWLRQ�LV�DVVXPHG�WR�EH� 
LQGHSHQGHQW�RI�VDPSOH�SHULRG�OHQJWK�� 
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Figure 33. Sample period MCF values compared with the length of each sample period 

7KH�SDUWLFOH�VL]H�GLVWULEXWLRQV�PHDVXUHG�E\�23&V�XSZLQG�DQG�GRZQZLQG�RI�WKH�VRXUFH�ZHUH�XVHG� 
LQ� OLGDU� UHWULHYDOV� WR� HVWLPDWH� WKH� UDQJH� GHSHQGHQW� 9N� �VHH� (T�� ����� &ROORFDWHG� 23&� DQG� 30� 
VDPSOHU� GDWD� ZHUH� XVHG� WR� HVWLPDWH� WKH� 0&)�� 7KLV� LQ� WXUQ� ZDV� XVHG� WR� FRQYHUW� OLGDU�PHDVXUHG� 
SDUWLFOH�FRQFHQWUDWLRQ�WR�PDVV�FRQFHQWUDWLRQ�XQLWV��ZKLFK�FDQ�EH� FRPSDUHG�ZLWK�WKH�30�VDPSOHU� 
PHDVXUHPHQWV�� 

$IWHU� OLGDU� DQG� 23&� PHDVXUHPHQWV� ZHUH� FRQYHUWHG� WR� 30� FRQFHQWUDWLRQV�� D� TXDOLW\�DVVXUDQFH� 
VWHS� RI� FRPSDULQJ� FROORFDWHG� 30� VDPSOHU�� 23&�� DQG� OLGDU� FRQFHQWUDWLRQV� GXULQJ� µVWDUH¶� PRGHV� 
ZDV�SHUIRUPHG��7KH�WLPH�VHULHV�RI�URXWLQH�OLGDU�VWDUHV�ZHUH�SORWWHG�ZLWK�WKH�WLPH�VHULHV�GDWD�IURP� 
WKH� FDOLEUDWLRQ� 23&� WR� HQVXUH� WKDW� WUHQGV� DQG� FRQFHQWUDWLRQV� DUH� WKH� VDPH� LQ� ERWK� GDWD� VHWV� 
�)LJXUH� ����� ,W� VKRXOG� EH� QRWHG� WKDW� OLGDU� PHDVXUHPHQWV� ZHUH� WDNHQ� HYHU\� �������� V� ZKLOH� WKH� 
23&V�UHFRUGHG����V�VDPSOHV��7KHUHIRUH��������OLGDU�PHDVXUHPHQWV�DUH�SUHVHQWHG�IRU�HYHU\� 23&� 
PHDVXUHPHQW�ZKHQ�WKH�OLGDU�EHDP�ZDV�DW�WKH�FDOLEUDWLRQ�SRLQW��� 

7R� FRPSDUH� OLGDU� DQG� 23&� UHWULHYDOV� ZLWK� FROORFDWHG� 30� VDPSOHU� PHDVXUHPHQWV�� WKH� OLGDU� DQG� 
23&� WLPH� VHULHV� ZHUH� DYHUDJHG� DQG� D� ���� FRQILGHQFH� LQWHUYDO� ZDV� FDOFXODWHG� RYHU� WKH� 
FRUUHVSRQGLQJ�0LQL9RO�VDPSOLQJ�WLPH��5HVXOWV�IURP�WKHVH�FDOFXODWLRQV�IRU�-XQH����DUH�SUHVHQWHG� 
LQ�7DEOH�����/DUJH�GLIIHUHQFHV�LQ�WKH�UHSRUWHG�0LQL9RO�30����PHDVXUHPHQWV�DQG�WKRVH�FDOFXODWHG� 
IURP� RSWLFDO� PHDVXUHPHQWV� DUH� OLNHO\� GXH� WR� WKH� XVH� RI� DQ� 0&)� YDOXH� RI� ����� J�FP�� LQVWHDG� RI� 
WKH� XQXVXDOO\� KLJK� YDOXHV� FDOFXODWHG� GXULQJ� WKLV� FDPSDLJQ�� 7KH� 23&� ���� V�� DQG� OLGDU� ����� V�� 
FROOHFW�GDWD�DW�D�PXFK�KLJKHU�UDWH�WKDQ�WKH�0LQL9ROV�������K�IRU�WKLV�VDPSOH�UXQ��DQG�DUH�DEOH�WR� 
FDSWXUH� WKH� WHPSRUDO� YDULDELOLW\� RI� WKH� EDFNJURXQG� DHURVROV� WKDW� LQ� PDQ\� FDVHV� H[FHHG� WKH� 
XQFHUWDLQW\�RI�OLGDU�UHWULHYDOV����������>��@��� 

6'/�������� &DOLIRUQLD������7LOODJH�&DPSDLJQ� ��� 



  
 

 
 

� 
Figure 34��PM2.5, PM10, and TSP mass concentrations retrieved from collocated lidar and OPC during the 
‘stare’ time series for 6/18. Data acquisition time of the lidar data is 0.5 s while OPCs were set to 20 s 
accumulation time. Measurements were done on the upwind side of facility (location T1) 

Table 18. Comparison of PM mass concentrations (μg/m3) as reported by MiniVol samplers and mean values 
measured by collocated OPCs and lidar at T1 (upwind) and T2 (downwind) for 6/18/2008. 

Upwind PM2.5 (μg/m3) PM10 (μg/m3) TSP (μg/m3) 
30�VDPSOHU��7��� ����� ����� ������ 
8SZLQG�30�VDPSOHU� 
DYHUDJH����ı� 

����������� 
�Q� ���� 

����������� 
�Q� ���� 

������������� 
�Q� ���� 

23&��7���������&,� ����������� ����������� ������������ 
/LGDU�������&,� ����������� ����������� ������������ 
Downwind 
30�VDPSOHU��7���� ����� ����� ���� 
'RZQZLQG�30�VDPSOHU� 
DYHUDJH����ı� 

������������ 
�Q� ���� 

�������������� 
�Q� ���� 

��������������� 
�Q� ���� 

23&��7���������&,� ���������� ������������ ������������� 
/LGDU�������&,� ���������� ����������� ������������� 
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$�VLPLODU�FRPSDULVRQ�RI� 23&�DQG�OLGDU�WLPH�VHULHV�GDWD�PHDVXUHG�IURP�GRZQZLQG�RI�WKH�WLOODJH� 
ILHOG� LV� VKRZQ� LQ� )LJXUH� ���� 7KH� VSLNHV� RI� WKH� FRQFHQWUDWLRQV� �HVSHFLDOO\� RI� 30��� DQG� 763�� DUH� 
GXH� WR� WKH� GXVW� SOXPH� JHQHUDWHG� E\� WLOODJH� RSHUDWLRQV� FURVVLQJ� WKLV� 23&�� 6SLNHV� DUH� UDUHO\� 
REVHUYHG� RQ� WKH� XSZLQG� VLGH� RI� WKH� ILHOG� �XSZLQG� VSLNHV� DUH� DVVRFLDWHG� ZLWK� URDG� WUDIILF��� $V� D� 
TXDOLW\� FKHFN�� FRPSDULVRQ� DQDO\VLV� RI� FROORFDWHG�OLGDU�� 23&�� DQG� 0LQL9RO�GDWD� ZDV� GRQH� IRU� DOO� 
GD\V� RI� WKH� FDPSDLJQ�� ,Q� JHQHUDO�� WKH� 23&� DQG� OLGDU� GDWD� DYHUDJHG� IRU� WKH� 30� VDPSOHU� 
DFTXLVLWLRQ� WLPH� DUH� LQ� DJUHHPHQW� ZLWK� PDVV� FRQFHQWUDWLRQV� PHDVXUHG� E\� WKH� FROORFDWHG� 30� 
VDPSOHUV��'LVFUHSDQFLHV�EHWZHHQ�SRLQW�VRXUFH�LQVWUXPHQWV��30�VDPSOHUV�DQG�23&��DQG�OLGDU�DUH� 
GXH� WR� LQKHUHQWO\� GLIIHUHQW� PHDVXUHPHQW� WHFKQLTXHV�� 3RLQW� LQVWUXPHQWV� FDSWXUH� SDUWLFOH� 
FRQFHQWUDWLRQ�DW�D�VLQJOH�SRLQW��D�IHZ�FP���ZLWK�D�VPDOO�YROXPHWULF�IORZ������[������WR�����[������ 
P��V���7KH�OLGDU�DFTXLUHV�LQIRUPDWLRQ�LQ�D�YROXPH�RI�a���P��IRU�HDFK�ELQ�DORQJ�WKH�ODVHU�EHDP�IRU� 
HDFK� VDPSOH� ����� VDPSOHV� SHU� VHFRQG� LQ� WKLV� H[SHULPHQW��� DQG� WKXV� FDQ� FDSWXUH� D� VSDWLDOO\� 
YDULDEOH� SOXPH� ZKLOH� WKH� SOXPH� PD\� PLVV� WKH� SRLQW� VHQVRUV�� 7KH� EHVW� DJUHHPHQW� LV� REVHUYHG� 
ZKHQ�WKH�OLGDU�LV� FRPSDUHG�ZLWK�30�VDPSOHU�GDWD�DYHUDJHG�RYHU�VHYHUDO� ORFDWLRQV�DORQJ�WKH�XS�� 
RU�GRZQ�ZLQG�VLGH�RI�WKH�WLOODJH� ILHOG�� )RU�VLPLODU�UHDVRQV��XVLQJ�0&)�YDOXHV�DYHUDJHG� RYHU�WKH� 
ZKROH� FDPSDLJQ� \LHOGV� ODUJHU� GLVFUHSDQFLHV� EHWZHHQ� FROORFDWHG� OLGDU� DQG� 23&�30� VDPSOHU� 30� 
FRQFHQWUDWLRQ� GDWD� WKDQ� GDLO\� DYHUDJHG� 0&)� YDOXHV�� %DVHG� RQ� WKHVH� REVHUYDWLRQV�� D� GDLO\� 
DYHUDJHG� 0&)� LV� XVHG� IRU� FRQYHUVLRQ� RI� OLGDU� µVWDSOH¶� GDWD� XVHG� IRU� IOX[� DQG� HPLVVLRQ� UDWH� 
FDOFXODWLRQV�� 

� 
Figure�35. PM2.5, PM10, and TSP mass concentrations retrieved from collocated lidar and OPC during 
‘stares’ at downwind locations. Data acquisition time of the lidar data point is 0.5 sec while OPCs were set to 
20 sec accumulation time. Measurements were done on the downwind side of field (location T2) on 6/18/2008. �� 
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4.3.3 Lidar Aerosol Concentration Measurements 
/LGDU� GDWD� ZDV� FROOHFWHG� WKURXJKRXW� DOO� VDPSOH� SHULRGV�� H[FHSW� IRU� WKH� &XOWLYDWRU� �� SDVV� 
PRQLWRUHG� RQ� -XQH� ��� GXH� WR� DQ� HTXLSPHQW� IDLOXUH� DIWHU� WKH� SUHYLRXV� PHDVXUHPHQW�� $OO� OLGDU� 
VFDQV�FROOHFWHG�GXULQJ�WLPHV�ZKHQ�QR�WLOODJH�DFWLYLW\�ZDV�RFFXUULQJ��EDVHG�RQ�GHWDLOHG�ILHOG�QRWHV�� 
ZHUH� UHPRYHG� IURP� IXUWKHU� FDOFXODWLRQV�� 7KH� UHPDLQLQJ� VFDQV� ZHUH� YLVXDOO\� FKHFNHG� WR� UHPRYH� 
VFDQV� ZLWK� GDWD� DFTXLVLWLRQ� HUURUV� DQG� WR� SUHYHQW� WKH�XVH�RI� GDWD� WKDW� ZDV� FRQWDPLQDWHG� E\�RWKHU� 
VRXUFHV��VRXUFHV�RI�REVHUYHG�FRQWDPLQDWLRQ�ZHUH�YHKLFXODU�WUDIILF�RQ�XQSDYHG�URDGV��DJULFXOWXUDO� 
DFWLYLWLHV�LPPHGLDWHO\�XSZLQG��DFWLYLWLHV�DVVRFLDWHG�ZLWK�WKH�DGMDFHQW�GDLU\��DQG�ZLQGEORZQ�GXVW�� 
&RQWDPLQDWHG�XSZLQG�VFDQV��DV�ZHOO�DV�WKH� FRUUHVSRQGLQJ�GRZQZLQG�VFDQV��ZHUH�UHPRYHG�IURP� 
IXUWKHU� HPLVVLRQ� UDWH� FDOFXODWLRQV�� ,Q� PRVW� FDVHV� WZR� RU� PRUH� GRZQZLQG� VFDQV� XVH� WKH� VDPH� 
XSZLQG�VFDQ�DV� D�UHIHUHQFH�EHFDXVH�PXOWLSOH�GRZQZLQG�VFDQV�ZHUH�PDGH� IRU�HDFK�XSZLQG�VFDQ�� 
'RZQZLQG� VFDQV� ZHUH� QRW� XVHG� LQ� IXUWKHU� FDOFXODWLRQV� LI� WKH� FRUUHVSRQGLQJ� ZLQG� GLUHFWLRQ� ZDV�
RXWVLGH�RI�������IURP�SHUSHQGLFXODU�WR�WKH�GRZQZLQG�OLGDU�EHDP�SDWK��LI�WKH�OLGDU�VFDQ�FRQWDLQHG� 
DSSDUHQW� SOXPHV� IURP� DQ� RXWVLGH� VRXUFH� �VXFK� DV� IURP� XQSDYHG� URDG� WUDIILF� RU� WKH� GDLU\��� LI� QR� 
SOXPHV� ZHUH� GHWHFWHG�� RU� LI� WKH� WLOODJH� SOXPH� KDG� D� SRWHQWLDOO\� VLJQLILFDQW� SRUWLRQ� FURVVLQJ� WKH� 
OLGDU� EHDP� FORVHU� WKDQ� ���� PHWHUV� GRZQ� EHDP�� ,Q� DGGLWLRQ�� XSZLQG� VFDQV� ZHUH� LQYDOLGDWHG� LI� 
QRQH�RI�WKH�DVVRFLDWHG�GRZQZLQG�VFDQV�ZHUH�XVDEOH��/LJKW�ZLQG�VSHHGV������P�V��ZHUH�UHFRUGHG� 
GXULQJ� SRUWLRQV� RI� VRPH� PHDVXUHPHQW� SHULRGV�� /LJKW� ZLQGV� FKDOOHQJH� WKH� PHDVXUHPHQW� V\VWHP� 
DQG�UHVXOWHG�LQ�DGGLWLRQDO�LQYDOLGDWLRQ�RI�VRPH�OLGDU�VFDQV��7KH�WRWDO�QXPEHU�RI�OLGDU�VFDQV�PDGH� 
DORQJ� ERWK� XSZLQG� DQG� GRZQZLQG� SODQHV� LV� SUHVHQWHG� LQ� 7DEOH� ���� DORQJ� ZLWK� WKH� QXPEHU� RI� 
YDOLG� VFDQV�� L�H�� WKRVH� WKDW� SDVVHG� DOO� TXDOLW\� FKHFNV�� DQG�WKH� SHUFHQW� RI�YDOLG� VFDQV� FRPSDUHG� WR� 
WKH�WRWDO�QXPEHU�RI�VFDQV��� 
Table 19. Total number of upwind and downwind vertical lidar scans and the number of those scans 
determined to be valid for emission rate calculations. No lidar data exists for the 6/25 run because of 
instrument problems after the 6/18 run. 

Date Operation Field Upwind Scans Downwind Scans 
Total Valid % Valid Total Valid % Valid 

5/17 Run 1 6WULS�WLOO� �� ��� ��� ����� ���� ��� ����� 
5/17 Run 2 %UHDN�GRZQ�ERUGHUV� �� ��� �� ����� ��� ��� ����� 
5/18 &KLVHO� �� ���� ��� ����� ���� ���� ����� 
5/19 Run 1 'LVF��� �� ���� ��� ����� ���� ��� ����� 
5/19 Run 2 'LVF��� �� ���� ��� ����� ���� ��� ����� 
5/20 Run 1 /LVWHU� �� ���� ��� ����� ���� ��� ����� 
5/20 Run 2 %XLOG�GLWFKHV� �� ��� �� ����� ��� ��� ����� 
6/5 Run 1 %UHDN�GRZQ�GLWFKHV��� 

&XOWLYDWRU��5ROOHU� 
�� ��� ��� ����� ���� ���� ����� 

6/5 Run 2 3ODQW� �� ��� ��� ����� ���� ��� ����� 
6/7 3ODQW� �� ��� ��� ����� ���� ��� ����� 
6/11 +HUELFLGH�$SSOLFDWLRQ� �� ��� �� ���� ��� �� ���� 
6/18 )HUWLOL]HU�$SSOLFDWLRQ� �� ��� ��� ����� ��� ��� ����� 
6/25 &XOWLYDWRU� �� ���� ���� ���� ���� ���� ���� 

� 

,Q� VHYHUDO� FDVHV�� WKH� SHUFHQW� RI� YDOLG� VFDQV� ZDV� YHU\� ORZ�� $OWKRXJK� ZLQG� DQG� EDFNJURXQG� 
FRQGLWLRQV� ZHUH� JRRG� GXULQJ� WKH� KHUELFLGH� DSSOLFDWLRQ� RQ� ������ QRQH� RI� WKH� VFDQV� WDNHQ� ZHUH� 
GHHPHG� YDOLG� EHFDXVH� WKH� PDVV� GLIIHUHQFH� EHWZHHQ� WKH� XSZLQG� DQG� GRZQZLQG� VFDQV� ZDV� EHORZ� 
WKH� PLQLPXP� GHWHFWLRQ� OHYHO� �0'/��� 7KLV� PHDQV� WKDW� WKH� RSHUDWLRQ� GLGQ¶W� SURGXFH� SOXPHV� 
VLJQLILFDQW� HQRXJK� WR� EH� GHWHFWHG� E\� WKH� OLGDU�� WKLV� RSHUDWLRQ� ZDV� SHUIRUPHG� E\� D� YHU\� VPDOO� 
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WUDFWRU� SXOOLQJ� D� VPDOO� VSUD\LQJ� DSSDUDWXV� ±� WKH� RQO\� GLVWXUEDQFH� RI� WKH� JURXQG� ZDV� GXH� WR� 
PRYLQJ� WLUHV�� 3OXPHV� RI� LQVXIILFLHQW� FRQFHQWUDWLRQ� GLIIHUHQFHV� IURP� EDFNJURXQG� OHYHOV� OHG� WR� 
GRZQZLQG�VFDQ�LQYDOLGDWLRQ�LQ�PDQ\�RWKHU�LQVWDQFHV�DOVR��7KH�GDLU\�SHQ�DUHDV�DGMDFHQW�WR�)LHOG��� 
SURYHG� WR� EH� VXIILFLHQW� 30� VRXUFHV� VXFK� WKDW� OLGDU� VFDQV� VKRZLQJ� GXVW� SOXPHV� SDVVLQJ� RYHU� WKH� 
SHQV� SULRU� WR� FURVVLQJ� WKH� VFDQQLQJ� SODQH� ZHUH� QHDUO\� DOZD\V� LQYDOLGDWHG�� $GGLWLRQDOO\�� 
ZLQGEORZQ�GXVW�ZDV�HQWUDLQHG�RII�RI�ERWK�)LHOG���DQG�XSZLQG�ILHOG�VXUIDFHV�GXULQJ�ERWK�WKH�0D\� 
��� VDPSOH� SHULRGV�� $OO� RI� WKHVH� IDFWRUV� FRPELQHG� WR� VLJQLILFDQWO\� GHFUHDVH� WKH� QXPEHU� RI� YDOLG� 
OLGDU�VFDQV�DYDLODEOH�IRU�HPLVVLRQV�HVWLPDWLRQ�IURP�PRVW�RSHUDWLRQV�� 

([DPSOHV� RI� WKH� OLGDU�GHULYHG� 30� FRQFHQWUDWLRQ� KDYH� EHHQ� SUHVHQWHG� LQ� )LJXUH� ���� )LJXUH ���� 
DQG� 7DEOH� ���� $GGLWLRQDOO\�� XSZLQG� DQG� GRZQZLQG� SOXPH� DUHD� DYHUDJH� YROXPH� FRQFHQWUDWLRQV� 
XVHG�LQ�WKH�IOX[�FDOFXODWLRQV�DUH�VKRZQ�LQ�)LJXUH ���DQG�)LJXUH�����7KH�WZR�WRS�SDQHOV�VKRZ�WKH� 
SURILOH�DYHUDJHG�ZLQG�VSHHG�DQG�GLUHFWLRQ�YDOXHV� XVHG�LQ�WKH�IOX[�FDOFXODWLRQ��ZLWK�WKH�WKLUG�DQG� 
IRXUWK� SDQHOV� VKRZLQJ� WKH� DUHD�DYHUDJHG� YROXPH� FRQFHQWUDWLRQV� PHDVXUHG� XSZLQG� �&8�� DQG� 
GRZQZLQG� �&'�� LQ� PJ��FP�� �VHH� (T�� ����� ,W� ZDV� DVVXPHG� WKDW� WKH� XSZLQG� 30� FRQFHQWUDWLRQV� 
ZRXOG� EH� PRUH� XQLIRUP� WKDQ� WKH� GRZQZLQG� 30�� WKHUHIRUH�� PRUH� GRZQZLQG� VFDQV� ZHUH� PDGH� 
WKDQ� WKRVH� RI� WKH� XSZLQG� FRQGLWLRQV�� ,Q� )LJXUH ��� DQG� )LJXUH� ���� WKH� JDSV� LQ� WKH� XSZLQG� 
FRQFHQWUDWLRQ�DUH�GXH�WR�WKLV�VDPSOLQJ�SODQ�� 

4.4 FLUXES AND EMISSIONS RATES 
(PLVVLRQ�UDWHV�IRU�WKH�REVHUYHG�WLOODJH�RSHUDWLRQV� ZHUH�FDOFXODWHG�XVLQJ�OLGDU�PHDVXUHPHQWV�DQG� 
PHDVXUHG�30�FRQFHQWUDWLRQV�FRXSOHG�ZLWK�PRGHO�SUHGLFWHG�FRQFHQWUDWLRQV�YLD�LQYHUVH�PRGHOLQJ�� 
'XULQJ� WKH�0D\����5��VDPSOH�SHULRG��VWURQJ� JURXQG�OHYHO�ZLQGV�ZHUH�PHDVXUHG�WKURXJKRXW�WKH� 
HQWLUH���KU�VDPSOH�WLPH��ZLQG�EORZQ�GXVW�SOXPHV�RULJLQDWLQJ�IURP�WKH�ILHOG�RI�VWXG\�ZHUH�YLVLEOH�� 
RIWHQ� LPSDFWLQJ� ERWK� JURXQG�OHYHO� DQG� HOHYDWHG� GRZQZLQG� VDPSOHUV�� DQG� UHFRUGHG� E\� ILHOG� 
SHUVRQQHO��'XH�WR�WKH�VL]H�DQG�IUHTXHQF\�RI�WKHVH�ZLQG�EORZQ�GXVW�SOXPHV�LQ�FRPSDULVRQ�WR�WKH� 
VWUHQJWK� RI� WKH� PRQLWRUHG� RSHUDWLRQ� �EXLOGLQJ� LUULJDWLRQ� GLWFKHV� DQG� ILHOG� HGJH� ERUGHUV��� DQ\� 
HPLVVLRQ�UDWH�GHULYHG�IURP�GDWD�FROOHFWHG�GXULQJ�WKLV�VDPSOH�SHULRG�GRHV�QRW�DFFXUDWHO\�UHSUHVHQW� 
WKH�RSHUDWLRQ¶V�DFWXDO�LPSDFW�RQ�GRZQZLQG�30�FRQFHQWUDWLRQV�� ,Q� DGGLWLRQ��WKH�VDPH�RSHUDWLRQV� 
RI� EXLOGLQJ� DQG� EUHDNLQJ� GRZQ� RI� WKH� GLWFK� DQG� ILHOG�HGJH� ERUGHUV� DURXQG� )LHOG� ��� WKH� 
FRQVHUYDWLRQ� WLOODJH� ILHOG�� ZHUH� FDUULHG� RXW� EXW� QRW� PHDVXUHG�� 7KHUHIRUH�� WKH� HPLVVLRQ� UDWH� IRU� 
EXLOGLQJ�GLWFKHV�DQG�ILHOG�HGJH�ERUGHUV�EHIRUH�LUULJDWLRQ�DQG�EUHDNLQJ�WKHP�GRZQ�DIWHU�LUULJDWLRQ� 
DQG�EHIRUH�SODQWLQJ�ZDV�RPLWWHG�IURP�VXPPDWLRQV�RI�WKH�HPLVVLRQ�UDWHV�ZLWKLQ�HDFK�LQYHVWLJDWHG� 
WLOODJH�PHWKRG���� 
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Figure�36��Wind speed, wind direction, upwind and downwind plume area average particulate volume 
concentrations, for the May 17, 2008 strip-till pass of the conservation tillage method.�� 

Figure 37. Wind speed, wind direction, upwind and downwind plume area averaged particulate volume 
concentrations for the May 19, 2008  first disc pass of the conventional tillage operation.   
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4.4.1 Lidar Based Fluxes and Emission Rates 
7KH� FRPELQDWLRQ� RI� µVWDSOH¶� DQG� µVWDUH¶� PHDVXUHPHQWV� IURP� WKH� XSZLQG� DQG� GRZQZLQG� VLGHV� RI� 
WKH� ILHOG�� DV� GHVFULEHG� LQ� 6HFWLRQ� ������� ZHUH� SHUIRUPHG� FRQWLQXRXVO\� GXULQJ� HDFK� WLOODJH� 
RSHUDWLRQ� RI� WKH� ILHOG� FDPSDLJQ� H[FHSW� WKH� ODVW� RQH�� $� FULWLFDO� FRPSRQHQW� IDLOXUH� SUHYHQWHG� XV� 
IURP� IXUWKHU� XVLQJ� WKH� OLGDU� GXULQJ� WKH� -XQH� ��� VDPSOH� SHULRG�� )LJXUH� ��� DQG� )LJXUH� ��� VKRZ� 
FDOFXODWHG� QHW� IOX[HV� IRU� VHTXHQWLDO� OLGDU� PHDVXUHPHQWV� WDNHQ� GXULQJ� WKH� VWULS�WLOO� SDVV� LQ� WKH� 
FRQVHUYDWLRQ� WLOODJH� PHWKRG� RQ� ���������� DQG� WKH� LQLWLDO� GLVFLQJ� SDVV� RI� WKH� FRQYHQWLRQDO� WLOODJH� 
RSHUDWLRQ� RQ� ����������� UHVSHFWLYHO\�� 7KH� QHW� PDVV� IOX[� WKURXJK� WKH� OLGDU¶V� YHUWLFDO� VFDQ� LV� WKH� 
SURGXFW� RI� WKH� SOXPH� DUHD� DYHUDJHG� YROXPH� FRQFHQWUDWLRQ� GLIIHUHQFH� �&'�&8�� PXOWLSOLHG� E\� WKH� 
GDLO\� DYHUDJH� 0&)� DQG� WKH� FRPSRQHQW� RI� WKH� ZLQG� YHORFLW\� WKDW� LV� SHUSHQGLFXODU� WR� WKH� OLGDU� 
EHDP��,W�LV�WKHQ�QRUPDOL]HG�E\�WKH�WRWDO�DUHD�WLOOHG�DQG�WKH�UDWLR�RI�WKH�VDPSOH�WLPH�WR�WRWDO�WUDFWRU� 
WLPH�WR�\LHOG�WKH�HPLVVLRQ�UDWH�SHU�XQLW�DUHD�WLOOHG�SHU�XQLW�RI�RSHUDWLRQ�WLPH�� 

1HW� IOX[HV� ZHUH� FDOFXODWHG� XVLQJ�XS�� DQG� GRZQZLQG� FRQFHQWUDWLRQ� PHDVXUHPHQWV� DYHUDJHG� RYHU� 
HDFK�YHUWLFDO�VFDQ�ZLWK�DYHUDJH�ZLQG�LQIRUPDWLRQ�IRU�WKH�WLPH�RI�WKH�LQGLYLGXDO�VFDQ��6LQJOH�VFDQ� 
GLIIHUHQFHV� GR� QRW� DFFRXQW� IRU� DFFXPXODWLRQ� RU� GHSOHWLRQ� LQ� WKH� PHDVXUHPHQW� ER[� GXH� WR� ZLQG� 
VSHHG� YDULDWLRQ� GXULQJ� D� VFDQ�� LQFRPLQJ� EDFNJURXQG� YDULDWLRQ�� RU� VWRUDJH� LQ�IOXVKLQJ� RI� WKH� IOX[� 
ER[� GXH� WR� WKH� H[LVWLQJ� ODUJH� VFDOH� ZLQG� HGG\� VWUXFWXUH� �L�H�� ZH� GR� QRW� DWWHPSW� WR� PHDVXUH� WKH� 
VDPH� DLU� PDVV� DW� WKH� XSZLQG� DQG� GRZQZLQG� VFDQV��� 7KH� SURFHVV� LV� DVVXPHG� WR� EH� D� FRQWLQXRXV� 
HPLVVLRQ� VRXUFH�� UHTXLULQJ� VHYHUDO� VFDQV� WR� DFKLHYH� D� PHDQLQJIXO� PHDQ� HVWLPDWH� RI� WKH� IDFLOLW\� 
HPLVVLRQ�� )RU� FDOFXODWLRQ� HIILFLHQF\�� WKH� QHW� IOX[� ZDV� FDOFXODWHG� WKURXJK� WKH� GRZQZLQG� VXUIDFH� 
ILUVW� DQG� WKHQ� WKH� XSZLQG� IOX[�� XVLQJ� WKH� GLIIHUHQFH� LQ� XSZLQG�GRZQZLQG� IOX[HV� UDWKHU� WKDQ� 
GLIIHUHQFH�LQ�FRQFHQWUDWLRQV�� 
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Figure 38. Lidar-derived fluxes (μg/m2/s) of PM2.5, PM10, and TSP for the May 17, 2008 strip-till pass of the 
conservation tillage method.  
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Figure 39. Lidar derived fluxes (μg/m2/s) of PM2.5, PM10, and TSP for the May 19, 2008 first disc pass of the 
conventional tillage operation. 

7KH� SOXPH� DUHD� ZDV� FKRVHQ� PDQXDOO\� E\� REVHUYLQJ� HDFK� GRZQZLQG� VFDQ� DQG� KLJKOLJKWLQJ� WKH� 
DUHD�WR�EH�LQFOXGHG�LQ�WKH�FDOFXODWLRQ��&KRRVLQJ� DQ�DUHD�WKDW�IXOO\�LQFOXGHV�WKH�VRXUFH�SOXPH�EXW� 
QRW�D�ORW�RI�H[WUD�DUHD�KDV�WZR�DGYDQWDJHV��WKH�SULPDU\�LV�WKDW�SRUWLRQV�RI�WKH�XSZLQG�GRZQZLQG� 
VFDQV� WKDW� ZRXOG� FOXWWHU� WKH� SOXPH� FDQ� EH� UHPRYHG�� VHFRQGDULO\�� LW� PLQLPL]HV� WKH� UHTXLUHG� 
FRPSXWDWLRQDO� UHVRXUFHV� XVHG� E\� QRW� FDOFXODWLQJ� IOX[� YDOXHV� IRU� SL[HOV� ZKLFK� GR� QRW� FRQWULEXWH� 
VLJQLILFDQWO\�WR�WKH�RYHUDOO�WLOODJH�SURFHVV�� 

8VLQJ�WKH�VHULHV�RI�IOX[�PHDVXUHPHQWV�FROOHFWHG�GXULQJ�HDFK�WLOODJH�RSHUDWLRQ��VLPLODU�WR�WKRVH�LQ� 
)LJXUH� ��� DQG� )LJXUH� ���� WKH� PHDQ� HPLVVLRQV� RI� 30� SHU� XQLW� DUHD� WLOOHG� SHU� VHFRQG� RI� WLOODJH� 
RSHUDWLRQ�ZHUH�FDOFXODWHG�IRU�DOO�GD\V�DQG�DUH�VKRZQ�LQ�7DEOH����ZLWK�UHVSHFWLYH�����FRQILGHQFH� 
LQWHUYDOV�� (PLVVLRQ� UDWHV� UHSRUWHG� IRU� PXOWLSOH� RSHUDWLRQV� RFFXUULQJ� LQ� WKH� VDPH� UXQ� DUH� WKH� 
DYHUDJH� DPRXQW�RI�30�HPLWWHG�SHU�WLOODJH�SDVV� DQG�GRHV�QRW� UHSUHVHQW�PHDVXUHG�D�HPLVVLRQ�UDWH� 
IURP�LQGLYLGXDO�RSHUDWLRQV��7KH�EUHDNLQJ�GRZQ�RI�ERUGHUV�DQG�GLWFKHV�RSHUDWLRQ�LQ�WKH�-XQH���5�� 
VDPSOH�WLOOHG�WKH�VDPH����RI�WKH�WRWDO�ILHOG�DUHD�HDFK�SDVV��VR�WKH�HIIHFWV�RI�WKH�JUHDWHU�QXPEHU�RI� 
SDVVHV� LV� VSUHDG� RYHU� D� PXFK� VPDOOHU� DUHD� WKDQ� WKH� PDMRULW\� RI� RWKHU� WLOODJH� RSHUDWLRQV�� 7KH� 
VXPPHG� HPLVVLRQ� UDWH� IRU� WKH� FRQYHQWLRQDO� WLOODJH� PHWKRG� LQFOXGHV� WKH� IROORZLQJ� WKLUWHHQ� 
LPSOHPHQW�SDVVHV�OLVWHG�LQ�RUGHU�RI�RFFXUUHQFH��WZR�EUHDN�GRZQ�LQ�ILHOG�ERUGHUV�SDVVHV��HPLVVLRQ� 
UDWH� VSUHDG� RYHU� HQWLUH� ILHOG� DUHD�� QRW� MXVW� WKH� DUHD� WLOOHG���D� FKLVHO� SDVV�� WZR� GLVF� SDVVHV�� D� OLVWHU� 
SDVV�� WZR� FXOWLYDWRU� SDVVHV�� D� UROOHU� SDVV�� D� SODQWHU� SDVV�� D� IHUWLOL]HU� LQMHFWLRQ� SDVV�� DQG� WZR� 
DGGLWLRQDO� FXOWLYDWRU� SDVVHV�� 7KH� VXPPHG� HPLVVLRQV� GR� QRW� LQFOXGH� WKH� HPLVVLRQV� FDOFXODWHG� IRU� 
WKH� EXLOGLQJ� RI� GLWFKHV� DQG� ERUGHUV� RQ� 0D\� ���� :KLOH� WKH� ODVW� WZR� FXOWLYDWRU� SDVVHV� ZHUH� QRW� 
PRQLWRUHG� XVLQJ� WKH� OLGDU�� WKH\� KDYH� EHHQ� LQFOXGHG� LQ� WKH� VXPPHG� HPLVVLRQV� EHFDXVH� WKH\� DUH� 
VWDQGDUG�ZHHG�FRQWURO�RSHUDWLRQV�LQ�WKH�FRQYHQWLRQDO�WLOODJH�VHTXHQFH�DW�WKLV�SURGXFWLRQ�VLWH��7KH� 
PHDVXUHG� HPLVVLRQ� UDWH� IURP� WKH� -XQH� �� 5�� VDPSOH� SHULRG� ZLWK� WKH� SODQW�� FXOWLYDWRU� �� � ��� DQG� 
UROOHU� RSHUDWLRQV� ZDV� XVHG� IRU� WKH� HPLVVLRQ� UDWH� RI� WKH� FXOWLYDWRU� �� DQG� �� SDVVHV�� (DFK� RI� WKH� 
FXOWLYDWRU� DQG� UROOHU� SDVVHV� ZHUH� DVVXPHG� WR� KDYH� WKH� VDPH� HPLVVLRQV� DQG� YDULDQFH� DV� ZDV� 
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UHSRUWHG�IRU�WKH�-XQH���5��VDPSOH�SHULRG�� /LNHZLVH��WKH�SODQWHU�DQG�OLVWHU�ZHUH�DVVXPHG�WR�KDYH� 
WKH�VDPH�HPLVVLRQV�DV�UHSRUWHG�IRU�WKH�-XQH���5��DQG�0D\����5��SHULRGV��UHVSHFWLYHO\�� 
Table 20. Mean fluxes (μg/m2/s) ± 95% confidence interval from quality controlled samples for each tillage 
operation. 

Operation (date) Valid lidar 
samples with 

detectable 
Δmass (n) 

PM2.5 
(μg/m2/s) 

PM10 
(μg/m2/s) 

TSP 
(μg/m2/s) 

&RQVHUYDWLRQ�7LOODJH�0HWKRG� 
6WULS�WLOO� ��� ���������� ������������ ������������� 
3ODQW� ��� ���������� ����������� ������������ 

+HUELFLGH�$SSOLFDWLRQ�� �� ��0'/� ��0'/� ��0'/� 
Summed Emissions 6.1 ��1.2 60.5 ± 11.4 446.6 ± 92.0 

&RQYHQWLRQDO�7LOODJH�0HWKRG� 
%UHDN�GRZQ�LQ�ILHOG�ERUGHUV� 

�RYHU�HQWLUH�ILHOG�DUHD�� 
��� ���������� ����������� ������������ 

&KLVHO� ���� ���������� ����������� ������������� 
'LVF��� ��� ����������� ������������� ���������������� 
'LVF��� ��� ���������� ������������ ������������� 
/LVWHU� ��� ����������� �������������� ��������������� 

%XLOG�XS�GLWFK�DQG�ILHOG�HGJH� 
ERUGHUV��RYHU�HQWLUH�ILHOG�DUHD�� ��� ����������� ������������� �������������� 

%UHDN�GRZQ�GLWFK�DQG�ILHOG� 
HGJH�ERUGHUV��&XOWLYDWRU�� 

5ROOHU� 
���� ���������� ���������� ����������� 

3ODQW��&XOWLYDWRU���	 ����5ROOHU� ��� ���������� ���������� ����������� 
)HUWLOL]HU�,QMHFWLRQ� ��� ���������� ������������ �������������� 

&XOWLYDWRU��� ���� ���� ���� ���� 
Summed Emissions 45.8 ± 7.8 644.5 ± 120.0 3,217.0 ± 609.5 

� 

7KH�HUURU� YDOXHV�XVHG�KHUH�IRU�WKH�OLGDU�GDWD�GHQRWH�RXU�FRQILGHQFH�LQ�WKH� PHDQ�GXH�WR�WKH�VFDQ� 
WR�VFDQ� YDULDELOLW\� GXH� WR� WKH� ZLQG� WUDQVSRUW� SURFHVV� RFFXUULQJ� RQ� WKDW� GD\�� DQG� QRW� WR� WKH� 
SUHFLVLRQ�RI�WKH�DFFXUDF\�RI�WKH�LQGLYLGXDO�PHDVXUHPHQWV��0HDVXUHPHQW�SUHFLVLRQ��DV�UHSRUWHG�E\� 
%LQJKDP� HW� DO�� >��@� VKRZ� PHDVXUHPHQW� DFFXUDF\� RQ� WKH�RUGHU� RI����� J�V� SDVVLQJ�WKURXJK� D� OLGDU� 
VFDQQLQJ� SODQH�� 7KLV� LV� HYLGHQW� LQ� WKH� ODVW� VFDQV� VKRZQ� LQ� )LJXUH� ���� ZKHUH� WUDQVSRUW� DFURVV� WKH� 
GRZQZLQG� SODQH� ZDV� DW� RU� EHORZ� WKH� OLGDU� V\VWHP� GHWHFWLRQ� OLPLW�� 6WDQGDUG� GHYLDWLRQV� RI� WKH� 
PHDVXUHPHQW� VHTXHQFHV� FDQ� EH� RI� WKH� VDPH� PDJQLWXGH� DV� WKH� IOX[HV� XQGHU� OLJKW� DQG� YDULDEOH� 
ZLQG� FRQGLWLRQV�� ZLWK� VRPH� VFDQV� VKRZLQJ� YHU\� OLJKW�� GLIIXVH� SOXPHV� FURVVLQJ� WKH� OLGDU� SODQH� 
IROORZHG�E\�YHU\�GHQVH�RQHV��� 

7KH� ���� FRQILGHQFH� LQWHUYDOV� RI� WKH� LQGLYLGXDOO\� FDOFXODWHG� HPLVVLRQ� UDWHV� ZHUH� FDOFXODWHG� E\� 
XVLQJ� WKH� VDPSOH� VWDWLVWLFV� �VWDQGDUG� GHYLDWLRQ� DQG� QXPEHU� FRXQW�� IRU� HDFK� GD\�� 7KH� ���� 
FRQILGHQFH� LQWHUYDO� IRU� WKH� WRWDO� HPLVVLRQ�� RQ� WKH� RWKHU� KDQG�� ZDV� GHULYHG� XVLQJ� WKH� DVVXPSWLRQ� 
WKDW� WKH� DYHUDJH� HPLVVLRQ� UDWH� RI� HDFK� GD\� FDQ� EH� WUHDWHG� DV� D� UDQGRP� YDULDEOH�� 7KH� YDULDQFH� RI� 
WKH� DYHUDJH� HPLVVLRQ� UDWH� RI� HDFK� GD\� ZDV� DVVXPHG� WR� HTXDO� WKH� YDULDQFH� RI� WKH� VDPSOH� VHW� 
GLYLGHG� E\�WKH�QXPEHU� RI� VDPSOHV� IRU� WKDW�GD\�� 7KH� ���� FRQILGHQFH� LQWHUYDO� IRU� WKH� GDLO\� PHDQ� 
ZDV� FDOFXODWHG� E\� DVVXPLQJ� D� *DXVVLDQ� GLVWULEXWLRQ� DQG� FDOFXODWLQJ� WKH� LQWHUYDO� LQ� ZKLFK� WKH� 
GDLO\� PHDQ� IDOOV� ZLWK� D� ���� SUREDELOLW\�� 7KH� YDULDQFH� RI� WKH� WRWDO� HPLVVLRQ� IURP� HDFK� WLOODJH� 
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WHFKQLTXH�� FRQYHQWLRQDO� RU� &03�� ZDV� FDOFXODWHG� DV� WKH� VXP� RI� WKH� YDULDQFHV� RI� HDFK� RSHUDWLRQ�� 

 
 
 

7KH�����FRQILGHQFH�LQWHUYDO�ZDV�WKHQ�FDOFXODWHG��DJDLQ�DVVXPLQJ�D�*DXVVLDQ�GLVWULEXWLRQ�� 

7KH�IOX[�GDWD�SUHVHQWHG�LQ�7DEOH����ZHUH�PXOWLSOLHG�E\�WKH�WRWDO�WUDFWRU�RSHUDWLRQ�WLPH�WR�\LHOG�D�
WRWDO� PDVV� HPLWWHG� SHU� XQLW� DUHD� RI� WKH� ILHOG� IRU� HDFK� RSHUDWLRQ� WR� FDOFXODWH� HPLVVLRQ� UDWHV�
SUHVHQWHG� LQ� 7DEOH� ���� 7KH� VDPH� WKLUWHHQ� SDVVHV� LQ� DQ� LGHQWLFDO� FRQILJXUDWLRQ� ZHUH� XVHG� WR�
FDOFXODWH�WKH�VXPPHG�HPLVVLRQV�IRU�WKH�FRQYHQWLRQDO�WLOODJH�PHWKRG���� 
Table 21. Aerosol mass transfer (± 95% confidence interval) from each field (flux normalized by operation 
duration and area tilled) as calculated from lidar data for all tillage operations. 

Sample 
Operation 

# of 
passes 

PM2.5 
(mg/m2/ 

operation) 

PM10 
(mg/m2/ 

operation) 

TSP 
(mg/m2/ 

operation) 

Conservation Tillage Method 

0D\����5�� 6WULS�WLOO� �� ����������� �������������� ���������������� 
-XQH��� 3ODQW� 
-XQH���� +HUELFLGH�$SSOLFDWLRQV� 

Summed Emissions 

�� 
�� 
3 

������������ 
��0'/� 

77.1 ± 16.2 

������������� 
��0'/� 

699.4 ± 129.0 

�������������� 
��0'/� 

5,018.1 ± 1,015.2 

Conventional Tillage Method 

0D\����5�� %UHDN�GRZQ�LQ�ILHOG�ERUGHU�� 
�RYHU�HQWLUH�ILHOG�DUHD�� �� ���������� ������������ ������������� 

0D\���� &KLVHO� �� ������������� ��������������� ��������������� 
0D\����5�� 'LVF��� �� ������������� ��������������� ����������������� 
0D\����5�� 'LVF��� �� ������������ ��������������� ���������������� 
0D\����5�� /LVWHU���'LVF� ������� �������������� ���������������� ����������������� 
0D\����5�� %XLOG�XS�GLWFK�DQG�ILHOG� 

HGJH�ERUGHUV�� 
�RYHU�HQWLUH�ILHOG�DUHD�� 

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

-XQH���5�� 
%UHDN�GRZQ�GLWFK��EUHDN� 
GRZQ�ILHOG�HGJH�ERUGHUV�� 

&XOWLYDWRU��5ROOHU� 

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

-XQH���5�� 3ODQWHU��&XOWLYDWRU���	 ���� 
5ROOHU� �������� ���������� ������������ ������������� 

-XQH���� )HUWLOL]HU�,QMHFWLRQ� �� ���������� ������������� �������������� 
-XQH���� &XOWLYDWRU�3DVV��� �� ���� ���� ���� 

Summed Emissions 13 811.1 ± 138.7 11,051.2 ± 
2,126.0 

54,881.3 ± 
10,814.4 
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4.4.2 Inverse Modeling Calculations 

4.4.2.1 ISC/AERMOD dispersion models 
7KH� JURXQG� OHYHO� DUHD� VRXUFH� GLPHQVLRQV� XVHG� LQ� WKH� GLVSHUVLRQ� PRGHOV� ZHUH� EDVHG� RQ� WKH� *36� 
UHDGLQJV� RI� ILHOG� SHULPHWHU� PHDVXUHPHQWV� DQG� IURP� WKH� WUDFWRU� ZKLOH� SHUIRUPLQJ� WKH� RSHUDWLRQ�� 
7KH�VHHG�HPLVVLRQ�UDWH�RI������J�V�P��SHU�RSHUDWLRQ��FDOFXODWHG�E\�DYHUDJLQJ�DFURVV�SUHOLPLQDU\� 
HPLVVLRQ� UDWHV� IRU� DOO� RSHUDWLRQV� GHULYHG� LQ� WKH� ����� WLOODJH� &03� VWXG\� >�@�� ZDV� DSSOLHG� WR� DOO� 
VRXUFHV� RQ� D� SHU� SDVV� EDVLV�� ,Q� VRPH� PHDVXUHPHQW� SHULRGV� WKHUH� ZHUH� PXOWLSOH� SDVVHV� RYHU� WKH� 
VDPH� DUHD� E\� HLWKHU� WKH� VDPH� LPSOHPHQW� RU� GLIIHUHQW� LPSOHPHQWV�� 7KH� VHHG� HPLVVLRQ� UDWH� ZDV� 
WKHUHIRUH� DGMXVWHG� E\� PXOWLSO\LQJ� E\� WKH� QXPEHU� RI� SDVVHV� WR� DFFRXQW� IRU� WKH� DFWXDO� WRWDO� 
HPLVVLRQV� SHU� RSHUDWLRQ� DQG� VDPSOH� SHULRG�� 7DEOH� ��� OLVWV� WKH� WLOODJH� RSHUDWLRQV� FDUULHG� RXW� 
GXULQJ� HDFK� PHDVXUHPHQW� SHULRG�� WKH� QXPEHU� RI� SDVVHV� SHUIRUPHG� SHU� RSHUDWLRQ�� WKH� DUHD� WLOOHG� 
SHU� SDVV� SHU� VDPSOH� SHULRG�� WKH� SHUFHQW� RI� WKH� ILHOG� WKDW� ZDV� WLOOHG� SHU� SDVV� GXULQJ� WKH� 
PHDVXUHPHQW� SHULRG�� DQG� WKH� UHVXOWLQJ� VHHG� HPLVVLRQ� UDWH� XVHG� LQ� WKH� GLVSHUVLRQ� PRGHOV�� 7R� 
FRPSDUH� WKH� PRGHOHG� FRQFHQWUDWLRQV� WR� ILHOG� PHDVXUHPHQWV�� WKH� PHDVXUHG� EDFNJURXQG� 30� 
FRQFHQWUDWLRQ�PXVW�EH�VXEWUDFWHG�IURP�WKH�PHDVXUHG�GRZQZLQG�FRQFHQWUDWLRQ�UHVXOWV�WR�\LHOG�WKH� 
FRQFHQWUDWLRQ�UHVXOWLQJ�IURP�WKH�VRXUFH�DFWLYLW\�� 

1RWH�WKDW�WKH�DUHD�ZRUNHG�E\�VRPH�RI�WKH�RSHUDWLRQV�ZDV�PXFK�VPDOOHU�WKDQ�WKH�HQWLUH�DUHD�RI�WKH� 
ILHOG��ZLWK�WKH�EXLOGLQJ�DQG�EUHDNLQJ�GRZQ�RI�ERUGHUV�DQG�GLWFKHV�RQ�0D\����DQG�-XQH���ZRUNLQJ� 
OHVV� WKDQ� ��� RI� WKH� ILHOG� HDFK�� +RZHYHU�� WKHVH� RSHUDWLRQV� UHTXLUHG� PRUH� SDVVHV� RYHU� WKH� VDPH� 
DUHD� WR� DFFRPSOLVK� WKH� WDVN�� 7KH� WRWDO� DUHD� WLOOHG� �DUHD�SDVV� WLPHV� WKH� QXPEHU� RI� SDVVHV�� IRU� 
EUHDNLQJ� GRZQ� GLWFKHV� DQG� ERUGHUV� SDVVHV� RI� WKH� -XQH� �� 5�� SHULRG� ZDV� ������� P��� MXVW� ���� RI� 
WKH�WRWDO�DUHD�WLOOHG�GXULQJ�WKH�VDPSOH�SHULRG��7KHUHIRUH��WKH�FRQWULEXWLRQ�RI�WKLV�RSHUDWLRQ�WR�WKH� 
DYHUDJH�HPLVVLRQ�UDWH�SHU�SDVV�LV�WKRXJKW�WR�EH�VPDOO�FRPSDUHG�WR�WKH�RWKHU�WZR�RSHUDWLRQV�� 

,Q� VLWXDWLRQV� LQ� ZKLFK� PXOWLSOH� SDVVHV� ZHUH� PRQLWRUHG� LQ� WKH� VDPH� VDPSOH� SHULRG�� WKH� HPLVVLRQ� 
UDWHV� ZHUH� FDOFXODWHG� RQ� D� VLQJOH�SDVV� EDVLV� DQG� DOO� DSSOLFDWLRQV� RI� WKH� HPLVVLRQ� UDWHV� KHUHLQ� 
GHULYHG�VKRXOG�WDNH�LQWR�DFFRXQW�WKH�WRWDO�QXPEHU�RI�SDVVHV�SHUIRUPHG�RYHU�WKH�VDPH�DUHD��:KLOH� 
WKH� VHHG� HPLVVLRQ� UDWHV� IRU� RSHUDWLRQV� ZLWK� PXOWLSOH� SDVVHV� RYHU� WKH� VDPH� DUHD� DUH� VLJQLILFDQWO\� 
KLJKHU�WKDQ�RWKHU�RSHUDWLRQV�LQ�WKH�VDPH�PHDVXUHPHQW�SHULRG�WKDW�LQYROYH�MXVW�RQH�SDVV��DV�IRXQG� 
LQ�WKH�ILUVW�-XQH���VDPSOH��WKH�ORZ�SHUFHQWDJH�RI�WKH�WRWDO�DUHD�WLOOHG�FRPELQHG�ZLWK�ORZHU�DFWLYH� 
WLPH� IRU� VXFK� VRXUFHV�� UHVXOWV� LQ� WKH� SHULRG�DYHUDJHG�� PRGHO� SUHGLFWHG� FRQFHQWUDWLRQ� EHLQJ� 
GRPLQDWHG�E\�WKH�ORQJHU�WHUP��PRUH�XELTXLWRXV�RSHUDWLRQ��$V�WKH�LQGLYLGXDO�HIIHFWV�RI�HDFK�RI�WKH� 
WKUHH�RSHUDWLRQV�LQ�WKH�-XQH���5��VDPSOH�RQ�PHDVXUHG�FRQFHQWUDWLRQV�FRXOG�QRW�EH�GLVWLQJXLVKHG� 
LQ� WKH� SHULRG�DYHUDJHG� ILOWHU� VDPSOH�� WKH� GHULYHG� HPLVVLRQ� UDWHV� IRU� HDFK� PHDVXUHPHQW� SHULRG�� 
XVLQJ� WKH� WKUHH� VHHG� HPLVVLRQ� UDWHV� VKRZQ�� UHSUHVHQWV� D� FRQJORPHUDWH� HPLVVLRQ� UDWH�� +RZHYHU�� 
IRU� WKH� -XQH� �� 5�� VDPSOH� SHULRG�� WKH� GHULYHG� HPLVVLRQ� UDWHV� DUH� IRU� SODQWLQJ� RQO\�� WKH� FXOWLYDWRU� 
DQG� UROOLQJ� RSHUDWLRQV� ZHUH� SHUIRUPHG� LQ� WKH� QRUWKHUQ� WKLUG� RI� WKH� ILHOG� DQG�� FRXSOHG� ZLWK� 
PHWHRURORJLFDO� FRQGLWLRQV�� GLG� QRW� LPSDFW� PRVW� GRZQZLQG� VDPSOHUV�� 7KHUHIRUH�� VRXUFH� LPSDFWV� 
DW�DOO�EXW�RQH�GRZQZLQG�ORFDWLRQ�DUH�GXH�VWULFWO\�WR�WKH�SODQWLQJ�RSHUDWLRQ�� 
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Table 22. Tillage operations, number of passes, area tilled per pass during monitoring period, and the seed 
emission rate used for modeling particle dispersion using ISCST3 and AERMOD for each sample period.  

Sample 
Period 

Tillage 
Method 

Tillage 
Operation 

# of passes Area 
tilled/pass 
(m2) 

Field portion 
tilled/pass 
(%) 

Seed 
emission 
rate (μg/s
m2) 

0D\����5�� &RQVHUYDWLRQ� 6WULS�WLOO� �� ������� ������ ���� 
0D\����5�� &RQYHQWLRQDO� %UHDNLQJ�GRZQ� 

ERUGHUV� 
�� ������� ����� ����� 

0D\���� &RQYHQWLRQDO� &KLVHO� �� ��������� ����� ���� 
0D\����5�� &RQYHQWLRQDO� 'LVF� �� ���������� ������ ���� 
0D\����5�� &RQYHQWLRQDO� 'LVF� �� ���������� ������ ���� 
0D\����5�� &RQYHQWLRQDO� /LVWHU� �� ���������� ������ ���� 

'LVF� �� ������ ���� ����� 
0D\����5�� 

-XQH���5�� 

-XQH���5�� 

-XQH��� 
-XQH���� 

-XQH���� 

-XQH���� 

&RQYHQWLRQDO� 

&RQYHQWLRQDO� 

&RQYHQWLRQDO� 

&RQVHUYDWLRQ� 
&RQVHUYDWLRQ� 

&RQYHQWLRQDO� 

&RQYHQWLRQDO� 

%XLOG�GLWFKHV�DQG� 
ERUGHUV� 

%UHDN�GRZQ� 
GLWFKHV�ERUGHUV� 

1�:�6�VLGHV� 
±����(�VLGH�±� 

�� 
:�±���� 
(�±���� 

1�:�6�±�������� 
(�±������� 

:�±�������� 
(�±������� 

1�:�6�±������ 
(�±����� 

:�±������ 
(�±����� 

1�:�6�VLGHV� 
±�������(� 
VLGH�±������� 
:�±������� 
(�±������� 

&XOWLYDWH� �� ��������� ����� ����� 
5ROO� 
3ODQW� 

�� 
�� 

������� 
������� 

���� 
����� 

���� 
���� 

&XOWLYDWH� �� ������� ����� ����� 
5ROO� 
3ODQW� 
+HUELFLGH� 
DSSOLFDWLRQ� 
)HUWLOL]HU� 
DSSOLFDWLRQ� 
&XOWLYDWH� 

�� 
�� 
�� 

�� 

�� 

������� 
������� 
������� 

��������� 

���������� 

����� 
������ 
������ 

����� 

������ 

���� 
���� 
���� 

���� 

���� 

,6&67�� FRQFHQWUDWLRQV� IRU� PRGHOHG� VDPSOH� SHULRGV� UDQJHG� IURP� ���� WR� ������ ȝJ�P��� ZLWK� WKH� 
KLJKHVW�FRQFHQWUDWLRQV�W\SLFDOO\�PRGHOHG�DW�D�KHLJKW�RI���P�RQ�WKH�VRXWKHUQ�DQG�ZHVWHUQ�HGJHV�RI� 
WKH�WLOODJH�DUHD��DOWKRXJK�WKH�H[DFW�ORFDWLRQ�YDULHG�VOLJKWO\�ZLWK�GLIIHULQJ�ZLQG�GLUHFWLRQV��)LJXUH� 
���VKRZV�DQ�H[DPSOH�RI�,6&67��PRGHOHG�FRQFHQWUDWLRQV�IRU�WKH�WKLUG�SDVV�ZLWK�WKH�FXOWLYDWRU�RQ� 
-XQH����������RI�WKH�FRQYHQWLRQDO�WLOODJH�PHWKRG�ZLWK�QRUWKZHVW�ZLQGV�� ,W�VKRXOG�EH�QRWHG�WKDW�D� 
��� P� [� ��� P� JULG� RI� UHFHSWRUV� DW� �� P� DJO� ZHUH� HPSOR\HG� WKURXJKRXW� WKH� QHDU�ILHOG� PRGHOLQJ� 
GRPDLQ�� ZKLFK� SURGXFHV� D� PXFK� VPRRWKHU� DQG� PRUH� GHWDLOHG� FRQWRXU� SORW� WKDQ� WKH� PHDVXUHG� 
30��� FRQFHQWUDWLRQ� FRQWRXU� SORW� VHHQ� LQ� )LJXUH� ��� DQG� WKH� 23&� 30��� FRQFHQWUDWLRQ� SORW� LQ� 
)LJXUH����� 

$(502'� PRGHOHG� FRQFHQWUDWLRQV� IRU� VDPSOH� SHULRGV� EHVLGHV� WKH� 0D\� ��� 5�� DQG� -XQH� �� 5�� 
VDPSOHV� UDQJHG� IURP� ���� WR� ������ ȝJ�P��� ZLWK� WKH� KLJKHVW� FRQFHQWUDWLRQV� W\SLFDOO\� PRGHOHG� DW� D� 
KHLJKW� RI� �� P� RQ� WKH� VRXWKHUQ� DQG� ZHVWHUQ� HGJHV� RI� WKH� WLOODJH� DUHD� DQG� DW� GLIIHUHQW� ORFDWLRQV� 
GHSHQGLQJ�RQ�ZLQG�GLUHFWLRQ��)LJXUH����VKRZV�DQ�H[DPSOH�RI�$(502'�PRGHOHG�FRQFHQWUDWLRQV� 
IRU� WKH� VDPH� FXOWLYDWRU� WKLUG� SDVV� VKRZQ� LQ� )LJXUH� ��� IRU� ,6&67��� ZLWK� WKH� VDPH� ��� P� [� ��� P� 
JULG�VSDFLQJ�� 
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� 
Figure 40. ISCST3-modeled results for the third cultivator pass of the conventional tillage operations on June 
25, 2008 with northwest  winds. The area of operations and sampler locations are denoted in black and 
contour line numerical values are in μg/m3 . 

4.4.2.2 ISCST3-Based Emission Rates 
7KH�0LQL9RO�30�����30����DQG�763�FRQFHQWUDWLRQV�ZHUH�HYDOXDWHG�IRU�XVH�LQ�FDOFXODWLQJ� 
HPLVVLRQ�UDWHV�EDVHG�RQ�LQYHUVH�PRGHOLQJ�DV�GHVFULEHG�LQ�$SSHQGL[�%��ZLWK�WKH�YHULILHG�30� 
FRQFHQWUDWLRQV�VKRZQ�LQ�7DEOH����DQG�7DEOH����LQ�$SSHQGL[�$��23&�PDVV�FRQFHQWUDWLRQV�ZHUH� 
FDOFXODWHG�E\�PXOWLSO\LQJ�WKH�9N�E\�WKH�0&)N�IRU�HDFK�VDPSOH�SHULRG�IRU�XVH�LQ�HPLVVLRQ�UDWH� 
FDOFXODWLRQV�DQG�DUH�SUHVHQWHG�LQ�7DEOH����DQG�7DEOH�����7KH�23&�GDWD�ZHUH�HYDOXDWHG�IRU� 
LPSDFWV�WR�XSZLQG�FRQFHQWUDWLRQV�DQG�ZKHWKHU�LQWHQVH�SOXPHV�IURP�WKH�WLOODJH�RSHUDWLRQV� 
RYHUZKHOPHG�WKH�GRZQZLQG�23&V�RU�QRW�IRU�WKH�0D\����WKURXJK�0D\����5��VDPSOH�SHULRGV�� 
0DQXIDFWXUHU�VSHFLILFDWLRQV�VWDWH�WKH�UDQJH�RI�WKH�23&�LV���WR�������������SDUWLFOHV�P��� 
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� 
Figure 41. AERMOD modeled results for third cultivator pass of the conventional tillage operations on June 
25, 2008 with northwest winds. The area of operations and sampler locations are denoted in black a nd  
contour line numerical values are in μg/m3.  

([DPLQDWLRQ� RI� WKH� GRZQZLQG� 0D\� ��� WKURXJK� 0D\� ��� 23&� GDWD� IRXQG� WKDW� WKHUH� ZHUH� QR� 
VLJQLILFDQW� SUREOHPV� ZLWK� RYHUORDGLQJ�� DOORZLQJ� WKHVH� GDWD� WR� EH� XVHG� LQ� HPLVVLRQ� UDWH� 
FDOFXODWLRQV�� 3RWHQWLDO� FRQWDPLQDWLRQ� RI� ERWK� 23&� DQG� 0LQL9RO� XSZLQG� VDPSOHV� IURP� QHDUE\� 
DFWLYLWLHV� ZDV� LQYHVWLJDWHG� XVLQJ� 23&� WLPH� VHULHV� GDWD�� 6RPH� VLJQLILFDQW� HYHQWV� ZHUH� IRXQG�� 
8SZLQG� ILOWHU� VDPSOHV� DIIHFWHG� E\� WKHVH� HYHQWV� KDG� DOUHDG\� EHHQ� UHPRYHG� LQ� WKH� 4$�4&� 
LQYHVWLJDWLRQ� GHWDLOHG� LQ� $SSHQGL[� %�� 0HDVXUHG� XSZLQG� 23&� 30� FRQFHQWUDWLRQV� ZHUH� DGMXVWHG� 
WR� UHSUHVHQW� VROHO\� EDFNJURXQG� FRQFHQWUDWLRQV� E\� UHPRYLQJ� KLJK� YDOXHV� LGHQWLILHG� DV� SRWHQWLDO� 
FRQWDPLQDWLRQ� IURP� EDFNJURXQG� FRQFHQWUDWLRQ� DYHUDJH� FDOFXODWLRQV�� 23&� 30� FRQFHQWUDWLRQV� 
XVHG�LQ�HPLVVLRQ�UDWH�FDOFXODWLRQV�DUH�JLYHQ�LQ�7DEOH����DQG�7DEOH����� 

6DPSOH� SHULRG� DYHUDJH� XSZLQG� 0LQL9RO� DQG� 23&� 30� FRQFHQWUDWLRQV� LQ� HDFK� VL]H� IUDFWLRQ� IRU� 
ZHUH� VXEWUDFWHG� IURP� GRZQZLQG� FRQFHQWUDWLRQV� WR� FDOFXODWH� 30� FRQFHQWUDWLRQV� SURGXFHG� E\� WKH� 
WLOODJH� DFWLYLW\�� ZLWK� RQO\� GRZQZLQG� FRQFHQWUDWLRQV� JUHDWHU� WKDQ� WKH� DYHUDJH� XSZLQG� SOXV� WKH� 
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FDOFXODWHG� ���� FRQILGHQFH� LQWHUYDO� XVHG� WR� FDOFXODWH� HPLVVLRQ� UDWHV�� 7KHVH� RSHUDWLRQ�SURGXFHG� 
30�FRQFHQWUDWLRQV�ZHUH�WKHQ�FRPSDUHG�ZLWK�WKH�PRGHO�SUHGLFWHG�FRQFHQWUDWLRQV�DV�VKRZQ�LQ�(T�� 
��� DQG� PXOWLSOLHG� E\� WKH� VHHG� HPLVVLRQ� UDWH� WR� FDOFXODWH� WKH� REVHUYHG� HPLVVLRQ� UDWH� DW� HDFK� 
ORFDWLRQ�� (PLVVLRQ� UDWHV� ZHUH� WKHQ� DYHUDJHG� DFURVV� DOO� YDOLG� VDPSOH� ORFDWLRQV� IRU� HDFK� VDPSOH� 
SHULRG� DQG� DUH� SUHVHQWHG� LQ� 7DEOH� ��� LQ� XQLWV� RI� PDVV� SHU� XQLW� DUHD� WLOOHG� SHU� WUDFWRU� RSHUDWLRQ� 
WLPH� ZLWK� ���� FRQILGHQFH� LQWHUYDOV� ZKHQ� WKUHH� RU� PRUH� VDPSOHV� ZHUH� DYDLODEOH�� (PLVVLRQ� UDWHV� 
SUHVHQWHG�LQ�7DEOH����DUH�LQ�XQLWV�RI�PDVV�SHU�XQLW�DUHD�WLOOHG��UHSUHVHQWLQJ�WKH�WRWDO�HPLVVLRQV�SHU� 
XQLW� DUHD� SHU� RSHUDWLRQ�� 7KH� ���� FRQILGHQFH� LQWHUYDOV� UHSRUWHG� IRU� WKH� VXPPHG� HPLVVLRQV� SHU� 
WLOODJH�PHWKRG�ZHUH�FDOFXODWHG�WKH�VDPH�ZD\�DV�WKRVH�IRU�WKH�OLGDU�HPLVVLRQ�UDWHV�� 

(PLVVLRQ� UDWHV� ZHUH� QRW� FDOFXODWHG� XVLQJ� ILOWHU� GDWD� IRU� WKH� IROORZLQJ� VDPSOH� SHULRGV� GXH� WR� WKH� 
QHDU�VRXUFH�GRZQZLQG�VDPSOHUV�EHLQJ�RYHUORDGHG��0D\�����0D\����5���0D\����5���0D\����5��� 
DQG� 0D\� ��� 5��� $GGLWLRQDOO\�� 30���� DQG� 30��� ILOWHU�EDVHG� HPLVVLRQ� UDWHV� IRU� 0D\� ��� 5�� DQG� 
30��� HPLVVLRQ� UDWHV� IRU� -XQH� �� 5�� ZHUH� QRW� FDOFXODWHG� EHFDXVH� WKH� XSZLQG� VDPSOHV� ZHUH� 
FRPSURPLVHG�� $OO� RI� WKHVH� VDPSOH� SHULRGV� ZHUH� RSHUDWLRQV� LQ� WKH� FRQYHQWLRQDO� WLOODJH� ILHOG�� 
WKHUHIRUH�� D� VXPPDWLRQ� RI� HPLVVLRQV� EDVHG� RQ� 0LQL9RO� GDWD� DFURVV� DOO� FRQYHQWLRQDO� WLOODJH� 
RSHUDWLRQV� ZDV� QRW� SRVVLEOH�� ,Q� DGGLWLRQ�� VRPH� HPLVVLRQ� UDWHV� EDVHG� RQ� WKH� 0LQL9RO� GDWD� VHW� DUH� 
EDVHG� RQ� RQH� RU� WZR� GDWD� SRLQWV�� SUHYHQWLQJ� IXUWKHU� VWDWLVWLFDO� FDOFXODWLRQV�� +RZHYHU�� HPLVVLRQ� 
UDWHV� ZHUH� DEOH� WR� EH� FDOFXODWHG� XVLQJ� DW� OHDVW� WKUHH� 23&� 30� GDWD� SRLQWV� IRU� DOO� RI� WKHVH� VDPSOH� 
SHULRGV�� 7KH� HPLVVLRQ� UDWHV� UHSRUWHG� IRU� WKH� -XQH� �� 5�� VDPSOH� LQ� WKH� FRQYHQWLRQDO� ILHOG� DUH� IRU� 
SODQWLQJ�RQO\��WKH�ILUVW�DQG�VHFRQG�FXOWLYDWRU�SDVVHV�DQG�WKH�UROOHU�SDVV�WKDW�ZHUH�EHLQJ�SHUIRUPHG� 
DW� WKH� VDPH� WLPH� ZHUH� VKRZQ� WR� LPSDFW� RQO\� RQH� GRZQZLQG� VDPSOHU� ORFDWLRQ� WKURXJK�
H[DPLQDWLRQ� RI� WUDFWRU� ORFDWLRQ�� DYHUDJH� ZLQG� GLUHFWLRQ� ������ �� ���� 23&� GDWD�� DQG� PRGHO� 
SUHGLFWHG�FRQFHQWUDWLRQV��'DWD�DW�WKLV�ORFDWLRQ�ZHUH�UHPRYHG�IURP�HPLVVLRQ�UDWH�FDOFXODWLRQV�� 

4.4.2.3 AERMOD-based Emission Rates  
6DPSOH�SHULRG�DYHUDJHG�HPLVVLRQ�UDWHV�EDVHG�RQ�FRQFHQWUDWLRQV�SUHGLFWHG�E\�$(502'�ZHUH� 
GHWHUPLQHG�XVLQJ�WKH�VDPH�WHFKQLTXHV�GHVFULEHG�IRU�WKH�FDOFXODWLRQV�RI�,6&67��EDVHG�HPLVVLRQ� 
UDWHV��(PLVVLRQ�UDWHV�RQ�D�PDVV�SHU�XQLW�DUHD�WLOOHG�SHU�XQLW�WLPH�RI�RSHUDWLRQ�DUH�IRXQG�LQ�7DEOH� 
���DQG�HPLVVLRQ�UDWHV�RQ�D�PDVV�SHU�XQLW�DUHD�WLOOHG�DUH�IRXQG�LQ�7DEOH�����ZLWK�WKH����� 
FRQILGHQFH�LQWHUYDOV�FDOFXODWHG�WKH�VDPH�ZD\�DV�WKRVH�IRU�WKH�OLGDU�HPLVVLRQ�UDWHV�IRU�SHULRGV� 
ZLWK�WKUHH�RU�PRUH�YDOLG�GRZQZLQG�VDPSOHV�RI�HDFK�VL]H��
� 

6'/�������� &DOLIRUQLD������7LOODJH�&DPSDLJQ� ��� 



Table 23.  Mean emission rates per unit area per unit time (± 95% CI for n ≥ 3) for each operation as  
determined by inverse modeling using ISCST3. 

Sample Operation 
# of 

passes 
PM2.5 

(μg/m2/s) 
PM10 

(μg/m2/s) 
TSP 

(μg/m2/s) 
MiniVol OPC MiniVol OPC MiniVol OPC 

Conservation Tillage Method 

0D\����5�� 6WULS�WLOO� �� ���������� ������ 
���� 

������� 
���� 

������� 
���� 

�������� 
����� 

�������� 
����� 

-XQH��� 3ODQW� �� ���� ������ 
���� ���� ������ 

���� 
������� 
����� 

������� 
����� 

-XQH���� +HUELFLGH� 
$SSOLFDWLRQ� 

�� ����� ������ 
���� ����� ������� 

���� 
������� 
����� 

������� 
����� 

Summed Emissions 3 21.3 1.5 ± 
0.2 45.0 49.7 ± 

6.3 
181.7 ± 

61.7 
221.2�± 

38.8 

Conventiona

0D\����5�� 

0D\���� 

0D\����5�� 

0D\����5�� 

0D\����5�� 

l Tillage Method 

%UHDN�GRZQ� 
LQ�ILHOG� 
ERUGHUV�� 

�VSUHDG�RYHU� 
HQWLUH�ILHOG� 

DUHD�� 
&KLVHO� 

'LVF��� 

'LVF��� 

/LVWHU� 

�� 

�� 

�� 

�� 

�� 

���� 

���� 

���� 

���� 

���� 

������ 
���� 

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

���� 

���� 

���� 

���� 

���� 

������� 
���� 

������� 
���� 

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

���� 

���� 

���� 

���� 

���� 

�������� 
����� 

������� 
����� 

�������� 
����� 

�������� 
����� 

�������� 
����� 

0D\����5�� %XLOG�XS�GLWFK� 
DQG�ERUGHUV� ����� ���� ���� ���� ���� ���� ���� 

-XQH���5�� 

%UHDN�GRZQ� 
GLWFK��EUHDN� 
GRZQ�ERUGHUV�� 
&XOWLYDWRU���	 � 

���5ROOHU� 

������� 
����� ���������� ������ 

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

����� 

-XQH���5�� 3ODQW� �� ���������� ������ 
���� ���� ������� 

���� ����� ������� 
����� 

-XQH���� )HUWLOL]HU� 
,QMHFWLRQ� �� ������� 

����� 
������ 
���� 

�������� 
����� 

������ 
������� ������ �������� 

������ 
-XQH���� &XOWLYDWRU��� �� ���������� ������ 

���� ���������� ������ 
���� 

������� 
���� 

������� 
����� 

Summed Emissions 13 -- 9.4 ± 
2.9 -- 344.8 

± 66.1 -- 2498.2 
± 415.5 
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Table 24. Mean emission rates per unit area (± 95% CI for n ≥ 3) for each operation as determined by inverse 
modeling using ISCST3. 

Sample Operation 

# of 
passes 

PM2.5 
(mg/m2/ 

operation) 

PM10 
(mg/m2/ 

operation) 

TSP 
(mg/m2/ operation) 

MiniVol OPC MiniVol OPC MiniVol OPC 

Conservation Tillage Method 

0D\����5�� 6WULS�WLOO� �� ������� 
���� 

����� 
������ 

�������� 
����� 

������ 
������� 

��������� 
������ 

������� 
�������� 

-XQH��� 3ODQW� �� ����� ������ 
���� ����� ������ 

������� 
�������� 
������ 

�������� 
������ 

-XQH���� +HUELFLGH� 
$SSOLFDWLRQ� 

�� ����� ������ 
���� ����� ������� 

����� 
�������� 
����� 

�������� 
����� 

Summed Emissions 3 159.9 15.9 
± 2.7 386.9 489.6 

± 56.6 
1870.4 ± 

692.8 
2320.0 
± 398.7 

Conventiona

0D\����5�� 

0D\���� 

0D\����5�� 

0D\����5�� 

l Tillage Method 

%UHDN�GRZQ�LQ� 
ILHOG�ERUGHUV�� 
�VSUHDG�RYHU� 
HQWLUH�ILHOG� 

DUHD�� 
&KLVHO� 

'LVF��� 

'LVF��� 

�� 

�� 

�� 

�� 

���� 

���� 

���� 

���� 

������ 
���� 

������ 
���� 

����� 
������ 

����� 
������ 

���� 

���� 

���� 

���� 

������� 
����� 

������ 
�� 

������ 
������ 
�� 

������ 
������ 
�� 

������ 

����� 

���� 

���� 

���� 

�������� 
������ 

������� 
�������� 

������� 
�� 

������� 
������� 
�� 

������� 

0D\����5�� /LVWHU� �� ���� ����� 
������ ���� ������ 

������� ���� ������� 
�������� 

0D\����5�� %XLOG�XS�GLWFK� 
DQG�ERUGHUV� ����� ���� ���� ���� ���� ���� ���� 

-XQH���5�� 

%UHDN�GRZQ� 
GLWFK��EUHDN� 
GRZQ�ERUGHUV�� 
&XOWLYDWRU���	 � 

���5ROOHU� 

������� 
����� 

������� 
����� 

������ 
���� 

������� 
����� 

������ 
������� ���� �������� 

������ 

-XQH���5�� 3ODQW� �� ������� 
���� 

������ 
���� ���� ������ 

������� ������ �������� 
������ 

-XQH���� )HUWLOL]HU� 
,QMHFWLRQ� �� ������� 

����� 

����� 
�� 

����� 

�������� 
������ 

������ 
�� 

������ 
������� 

������� 
�� 

������� 
-XQH���� &XOWLYDWRU��� �� ������� 

���� 
������ 
���� 

������� 
����� 

������ 
������� 

�������� 
������ 

�������� 
������ 

Summed Emissions 
13 --

107.1 
± 

15.5 
--

3833.0 
± 

489.9 
--

24381.5 
± 

2781.5 

6'/�������� &DOLIRUQLD������7LOODJH�&DPSDLJQ� ��� 



Table 25.  Mean emission rates per unit area per unit time (± 95% CI for n ≥ 3) for each operation as  
calculated by inverse modeling using AERMOD.  
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Sample 
Operation # of 

passes 
PM2.5 

(μg/m2/s) 
PM10 

(μg/m2/s) 
TSP 

(μg/m2/s) 
MiniVol OPC MiniVol OPC MiniVol OPC 

Conservation Tillage Method 

0D\����5�� 6WULS�WLOO� �� ���������� ������ 
���� 

������� 
���� 

������� 
���� 

�������� 
����� 

�������� 
����� 

-XQH��� 3ODQW� �� ���� ������ 
���� ���� ������ 

���� 
������� 
����� 

������� 
����� 

-XQH���� +HUELFLGH�$SSOLFDWLRQ� �� ����� ������ 
���� ����� ������� 

���� 
������� 
����� 

������� 
����� 

Summed Emissions 3 21.3 1.7 ± 
0.3 47.5 55.6 ± 

8.1 
212.1 ± 

81.3 
249.9 ± 

53.2 

Conventiona

0D\����5�� 

0D\���� 

0D\����5�� 

0D\����5�� 

0D\����5�� 

0D\����5�� 

-XQH���5�� 

l Tillage Method 

%UHDN�ERUGHUV�� 
�VSUHDG�RYHU�HQWLUH� 

ILHOG�DUHD�� 
&KLVHO� 

'LVF��� 

'LVF��� 

/LVWHU� 

%XLOG�XS�GLWFK�DQG� 
ERUGHUV� 

%UHDN�GRZQ�GLWFK�� 
EUHDN�GRZQ�ERUGHUV�� 
&XOWLYDWRU���	 ���� 

5ROOHU� 

�� 

�� 

�� 

�� 

�� 

����� 

������� 
����� 

���� 

���� 

���� 

���� 

���� 

���� 

���������� 

������ 
���� 

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

���� 

������ 
���� 

���� 

���� 

���� 

���� 

���� 

���� 

���������� 

������� 
���� 

������� 
���� 

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

���� 

������ 
���� 

���� 

���� 

���� 

���� 

���� 

���� 

���� 

�������� 
����� 

������� 
����� 

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

���� 

������� 
����� 

-XQH���5�� 3ODQW� �� ���������� ������ 
���� ���� ������� 

���� ����� ������� 
����� 

-XQH���� )HUWLOL]HU�,QMHFWLRQV� �� ������� 
����� 

������ 
���� 

�������� 
����� 

�������� 
����� ������ �������� 

������ 
-XQH���� &XOWLYDWRU��� �� ���������� ������ 

���� 
������� 
���� 

������� 
���� 

������� 
����� 

�������� 
����� 

Summed Emissions 13 -- 10.4 ± 
3.0 -- 376.8 ± 

73.9 -- 2688.5 
± 451.2 



 

Table 26.  Mean emission rates per unit area (± 95% CI for n ≥ 3) for each operation as calculated by inverse 
modeling using AERMOD.  

Sample 
Operation # of 

passes 
PM2.5 

(mg/m2/ 
operation) 

PM10 
(mg/m2/ 

operation) 

TSP 
(mg/m2/ operation) 

MiniVol OPC MiniVol OPC MiniVol OPC 

Conservation Tillage Method 

0D\����5�� 6WULS�WLOO� �� ������� 
���� 

������� 
���� 

�������� 
����� 

�������� 
����� 

��������� 
������ 

��������� 
������ 

-XQH��� 3ODQW� �� ����� ������ 
���� ����� �������� 

����� 
�������� 
������ 

�������� 
������ 

-XQH���� +HUELFLGH� 
$SSOLFDWLRQ� 

�� ����� ������ 
���� ����� ������� 

����� 
�������� 
����� 

������� 
����� 

Summed Emissions for 
Conservation Tillage 3 159.9 18.1 ± 

3.5 421.4 558.2 
±84.9 

2198.4 ± 
896.4 

2657.7 ± 
573.7 

Conventional 

0D\����5�� 

0D\���� 

0D\����5�� 

0D\����5�� 

0D\����5�� 

0D\����5�� 

Tillage Method 

%UHDN�ERUGHUV�� 
�VSUHDG�RYHU�HQWLUH� 

ILHOG�DUHD�� 
&KLVHO� 

'LVF��� 

'LVF��� 

/LVWHU� 

%XLOG�XS�GLWFK�DQG� 
ERUGHUV� 

�� 

�� 

�� 

�� 

�� 

����� 

���� 

���� 

���� 

���� 

���� 

���� 

������ 
���� 

������� 
���� 

������� 
���� 

������� 
���� 

������� 
���� 

���� 

���� 

���� 

���� 

���� 

���� 

���� 

������� 
����� 

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

���� 

������ 

���� 

���� 

���� 

���� 

���� 

�������� 
������ 

��������� 
������ 

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

���� 

-XQH���5�� 

%UHDN�GRZQ�GLWFK�� 
EUHDN�GRZQ�ERUGHUV�� 
&XOWLYDWRU���	 ���� 

5ROOHU� 

������� 
����� 

������� 
����� 

������ 
���� 

������� 
����� 

�������� 
����� ���� �������� 

������ 

-XQH���5�� 3ODQW� �� ������� 
����� 

������ 
���� ���� �������� 

����� ������ �������� 
������ 

-XQH���� )HUWLOL]HU�,QMHFWLRQV� �� ������� 
����� 

������� 
����� 

�������� 
������ 

�������� 
������ ������� ������� 

�������� 
-XQH���� &XOWLYDWRU��� �� ������� 

���� 
������ 
���� 

�������� 
����� 

�������� 
����� 

��������� 
������ 

��������� 
������ 

Summed Emissions for 
Conventional Tillage 13 -- 123.1 

± 20.4 -- 4374.0 
± 752.6 -- 27,351.4 

± 4438.3 

4.5 DERIVED EMISSION RATE COMPARISON 
7ZR� HPLVVLRQ� UDWH� GHWHUPLQDWLRQ� DSSURDFKHV� ZHUH� HPSOR\HG� WR� FDOFXODWH� WKUHH� GLIIHUHQW� VHWV� RI� 
HPLVVLRQ� UDWHV� LQ� RUGHU� WR� TXDQWLI\� GLIIHUHQFHV� EHWZHHQ� FRQYHQWLRQDO� WLOODJH� PHWKRGV� DQG� D� 
FRQVHUYDWLRQ� WLOODJH� PHWKRG� XVLQJ� VWULS�WLOO� WHFKQRORJ\�� 3UREOHPV� ZLWK� ILOWHU�EDVHG� 30� 
PHDVXUHPHQWV� SUHYHQWHG� HPLVVLRQ� UDWH� FDOFXODWLRQV� IRU� DOO� VL]H� IUDFWLRQV� RYHU� ILYH� FRQVHFXWLYH� 
VDPSOH� SHULRGV� DQG� VRPH� VL]H� IUDFWLRQV� GXULQJ� WZR� RWKHU� SHULRGV�� SUHYHQWLQJ� WKH� VXPPDWLRQ� RI� 
,6&67��� DQG� $(502'�EDVHG� HPLVVLRQ� UDWHV� IRU� 0LQL9RO� GDWD� DFURVV� WKH� FRQYHQWLRQDO� WLOODJH� 
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PHWKRG� RSHUDWLRQV�� 7KH� 23&�EDVHG� 30� PHDVXUHPHQWV� SDVVHG� 4$�4&� DQG� ZHUH� XVHG� WR� 
FDOFXODWH� HPLVVLRQ� UDWHV� WKURXJK� LQYHUVH� PRGHOLQJ� IRU� DOO� VL]H� IUDFWLRQV� IRU� DOO� VDPSOH� SHULRGV�� 
7KH� OLGDU� V\VWHP� HIIHFWLYHO\� VDPSOHG� WKH� YHUWLFDO� GRZQZLQG� SODQH� DQG� PHDVXUHG� WLPH�UHVROYHG� 
SOXPH� FKDUDFWHULVWLFV� IRU� HDFK� RSHUDWLRQ� DW� HDFK� SDUWLFXODWH� VL]H� IUDFWLRQ�� H[FHSW� IRU� ZKHQ� D� 
FULWLFDO�FRPSRQHQW�IDLOXUH�LQ�WKH�OLGDU�V\VWHP�SUHYHQWHG�LW�IURP�FROOHFWLQJ�GDWD�IRU�WKH�ODVW�WLOODJH� 
RSHUDWLRQ��6DPSOH�SHULRG�DYHUDJH�HPLVVLRQ�UDWHV��ZLWK�WKHLU�UHVSHFWLYH�HUURU�HVWLPDWHV��DUH�VKRZQ� 
LQ�)LJXUH����IRU�FRPSDULVRQ�ZKHQ�YDOXHV�IURP�DOO�PHWKRGV�DUH�DYDLODEOH��� 

$�VXPPDU\�WDEOH�RI�WKH�30���HPLVVLRQ�UDWHV�FDOFXODWHG�IURP�HDFK�DSSURDFK�LV�JLYHQ�LQ� 7DEOH���� 
IRU�FRPSDULVRQ��7KH�FDOFXODWHG�30���HPLVVLRQ�UDWHV�GHPRQVWUDWH�WKDW�IRU�WRWDO�PDVV�RI�30���SHU� 
XQLW� DUHD� SHU� XQLW� WLPH� RI� RSHUDWLRQ� �μJ�P��V��� WKH� FRQVHUYDWLRQ� WLOODJH� PHWKRG� SURGXFHG� DERXW� 
���� DV� PXFK� DV� WKH� FRQYHQWLRQDO� PHWKRG� EDVHG� RQ� OLGDU� PHDVXUHPHQWV�� 30��� HPLVVLRQ� UDWHV� 
FDOFXODWHG� E\� WKH� OLGDU� DQG� WKH� LQYHUVH� PRGHOLQJ� PHWKRG� DUH� ZLWKLQ� WKH� H[WHQW� RI� WKHLU� ���� 
FRQILGHQFH� LQWHUYDOV� IRU� WKH� 0D\� ��� 5��� -XQH� �� 5��� DQG� -XQH� ��� VDPSOHV�� ZKLOH� GLIIHUHQFHV� 
EHWZHHQ�WKHP�DUH�VWDWLVWLFDOO\�VLJQLILFDQW�IRU�WKH�0D\����5���0D\�����0D\����5���DQG�-XQH���5�� 
VDPSOHV�� $QRWKHU� GLIIHUHQFH� LV� WKDW� WKH� ILOWHU� DQG� 23&�EDVHG� LQYHUVH� PRGHOLQJ� GLG� UHSRUW� 
HPLVVLRQ� UDWHV� IRU� WKH� KHUELFLGH� DSSOLFDWLRQ� LQ� WKH� FRQVHUYDWLRQ� WLOODJH� ILHOG� ZKLOH� WKH� OLGDU� 
UHSRUWHG� XSZLQG� DQG� GRZQZLQG� FRQFHQWUDWLRQ� GLIIHUHQFHV� OHVV� WKDQ� WKH� 0'/�� $� SRWHQWLDO� 
H[SODQDWLRQ� IRU� WKLV� LV� WKDW� WKH� OLGDU� EHDP� ZDV� RQO\� DEOH� WR� FRPH� GRZQ� WR� ���� P� DJO� IRU� VDIHW\� 
UHDVRQV�� ZKLOH� PRVW� ILOWHU� DQG� 23&� VDPSOHUV� ZHUH� ORFDWHG� EHORZ� WKLV� OHYHO��  ,I� D�SOXPH� VWD\HG�  
FORVH�WR�WKH�JURXQG��WKH�OLGDU�PD\�KDYH�EHHQ�XQDEOH�WR�GHWHFW�LW�� 

7KH� ODUJHVW� GLIIHUHQFH� LQ� GHULYHG� HPLVVLRQ� UDWHV� LV� EHWZHHQ� WKH� PRGHO�GHULYHG� YDOXHV� DQG� WKH� 
OLGDU��7KLV�LV�OLNHO\�GXH�WR�WKH�IDFW�WKDW�,6&67��DQG�$(502'�DUH�YHU\�VLPLODU�QXPHULFDO�PRGHOV� 
DQG� WKH� OLGDU� PHDVXUHV� DFWXDO� IOX[HV�� 7KH� PRGHOV� DUH� OLPLWHG� WR� WKH� W\SHV� DQG� FRQILJXUDWLRQ� RI� 
VRXUFHV�WKDW�FDQ�EH�XVHG��SRLQW�VRXUFH��YROXPH�VRXUFH��DUHD�VRXUFH��RU�OLQH�VRXUFH���ZKLFK�PHDQV� 
WKDW� D� FRPSURPLVH� PXVW� EH� PDGH� ZKHQ� GHDOLQJ� ZLWK� D� VPDOO�� PRYLQJ� DUHD� VRXUFH� VXFK� DV� LV� WKH� 
FDVH�LQ�DJULFXOWXUDO�WLOODJH���$OVR��WKH�WHPSRUDO�DQG�VSDWLDO�UHVROXWLRQ�RI�WKH�OLGDU�DOORZV�LW�WR�VHH� 
PLFUR�VFDOH�YDULDWLRQV�LQ�SOXPH�FKDUDFWHULVWLFV�DQG�PRYHPHQW�VXFK�DV�SOXPH�VWUHQJWK��IUHTXHQF\�� 
ORIWLQJ�DQG�GHWDFKPHQW�IURP�WKH�VXUIDFH��ZLQG�GLUHFWLRQ�DQG�ZLQG�VSHHG�HIIHFWV���� 

7KH� PRGHOV� PXVW� DVVXPH� D� FRQVWDQW� HPLVVLRQ� IURP� WKH� HQWLUH� HPLWWLQJ� VXUIDFH� DUHD�� ZKLOH� WKH� 
OLGDU�VHHV�WKH�SOXPH�PRYHPHQW�DV�WKH�WUDFWRU�PRYHV�DFURVV�WKH�ILHOG��7KLV�NLQG�RI�PLFURVWUXFWXUH� 
FDQQRW� EH� FDSWXUHG� E\� WKH� ORQJ�WHUP� VDPSOLQJ� UHTXLUHG� IRU� LPSOHPHQWDWLRQ� RI� ,6&67�� DQG� 
$(502'�� &RQVHTXHQWO\�� ,6&67�� DQG� $(502'� DUH� LQFDSDEOH� RI� JHQHUDWLQJ� ILQH� OHYHOV� RI� 
VSDWLDO� DQG� WHPSRUDO� GHWDLO�� $V� GLVFXVVHG� SUHYLRXVO\� >�@�� H[DPSOHV� RI� VXFK� GLIIHUHQFHV� LQ� 
WHFKQLTXH�DUH�HYLGHQW�ZKHQ�FRPSDULQJ�VLQJOH�VFDQ�DQG�VDPSOH�SHULRG�DYHUDJH�30�FRQFHQWUDWLRQV� 
PHDVXUHG�E\�WKH�OLGDU�ZLWK�DYHUDJH�PRGHOHG�FRQFHQWUDWLRQV�LQ�D�YHUWLFDO�SODQH��,Q�WKLV�ZRUN��LW�LV� 
REYLRXV� WKDW� WKH� SOXPHV� PHDVXUHG� E\� OLGDU� ZHUH� GHWHFWHG� DW� PXFK� KLJKHU� HOHYDWLRQV� WKDQ� 
SUHGLFWHG�E\�WKH�PRGHOV��DV�REVHUYHG�E\�WKH�JUHDWHU�WKDQ�EDFNJURXQG�FRQFHQWUDWLRQV�PHDVXUHG�DW� 
KHLJKWV�XS�WR�DQG�H[FHHGLQJ�����P��6LQFH�WKH�SRLQW�VHQVRUV�ZHUH�GHSOR\HG�QHDU�WKH�VXUIDFH��DW��� 
DQG���P��GRZQZLQG�RI�WKH�VRXUFH��WKHVH�KLJKHU�SOXPHV�ZHUH�RQO\�VDPSOHG�E\�WKH�OLGDU�� 

$QRWKHU�IDFWRU�WR�FRQVLGHU�LV�WKH�H[KDXVW�HPLVVLRQV�IURP�WKH�WUDFWRU�HQJLQHV��7KH�UHSRUW�GHWDLOLQJ� 
WKH�FRPSDULVRQ�RI�IDOO�&03�DQG�FRQYHQWLRQDO�WLOODJH�PHWKRG�PHDVXUHPHQWV�DQG�ILQGLQJV�>�@��WKH� 
FRPSDQLRQ�VWXG\�WR�WKH�VWXG\�KHUHLQ�GHVFULEHG��FDOFXODWHG�H[KDXVW�30���HPLVVLRQV�EDVHG�RQ�IXHO� 
XVDJH� LQIRUPDWLRQ� SURYLGHG� E\� WKH� FRRSHUDWLQJ� SURGXFHU� DQG� D� IXHO� XVH�EDVHG� 30��� H[KDXVW�  
HPLVVLRQ�UDWH�JLYHQ�E\�.HDQ�HW�DO��>��@��([KDXVW�HPLVVLRQV�LQ�WKH�IDOO�WLOODJH�UHSRUW�ZHUH�� 
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Figure 42. A comparison of PM2.5, PM10, and TSP emission rates ± 95% confidence intervals derived through 
lidar scanning techniques and inverse modeling using ISCST3 and AERMOD dispersion models and 
measured PM concentrations. 
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Table 27. Calculated PM10 emission rates (± 95% confidence interval) from the lidar and inverse modeling 
using two dispersion models.� 

Sample Operation 
Emission Rates (μg/m2/s) 

Lidar ISCST3 AERMOD 
MiniVol OPC MiniVol OPC 

Conservation Tillage Method 

0D\����5�� 6WULS�WLOO� ������� 
����� ����������� ����������� ����������� ������� 

���� 
-XQH��� 3ODQW� ������� 

���� ���� ���������� ���� ���������� 

-XQH���� +HUELFLGH�$SSOLFDWLRQ� ��0'/� ����� ����������� ����� ������� 
���� 

Sum for Conservation Tillage 
(mg/m2) 

60.5 ± 
11.4 45.0 49.7 ± 6.3 47.5 55.6 ± 

8.1 

Conventional 

0D\����5�� 

0D\���� 

0D\����5�� 

0D\����5�� 

0D\����5�� 

0D\����5�� 

-XQH���5�� 

Tillage Method 

%UHDG�GRZQ�LQ�ILHOG� 
ERUGHUV� 
&KLVHO� 

'LVF��� 

'LVF��� 

/LVWHU� 

%XLOG�GLWFK�DQG�ILHOG� 
HGJH�ERUGHUV� 
%UHDN�GRZQ�GLWFK�DQG� 
ILHOG�HGJH�ERUGHUV�� 
&XOWLYDWRU�3DVVHV�� ��� 
5ROOHU� 

������� 
���� 

������� 
���� 

�������� 
����� 
������� 
����� 

�������� 
������ 
�������� 
����� 

���������� 

���� 

���� 

���� 

���� 

���� 

���� 

���������� 

����������� 

����������� 

������� 
����� 
������� 
����� 

����������� 

���� 

���������� 

���� 

���� 

���� 

���� 

���� 

���� 

���������� 

������� 
���� 

������� 
���� 

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

���� 

���������� 

-XQH���5�� 3ODQW� ���������� ���� ����������� ���� ������� 
���� 

-XQH���� )HUWLOL]HU�,QMHFWLRQ� ������� 
����� 

�������� 
����� 

�������� 
����� 

�������� 
����� 

�������� 
����� 

-XQH���� &XOWLYDWRU�3DVV��� ���� ���������� ���������� ����������� ������� 
���� 

Sum Conventional 644.5 ± 
120.0 -- 344.8 ± 

66.1 -- 376.8 ± 
73.9 

SUHGLFWHG�WR�JHQHUDOO\�EH�ORZHU�WKDQ�����RI�WKH�GHULYHG�OLGDU�EDVHG�WLOODJH�HPLVVLRQ�UDWHV��DQG� 
WKHUHIRUH�ZHUH�QRW�FRQVLGHUHG�WR�EH�VLJQLILFDQW�FRQWULEXWRUV�WR�SURGXFHG�SDUWLFXODWH�PDWWHU��)XHO� 
XVDJH�ZDV�QRW�PRQLWRUHG�GXULQJ�WKLV�FRPSDULVRQ�VWXG\�IRU�VSULQJ�&03�DQG�FRQYHQWLRQDO�WLOODJH� 
PHWKRGV�UHSRUWHG�KHUHLQ��WKHUHIRUH�SURKLELWLQJ�WKH�FDOFXODWLRQ�RI�30���H[KDXVW�HPLVVLRQV�� 
+RZHYHU��VLPLODU�SHUFHQW�EDVHG�FRQWULEXWLRQV�WR�WKH�WRWDO�PHDVXUHG�30�HPLVVLRQV�ZHUH�H[SHFWHG� 
WR�DSSO\��7KHUHIRUH��LW�ZDV�DVVXPHG�WKDW�WKH�WUDFWRU�H[KDXVW�HPLVVLRQV�GXULQJ�WKH�VSULQJ�WLOODJH� 
FRPSDULVRQ�VWXG\�ZHUH�QRW�VLJQLILFDQW�FRQWULEXWRUV�WR�WKH�GHULYHG�HPLVVLRQ�UDWHV�� 
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5. SUMMARY AND CONCLUSIONS  
$�SURMHFW�WR�GHWHUPLQH�WKH�FRQWURO�HIIHFWLYHQHVV�RI�&RQVHUYDWLRQ�0DQDJHPHQW�3UDFWLFHV��&03V�� 
IRU� DJULFXOWXUDO� WLOODJH� ZDV� IXQGHG� E\� WKH� 6DQ� -RDTXLQ� 9DOOH\ZLGH� $LU� 3ROOXWLRQ� 6WXG\� $JHQF\� 
DQG�FDUULHG�RXW�LQ�WKH�6DQ�-RDTXLQ�9DOOH\�RI�&DOLIRUQLD�LQ�0D\�DQG�-XQH�RI�������7KH�VWXG\�ZDV� 
FRQGXFWHG� WR� TXDQWLI\� SDUWLFXODWH� HPLVVLRQV� �30����� 30���� DQG� 763�� IURP� FRQYHQWLRQDO� 
DJULFXOWXUDO�WLOODJH�PHWKRGV�DQG�D�FRQVHUYDWLRQ�WLOODJH�&03�XWLOL]LQJ�DQ�2UWKPDQ���W5,3U��D�VWULS� 
WLOO� LPSOHPHQW�� � 7KH� 2UWKPDQ� ��W5,3U� LV� D� WLOODJH� LPSOHPHQW� WKDW� LQFRUSRUDWHV� PXOWLSOH� 
FRQYHQWLRQDO� WLOODJH� LPSOHPHQWV� LQWR� RQH� SLHFH� RI� HTXLSPHQW� DQG� DSSOLHV� WKHVH� WR� QDUURZ� VWULSV� 
DFURVV�WKH�ILHOG��DV�RSSRVHG�WR�WKH�FRQYHQWLRQDO�WLOODJH�PHWKRG�ZKLFK�DSSOLHV�PRUH�RSHUDWLRQV�WR� 
WKH�HQWLUH�VXUIDFH�DUHD�RI�WKH�ILHOG��7KH�REMHFWLYH� RI�WKLV�VWXG\�ZDV�WR�DGGUHVV�WKUHH� IXQGDPHQWDO� 
UHVHDUFK�TXHVWLRQV��� 

�� :KDW� DUH� WKH� PDJQLWXGH�� IOX[�� DQG� WUDQVSRUW� RI� 30� HPLVVLRQV� SURGXFHG� E\� 
DJULFXOWXUDO�SUDFWLFHV�IRU�URZ�FURSV�ZKHUH�WLOODJH�&03V�DUH�EHLQJ�LPSOHPHQWHG� 
YV�� WKH� PDJQLWXGH�� IOX[�� DQG� WUDQVSRUW� RI� 30� HPLVVLRQV� SURGXFHG� E\�  
DJULFXOWXUDO�SUDFWLFHV�ZKHUH�&03V�DUH�QRW�EHLQJ�LPSOHPHQWHG"�� 

�� :KDW� DUH� WKH� FRQWURO� HIILFLHQFLHV� RI� HTXLSPHQW� EHLQJ� XVHG� WR� LPSOHPHQW� WKH� 
³FRQVHUYDWLRQ� WLOODJH´� &03"� ,I� UHVRXUFHV� DOORZ� DVVHVVLQJ� DGGLWLRQDO� &03V�� 
ZKDW� DUH� WKH� FRQWURO� HIILFLHQFLHV� RI� WKH� ³HTXLSPHQW� FKDQJH�WHFKQRORJLFDO� 
LPSURYHPHQWV´�&03"�� 

�� &DQ�WKHVH�&03V�IRU�D�VSHFLILF�FURS�EH�TXDQWLWDWLYHO\�FRPSDUHG��FRQWUROOLQJ�IRU� 
VRLO�W\SH��VRLO�PRLVWXUH��DQG�PHWHRURORJLFDO�FRQGLWLRQV"� 

7KH� VWXG\� ZDV� FDUULHG� RXW� IURP� 0D\� ��� XQWLO� -XQH� ���� ����� LQ� WKH� 6DQ� -RDTXLQ� 9DOOH\� RI� 
&DOLIRUQLD�RQ�D�FRPPHUFLDO�SURGXFWLRQ�IDUP��7ZR�DGMDFHQW�ILHOGV�ZLWK�WKH�VDPH�FURS�DQG�VLPLODU� 
VRLO�SURSHUWLHV�ZHUH�VHOHFWHG�IRU�REVHUYDWLRQ��7KH�VWXG\�LQYHVWLJDWHG�FRQYHQWLRQDO����SDVV�VSULQJ� 
WLOODJH� VHTXHQFH� IRU� D� ILHOG� JRLQJ� IURP� ZLQWHU� ZKHDW� WR� FRUQ� ZDV�� LQ�ILHOG� LUULJDWLRQ� ERUGHU� 
EUHDNGRZQ� �[���� FKLVHO�� GLVF� �[���� OLVWHU�� FXOWLYDWH� �[���� WRS� UROO�� SODQW�� IHUWLOL]HU� LQMHFWLRQ�� DQG� 
FXOWLYDWH� �[���� 7KH� FRQVHUYDWLRQ� WLOODJH� &03� VHTXHQFH� FRQVLVWHG� RI� WKUHH� SDVVHV�� VWULS�WLOO�� 
SODQW�IHUWLOL]H�� DQG� KHUELFLGH� VSUD\�� %RWK� ILHOGV� DOVR� UHTXLUHG� SDVVHV� RYHU� YHU\� VPDOO� DUHDV� ����� 
RI�WRWDO�ILHOG�DUHD��WR�EXLOG�DQG�EUHDN�GRZQ�GLWFKHV�DQG�ILHOG�HGJH�ERUGHUV��EXW�WKLV�VWHS�ZDV�RQO\� 
PHDVXUHG� LQ� WKH� FRQYHQWLRQDO� WLOODJH� DSSOLFDWLRQ�� 3DUWLFXODWH� HPLVVLRQV� ZHUH� GHWHUPLQHG� XVLQJ� 
DUUD\HG�ILOWHU�DQG�RSWLFDO�EDVHG�VDPSOLQJ�FRXSOHG�ZLWK�LQYHUVH�PRGHOLQJ��XVLQJ�ERWK�,6&67��DQG� 
$(502'�� DV� ZHOO� DV� DGYDQFHG� VFDQQLQJ� OLGDU� WHFKQLTXHV�� 6XSSRUWLQJ� RSHUDWLRQ� FKDUDFWHULVWLFV� 
�RSHUDWLRQ� WLPH�� QXPEHU� RI� WUDFWRUV� LQ� RSHUDWLRQ�� SRWHQWLDO� FRQWDPLQDWLRQ� LVVXHV�� HWF��� ZHUH� 
UHFRUGHG� DQG� PHWHRURORJLFDO�� VRLO� FKDUDFWHULVWLF�� DQG� SDUWLFOH� FKHPLFDO� FRPSRVLWLRQ� 
PHDVXUHPHQWV�ZHUH�PDGH�DQG�DUH�UHSRUWHG�LQ�WKLV�GRFXPHQW��� 

2YHUORDGLQJ� RI� GRZQZLQG� ILOWHU�EDVHG� VDPSOHUV� DQG� FRQWDPLQDWHG� XSZLQG� VDPSOHUV� SUHYHQWHG� 
HPLVVLRQ�UDWHV�IURP�EHLQJ�FDOFXODWHG�WKURXJK�LQYHUVH�PRGHOLQJ�IRU�VRPH�RU�DOO�30�VL]H�IUDFWLRQV� 
GXULQJ�VHYHQ�VDPSOH�SHULRGV��7KH�FROORFDWHG�23&V�ZHUH�IRXQG�WR�KDYH�QRW�EHHQ�RYHUORDGHG��WKXV� 
DOORZLQJ� HPLVVLRQ� UDWHV� WR� EH� FDOFXODWHG� IURP� PDVV� FRQYHUWHG� 23&� GDWD� IRU� DOO� VDPSOH� SHULRGV�� 
7KH� VFDQQLQJ� OLGDU� WHFKQRORJ\� HPSOR\HG� ZDV� DEOH� WR� FDOFXODWH� HPLVVLRQV� IRU� DOO� EXW� RQH� 
PHDVXUHPHQW�SHULRG��� 

7DEOH� ��� VXPPDUL]HV� 30��� DHURVRO� HPLVVLRQ� YDOXHV� IRXQG� GXULQJ� WKLV� VWXG\� DORQJ� ZLWK� UHVXOWV� 
IURP� SUHYLRXV� VWXGLHV� IRXQG� LQ� WKH� OLWHUDWXUH� LQ� XQLWV� RI� PDVV� HPLWWHG� SHU� XQLW� DUHD� WLOOHG�� 7KH� 
VXPPHG�HPLVVLRQV�IRU�WKH�FRQYHQWLRQDO�WLOODJH�PHWKRG�EDVHG�RQ�OLGDU�GDWD�LQFOXGHV�WKH�IROORZLQJ� 
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��� SDVVHV� LQ� RUGHU�� WZR� EUHDN� GRZQ� LQ�ILHOG� ERUGHU� SDVVHV�� FKLVHO�� WZR� GLVF� SDVVHV�� OLVWHU�� WZR� 
FXOWLYDWRU� SDVVHV�� UROO�� SODQW�� IHUWLOL]HU� LQMHFWLRQ�� DQG� WZR� PRUH� FXOWLYDWRU� SDVVHV�� 7KH� VXPPHG� 
FRQVHUYDWLRQ� WLOODJH� VHTXHQFH� FRQVLVWV� RI� WKH� IROORZLQJ� WKUHH� SDVVHV�� VWULS�WLOO�� SODQW�� DQG� 
KHUELFLGH�DSSOLFDWLRQ��� 

6RPH� RI� WKH� YDOXHV� KHUHLQ� UHSRUWHG� DUH� LQ� DJUHHPHQW� ZLWK� WKRVH� UHSRUWHG� E\� )ORFFKLQL� HW� DO�� 
������� DQG� 0DGGHQ� HW� DO�� �������� DV� ZHOO� DV� WKH� 30��� HPLVVLRQ� IDFWRUV� XVHG� E\� &$5%�� VXFK� DV� 
WKH�VWULS�WLOO�DQG�SODQW�SDVVHV�LQ�WKH�FRQVHUYDWLRQ�WLOODJH�PHWKRG�DQG�WKH�FXOWLYDWH�DQG�UROO�SDVVHV� 
LQ� FRQYHQWLRQDO� WLOODJH� >��@>��@>��@�� 2WKHU� HPLVVLRQ� UDWHV� DUH� GLIIHUHQW� DQG� ODUJHU� WKDQ� SUHYLRXV� 
YDOXHV� UHSRUWHG� LQ� WKH� OLWHUDWXUH�� HVSHFLDOO\� WKH� GLVFLQJ� �� DQG����  FKLVHO�� DQG� OLVWHU�SDVVHV�  RI� WKH�  
FRQYHQWLRQDO� WLOODJH�� WKRXJK� WKRVH� GHULYHG� WKURXJK� LQYHUVH� PRGHOLQJ� DUH� EHORZ� WKH� HVWLPDWHG� 
���� OHYHO� IRU� WKHLU� UHVSHFWLYH� GLVWULEXWLRQV� DV� SUHVHQWHG� LQ� WKH� XQFHUWDLQW\� FDOFXODWLRQV� LQ� WKLV� 
UHSRUW�� 7KH� OLGDU�GHULYHG� HPLVVLRQ� UDWHV� IRU� WKH� GLVF� ��� GLVF� ��� FKLVHO�� DQG� OLVWHU� SDVVHV� DUH� KLJK� 
ZKHQ� FRPSDUHG� WR� YDOXHV� IRXQG� E\� LQYHUVH� PRGHOLQJ� FRXSOHG� ZLWK� 23&� 30� GDWD�� YDOXHV� LQ� WKH� 
OLWHUDWXUH� IRU�WKH� VDPH� RSHUDWLRQV�� DQG� YDOXHV� UHSRUWHG� LQ� WKH������ IDOO� &03�WLOODJH� VWXG\� ZKLFK� 
XVHG� WKH� VDPH� OLGDU� PHWKRGRORJ\�� 7KHVH� UHODWLYHO\� KLJK� HPLVVLRQ� UDWHV� SURYLGH� LQGLUHFW� VXSSRUW� 
IRU� WKH� FRQFOXVLRQ� WKDW� GRZQZLQG� 30� VDPSOHUV� ZHUH� OLNHO\� RYHUORDGHG� GXULQJ� WKRVH� VDPSOH� 
SHULRGV� E\� KLJK� DHURVRO� FRQFHQWUDWLRQV�� :KLOH� WKH� YDOXHV� IURP� OLVWHG� SXEOLVKHG� VWXGLHV� DUH� 
JHQHUDOO\� QRW� LQ� FORVH� DJUHHPHQW�� WKH\� DUH� UHODWLYHO\� ZHOO� ILW� E\� ORJQRUPDO� RU� :HLEXOO� 
GLVWULEXWLRQV�� ZKLFK� KDYH� SUHYLRXVO\� EHHQ� VKRZQ� WR� UHSUHVHQW� HPLVVLRQV� IDFWRUV� GDWDVHWV� ZHOO� 
>��@��,Q� DGGLWLRQ��WKH\�DUH� ZLWKLQ�WKH�UDQJH�RI�WKH�YDULDELOLW\� H[SHFWHG�IURP�PHDVXUHPHQWV�PDGH� 
XQGHU�GLIIHUHQW� PHWHRURORJLFDO� DQG� VRLO�FRQGLWLRQV�� DV� GHPRQVWUDWHG� E\� WKH� ZLGH� UDQJH� RI� YDOXHV� 
IURP�)ORFFKLQL�HW�DO���������>��@�VXPPDUL]HG�LQ�7DEOH����7KH�UHVXOWV�IURP�WKLV�FDPSDLJQ�DUH�QRW� 
LQ�DV�JRRG�DJUHHPHQW�DV�SUHYLRXV�UHVXOWV�KDYH�EHHQ�>�@��,Q�JHQHUDO�RXU�UHVXOWV�DUH�ODUJHU�WKDQ�WKHLU� 
FRUUHVSRQGLQJ�OLWHUDWXUH�YDOXHV�� 

(PLVVLRQ�UDWHV�IRU�30�����30����DQG�763�IURP�ERWK�OLGDU�GDWD�DQG�LQYHUVH�PRGHOLQJ�FRXSOHG�ZLWK� 
23&�GDWD�E\�RSHUDWLRQ�DUH�SUHVHQWHG�LQ�7DEOH����LQ�XQLWV�RI�PDVV�HPLWWHG�SHU�XQLW�DUHD�WLOOHG�SHU� 
RSHUDWLRQ�SDVV��DORQJ�ZLWK�WKH�DYHUDJH�WLOODJH�UDWH�LQ�KRXUV�SHU�KHFWDUH�ZKHUH�WKH�KRXU�UHSUHVHQWV� 
WRWDO� WUDFWRU� RSHUDWLRQ� WLPH�� ,Q� WKH� FDVH� ZKHUH� WZR� WUDFWRUV� ZHUH� RSHUDWLQJ� DW� WKH� VDPH� WLPH� IRU� 
WKH� GXUDWLRQ� RI� WKH� VDPSOH� SHULRG�� WKH� WRWDO� WUDFWRU� RSHUDWLRQ� WLPH� ZRXOG� EH� WZLFH� WKDW� RI� WKH� 
HODSVHG� WLPH� RI� WKH� RSHUDWLRQ�� &RPSDULVRQV� ZHUH� PDGH� EHWZHHQ� WKH� FRQYHQWLRQDO� DQG� &03� 
WLOODJH� SUDFWLFHV� EDVHG� RQ� WKHVH� YDULDEOHV� DQG� DUH� VKRZQ� LQ� WKH� VDPH� WDEOH�� 7KH� FRQVHUYDWLRQ� 
WLOODJH�PHWKRG�SURGXFHG������DV�PXFK�30����������DV�PXFK�30����DQG������DV�PXFK�763�DV�WKH� 
FRQYHQWLRQDO�PHWKRG�DFFRUGLQJ�WR�WKH�OLGDU�GDWD�DQG�������DV�PXFK�30�����������DV�PXFK�30���� 
DQG� ����� DV� PXFK� 763� DV� WKH� FRQYHQWLRQDO� PHWKRG� DFFRUGLQJ� WR� WKH� $(502'�23&� 
FRPELQDWLRQ�� 7KHUHIRUH�� WKH� FRQWURO� HIILFLHQF\� RI� WKH� &03� IRU� SDUWLFXODWH� HPLVVLRQV� IURP� WKHVH� 
WKUHH� GDWD� VHWV� ZDV� DV� IROORZV�� OLGDU� ±� ������ ������ DQG� ����� IRU� 30����� 30���� DQG� 763�� 
UHVSHFWLYHO\��DQG�$(502'�23&�±�������������DQG������IRU�30�����30����DQG�763��UHVSHFWLYHO\�� 

7KH� FRQWURO� HIILFLHQF\� �Ș�� ZDV� FDOFXODWHG� DFFRUGLQJ� WR� (T�� ���� ZKLFK� ZDV� EDVHG� RQ� D� FROOHFWLRQ� 
HIILFLHQF\�HTXDWLRQ�IRXQG�LQ�&RRSHU�DQG�$OOH\�������� 

( � (&7 67� K � ������ 
(&7 

ZKHUH� (&7� LV� WKH� FDOFXODWHG� HPLVVLRQ� UDWH� IRU� WKH� FRQYHQWLRQDO� WLOODJH� PHWKRG� DQG� (67� LV�  WKH�  
FDOFXODWHG� HPLVVLRQ� UDWH� IRU� WKH� VWULS�WLOO� FRQVHUYDWLRQ� WLOODJH� PHWKRG� >��@�� 7KHVH� GLIIHUHQFHV� LQ� 
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WRWDO�HPLVVLRQV�SHU�WLOODJH�WUHDWPHQW�DUH�VLJQLILFDQW�DW�WKH��������OHYHO�IRU�30�����30����DQG�763� 
IRU�ERWK�HPLVVLRQV�FDOFXODWLRQ�PHWKRGRORJLHV�HPSOR\HG�� 

Table 28. A comparison of PM10 emission rates herein derived and found in literature. 

Operation Flocchini 
et al. 
(2001) 
[12@ * 

Madden 
et al. 
(2008) 
[16@ * 

CARB 
(2003a) 
[13@ 

Previous 
SDL 
CMP 

Study: 
Lidar 
[7] * 

This study 

Lidar 
ISCST3 AERMOD 

MiniVol OPC MiniVol OPC 

(mg/m2) (mg/m2)� (mg/m2)� (mg/m2) (mg/m2)� (mg/m2)� (mg/m2) (mg/m2)� (mg/m2) 
&RQVHUYDWLRQ�7LOODJH�0HWKRG� 
6WULS�WLOO� � ������ � � �������� 

������ 
�������� 
����� 

�������� 
����� 

�������� 
����� 

�������� 
����� 

3ODQW� � ������ 

+HUELFLGH� 
$SSOLFDWLRQ� � � 

Conservation 
Method Sum� 
&RQYHQWLRQDO�7LOODJH�0HWKRG� 
%UHDN�GRZQ� 
LQ�ILHOG� 
ERUGHUV� 

� � 

&KLVHO� ������ � 

'LVF��� ������ ������ 

'LVF��� ����� ������ 

� 

� 

� 

������ 

� 

� 

� 

� 

� 

����� 

����� 

����� 

�������� 
����� 

��0'/� 

699.4 ± 
129.0 

������� 
����� 

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

����� �������� 
����� 

����� ������� 
����� 

386.9 489.6 ± 
56.6 

���� 
������� 
����� 

���� �������� 
������ 

���� �������� 
������ 

���� �������� 
������ 

����� �������� 
����� 

����� ������� 
����� 

421.4 558.2 
±84.9 

���� 
������� 
����� 

���� �������� 
������ 

���� �������� 
������ 

���� �������� 
������ 

/LVWHU� 
� ������ ������ � 

������� 
�� 

������� 
���� 

�������� 
����� ���� 

�������� 
����� 

&XOWLYDWH��	 � 
��DQG�5ROO� � ������ ����� � �������� 

����� 
������� 
������ 

�������� 
����� 

������� 
����� 

�������� 
����� 

3ODQW� � ������ � � ������� 
����� ���� �������� 

����� ���� �������� 
����� 

)HUWLOL]HU� 
,QMHFWLRQ� � � � � �������� 

����� 
�������� 
������ 

�������� 
������ 

�������� 
������ 

�������� 
������ 

&XOWLYDWH��� � ������ ����� � ���� ������� 
����� 

�������� 
����� 

�������� 
����� 

�������� 
����� 

Conventional 
Method Sum � � � 

11,051.2 
± 

2,126.0 
--

3833.0 
± 489.9 --

4374.0 
± 752.6 

�$YHUDJH�RI�DYDLODEOH�GDWD�SHU�RSHUDWLRQ�ZKHQ�DSSOLFDEOH� 

� 

� 
� 
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Table 29. Particulate emissions, from  Lidar data and inverse modeling with OPC data, and tillage rate  
comparison between conventional and conservation tillage.  
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P

Lidar 

Conservation Tillage Method 
����6WULS�WLOO� ������� 

���� 

����3ODQW� ������� 
����� 

����+HUELFLGH� ��0'/� $SSOLFDWLRQ� 

 77.1 ± Sum 16.2 

Conventional Tillage Method 
����%UHDN�GRZQ�LQ� ���������� ILHOG�ERUGHUV� 

Average Emission 

M2.5 PM10 

AERMOD Lidar OPC 

�������� ����������� ������ 

�������� ���������� ����� 

���������� ��0'/� 

 699.4 ±  18.1 ± 3.5 129.0 

������� ���������� ����� 

Rates ± 95% CI (mg/m2) 

AERMOD Lidar OPC 

�������� 
������������� �� 

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

������������ ��0'/� 

5,018.1 
558.2 ± 84.9 ± 

1,015.2 

�������� ������������ ����� 

 Average 
Tillage Rate TSP 

(hr/hect.) 
AERMOD

OPC 

���������� ������ ������ 

�������������� ������

������������ ������ 

 2,657.7 ± 0.862 573.7 

�������������� ������ 

����&KLVHO� �������� 
����� 

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

���������� ������ ������ 
����'LVF��� �������� 

����� 
��������� ����������� ������ 

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

���������� ������ �������� 

����'LVF��� ������� 
����� 

��������� ����������� ������ 

�������� �������� �� ������ �������� 

���������� ������ �������� 

����/LVWHU� ��������� 
������ 

��������� ����������� ������� 

���������� 
������������� �� 

�������� 

���������� ������ ������ 

����%UHDN�GRZQ� 
GLWFKHV�� ������� 
&XOWLYDWRU�SDVVHV� ���� 

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

��DQG����	 �5ROOHU� 
����3ODQW� ����������� �������� ���������� ����� 

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

����)HUWLOL]HU� ����������� ,QMHFWLRQ� 
�������� ������������ ����� 

�������� �������� 
������ ������ 

���������� ������ �������� 
����&XOWLYDWRU�3DVVHV� ���� ��	 ��� 

Sum  811.1 ± 
138.7 

Comparison of Methods 
&RQWURO�(IILFLHQF\�� 0.905 Ș� 
3HUFHQW�5HGXFWLRQ� ����� 

���������� ���� 

 11,051.2 
123.1 ± 20.4 ± 

2,126.0 

0.853 0. 937 

����� ����� 

������������� ���� 

 54,881.3  4,374.0 ± ± 752.6 10,814.4 

0.872 0.909 

����� ����� 

���������� ������������ 

 27,351.4 ± 5.30 4,438.3 

0.903 ---

����� ����� 
6WDWLVWLFDOO\� 
6LJQLILFDQW� <HV� 'LIIHUHQFH��Į�  � <HV� <HV� <HV� <HV� <HV� 8QNQRZQ� 

�������� 



7KH�WLPH�SHU�KHFWDUH�UHTXLUHG�WR�SHUIRUP�WKH�&03�ZRUN� ZDV�������RI�WKH�FRQYHQWLRQDO�PHWKRG�� 
VLPLODU�WR�WKH�SHUFHQW�GLIIHUHQFH�EHWZHHQ�30�HPLVVLRQV�RI�WKH�WZR�WUHDWPHQWV��,W�LV�LQWHUHVWLQJ�WR� 
QRWH� WKDW� ZKLOH� WKH� DEVROXWH� YDOXHV� RI� FDOFXODWHG� HPLVVLRQV� DUH� GLIIHUHQW� EHWZHHQ� WKH� WZR� 
WHFKQLTXHV��WKH�FRQWURO�HIILFLHQFLHV�DUH�YHU\�FORVH�WR�HDFK�RWKHU��$OVR��WKH�FRQWURO�HIILFLHQFLHV�DUH� 
VLPLODU� DFURVV� WKH� WKUHH� VL]H� IUDFWLRQV�� ,W� VKRXOG� EH� QRWHG� WKDW� RWKHU� UHGXFWLRQV� LQ� HPLVVLRQV� 
EHWZHHQ� WKH� WZR� WLOODJH� PDQDJHPHQW� SUDFWLFHV� DUH� OLNHO\� WR� KDYH� RFFXUUHG�� PDLQO\� GXH� WR� 
GHFUHDVHG� IXHO� XVDJH� LQ� WUDFWRU� HQJLQHV�� 8QOLNH� WKH� SUHYLRXVO\� FRQGXFWHG� FRPSDQLRQ� VWXG\�� IXHO� 
XVDJH�ZDV�QRW�TXDQWLILHG�LQ�WKLV�VWXG\�DQG�SUHYHQWHG�DFFRXQWLQJ� IRU�WKH�DVVRFLDWHG�UHGXFWLRQV�LQ� 
HPLVVLRQV�� +RZHYHU�� WKHVH� UHGXFWLRQV� DUH� H[SHFWHG� WR� EH� VLPLODU� WR� WKH� UHGXFWLRQ� LQ� WUDFWRU� 
RSHUDWLRQ�WLPH��a������ 

2XU� OLGDU� PHDVXUHPHQWV� LQGLFDWH� FRPSDUDEOH� OHYHOV� RI� VXVSHQGHG� SDUWLFXODWH� DV� LV� SUHGLFWHG� E\� 
RXU� PRGHOLQJ�� 3UHYLRXV� UHVXOWV� VXSSRUWHG� WKH� XVH� RI� OLGDU� PHDVXUHPHQWV� DV� DQ� LPSRUWDQW� 
FRPSOHPHQW� WR� JURXQG�EDVHG� VHQVRUV� EHFDXVH� JURXQG�EDVHG� VHQVRUV� FDQQRW� PHDVXUH� HOHYDWHG� 
SOXPHV�DQG�,6&67��DQG�$(502'�ZRXOG�UHDOL]H�VLJQLILFDQW�EHQHILW�LI�OLGDU�GHULYHG�LQIRUPDWLRQ� 
FRXOG�EH�LQFRUSRUDWHG�LQWR�WKHLU�FDOFXODWLRQV��7KH�SUHVHQW�UHVXOWV�DUH�FRQVLVWHQW�ZLWK�WKDW�FODLP�DV� 
GXULQJ� WKLV� FDPSDLJQ� ZH� ZHUH� DEOH� WR� JHQHUDWH� D� PRUH� FRQVLVWHQW� SLFWXUH� RI� WKH� HPLVVLRQ� UDWHV� 
XVLQJ�ERWK�WHFKQRORJLHV�� 
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 6. LESSONS LEARNED  
7KH�VDPSOLQJ�GLIILFXOWLHV�HQFRXQWHUHG�GXULQJ�WKLV�ILHOG�VWXG\��VSHFLILFDOO\�FRQFHUQLQJ�ILOWHU�EDVHG� 
PHDVXUHPHQWV��SURPSW�XV�WR�SURYLGH�D�OLVW�RI�SUDFWLFHV�DQG�SURFHGXUHV�WKDW�FDQ�PLWLJDWH�WKHVH� 
SUREOHPV�LQ�IXWXUH�ILHOG�PHDVXUHPHQWV��7KHUH�DUH�VHYHUDO�OHVVRQV�WR�EH�OHDUQHG�IURP�WKH� 
H[SHULHQFHV�RI�WKLV�VWXG\��� 

��	 (DFK�NLQG�RI�LQVWUXPHQW�KDV�D�VSHFLILF�RSHUDWLRQDO�UDQJH�LQ�WHUPV�RI�FRQFHQWUDWLRQ��PDVV�� 
WHPSHUDWXUH��HWF��7KHUHIRUH��DGHTXDWH�DFFRPPRGDWLRQV�PXVW�EH�PDGH�GXULQJ�WKH�SODQQLQJ� 
VWDJHV� RI� WKH� ILHOG� H[HUFLVH� VXFK� WKDW� HDFK� LQVWUXPHQW� FDQ� RSHUDWH� ZLWKLQ� LWV� VSHFLILHG� 
UDQJH��,Q�WKLV�VWXG\��30����DQG�30���0LQL9RO�VDPSOHUV�ZHUH�YHU\�OLNHO\�RYHUZKHOPHG�E\� 
FRQFHQWUDWHG� SOXPHV� IURP� WKH� WLOODJH� RSHUDWLRQV� GXULQJ� ILYH� VDPSOH� SHULRGV�� 7R� SUHYHQW� 
RYHUZKHOPLQJ� WKH� VDPSOHUV� LQ� IXWXUH� ILHOG� PHDVXUHPHQWV�� WKH\� FDQ� EH� PRYHG� IXUWKHU� 
DZD\� IURP� WKH� VRXUFH�� WKHUHE\� DOORZLQJ� PRUH� WLPH� DQG� GLVWDQFH� IRU� GLVSHUVLRQ� RI� WKH� 
SOXPH�DQG�D�GHFUHDVH�LQ�FRQFHQWUDWLRQ��� 

��	 )UHTXHQW� �H�J�� GDLO\� RU� HYHQ� LPPHGLDWHO\� SULRU� WR� HDFK� VDPSOHU� SHULRG�� LQVSHFWLRQ� RI� 
LQVWUXPHQW�FRQGLWLRQ�LV�LPSRUWDQW�DQG�PD\�SURYLGH�HDUO\�ZDUQLQJV�RI�SRWHQWLDO�SUREOHPV�� 
HVSHFLDOO\�LQ�KLJK�FRQFHQWUDWLRQ�FRQGLWLRQV��'XULQJ�WKLV�H[SHULPHQW�ODUJH�FUXVWDO�SDUWLFOHV� 
DQG� RUJDQLF� PDWWHU� ZHUH� IRXQG� LQ� WKH� VDPSOH� KHDG� DVVHPEO\�� SRLQWLQJ� WR� SRWHQWLDO� 
SUREOHPV� ZLWK� WKH� LPSDFWRU�� RYHUORDGLQJ� RI� WKH� VDPSOHU�� DQG�RU� FRQWDPLQDWLRQ�� ,Q� 
DGGLWLRQ��YHU\�KHDY\�FXPXODWLYH�SDUWLFOH�ORDGLQJ�RI�WKH�VLOLFRQ�YDFXXP�JUHDVH�XVHG�LQ�WKH� 
LPSDFWRU� DVVHPEO\� WR� SUHYHQW� SDUWLFOH� ERXQFH� DQG�RU� UH�HQWUDLQPHQW� ZDV� REVHUYHG� DIWHU� 
WKH� 0D\� VDPSOH� SHULRGV�� +HDY\� ORDGLQJ� RI� WKH� JUHDVH� PD\� LQFUHDVH� WKH� SUREDELOLW\� RI� 
SDUWLFOH�ERXQFH�DQG�RU�UH�HQWUDLQPHQW�LQWR�WKH�DLU�VWUHDP��7KHVH�WZR�REVHUYDWLRQV�OHDG�XV� 
WR� WKH� FRQFOXVLRQ� WKDW� H[WUHPH� YLJLODQFH� UHJDUGLQJ� LQVWUXPHQW� FRQGLWLRQ� LV� UHTXLUHG� DW� DOO� 
WLPHV�±�WKH�0LQL9ROV�VKDOO�QRW�EH�FRQVLGHUHG�³VHW�DQG�IRUJHW´�LQVWUXPHQWV�� ,Q�WKH�SUHVHQW� 
FDVH��KDG�ZH�SHUIRUPHG�D�PRUH�WKRURXJK�GDLO\�LQVSHFWLRQ�RI�WKH�VDPSOHU�KHDGV�ZH�ZRXOG� 
KDYH� EHHQ� DEOH� WR� WDNH� FRUUHFWLYH� DFWLRQ� HDUOLHU�� 2QH� H[DPSOH� RI� FRUUHFWLYH� DFWLRQ� LV�� LQ� 
WKH� FDVH� RI� 30���� VDPSOHUV�� LV� WR�LQVWDOO�D�30��� LPSDFWRU� XSVWUHDP� RI� WKH�30���� LPSDFWRU� 
KHDG� WR� DFW� DV� DQ� DGGLWLRQDO� ODUJH� SDUWLFOH� ILOWHU� DQG� GHFUHDVH� WKH� RYHUDOO� ORDGLQJ� RQ� WKH� 
30���� LPSDFWRU�� $QRWKHU� SUHYHQWDWLYH� DFWLRQ� LV� WR� FOHDQ� DQG� UHJUHDVH� WKH� 0LQL9RO� 
LPSDFWRU�DVVHPEOLHV�DIWHU�HDFK�XVH�LI�H[SRVHG�WR�KLJK�DHURVRO�FRQFHQWUDWLRQV�� 

��	 )LOWHU� KDQGOLQJ� DQG� VWRUDJH� PXVW� RFFXU� LQ� D� FOHDQ� HQYLURQPHQW�� ZLWK� SRWHQWLDO� 
FRQWDPLQDWLRQ� IDFWRUV� PLQLPL]HG�� 'XULQJ� WKLV� H[SHULPHQW�� ILOWHU� KDQGOLQJ� ZDV� SHUIRUPHG� 
RQVLWH� LQ� D� WUDLOHU�� :KLOH� LW� ZDV� PDLQWDLQHG� DV� FOHDQ� DV� SRVVLEOH�� WKHUH� ZHUH� KLJK� ZLQGV� 
ZLWK�EORZLQJ�GXVW�RQ�0D\����WKDW�PD\�KDYH�EHHQ�D�VRXUFH�RI�FRQWDPLQDWLRQ�RQ�WKH�ILOWHUV� 
EHLQJ� KDQGOHG�� ,I� DQ� DGHTXDWHO\� FOHDQ� RQVLWH� ILOWHU� SURFHVVLQJ� ORFDWLRQ� FDQQRW� EH� 
LGHQWLILHG�� DQ� DSSURSULDWH� VROXWLRQ� PLJKW� EH� WR� WUDQVSRUW� WKH� LPSDFWRU� KHDGV� WR� DQ� RIIVLWH� 
ORFDWLRQ�IRU�SURFHVVLQJ��VXFK�DV�D�KRWHO�URRP��� 

&DUHIXO� DSSOLFDWLRQ� RI� WKHVH� OHVVRQV� OHDUQHG� ZLOO� KHOS� SUHYHQW� IXWXUH� SUREOHPV� VLPLODU� WR� WKRVH� 
HQFRXQWHUHG� GXULQJ� WKLV� ILHOG� FDPSDLJQ�� +RZHYHU�� FRQVWDQW� HYDOXDWLRQ� RI� DFWXDO� FRQGLWLRQV� IRU� 
SRWHQWLDO�SUREOHPV�LV�VWURQJO\�HQFRXUDJHG��ZLWK�SURSHU�PLWLJDWLRQ�SURPSWO\�HPSOR\HG��� 

,Q� DGGLWLRQ� WR� WKH�DERYH� OHVVRQV� OHDUQHG�� SHHU� UHYLHZ� RI� WKLV� UHSRUW�DOVR� EURXJKW� WR� RXU� DWWHQWLRQ� 
WKDW� PHDVXUHPHQWV� RI� DGGLWLRQDO� SDUDPHWHUV�VKRXOG� EH� FRQVLGHUHG� LQ� IXWXUH� VWXGLHV�� 6SHFLILFDOO\�� 
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LW�ZDV�VXJJHVWHG�WKDW�VRLO�VXUIDFH�WHPSHUDWXUH�PHDVXUHPHQWV�EH�PDGH��'LIIHUHQFHV�LQ�VRLO�VXUIDFH� 
WHPSHUDWXUH� PD\� UHVXOW� LQ� GLIIHUHQW� YHUWLFDO� DQG� KRUL]RQWDO� 30� GLVSHUVLRQ� �ZLWK� DOO� RWKHU� 
FRQGLWLRQV�EHLQJ�HTXDO��DV�VXUIDFH�FRQGLWLRQV�DUH�NQRZQ�WR�DIIHFW�WXUEXOHQFH�DQG�GLVSHUVLRQ����� 
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 7. ACKNOWLEDGMENTS  
7KH� 6SDFH� '\QDPLFV� /DERUDWRU\� ZRXOG� OLNH� WR� WKDQN� WKH� LQGLYLGXDOV� DQG� JURXSV� ZKRVH� HIIRUWV� 
PDGH�WKLV�VWXG\�DQG�VXEVHTXHQW�DQDO\VLV�SRVVLEOH��&RRSHUDWRUV�LQFOXGH�WKH� 86'$�$56�1DWLRQDO� 
/DERUDWRU\� IRU� $JULFXOWXUH� DQG� WKH� (QYLURQPHQW� �'U�� -HUU\� +DWILHOG�� 'U�� -RKQ� 3UXHJHU�� DQG� 'U�� 
5LFKDUG� 3IHLIIHU��� 8WDK� 6WDWH� 8QLYHUVLW\� �0DUN� (UXSH�� 'U�� 5DQG\� 0DUWLQ�� 'HUHN� 3ULFH�� (P\UHL� 
5HHVH�� 'U�� 3KLO� 6LOYD��� 8�6�� (3$� �6RQD� &KLOLQJDU\DQ�� .HUU\� 'UDNH�� 5RQ� 0\HUV�� 'U�� 5REHUW� 
9DQGHUSRRO�� DQG� 'U�� 'DYLG� -�� :LOOLDPV��� WKH� 6DQ� -RDTXLQ� 9DOOH\ZLGH� $LU� 3ROOXWLRQ� 6WXG\� 
$JHQF\�� WKH� 6DQ� -RDTXLQ� 9DOOH\� $J� 7HFKQLFDO� *URXS�� WKH� 6DQ� -RDTXLQ� 9DOOH\� $LU� 3ROOXWLRQ� 
&RQWURO� 'LVWULFW� �-HVVL� )LHUR�� 6KHUD]� *LOO�� 5DPRQ� 1RUPDQ�� 6DPLU� 6KHLNK�� 3DWLD� 6LRQJ�� -DPHV� 
6ZHHW��� &DOLIRUQLD� $LU� 5HVRXUFHV� %RDUG� �.HYLQ� (VOLQJHU�� 6KHOE\� /LYLQJVWRQ�� .DUHQ� 0DJOLDQR�� 
DQG� WKH� FRRSHUDWLYH� DJULFXOWXUDO� SURGXFHUV� DQG� LQGXVWU\� UHSUHVHQWDWLYHV�� ,QGLYLGXDOV� IURP� 6'/� 
ZKR�SDUWLFLSDWHG�LQ�WKH�ILHOG�PHDVXUHPHQW�FDPSDLJQ�RU�FRQWULEXWHG�WR�WKH�UHSRUW�LQFOXGH�'U��*DLO� 
%LQJKDP��%LOO�%UDGIRUG��-HQQLIHU�%RZPDQ��(YH�'D\��&DUULH�)DUPHU��(YD�*LOOHVSLH��&DVVL�*RLQJ�� 
'U�� $OOHQ� +RZDUG�� (YHUHWW� ,WR�� 'HUHN� -RQHV�� 7DQQHU� -RQHV�� 6SHQFHU� .LWFKHQ�� 5LFKDUG� /DUVHQ�� 
&KULVWLDQ� 0DUFKDQW�� .RUL� 0RRUH�� %UDG� 3HWHUVRQ�� $QGUHZ� 3RXQG�� 6KDQH� 7RSKDP�� 1DWKDQ� 
:KLSSOH��'U��7RP�:LONHUVRQ��'U��0LFKDHO�:RMFLN��&RUGHOO�:ULJKW�DQG�'U��9ODGLPLU�=DY\DORY�� 
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 8. PUBLICATIONS  
*��(��%LQJKDP��&��&��0DUFKDQW��9��9��=DY\DORY��'��-��$KOVWURP��.��'��0RRUH��'��6��-RQHV��7��'�� 

:LONHUVRQ��/��(��+LSSV��5��6��0DUWLQ��-��/��+DWILHOG��-��+��3UXHJHU��5��/��3IHLIIHU�������� 
/LGDU�EDVHG�HPLVVLRQV�PHDVXUHPHQW�DW�WKH�ZKROH�IDFLOLW\�VFDOH��0HWKRG�DQG�HUURU� 
DQDO\VLV��-RXUQDO�RI�$SSOLHG�5HPRWH�6HQVLQJ�������������>GRL�������������������@�� 

&��&��0DUFKDQW��7��'��:LONHUVRQ��*��(��%LQJKDP��9��9��=DY\DORY��-��0��$QGHUVHQ��&��%��:ULJKW�� 
6��6��&RUQHOVHQ��5��6��0DUWLQ��3��-��6LOYD��-��/��+DWILHOG��������$JOLWH�OLGDU��$�SRUWDEOH� 
HODVWLF�OLGDU�V\VWHP�IRU�LQYHVWLJDWLQJ�DHURVRO�DQG�ZLQG�PRWLRQV�DW�RU�DURXQG�DJULFXOWXUDO� 
SURGXFWLRQ�IDFLOLWLHV��-RXUQDO�RI�$SSOLHG�5HPRWH�6HQVLQJ�������������>GRL�� 
�����������������@�� 

&��&��0DUFKDQW��.��'��0RRUH��0��'��:RMFLN��5��6��0DUWLQ��5��/��3IHLIIHU��-��+��3UXHJHU��-��/�� 
+DWILHOG��������(VWLPDWLRQ�RI�GDLU\�SDUWLFXODWH�PDWWHU�HPLVVLRQ�UDWHV�E\�OLGDU�DQG�LQYHUVH� 
PRGHOLQJ��7UDQVDFWLRQV�RI�$6$%(��������������� 

.��'��0RRUH��0��'��:RMFLN��&��&��0DUFKDQW��5��6��0DUWLQ��5��/��3IHLIIHU��-��+��3UXHJHU��-��/�� 
+DWILHOG��������³&RPSDULVRQV�RI�PHDVXUHPHQWV�DQG�SUHGLFWLRQV�RI�30�FRQFHQWUDWLRQV�DQG� 
HPLVVLRQ�UDWHV�IURP�D�ZLQG�HURVLRQ�HYHQW�´�LQ�3URF��,QWHUQDWLRQDO�6\PSRVLXP�RQ�(URVLRQ� 
DQG�/DQGVFDSH�(YROXWLRQ��,6(/(��������'��&��)ODQDJDQ��-��&��$VFRXJK�,,��DQG�-��/�� 
1LHEHU��HGV���$PHULFDQ�6RFLHW\�RI�$JULFXOWXUDO�DQG�%LRORJLFDO�(QJLQHHUV��6W��-RVHSK�� 

.��'��0RRUH��0��'��:RMFLN��5��6��0DUWLQ��&��&��0DUFKDQW��*��(��%LQJKDP��5��/��3IHLIIHU��-��+�� 
3UXHJHU��-��/��+DWILHOG��������3DUWLFXODWH�HPLVVLRQV�FDOFXODWLRQV�IURP�IDOO�WLOODJH� 
RSHUDWLRQV�XVLQJ�SRLQW�DQG�UHPRWH�VHQVRUV��-RXUQDO�RI�(QYLURQPHQWDO�4XDOLW\�>GRL�� 
��������MHT������������@�� 

0��'��:RMFLN��*��(��%LQJKDP��&��&��0DUFKDQW��9��9��=DY\DORY��'��-��$KOVWURP��.��'��0RRUH��7�� 
'��:LONHUVRQ��/��(��+LSSV��5��6��0DUWLQ��-��/��+DWILHOG��-��+��3UXHJHU��³/LGDU�EDVHG� 
SDUWLFXODWH�IOX[�PHDVXUHPHQWV�RI�DJULFXOWXUDO�ILHOG�RSHUDWLRQV�´�LQ�,*$566�������%RVWRQ�� 
0DVVDFKXVHWWV��-XO\������� 

0��'��:RMFLN��.��'��0RRUH��³/DERUDWRU\�IRU�$WPRVSKHULF�DQG�5HPRWH�6HQVLQJ��/$56�´��:LQG� 
(URVLRQ�:RUNVKRS�RUJDQL]HG�E\�WKH�$JULFXOWXUH�5HVHDUFK�6HUYLFH�±�:LQG�(URVLRQ� 
5HVHDUFK�8QLW��0DQKDWWDQ��.DQVDV��$SULO������� 

0��'��:RMFLN��5��6��0DUWLQ��-��/�+DWILHOG��������³8VLQJ�OLGDU�WR�FKDUDFWHUL]H�SDUWLFOHV�IURP�SRLQW� 
DQG�GLIIXVH�VRXUFHV�LQ�DQ�DJULFXOWXUDO�ILHOG�´�LQ�(QYLURQPHQWDO�5HPRWH�6HQVLQJ�DQG� 
6\VWHPV�$QDO\VLV��HG��1��%��&KDQJ��&5&�3UHVV��7D\ORU�DQG�)UDQFLV�*URXS��%RFD�5DWRQ�� 
SS����������� 

9��9��=DY\DORY��&��&��0DUFKDQW��*��(��%LQJKDP��7��'��:LONHUVRQ��-��/��+DWILHOG��5��6��0DUWLQ��3�� 
-��6LOYD��.��'��0RRUH��-��6ZDVH\��'��-��$KOVWURP��7��/��-RQHV��������$JOLWH�OLGDU�� 
&DOLEUDWLRQ�DQG�UHWULHYDOV�RI�ZHOO�FKDUDFWHUL]HG�DHURVROV�IURP�DJULFXOWXUDO�RSHUDWLRQV� 
XVLQJ�D�WKUHH�ZDYHOHQJWK�HODVWLF�OLGDU��-RXUQDO�RI�$SSOLHG�5HPRWH�6HQVLQJ������������� 
>GRL�������������������@�� 
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9. REFERENCES  

>�@ 8�6�� (3$�� ������ 8VHU¶V� JXLGH� IRU� WKH� ,QGXVWULDO� 6RXUFH� &RPSOH[� �,6&��� 'LVSHUVLRQ� 
0RGHOV�� 5HVHDUFK� 7ULDQJOH� 3DUN�� 1&�� 8�6�� (QYLURQPHQWDO� 3URWHFWLRQ� $JHQF\�� 2IILFH� RI� 
$LU� 4XDOLW\� 3ODQQLQJ� DQG� 6WDQGDUGV� (PLVVLRQV�� 0RQLWRULQJ�� $QDO\VLV� 'LYLVLRQ�� -DQXDU\�� 
������KWWS���ZZZ�HSD�JRY�VFUDP����XVHUJ�UHJPRG�LVF�Y��SGI�� 

>�@ 8�6�� (3$�� ������ 5HYLVLRQ� WR� WKH� *XLGHOLQH� RQ� $LU� 4XDOLW\� 0RGHOV�� $GRSWLRQ� RI� D� 
3UHIHUUHG� *HQHUDO� 3XUSRVH� �)ODW� DQG� &RPSOH[� 7HUUDLQ�� 'LVSHUVLRQ� 0RGHO� DQG� 2WKHU� 
5HYLVLRQV��)LQDO�5XOH�����&)5�3DUW�����:DVKLQJWRQ��'�&���8�6��(QYLURQPHQWDO�3URWHFWLRQ� 
$JHQF\��-DQXDU\�������KWWS���ZZZ�HSD�JRY�WWQ�VFUDP�JXLGDQFH�JXLGH�DSSZB���SGI�� 

>�@ 3RSH�� &�$�� ������ 5HVSLUDWRU\� KRVSLWDO� DGPLVVLRQV� DVVRFLDWHG� ZLWK� 30��� SROOXWLRQ� LQ� 
8WDK��6DOW�/DNH��DQG�&DFKH�9DOOH\V��$UFKLYHV�RI�(QYLURQPHQWDO�+HDOWK�������������� 

>�@ +LQGV�� :�� &�� ������ $HURVRO� 7HFKQRORJ\�� 3URSHUWLHV�� %HKDYLRU�� DQG� 0HDVXUHPHQW� RI� 
$LUERUQH�3DUWLFOHV���QG�(GLWLRQ��-RKQ�:LOH\�	�6R QV��1HZ�<RUN����������� 

>�@ ���&)5�������1DWLRQDO�SULPDU\�DQG�VHFRQGDU\�DPELHQW�DLU�TXDOLW\�VWDQGDUGV�IRU�30���� 

>�@ ���&)5�������1DWLRQDO�SULPDU\�DQG�VHFRQGDU\�DPELHQW�DLU�TXDOLW\�VWDQGDUGV�IRU�30����� 

>�@ :LOOLDPV�� '�-��� &KLOLQJDU\DQ�� 6��� +DWILHOG�� -�� ������ /RV� %DQRV�� &$� )DOO� ����� 7LOODJH� 
&DPSDLJQ�� 'DWD� $QDO\VLV�� 8�6�� (QYLURQPHQWDO� 3URWHFWLRQ� $JHQF\� 5HSRUW� (3$�����5� 
�������� 8�6�� *RYHUQPHQW� 3ULQWLQJ� 2IILFH�� :DVKLQJWRQ�� '�&�� $YDLODEOH�� 
KWWS���FISXE�HSD�JRY�VL�VLBSXEOLFBUHFRUGBUHSRUW�FIP"GLU(QWU\,G �������� 'DWH� DFFHVVHG�� 
0DUFK���������� 

>�@ +ROPHQ�� %�$��� (LFKLQJHU�� :�(��� )ORFFKLQL�� 5�*�� ������ $SSOLFDWLRQ� RI� HODVWLF� /,'$5� WR� 
30��� HPLVVLRQV� IURP� DJULFXOWXUDO� QRQSRLQW� VRXUFHV�� (QYLURQPHQWDO� 6FLHQFH� DQG� 
7HFKQRORJ\���������������� 

>�@ &RQVHUYDWLRQ� 0DQDJHPHQW� 3UDFWLFHV� 3URJUDP� 5HSRUW�� -DQXDU\� ������ 6DQ� -RDTXLQ� 9DOOH\� 
$LU�3ROOXWLRQ�&RQWURO�'LVWULFW�IRU�������� 

>��@ +ROPHQ�� %�$��� -DPHV�� 7�$��� $VKEDXJK�� -�/��� )ORFFKLQL�� 5�*�� ����D�� /,'$5�DVVLVWHG� 
PHDVXUHPHQW� RI� 30��� HPLVVLRQV� IURP� DJULFXOWXUDO� WLOOLQJ� LQ� &DOLIRUQLD¶V� 6DQ� -RDTXLQ� 
9DOOH\²3DUW�,��/,'$5��$WPRV��(QY���������������� 

>��@ +ROPHQ�� %�$��� -DPHV�� 7�$��� $VKEDXJK�� -�/��� )ORFFKLQL�� 5�*�� ����E�� /,'$5�DVVLVWHG� 
PHDVXUHPHQW� RI� 30��� HPLVVLRQV� IURP� DJULFXOWXUDO� WLOOLQJ� LQ� &DOLIRUQLD¶V� 6DQ� -RDTXLQ� 
9DOOH\²3DUW�,,��(PLVVLRQ�IDFWRUV��$WPRV��(QY���������������� 

>��@ )ORFFKLQL�� 5�*��� -DPHV�� 7�$��� $VKEDXJK�� /�/��� %URZQ�� 0�6��� &DUYDFKR�� 2�)��� +ROPHQ�� 
%�$��� 0DWVXPXUD�� 5�7��� 7UH]SOD�1DEDOJR�� .��� 7VXEDPRWR�� &�� ������ ,QWHULP� 5HSRUW�� 
6RXUFHV� DQG� VLQNV� RI� 30��� LQ� WKH� 6DQ� -RDTXLQ� 9DOOH\�� &URFNHU� 1XFOHDU� /DERUDWRU\�� 8&� 
'DYLV��&$�� 
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>��@ &DOLIRUQLD� $LU� 5HVRXUFHV� %RDUG� �&$5%��� ����D�� $UHD� 6RXUFH� 0HWKRGV� 0DQXDO�� 6HFWLRQ� 
�����$JULFXOWXUDO�/DQG�3UHSDUDWLRQ�� 

>��@ &$5%�� ����E�� $UHD� 6RXUFH� 0HWKRGV� 0DQXDO�� 6HFWLRQ� ����� $JULFXOWXUDO� +DUYHVW� 
2SHUDWLRQV�� 

>��@ 8�6�� (QYLURQPHQWDO� 3URWHFWLRQ� $JHQF\� �(3$��� ������ 3URFHGXUHV� GRFXPHQW� IRU� QDWLRQDO� 
HPLVVLRQ�LQYHQWRU\��&ULWHULD�$LU�3ROOXWDQWV������������(3$�����5��������� 

>��@ 0DGGHQ�� 1�0��� 6RXWKDUG�� 5�-��� 0LWFKHOO�� -�3�� ������ &RQVHUYDWLRQ� WLOODJH� UHGXFHV� 30��� 
HPLVVLRQV�LQ�GDLU\�IRUDJH�URWDWLRQV��$WPRVSKHULF�(QYLURQPHQW��������������� 

>��@ :DQJ�� -��� 0LOOHU�� '�5��� 6DPPLV�� 7�:��� +LVFR[�� $�/��� <DQJ�� :��� +ROPHQ�� %�$�� ������ 
/RFDO�GXVW�HPLVVLRQ�IDFWRUV�IRU�DJULFXOWXUDO�WLOOLQJ�RSHUDWLRQV��6RLO�6FLHQFH�������������� 

>��@ .DVXPED�� -��� +ROPHQ�� %�$��� +LVFR[�� $��� :DQJ�� -��� 0LOOHU�� '�� ������ $JULFXOWXUDO� 30��� 
HPLVVLRQV� IURP� FRWWRQ� ILHOG� GLVNLQJ� LQ� /DV� &UXFHV�� 10�� $WPRVSKHULF� (QYLURQPHQW� 
�������������� 

>��@ &ODXVQLW]HU�� +��� 6LQJHU�� 0�-�� ������ 5HVSLUDEOH�GXVW� SURGXFWLRQ� IURP� DJULFXOWXUDO� 
RSHUDWLRQV� LQ� WKH� 6DFUDPHQWR� 9DOOH\�� &DOLIRUQLD�� -RXUQDO� RI� (QYLURQPHQWDO� 4XDOLW\� 
������������ 

>��@ &ODXVQLW]HU�� +��� 6LQJHU�� 0�-�� ������ (QYLURQPHQWDO� LQIOXHQFHV� RQ� UHVSLUDEOH� GXVW� 
SURGXFWLRQ� IURP� DJULFXOWXUDO� RSHUDWLRQV� LQ� &DOLIRUQLD�� $WPRVSKHULF� (QYLURQPHQW� 
�������������� 

>��@ %DNHU�� -�%��� 6RXWKDUG�� 5�-��� 0LWFKHOO�� -�3�� ������ $JULFXOWXUDO� GXVW� SURGXFWLRQ� LQ� VWDQGDUG� 
DQG� FRQVHUYDWLRQ� WLOODJH� V\VWHPV� LQ� WKH� 6DQ� -RDTXLQ� 9DOOH\�� -RXUQDO� RI� (QYLURQPHQWDO� 
4XDOLW\��������������� 

>��@ 0LWFKHOO�� -�3��� 6RXWKDUG�� 5�-��� 0DGGHQ�� 1�0��� .ORQVN\�� .�0��� %DNHU�� -�%��� 'H� 0RXUD�� 
5�/��� +RUZDWK�� :�5���0XQN�� '�6��� :UREOH�� -�)��� +HPEUHH�� .�-��� :DOOHQGHU�� :�:�� ������ 
7UDQVLWLRQ� WR� FRQVHUYDWLRQ� WLOODJH� HYDOXDWHG� LQ� 6DQ� -RDTXLQ� 9DOOH\� FRWWRQ� DQG� WRPDWR� 
URWDWLRQV��-RXUQDO�RI�&DOLIRUQLD�$JULFXOWXUH�������������� 

>��@ 9HHQVWUD��-�-���+RUZDWK��:�5���0LWFKHOO��-�3���0XQN��'�6��&RQVHUYDWLRQ�WLOODJH�DQG� FRYHU� 
FURSSLQJ� LQIOXHQFH� VRLO� SURSHUWLHV� LQ� 6DQ� -RDTXLQ� 9DOOH\� FRWWRQ�WRPDWR� FURS�� -RXUQDO� RI� 
&DOLIRUQLD�$JULFXOWXUH���������������� 

>��@ 8SDGK\D\D�� 6�.��� /DQFDV�� .�3��� 6DQWRV�)LOQR�� $�*��� 5DJKXZDQVKL�� 1�6�� ������ 2QH�SDVV� 
WLOODJH�HTXLSPHQW�RXWVWULSV�FRQYHQWLRQDO�WLOODJH�PHWKRG��-RXUQDO�RI�&DOLIRUQLD�$JULFXOWXUH� 
������������� 

>��@ 0LWFKHOO��-�3���0XQN��'�6���3U\V��%���.ORQVN\��.�.���:UREOH��-�)���'H�0RXUD��5�/�������� 
&RQVHUYDWLRQ�WLOODJH�SURGXFWLRQ�V\VWHPV�FRPSDUHG�LQ�6DQ�-RDTXLQ�9DOOH\� FRWWRQ��-RXUQDO� 
RI�&DOLIRUQLD�$JULFXOWXUH���������������� 
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>��@ 8�6�� (3$�� 0DUFK� ���� ������ 12152$'� 0RGHO� �QRQURDG� HQJLQHV�� HTXLSPHQW�� DQG� 
YHKLFOHV��� $FFHVVHG�� $XJXVW� ���� ������ $YDLODEOH�� 
KWWS���ZZZ�HSD�JRY�RWDT�QRQUGPGO�KWP�WHFKUHSW�� 

>��@ 8�6��(3$��������([KDXVW�DQG�&UDQNFDVH�(PLVVLRQ�)DFWRUV�IRU�1RQURDG�(QJLQH�0RGHOLQJ� 
±�&RPSUHVVLRQ�,JQLWLRQ��(3$����3���������$SULO������� 

>��@ 8�6��(3$��������1RQURDG�(QJLQH�DQG� 9HKLFOH�(PLVVLRQ�6WXG\� ±�5HSRUW��(3$���������� 
����1RYHPEHU������� 

>��@ &$5%��������(PLVVLRQV�LQYHQWRU\�RI�RII�URDG�ODUJH�FRPSUHVVLRQ�LJQLWHG�HQJLQHV�����KS�� 
XVLQJ�WKH�QHZ�2))52$'�(PLVVLRQV�0RGHO��0DLO�2XW��06&�������'HFHPEHU������� 

>��@ .HDQ�� $�-��� 6DZ\HU�� 5�)��� +DUOH\�� 5�$�� ������ $� IXHO�EDVHG� DVVHVVPHQW� RI� RII�URDG� GLHVHO� 
HQJLQH�HPLVVLRQV��-RXUQDO�RI�WKH�$LU�DQG�:DVWH�0DQDJHPHQW�$VVRFLDWLRQ��������������� 

>��@ 57,� ,QWHUQDWLRQDO�� ������ (PLVVLRQV� )DFWRU� 8QFHUWDLQW\� $VVHVVPHQW�� 5HYLHZ� 'UDIW�� ��� 
0DUFK�������KWWS���ZZZ�HSD�JRY�WWQ�FKLHI�HISDF�XQFHUWDLQW\�KWPO�� 

>��@ 86'$� 1DWLRQDO� 5HVRXUFH� &RQVHUYDWLRQ� 6HUYLFH� �15&6��� ������ :HE� 6RLO� 6XUYH\� ����� �� 
-DQXDU\�������KWWS���ZHEVRLOVXUYH\�QUFV�XVGD�JRY�DSS���� 

>��@ *HRORJ\�FRP��0D\�������KWWS���JHRORJ\�FRP�VWDWH�PDS�FDOLIRUQLD�VKWPO�� 

>��@ /LYH�6HDUFK�0DSV��'HFHPEHU�������KWWS���PDSV�OLYH�FRP�� 

>��@ &DOLIRUQLD� ,UULJDWLRQ� 0DQDJHPHQW� ,QIRUPDWLRQ� 6\VWHP� �&,0,6��� ������ 'DWD� IRU� 6WDWLRQ� 
���� �6WUDWIRUG�� IRU� 0D\� DQG� -XQH� RI� ����� WKURXJK� ������ -XO\� ������ 
KWWS���ZZZFLPLV�ZDWHU�FD�JRY�FLPLV�GDWD�MVS�� 

>��@ &RRSHU�� '�&��� $OOH\�� )�&�� ������ $LU� SROOXWLRQ� FRQWURO�� $� GHVLJQ� DSSURDFK�� :DYHODQG� 
3UHVV�,QF��3URVSHFW�+HLJKWV��,OOLQRLV������� 

>��@ 'RUDQ�� -�:��� -RQHV�� $�� ������ 0HWKRGV� IRU� DVVHVVLQJ� VRLO� TXDOLW\�� 666$� 6SHFLDO� 
3XEOLFDWLRQ�1XPEHU�����6RLO�6FLHQFH�6RFLHW\�RI�$PHULFD��0DGLVRQ��:LVFRQVLQ�� 

>��@ 6RLO� 6DPSOLQJ� DQG� 0HWKRGV� RI� $QDO\VLV�� HG�� E\� 0�5�� &DUWHU�� &DQDGLDQ� 6RFLHW\� RI� 6RLO� 
6FLHQFH��/HZLV�3XEOLVKHUV���������������� 

>��@ ,ELG����������� 

>��@ &KHQ�� )��/��� :LOOLDPV�� 5��� 6YHQGVHQ�� (��� <HDWWV�� .��� &UHDVRQ�� -��� 6FRWW�� -��� 7HUUHOO�� '��� 
&DVH�� 0�� ������ &RDUVH� SDUWLFXODWH� PDWWHU� FRQFHQWUDWLRQV� IURP� UHVLGHQWLDO� RXWGRRU� VLWHV� 
DVVRFLDWHG� ZLWK� WKH� 1RUWK� &DUROLQD� $VWKPD� DQG� &KLOGUHQ¶V� (QYLURQPHQW� 6WXGLHV� �1&� 
$&(6���$WPRVSKHULF�(QYLURQPHQW��������������� 
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>��@ &KRZ�� -�� &��� :DWVRQ�� -�� *��� /RZHQWKDO�� '�� +��� &KHQ�� /��:� $��� 7URSS�� 5�� -��� 3DUN�� .��� 
0DJOLDQR��.��$��������30����DQG�30���0DVV�0HDVXUHPHQWV�LQ�&DOLIRUQLD¶V�6DQ�-RDTXLQ� 
9DOOH\���$HURVRO�6FLHQFH�DQG�7HFKQRORJ\�����������±����� 

>��@ $LUPHWULFV�0LQL9RO�3RUWDEOH�$LU�6DPSOHU�2SHUDWLRQ�0DQXDO�Y������ 

>��@ +LQGV�� :�� &�� ������ $HURVRO� 7HFKQRORJ\�� 3URSHUWLHV�� %HKDYLRU�� DQG� 0HDVXUHPHQW� RI� 
$LUERUQH�3DUWLFOHV���QG�(GLWLRQ��-RKQ�:LOH\�	 �6RQV��1HZ�<RUN��������� 

>��@ 5XSSUHFKW� 	� 3DWDVKQLFN�� Q�G�� 6HULHV� ����� (OHPHQWDO� &DUERQ�2UJDQLF� &DUERQ� $QDO\]HU� 
,QVWUXPHQW�0DQXDO�� 

>��@ 0DOP��:�&��DQG�-�/��+DQG��������$Q�H[DPLQDWLRQ�RI�WKH�SK\VLFDO�DQG�RSWLFDO�SURSHUWLHV� 
RI� DHURVROV� FROOHFWHG� LQ� WKH� ,03529(� SURJUDP�� $WPRVSKHULF� (QYLURQPHQW�� ���� ����� 
������ 

>��@ 0DUFKDQW�� &�� ������ $OJRULWKP� 'HYHORSPHQW� RI� WKH� $*/,7(�/,'$5� ,QVWUXPHQW�� 06� 
7KHVLV��8WDK�6WDWH�8QLYHUVLW\�� 

>��@ =DY\DORY�� 9�� 9��� 0DUFKDQW�� &�� &��� %LQJKDP�� *�� (��� :LONHUVRQ�� 7�� '��� +DWILHOG�� -�� /��� 
0DUWLQ�� 5�� 6��� 6LOYD�� 3�� -��� 0RRUH�� .�� '��� 6ZDVH\�� -��� $KOVWURP�� '�� -��� -RQHV�� 7�� /�� ������ 
$JOLWH� OLGDU�� &DOLEUDWLRQ� DQG� UHWULHYDOV� RI� ZHOO� FKDUDFWHUL]HG� DHURVROV� IURP� DJULFXOWXUDO� 
RSHUDWLRQV� XVLQJ� D� WKUHH�ZDYHOHQJWK� HODVWLF� OLGDU�� -RXUQDO� RI� $SSOLHG� 5HPRWH� 6HQVLQJ� 
������������>GRL�������������������@�� 

>��@ .OHWW�� -�'�� ������ /,'$5� LQYHUVLRQ� ZLWK� YDULDEOH� EDFNVFDWWHU�H[WLQFWLRQ� UDWLR�� $SSO�� 2SW�� 
������������� 

>��@ 8�6�� (3$�� ������ *XLGHOLQH� RQ� $LU� 4XDOLW\� 0RGHOV�� $SSHQGL[� :�� 8�6�� &RGH� RI� )HG�� 
5HJXODWLRQV�� ��� &)5� 3DUW� ���� 0D\� ������ 
KWWS���ZZZ�HSD�JRY�VFUDP����JXLGDQFH�JXLGH�DSSZB���SGI�� 

>��@ &RRSHU�� '�&��� $OOH\�� )�&�� ������ $LU� SROOXWLRQ� FRQWURO�� $� GHVLJQ� DSSURDFK�� :DYHODQG� 
3UHVV�,QF��3URVSHFW�+HLJKWV��,OOLQRLV����������� 

>��@ 7XUQHU�� '�%�� ������ :RUNERRN� RI� $WPRVSKHULF� 'LVSHUVLRQ� (VWLPDWHV�� :DVKLQJWRQ�� '�&��� 
8�6��(QYLURQPHQWDO�3URWHFWLRQ�$JHQF\�� 

>��@ 3DLQH�� 5�-��� /HH�� 5�)��� %URGH�� 5��� :LOVRQ�� 5�%��� &LPRUHOOL�� $�-��� 3HUU\�� 6�*��� :HLO�� -�&��� 
9HQNDWUDP�� $��� 3HWHUV�� :�'�� ������ 0RGHO� HYDOXDWLRQ� UHVXOWV� IRU� $(502'�� 5HVHDUFK� 
7ULDQJOH� 3DUN�� 1&�8�6�� (QYLURQPHQWDO� 3URWHFWLRQ� $JHQF\�� 2IILFH� RI� $LU� 4XDOLW\�  
3ODQQLQJ� DQG� 6WDQGDUGV� (PLVVLRQV�� 0RQLWRULQJ�� $QDO\VLV� 'LYLVLRQ�� 0DUFK� ������ 
KWWS���ZZZ�HSD�JRY�VFUDP�����WKFRQI�DHUPRG�HYDOUHS�SGI�� 

>��@ 1DWLRQDO� 5HVHDUFK� &RXQFLO�� 1DWLRQDO� $FDGHPLHV� RI� 6FLHQFH�� ������ $LU� HPLVVLRQV� IURP� 
DQLPDO� IHHGLQJ� RSHUDWLRQV�� &XUUHQW� NQRZOHGJH�� IXWXUH� QHHGV�� 7KH� 1DWLRQDO� $FDGHPLHV� 
3UHVV��:DVKLQJWRQ��'�&������ 
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>��@ $U\D��6�3��������$LU�3ROOXWLRQ�0HWHRURORJ\�DQG�'LVSHUVLRQ��2[IRUG�8QLYHUVLW\�3UHVV�� 

>��@ /DNHV�(QYLURQPHQWDO��������7HUUDLQ�'DWD������0LQ�'(0�1DWLYH�)RUPDW�±�8QLWHG�6WDWHV�� 
-XO\�������KWWS���ZZZ�ZHEJLV�FRP�WHUUBXV��P�KWPO�� 

>��@ 8�6��'HSDUWPHQW�RI�$JULFXOWXUH��1DWXUDO�5HVRXUFHV�&RQVHUYDWLRQ�6HUYLFH��������1DWLRQDO� 
6RLO�6XUYH\�+DQGERRN��WLWOH�����9,��$YDLODEOH��KWWS���VRLOV�XVGD�JRY�WHFKQLFDO�KDQGERRN��� 

>��@ %LQJKDP��*�(���0DUFKDQW��&��&���=DY\DORY��9��9���$KOVWURP�� '��-���0RRUH��.��'���-RQHV�� 
'�� 6��� :LONHUVRQ�� 7�� '��� +LSSV�� /�� (��� 0DUWLQ�� 5�� 6��� +DWILHOG�� -�� /��� 3UXHJHU�� -�� +��� 
3IHLIIHU�� 5�� /�� ������ /LGDU� EDVHG� HPLVVLRQV� PHDVXUHPHQW� DW� WKH� ZKROH� IDFLOLW\� VFDOH�� 
0HWKRG� DQG� HUURU� DQDO\VLV�� -RXUQDO� RI� $SSOLHG� 5HPRWH� 6HQVLQJ� ������������ >GRL�� 
�����������������@�� 

>��@ &RRSHU�� '�&��� $OOH\�� )�&�� ������ $LU� SROOXWLRQ� FRQWURO�� $� GHVLJQ� DSSURDFK�� :DYHODQG� 
3UHVV�,QF��3URVSHFW�+HLJKWV��,OOLQRLV������� 

>��@ +LQGV�� :�� &�� ������ $HURVRO� 7HFKQRORJ\�� 3URSHUWLHV�� %HKDYLRU�� DQG� 0HDVXUHPHQW� RI� 
$LUERUQH�3DUWLFOHV���QG�(GLWLRQ��-RKQ�:LOH\�	�6R QV��1HZ�<RUN����������� 

� 
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10. APPENDICES 

10.1 APPENDIX A: DATA AND SETTINGS TABLES 
Table 30. Settings for the ISCST3 and AERMOD dispersion models for the tillage study in the ISC
AERMOD View software by Lakes Environmental, Inc. All settings were held constant across the sample 
periods except the source area size and shape, which changed each day, and the downwind receptor locations, 
which were specific to each field studies. (--- = not applicable) 

Setting ISCST3 AERMOD 
&RQWURO�3DWKZD\� 
���'LVSHUVLRQ�2SWLRQV� 5HJXODWRU\�'HIDXOW� 5HJXODWRU\�'HIDXOW� 
���2XWSXW�W\SH� &RQFHQWUDWLRQ� &RQFHQWUDWLRQ� 
���3OXPH�'HSRVLWLRQ� 1RQH� ���� 
���3ROOXWDQW� 2WKHU�±�30� 2WKHU�±�30� 
���$YHUDJLQJ�7LPH� 3HULRG� 3HULRG� 
���'LVSHUVLRQ�&RHIILFLHQW� 5XUDO� 5XUDO� 
���7HUUDLQ�+HLJKW�2SWLRQV� (OHYDWHG� (OHYDWHG� 
���7HUUDLQ�&DOFXODWLRQ� 
���$OJRULWKPV��,6&���5HFHSWRU� 
���(OHY��+LOO�+JKWV��$(502'��� 

6LPSOH�WHUUDLQ�RQO\� 5XQ�XVLQJ�WKH�$(50$3�5HFHSWRU� 
2XWSXW�ILOH� 

� 
6RXUFH�3DWKZD\� 
���6RXUFH�W\SH� $UHD�3RO\� $UHD�3RO\� 
���%DVH�(OHYDWLRQ� ����P� ����P� 
���5HOHDVH�KHLJKW� ����P�$*/� ����P�$*/� 
���(PLVVLRQ�UDWH� ����(���J��V�P��� ����(���J��V�P��� 
���,QLWLDO�9HUWLFDO�'LP��� 
���RI�WKH�SOXPH� %ODQN� %ODQN� 

���%XLOGLQJ�GRZQZDVK� 1RQH� 1RQH� 
� 
5HFHSWRU�3DWKZD\� 
���8QLIRUP�&DUWHVLDQ�*ULG� 
������5HFHSWRUV��������� 

���[�������[��P�VSDFLQJ�� 
IODJSROH�KHLJKW�]� �����P�$*/� 

���[�������[��P�VSDFLQJ�� 
IODJSROH�KHLJKW�]� �����P�$*/� 

���'LVFUHWH�&DUWHVLDQ�5HFHSWRUV� 
������5HFHSWRUV������ 

3ODFHG�DW�VDPSOH�ORFDWLRQV��]� ������� 
DQG���P�$*/� 

3ODFHG�DW�VDPSOH�ORFDWLRQV��]� ������� 
DQG���P�$*/� 

� 
$(50(7�9LHZ�6HWWLQJV� 
���+RXUO\�6XUIDFH�'DWD� ���� 6RXUFH��RQ�VLWH�GDWD��PL[LQJ�KHLJKW� � 

�����P�$*/� 
������$GMXVWPHQW�WR�/RFDO�7LPH� ���� ��KU��3DFLILF�� 
������$SSOLFDWLRQ�6WDWLRQ� 
������(OHYDWLRQ�06/� 

���� �����P� 

���8SSHU�$LU�'DWD� ���� 6RXUFH��FDOFXODWHG�EDVHG�RQ�RQ�VLWH� 
GDWD��PL[LQJ�KHLJKW� ������P�$*/� 

������0RGH� ���� 8SSHU�$LU�(VWLPDWRU� 
���6HFWRUV�3DUDPHWHUV� ���� � 
������7LPH�=RQH� ���� ���3DFLILF�� 
������5DQGRPL]H�1:6�:LQG� 
������'LUHFWLRQV� ���� <HV� 

������$QHPRPHWHU�+HLJKW� ���� ����P�$*/� 
������:LQG�GLUHFWLRQ�VHFWRUV� ���� ���6WDUW� �����(QG� ������ 
������/DQG�8VH�7\SH� ���� &XOWLYDWHG�/DQG� 
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Setting ISCST3 AERMOD 
������6XUIDFH�SDUDPHWHUV�SHU� 
������VHFWRU� 

���� $QQXDOO\��XVLQJ�VSULQJ�WLPH�GHIDXOW� 
YDOXHV�IRU�0LGGD\�$OEHGR� ������� 
%RZHQ�5DWLR� ������DQG�6XUIDFH� 
5RXJKQHVV� ������P� 

� 
0HWHRURORJ\�3DWKZD\� 
���6XUIDFH�0HW�'DWD� 6RXUFH��RQ�VLWH�GDWD��PL[LQJ�KHLJKW� � 

�����P�$*/� 
6RXUFH��FDOFXODWHG�IURP�RQ�VLWH�GDWD� 
DQG�GHIDXOW�YDOXHV� 

���3URILOH�0HW�'DWD� ���� 6RXUFH��HVWLPDWHG�IURP�RQ�VLWH�GDWD�� 
���$QHPRPHWHU�+HLJKW��DJO�� ����P� ���� 
���3ULPDU\�0HW�7RZHU�%DVH� 
���(OHYDWLRQ�DERYH�06/� ���� �����P� 

���5HDG�(QWLUH�0HW�'DWD�)LOH� 1R� 1R� 
���6SHFLI\�'DWD�3HULRGV�WR� 
���3URFHVV� 

6HW�WR�VDPSOH�SHULRG�WLPHV��YDULHG�E\� 
VDPSOH� 

6HW�WR�VDPSOH�SHULRG�WLPHV��YDULHG�E\� 
VDPSOH� 

���:LQG�6SHHG�&DWHJRULHV� 'HIDXOW� 'HIDXOW� 
� 
2XWSXW�3DWKZD\� 
���7DEXODU�2XWSXWV� � � 
������$OO� 1RW�DYDLODEOH��QR�VKRUW�WHUP� 

DYHUDJLQJ�WLPHV�VHOHFWHG� 
1RW�DYDLODEOH��QR�VKRUW�WHUP� 
DYHUDJLQJ�WLPHV�VHOHFWHG� 

� 
%XLOGLQJV� 1RQH� 1RQH� 
� 
7HUUDLQ� &DOFXODWHG�YDOXHV�IURP�$(50$3� 

XVLQJ�����0LQ�'(0� 
&DOFXODWHG�YDOXHV�IURP�$(50$3� 
XVLQJ�����0LQ�'(0� 
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Table 31. Calculated PM concentrations (μg/m3) measured during May 2008 at all sample locations.  

Location Size Sample Period 
(height 
agl) 

May 17 
R1 

May 17 
R2 

May 18 May 19 
R1 

May 19 
R2 

May 20 
R1 

May 20 
R2 
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30���� ����� ������ ����� ������ ������ ������ ������ 

������������ 30��� ������ ������ ������ ������ ������ ������ ������ 
30���� ����� ������ � ������ ������ ������ ������ 

��������� 763� � � � � � � � 
30��� � � � � � � � 
30���� � � � � � � � 

�)LOWHU�VDPSOH�KDG�D�QRWHG�SUREOHP�GXULQJ�RU�DIWHU�VDPSOLQJ�� 
�EODQN�� �QR�VDPSOH�FROOHFWHG� 

6'/�������� &DOLIRUQLD������7LOODJH�&DPSDLJQ�	 ���� 



Table 32. Calculated PM concentrations (μg/m3) measured during June 2008 at all sample locations.  

Location Size Sample Period 
(height 
agl) 

June 5 
R1 

June 5 
R2 

June 7 June 11 June 18 June 24 
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Table 33. PM concentrations (μg/m3) used in emission rate calculations from sample periods in May 2008.  

Location Size Sample Period 
(height 
agl) 

May 17 
R1 

May 17 
R2 

May 18 May 19 
R1 

May 19 
R2 

May 20 
R1 

May 20 
R2 
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 Table 34. PM concentrations (μg/m3) used in emission rate calculations from sample periods in June 2008. 

Location 
(height 
agl) 

Size Sample Period 
June 5 
R1 

June 5 
R2 

June 7 June 11 June 18 June 24 
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Table 35. PM concentrations (μg/m3) as  measured by OPCs from  sample periods in May 2008. (OPC PMk = 
Vk x MCFk) 

6'/�������� &DOLIRUQLD������7LOODJH�&DPSDLJQ� ���� 

Location Size Sample Period 
(height 
agl) 

May 17 
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May 18 May 19 
R1 
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  Table 36. PM concentrations (μg/m3) as measured by OPCs from sample periods in June 2008. (OPC PM k = 
Vk x MCFk) 

Location 
(height 
agl) 

Size Sample Period 
June 5 
R1 

June 5 
R2 

June 7 June 11 June 18 June 24 
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Table 37. PM concentrations (μg/m3) as measured by OPCs used in emission rate calculations from sample 
periods in May 2008. (OPC PMk = Vk x MCFk) 

Location Size Sample Period 
(height 
agl) 

May 17 
R1 
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Table 38. PM concentrations (μg/m3) as measured by OPCs used in emission rate calculations from sample 
periods in June 2008. (OPC PMk = Vk x MCFk) 

Location 
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10.2 	 APPENDIX B: INVESTIGATIONS INTO AND CONCLUSIONS FROM FILTER-
BASED DATA 

'XULQJ� WKH� SRVW�ZHLJKLQJ� SURFHVV� LW� ZDV� QRWLFHG� WKDW� ILOWHUV� XVHG� IRU� 30����� 30���� DQG� 763� KDG� 
SDUWLFOHV�ODUJH�HQRXJK�WR�EH�YLVLEOH�WR�WKH�QDNHG�H\H��QRW�DOO�RI�ZKLFK�ZHUH�HPEHGGHG�LQ�WKH�ILOWHU� 
PHGLXP� DQG� WKXV� FRXOG� PRYH� DURXQG� DQG� RII� WKH� ILOWHU�� 3DUWLFOHV� VPDOO� HQRXJK� WR� SDVV� WKURXJK� 
WKH�LPSDFWRU�DVVHPEO\�LQ�WKH�VDPSOH�KHDG� DUH�W\SLFDOO\�WRR�VPDOO�WR�EH�VHHQ�ZLWK� WKH�QDNHG�H\H�� 
DOPRVW� DOZD\V� EHLQJ� OHVV� WKDQ� ��� μP� DQG� ���� μP� LQ� GLDPHWHU� IRU� 30��� DQG� 30����� UHVSHFWLYHO\�� 
3DUWLFOHV�FROOHFWHG�GXULQJ�VDPSOLQJ�WKDW�ZHUH�QRW�VWXFN�LQWR�RU�RQWR�WKH�ILOWHU�PHGLXP�PD\�PRYH� 
RII�RI� WKH� ILOWHU�� \LHOGLQJ� D� YDULDEOH� ORZ� ELDV�LQ� UHSRUWHG� 30�FRQFHQWUDWLRQV�� ,Q�DGGLWLRQ�� VHYHUDO� 
RI�WKH�FDOFXODWHG�30����FRQFHQWUDWLRQV�VLJQLILFDQWO\�H[FHHGHG�WKH�FROORFDWHG�30���FRQFHQWUDWLRQV�� 
ZKLFK� LV� WKHRUHWLFDOO\� LPSRVVLEOH� XQGHU� WKH� LGHDO� VDPSOLQJ� VFHQDULR� VLQFH� 30���� LV� D� VXEVHW� RI� 
30��� DQG� VKRXOG� DOZD\V� EH� OHVV� WKDQ� RU� HTXDO� WR� WKH� 30��� FRQFHQWUDWLRQ�� 7KHVH� LQYHUWHG� 30���� 
DQG�30���FRQFHQWUDWLRQV��DV�ZH�ZLOO�FDOO�WKHP��ZHUH�YHU\�SUHYDOHQW�LQ�WKH�GDWD�IRU�VHYHUDO�VDPSOH� 
SHULRGV�� ZLWK� XS� WR� ���� RI� WKH� GRZQZLQG� 30����DQG� 30��� FRQFHQWUDWLRQV� LQYHUWHG� IRU� WKH� OLVWHU� 
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SDVV�RQ�0D\�����������7KHVH�VL]H�LQYHUWHG�FRQFHQWUDWLRQV�DQG�WKH�SUHVHQFH�RI�YLVLEOH�SDUWLFOHV�RQ� 
WKH� ILOWHUV� SURPSWHG� DQ� LQYHVWLJDWLRQ� WR� GHWHUPLQH� WKHLU� FDXVHV� DV� ZHOO� DV� SRWHQWLDO� VROXWLRQV� IRU� 
WKH� FXUUHQW� GDWD� VHW� DQG� SUHYHQWLRQ� PHWKRGV� IRU� IXWXUH� PHDVXUHPHQWV�� 7KLV� VHFWLRQ� GHVFULEHV� 
WKHVH�LQYHVWLJDWLRQV��DV� ZHOO�DV�WKH� FRQFOXVLRQV�GUDZQ� DERXW�WKH�VXLWDELOLW\� RI�WKH�GDWDVHW�IRU�XVH� 
LQ�HPLVVLRQ�UDWH�FDOFXODWLRQV��DQG�RSWLRQV�IRU�SUHYHQWLQJ�VXFK�SUREOHPV�LQ�WKH�IXWXUH�� 

$OO� DVSHFWV� RI� WKH� SUH��� LQWUD��� DQG� SRVW�VDPSOLQJ� ILOWHU� KDQGOLQJ� ZHUH� H[DPLQHG� LQ� GHWDLO� IRU� 
SRWHQWLDO� SUREOHPV�� )LOWHU� LGHQWLILFDWLRQ� QXPEHUV� ZHUH� UHFRUGHG� WKURXJKRXW� WKH� SUHSDUDWLRQ�� 
VDPSOH�� DQG� DQDO\VLV� SKDVHV�� ZKLFK� DOORZHG� HDFK� ILOWHU� WR� EH� WUDFNHG� WKURXJKRXW� WKH� HQWLUH� 
SURFHVV��,W�ZDV�WKRXJKW�WKDW�WKH�FDXVH�FRXOG�EH�LPSURSHU�DQG�RU�LQDFFXUDWH�ZHLJKLQJ�PHWKRGV�DQG� 
LQVWUXPHQWV��7KLV�SRVVLELOLW\��KRZHYHU��ZDV�UXOHG�RXW�DV�DOO�ILOWHUV�ZHUH�SUHFRQGLWLRQHG�DFFRUGLQJ� 
WR� 8�6�� (3$� VWDQGDUGV� LQ� GHVVLFDWRUV� EHIRUH� ERWK� SUH�� DQG� SRVW�ZHLJKWV� ZHUH� GHWHUPLQHG�� 
0HDVXUHPHQWV� RI� ZHLJKW� WR� WKH� �� μJ� ��[����� J�� OHYHO� ZHUH� SHUIRUPHG� E\� H[SHULHQFHG� SHUVRQQHO� 
XVLQJ� D� YLEUDWLRQ�LVRODWHG� PLFUR�EDODQFH� DW� WKH� 8:5/� WKDW� KDG� EHHQ� FDOLEUDWHG� RQ�VLWH� E\� 
PDQXIDFWXUHU� SHUVRQQHO� HDUOLHU� LQ� ������ D� FHUWLILHG� ������ PJ� FDOLEUDWLRQ� PDVV� ZDV� XVHG� WR� 
PRQLWRU�EDODQFH�DFFXUDF\�DQG�GULIW�HYHU\�WHQ�UHDGLQJV��7KH�FRUUHFW�FDOFXODWLRQ�DQG�XVH�RI�DYHUDJH� 
SUH��DQG�SRVW�ZHLJKWV�IRU�DOO�ILOWHUV�ZHUH�YHULILHG��DQG�WKH�ILOWHU�QXPEHUV�UHFRUGHG�RQ�VDPSOH�UXQ� 
VKHHWV�ZHUH�FKHFNHG�IRU�SRWHQWLDO�HUURUV��$�IHZ�HUURUV�ZHUH�IRXQG�GXULQJ�WKLV�YHULILFDWLRQ�SURFHVV� 
LQ�WKH�FDOFXODWLRQ�DQG�XVH�RI�DYHUDJH�SUH��DQG�SRVW�ZHLJKWV��EXW�WKH\�GLG�QRW�H[SODLQ�WKH�PDMRULW\� 
RI�WKH�VXVSHFW�ILOWHUV�ZLWK�WKH�SUREOHPV�VWDWHG�DERYH��7KH�HUURUV�IRXQG�KDYH�EHHQ�FRUUHFWHG�LQ�WKH� 
FRQFHQWUDWLRQV�UHSRUWHG�LQ�6HFWLRQ�������DQG�IRXQG�LQ�7DEOH����DQG�7DEOH����� 

$QRWKHU� SRWHQWLDO� FDXVH� RI� LQYHUWHG� FROORFDWHG� 30����30��� FRQFHQWUDWLRQV� ZDV� WKDW� WKH� ILOWHUV� 
ZHUH� VZLWFKHG� GXULQJ� VDPSOLQJ� GXH� WR� KXPDQ� HUURU�� FDXVLQJ� WKH� ILOWHU� GHVLJQDWHG� IRU� 30���� WR�  
DFWXDOO\� VDPSOH� 30��� DQG� YLFH� YHUVD�� 'DWD� ZHUH� H[DPLQHG� RQ� D� ORFDWLRQ�E\�ORFDWLRQ� EDVLV� E\� 
VZLWFKLQJ� WKH� VXVSHFWHG� 30���� DQG� 30��� FRQFHQWUDWLRQV� DQG� FRPSDULQJ� WKHP� ZLWK� RWKHU� 
GRZQZLQG�30�FRQFHQWUDWLRQV�RI�WKH�VDPH�VL]H�IUDFWLRQ�PHDVXUHG�GXULQJ�WKH�VDPH�VDPSOH�SHULRG�� 
7KH� UHVXOWV� VXJJHVWHG� WKDW� WKLV� OLNHO\� RFFXUUHG� RQ� D� WRWDO� RI� IRXU� RFFDVLRQV� DW� WZR� VDPSOH� 
ORFDWLRQV�DQG�DFURVV�WZR�VDPSOH�SHULRGV��6ZLWFKLQJ�WKHVH�30����DQG�30���FRQFHQWUDWLRQV�\LHOGHG� 
D� PRUH� FRQVLVWHQW� VHW� RI� FRQFHQWUDWLRQV� LQ� DOO� FDVHV�� ,Q� DGGLWLRQ�� H[DPLQDWLRQ� RI� WKH� 23&� WLPH� 
VHULHV�\LHOGHG�QR�LUUHJXODULWLHV�WKDW�ZRXOG�VXJJHVW�SUREOHPV�ZLWK�HLWKHU�RQH�RU�ERWK�VDPSOHV��7KH� 
FROORFDWHG� 30���� DQG� 30��� FRQFHQWUDWLRQV� ZHUH� WKHUHIRUH� VZLWFKHG� IRU� VXEVHTXHQW� DQDO\VLV�� 
6LPLODU� WR� WKH� YHULILFDWLRQ� RI� FRUUHFW� ILOWHU� WUDFNLQJ� DQG� WKH� DYHUDJH� ZHLJKWV� XVHG�� WKLV� 
LQYHVWLJDWLRQ� IRXQG� VRPH� LQYHUWHG� FROORFDWHG� 30����30��� FRQFHQWUDWLRQV� FRXOG� EH� H[SODLQHG� E\� 
WKH� ILOWHUV� EHLQJ� VZLWFKHG� GXULQJ� VDPSOLQJ� EXW� WKDW� D� VLJQLILFDQW� QXPEHU� RI� LQVWDQFHV� RI� WKH� 
SKHQRPHQD�ZHUH�XQH[SODLQHG�� ,W�ZDV�GHWHUPLQHG�WKDW�WKLV�ZDV�OLNHO\�QRW�WKH�FDXVH�LQ�PRVW�FDVHV� 
GXH� WR� WKH� SHUYDVLYHQHVV� RI� WKLV� SKHQRPHQRQ� GXULQJ� RQO\� D� IHZ� VDPSOH� SHULRGV� DQG� EHFDXVH� WKH� 
SHUVRQQHO�WKDW�ZHUH�RSHUDWLQJ�WKH�ILOWHU�EDVHG�PHDVXUHPHQWV�ZHUH�H[SHULHQFHG�DQG�FDSDEOH��� 

)XUWKHU� LQYHVWLJDWLRQV� ZHUH� PDGH� WKURXJK� YLVXDO� LQVSHFWLRQ� RI� WKH� ILOWHUV� WKURXJK� PLFURVFRS\�� 
6HYHUDO� UHSUHVHQWDWLYH� ILOWHUV� ZHUH� H[DPLQHG� WKURXJK� D� PLFURVFRSH� WR� VL]H� DQG� FRXQW� FROOHFWHG� 
SDUWLFOHV�� ([DPLQHG� ILOWHUV� LQFOXGHG� VRPH� IURP� HDFK� RI� WKH� IROORZLQJ� FDWHJRULHV�� FROORFDWHG� 
30���� DQG�30��� VDPSOHV� ZKHUH� WKH� 30����30��� FRQFHQWUDWLRQV� ZHUH� LQYHUWHG�� VDPSOHV� FROOHFWHG� 
LQ�XSZLQG�EDFNJURXQG�ORFDWLRQV�RQ�GD\V�ZLWK�PXOWLSOH�VXVSHFW�ILOWHUV��DQG�EODQN�ILOWHUV�WKDW�ZHUH� 
WDNHQ�WR�WKH�ILHOG�EXW�QRW�XVHG��7KH�PLFURVFRSH�XVHG�ZDV�D�%;���IURP�2O\PSXV��&HQWHU�9DOOH\�� 
3$�� ZLWK� D� VWDJH� WKDW� FRXOG� EH� FRQWUROOHG� HLWKHU� PDQXDOO\� RU� WKURXJK� FRPSXWHU� VRIWZDUH�� $Q� 
2O\PSXV� 0RGHO� '3��� FDPHUD� ZDV� PRXQWHG� RQ� WKH� PLFURVFRSH� WR� FDSWXUH� GLJLWDO� LPDJHV� RI� WKH� 
PLFURVFRSH� ILHOG� RI� YLHZ�� 7KH� 0LFUR6XLWH� )LYH� ,PDJLQJ� VRIWZDUH�� DOVR� E\� 2O\PSXV�� FRQWUROOHG� 
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WKH� FDPHUD� DQG� VWDJH� DXWRPDWLFDOO\� WR� SKRWRJUDSK� D� XVHU�VSHFLILHG� DUHD� RI� WKH� ILOWHU�� FRPELQH�
DGMDFHQW�LPDJHV��DQG�LGHQWLI\�DQG�VL]H�SDUWLFOHV�LQ�WKH�LPDJHV��7KH��[����[����[��DQG����[�OHQVHV�
ZHUH� DOO� WHVWHG�� EXW� WKH� VRIWZDUH� DQDO\VLV� RQ� LPDJHV� WDNHQ� XVLQJ� ��[� DQG� ���[� OHQVHV� XQGHU� WKH�
JLYHQ� OLJKW�� PLFURVFRSH�� DQG� VRIWZDUH� VHWWLQJV� ZHUH� QRW� XVHG� GXH� WR� LQDFFXUDWH� VL]LQJ� DQG�
FRXQWLQJ��7KH��[�OHQV�ZDV�PDLQO\� XVHG�WR�VFDQ�RYHU�WKH� ILOWHU�DUHD�IRU�ODUJH�SDUWLFOHV��!�a��� μP�
LQ� GLDPHWHU��� ZKLOH� PRVW� LPDJHV� XVHG� IRU� FRXQWLQJ� DQG� VL]LQJ� SDUWLFOHV� ZHUH� WDNHQ� ZLWK� WKH� ��[�
OHQV�EHFDXVH�VPDOOHU�SDUWLFOHV�FRXOG�EH�GHWHFWHG��7KH�PLQLPXP�SDUWLFOH�GLDPHWHUV�GHWHFWHG�E\�WKH�
�[�DQG���[��OHQVHV�XQGHU�WKH�OLJKW��PLFURVFRSH��DQG�VRIWZDUH�VHWWLQJV�ZHUH������μP�DQG������μP��
UHVSHFWLYHO\�� 3URMHFWHG� DUHD� SDUWLFOH� GLDPHWHU� �G3$�� LV� WKH� GLDPHWHU� RI� D� FLUFOH� KDYLQJ� WKH� VDPH�
DUHD� DV� WKH� �'� SURMHFWHG� DUHD� RI� WKH� �'� SDUWLFOH�DQG� LV� D� FRPPRQ� UHSUHVHQWDWLRQ� RI� SDUWLFOH� VL]H�
EDVHG� RQ� PLFURVFRSLF� VL]LQJ� >��@�� WKH� G3$� ZHUH� FDOFXODWHG� EDVHG� RQ� LQGLYLGXDO� SDUWLFOH� DUHD�
YDOXHV� SURYLGHG� E\� WKH� 0LFUR6XLWH� )LYH� ,PDJLQJ� VRIWZDUH�� 6PDOOHU� SDUWLFOHV� FRXOG� EH� YLVXDOO\�
LGHQWLILHG� LQ� WKH� LPDJHV�� EXW� WKH� VRIWZDUH� FRXOG� QRW� VXIILFLHQWO\� UHVROYH� WKHP� IURP� WKH�
EDFNJURXQG�OLJKW�LQWHQVLW\� YDULDWLRQ�LQKHUHQW�LQ�WKH�7HIORQ�ILOWHU�PHGLXP�� 7KH�HQWLUH�PLFURVFRSH�
DQG� FRPSXWHU� LPDJLQJ� V\VWHP� ZHUH� KRXVHG� LQ� D� URRP� PDLQWDLQHG� DW� &ODVV� ���� FOHDQ� URRP�
VWDQGDUGV�WR�SUHYHQW�SDUWLFOH�GHSRVLWLRQ�RQ�WKH�ILOWHUV�GXULQJ�DQDO\VLV��$OO�RI�WKH�PLFURVFRSH�ZRUN�
ZDV�SHUIRUPHG�E\�MXVW�RQH�SHUVRQ�LQ�RUGHU�WR�PDLQWDLQ�FRQVLVWHQW�SURFHGXUHV�DQG�VHWWLQJV�� 

7KH� ��� PP� GLDPHWHU� 7HIORQ� ILOWHUV� XVHG� LQ� 30� PDVV� VDPSOLQJ� KDYH� D� FROOHFWLRQ� DUHD� FRPSRVHG�
RI�DQ�H[SRVHG�PHVK�RI�7HIORQ�ILEHUV�DERXW����PP�GLDPHWHU�DQG�D���PP�ZLGH�SODVWLF�ULQJ�ZKLFK�
KROGV�WKH�7HIORQ�ILEHUV�LQ�SODFH�� WKLV�SODVWLF�ULQJ� LV� XVHG�IRU�ILOWHU�KDQGOLQJ� DQG�DOVR�IRU�VHFXULQJ�
WKH� ILOWHU� LQWR� WKH� 0LQL9RO� VDPSOLQJ� IL[WXUH�� 7KH� 7HIORQ� DUHD� LV� IUDJLOH�� 7KH� VDPSOH� FROOHFWLRQ�
DUHD�LV�DERXW������PP���7KH�VDPSOLQJ�IL[WXUH�LV�D�WZR�SDUW��SXVK�RQ�DVVHPEO\�ZKLFK�VDQGZLFKHV�
WKH�7HIORQ�ILOWHU�EHWZHHQ�WZR�SODVWLF�ILWWLQJV��)LJXUH����VKRZV�DQ�H[DPSOH�RI�DQ�LPDJH�RI�D�30���
ILOWHU� VDPSOH� FROOHFWLRQ� DUHD� WDNHQ� XVLQJ� WKH� PLFURVFRSH� DQG� WKH� ��[� OHQV�� 7KLV� LPDJH� LV�
FRPSRVHG� RI� IRXU�DGMDFHQW� SLFWXUHV� WKDW� ZHUH� DXWRPDWLFDOO\� FRPELQHG� E\� WKH� VRIWZDUH�� 1RWH� WKH�
YDU\LQJ� VKDGHV� RI� WKH� JUH\� EDFNJURXQG� IURP� WKH� 7HIORQ� ILEHUV��3DUWLFOHV� DUH� VKRZQ� DV� ERWK� GDUN�
DQG�EULJKW�ZKLWH�VSRWV��GHSHQGLQJ�RQ�FKHPLFDO�FRPSRVLWLRQ��VL]H��DQG�RULHQWDWLRQ�ZLWK�UHVSHFW�WR�
WKH� OLJKW� VRXUFH� DQG� PLFURVFRSH� OHQV�� 7KH� DYHUDJH� � G3$� �� �ı� RI� GHWHFWHG� SDUWLFOHV� LQ� WKLV� LPDJH�
ZDV� ����� �� ����� μP� �Q� � ������ DQG� WKH� PHGLDQ� PHDQ� GLDPHWHU� ZDV� ����� μP� ZLWK� ��� DQG� ���
SHUFHQWLOH� YDOXHV� RI� ����� DQG� ����� μP�� ������� RI� WKH� GHWHFWHG�SDUWLFOHV� KDG� D� G3$� OHVV� WKDQ� �����
μP��7KH�ODUJHVW�SDUWLFOH��PDUNHG�E\�WKH�EOXH�ULQJ��ZDV�PHDVXUHG�DW�D�G3$�RI�������μP�� 

'XH�WR�WKH�PDJQLILFDWLRQ�DQG�WLPH�OLPLWV�RI�WKLV�DQDO\VLV�DW�HDFK�SRVLWLRQ��D�WRWDO� RI�DERXW� ���RI�
WKH� FROOHFWLRQ� DUHD� RQ� PRVW� ILOWHUV� ZDV� VDPSOHG� DIWHU� LQWHJUDWLRQ� RYHU� WKUHH� WR� IRXU� VDPSOH�
ORFDWLRQV�� 6DPSOH� ORFDWLRQV� ZHUH� FKRVHQ� UDQGRPO\� ZLWKLQ� TXDGUDQWV�� ZLWK� HDFK� VDPSOH� IURP� D�
TXDGUDQW�WKDW�ZDV�SUHYLRXVO\�QRW�VDPSOHG��:KLOH�D�WRWDO�VDPSOH�DUHD�RI�DW�OHDVW�����LV�SUHIHUUHG��
WKH�YDULDELOLW\�RI�WKH�FXPXODWLYH�GLVWULEXWLRQ�EHWZHHQ�VDPSOH�ORFDWLRQV�RQ�WKH�VDPH�ILOWHU�ZDV�OHVV�
WKDQ� ����� 7KHUHIRUH�� PXOWLSOH� VDPSOH� DUHDV� SHU� ILOWHU� ZLWK� D� WRWDO� DUHD� RI� DERXW� ��� RI� WKH�
SRWHQWLDO�FROOHFWLRQ�DUHD�ZHUH�GHHPHG�DGHTXDWH�IRU�WKH�SXUSRVHV�RI�WKLV�DQDO\VLV��� 

� 
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Figure 43. Four adjacent microscopic images taken with the 10x lens that have been combined for 
determining the particle size distribution and count at this location on a PM 10 sample filter. The largest 
particle with dPA = 31.94  μm is shown by the blue circle.   

5HVXOWV� RI� WKH� PLFURVFRSH� SDUWLFOH� VL]LQJ� DQG� FRXQWLQJ� RQ� WZR� VHWV� RI� 30���� DQG� 30��� VDPSOHV� 
ZKHUH� WKH� FRQFHQWUDWLRQV� ZHUH� LQYHUWHG� VKRZHG� WKDW� WKH� G3$� VL]H� GLVWULEXWLRQV� RQ� WKH� VDPSOH� 
FROOHFWLRQ� DUHDV� ZHUH� VLPLODU� LQ� VKDSH�� ZLWK� WKH� 30��� ILOWHUV� KDYLQJ� D� PXFK� KLJKHU� SDUWLFOH� 
GHQVLW\� WKDQ� WKH� 30���� ILOWHU�� DV� VHHQ� LQ� )LJXUH� ���� 1RWH� WKDW� WKH� VL]H� GLVWULEXWLRQ� LV� JLYHQ� LQ� 
QXPEHU� RI� SDUWLFOHV� SHU� VTXDUH� PP� RI� ILOWHU� VXUIDFH� SHU� μP� RI� ELQ� ZLGWK�� LQFRUSRUDWLQJ� WKH� ELQ� 
ZLGWK� LQWR� WKH� GHQRPLQDWRU� UHPRYHV� WKH� ELQ� QXPEHU� FRQFHQWUDWLRQ� GHSHQGHQFH� RQ� ELQ� ZLGWK�� 
$OVR�� LW� PXVW� EH� UHPHPEHUHG� WKDW� WKH�0'/� ZDV� ����� μP� DQG� WKDW� G3$� LV� UHODWHG� WR� EXW� GLIIHUHQW� 
IURP�DHURG\QDPLF�GLDPHWHU��GDHUR���)RU�D�JLYHQ�SDUWLFOH��G3$�DQG�GDHUR�YDOXHV�VKRXOG�EH�VLPLODU�EXW� 
ZLOO� YDU\� DFFRUGLQJ� WR� VKDSH�� GHQVLW\�� DQG� RULHQWDWLRQ� DW� WKH� WLPH� RI� GHWHFWLRQ�� 7KHVH� GDWD�� 
FRXSOHG�ZLWK�YLVXDO�VFDQV�RI�WKH�HQWLUH�FROOHFWLRQ�DUHD�WR�ILQG�DQG�VL]H�ODUJH�SDUWLFOHV��VXJJHVW�WKDW� 
WKH� LQYHUWHG� 30����30��� FRQFHQWUDWLRQV� IRU� WKHVH� ILOWHUV� FDQQRW� OLNHO\� EH� H[SODLQHG� E\� ODUJH� 
SDUWLFOH� FRQWDPLQDWLRQ� RQ� WKH� 30���� FROOHFWLRQ� DUHD�� $GGLWLRQDOO\�� WKH� GDWD� VKRZ� WKDW� WKHUH� ZDV� 
QHLWKHU� D� FRPSOHWH� IDLOXUH� RI� WKH� VL]H� IUDFWLRQDWLQJ� LPSDFWRUV� QRU� ZHUH� PDQ\� RI� WKH� ILOWHUV� 
VZLWFKHG�GXULQJ�VDPSOLQJ��9HU\�VLPLODU�SDUWLFOH�FRXQW�GHQVLWLHV�LQ�HDFK�VL]H�IUDFWLRQ�EHWZHHQ�WKH� 
WZR� GRZQZLQG� VLWHV�� ���� DQG� ����� VXJJHVW� WKDW� LQ�SOXPH� QXPEHU� VL]H� GLVWULEXWLRQ� ZDV� URXJKO\� 
VSDWLDOO\�KRPRJHQRXV�GXULQJ�WKH�0D\����5XQ���VDPSOH�SHULRG��DVVXPLQJ�VSDWLDOO\�KRPRJHQHRXV� 
GHSRVLWLRQ�RQ�WKH�ILOWHU�DUHD��7KH�GLIIHUHQFHV�EHWZHHQ�WKH�XSZLQG�30����VL]H�GLVWULEXWLRQ�DQG�WKH� 
GRZQZLQG�30����VL]H�GLVWULEXWLRQV�DUH�GXH�WR�WKH�SOXPHV�WKDW�LPSDFWHG�WKH�GRZQZLQG�VDPSOHUV�� 
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$� SRWHQWLDOO\� VLJQLILFDQW� QXPEHU� RI� ODUJHU�WKDQ�H[SHFWHG� SDUWLFOHV� �G3$� !�a���� μP� IRU�30���� DQG� 
G3$� !� a��� μP� IRU� 30���� ZHUH� IRXQG� RQ� WKH� GRZQZLQG� 30��� DQG� 30���� ILOWHUV�� WKHUH� ZHUH� HYHQ� 
SDUWLFOHV� JUHDWHU� WKDQ� ���� μP� LQ� GLDPHWHU�� 3DUWLFOHV� ZLWK� G3$� JUHDWHU� WKDQ� ��� μP� ZHUH� IRXQG� RQ� 
WKH� GRZQZLQG� 30���� DQG� 30��� ILOWHUV� ZKRVH� VL]H� GLVWULEXWLRQV� DUH� SUHVHQWHG� LQ� )LJXUH� ���� 6XFK� 
ODUJH� SDUWLFOHV� DUH� QRW� XQH[SHFWHG� RQ� 763� VDPSOHV� FROOHFWHG� GRZQZLQG� RI� DJULFXOWXUDO� WLOODJH� 
RSHUDWLRQV�� EXW� WKH\� VKRXOG� QRW� EH� SUHVHQW� RQ� VDPSOHV� ZLWK� D� 30��� RU�  30���� VL]H�VHSDUDWLQJ� 
GHYLFH�XSVWUHDP�RI�WKH�ILOWHU�LQ�WKH�VDPSOH�KHDG�DVVHPEO\��,Q�DGGLWLRQ��ODUJH�SDUWLFOHV�ZHUH�IRXQG� 
RQ�WKH�DQQXODU�SODVWLF�ULQJ�RI�PDQ\�RI�WKH�H[DPLQHG�ILOWHUV�E\�ERWK�WKH�PLFURVFRSH�DQG�LQVSHFWLRQ� 
ZLWK� WKH� QDNHG� H\H�� 7KLV� ZDV� WURXEOLQJ� VLQFH� WKLV� DQQXODU� DUHD� LV� FRPSOHWHO\� FRYHUHG� E\� WKH� 
VDPSOLQJ� IL[WXUH� LWVHOI� DQG� WKHUHIRUH� FDQQRW� FROOHFW� SDUWLFOHV� GXULQJ� DFWLYH� VDPSOLQJ�� 0RVW� 
REVHUYHG� SDUWLFOHV� RQ� WKH� DQQXODU� ILOWHU� ULQJ� DUHD� ZHUH� VLWWLQJ� RQ� WKH� VXUIDFH�� VXJJHVWLQJ� HLWKHU� 
PLJUDWLRQ�IURP�WKH�FROOHFWLRQ�DUHD�RU�GHSRVLWLRQ�DIWHU�UHPRYDO�IURP�WKH�VDPSOLQJ�GHYLFH��6HYHUDO� 
SDUWLFOHV�ZHUH�HYHQ�SUHVVHG�LQWR�WKH�SODVWLF��VXJJHVWLQJ�WKDW�WKH\�ZHUH�HLWKHU�SUHVHQW�RQ�WKH�ILOWHU� 
SULRU�WR�EHLQJ�ORDGHG�IRU�VDPSOLQJ�RU�ZHUH�RQ�WKH�ERWWRP�RI�WKH�ILOWHU�KROGHU�SLHFH�ZKHQ�SUHVVHG� 
GRZQ�RQWR�WKH�SODVWLF�ULQJ�PHGLXP�DQG�UHPDLQHG�WKHUH�XSRQ�UHPRYDO�IURP�WKH�VDPSOLQJ�IL[WXUH��� 
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Figure 44. Number distributions based on projected area diameter as measured via microscopy for two 
downwind and one upwind PM2.5 filters and two downwind PM10 filters used during the Lister pass on May 
20, 2008. 

7KH�SUHVHQFH�RI�VXFK�ODUJH�SDUWLFOHV�RQ�ERWK�WKH�FROOHFWLRQ�DUHD�DQG�WKH�DQQXODU�DUHD�RI�PXOWLSOH� 
ILOWHUV�PD\�EH�H[SODLQHG�E\�VHYHUDO�SRWHQWLDO�IDFWRUV��LQFOXGLQJ�EXW�QRW�OLPLWHG�WR��� 
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��	 7KH� FROOHFWLRQ� HIILFLHQF\� FXUYH� RI� WKH� 30��� DQG� 30���� VL]H� IUDFWLRQDWLRQ� GHYLFHV� 
HPSOR\HG�E\�ERWK�)50V�DQG�0LQL9ROV�DUH�6�FXUYHV�ZLWK�UHVSHFW�WR�SDUWLFOH�DHURG\QDPLF� 
GLDPHWHU�� GHVLJQHG� WR� PLPLF� WKH� SDUWLFOH� UHPRYDO� HIILFLHQF\� RI� WKH� KXPDQ� UHVSLUDWRU\� 
V\VWHP�� 7KH� UHPRYDO� HIILFLHQF\� FXUYHV� KDYH� D� ���� FROOHFWLRQ� HIILFLHQF\� DW� WKH� GHVLJQHG� 
FXW�RII�VL]H��ZLWK�VRPH�VPDOOHU�SDUWLFOHV�EHLQJ�UHPRYHG�DQG�VRPH�ODUJHU�SDUWLFOHV�SDVVLQJ� 
WKURXJK�WKH�V\VWHP��7KH�SRWHQWLDO�H[LVWV�IRU�KLJK�QXPEHUV�RI�ODUJH�SDUWLFOHV�WR�EH�SUHVHQW� 
LQ� SOXPHV� HPLWWHG� IURP� VRXUFHV� VXFK� DV� DJULFXOWXUDO� WLOODJH� DFWLYLWLHV� DQG�� LI� WKH� SOXPH� LV� 
EHLQJ�VDPSOHG�E\�DQ�LQVWUXPHQW�D�VKRUW�GLVWDQFH�DZD\�DV�ZDV�WKH�FDVH�LQ�WKLV�VWXG\��VRPH� 
SDUWLFOHV� ODUJHU� WKDQ� WKH� FXW� VL]H� ZRXOG� EH� H[SHFWHG� WR� SDVV� WKURXJK� WKH� VL]H�VHSDUDWLQJ� 
GHYLFHV�� 7KLV� SRWHQWLDO� IDFWRU� ZRXOG� EHVW� DSSO\� WR� SDUWLFOHV� FORVH� WR� WKH� FXW� VL]H� DV� WKH� 
FROOHFWLRQ� HIILFLHQF\� FXUYH� WKHRUHWLFDOO\� DSSURDFKHV� ����� VRRQ� DIWHU� SDVVLQJ� WKH� GHVLJQ� 
FXW�RII� GLDPHWHU�� ZLWK� WKH� 0LQL9RO� 6�FXUYH� EHLQJ� OHVV� VWHHS� WKDQ� WKH� )50� DQG� 
DSSURDFKLQJ������DW�D�ODUJHU�VL]H�� 

��	 ,PSURSHU�DVVHPEO\�RI�WKH�VL]H�IUDFWLRQDWLQJ�LPSDFWRU�LV�DQRWKHU�SRWHQWLDO�H[SODQDWLRQ�IRU� 
SDVVLQJ� ODUJHU�WKDQ�H[SHFWHG� SDUWLFOHV� WKURXJK� WKH� LPSDFWRU�� :KLOH� SRVVLEOH� RQ� DQ� 
LQGLYLGXDO�EDVLV��VXFK�DQ�LPSURSHU�DVVHPEO\�SUREOHP�DFURVV�XS�WR�����RI�WKH�GRZQZLQG� 
VDPSOHUV� LV� QRW� OLNHO\� ����� RI� GRZQZLQG� 30��� DQG� 30���� VDPSOHV� KDG� VLJQLILFDQW� 
QXPEHUV� RI� YLVLEOH� SDUWLFOHV��� ,Q� DGGLWLRQ�� WZR� IXOO� VHWV� RI� VDPSOH� KHDGV� ZHUH� XVHG� 
WKURXJKRXW� WKH� VWXG\� SHULRG� WR� PLQLPL]H� WKH� WLPH� UHTXLUHG� IRU� SUHSDUDWLRQ� EHWZHHQ� 
VDPSOH� SHULRGV�� DQG� WKH� SUREOHPDWLF� 30� FRQFHQWUDWLRQV� ZHUH� SUHVHQW� LQ� ILOWHUV� ZKLFK� 
ZHUH�SODFHG�LQ�ERWK�VHWV�RI�VDPSOH�KHDGV��� 

��	 $� SKHQRPHQRQ� FRPPRQO\� UHIHUUHG� WR� DV� ³SDUWLFOH� ERXQFH´� PD\� KDYH� RFFXUUHG�� 3DUWLFOH� 
ERXQFH� UHIHUV� WR� ZKHQ� D� SDUWLFOH� FROOLGHV� ZLWK� WKH� LPSDFWRU� DVVHPEO\� EXW� WKHQ� UHWXUQV� WR� 
WKH� DLUVWUHDP� DQG� LV� FROOHFWHG� GRZQVWUHDP� DW� WKH� ILOWHU�� 7R� DLG� LQ� UHPRYDO� RI� SDUWLFOHV� 
FROOLGLQJ�ZLWK�WKH�LPSDFWRU�SODWH�� JUHDVH�PD\�EH�DSSOLHG�RQ�WKH�LPSDFWLRQ� VXUIDFH�� ,I�WRR� 
PDQ\� SDUWLFOHV� DFFXPXODWH� LQ� WKH� JUHDVH�� KRZHYHU�� WKH� LPSDFWLRQ� VXUIDFH� ORVHV� LWV� 
³VWLFNLQHVV´� DQG� ODUJHU� SDUWLFOHV� PD\� ERXQFH� RII�� OHDGLQJ� WR� KLJKHU� UHSRUWHG� 30����30��� 
FRQFHQWUDWLRQV� WKDQ� DFWXDOO\� H[LVWHG�� ,PSDFWRU� SODWH� VWLFNLQHVV� LV� LQIOXHQFHG� E\� D� 
FRPELQDWLRQ�RI�WRWDO�H[SRVXUH�WLPH�DQG�30�FRQFHQWUDWLRQV�GXULQJ�H[SRVXUH��7KH�VPDOOHU� 
HIIHFWLYH� LPSDFW� DUHD� DQG� LQFUHDVHG� SDUWLFOH� YHORFLW\� LQ� WKH� 0LQL9RO� 30���� LPSDFWRU� 
DVVHPEO\�PDNHV�LW�PRUH�VXVFHSWLEOH�WR�SDUWLFOH�ERXQFH�WKDQ�WKH�30���DVVHPEO\�XQGHU�WKH� 
VDPH� FRQGLWLRQV�� ZKLFK� FRXOG� UHVXOW� LQ� KLJKHU� UHSRUWHG� OHYHOV� RI� 30���� WKDQ� 30���� 
$LUPHWULFV�� ,QF�� VXJJHVWV� FOHDQLQJ� DQG� UHJUHDVLQJ� RI� WKH� LPSDFWRU� SODWHV� HYHU\� ILYH� WR� 
VHYHQ�VDPSOHV�WR�PDLQWDLQ�WKH�GHVLJQ�UHPRYDO�HIILFLHQF\��EXW�VWDWHV�WKDW�WKH�QHHG�WR�UHQHZ� 
WKH� SODWH� PD\� FKDQJH� EDVHG� RQ� H[SRVXUH� OHYHOV�� ,Q� WKH� FDVH� RI� WKLV� VWXG\�� VLOLFRQH�EDVHG�� 
KLJK�YDFXXP� JUHDVH� ZDV� DSSOLHG� WR� DOO� LPSDFWLRQ� VXUIDFHV� RQ�VLWH� SULRU� WR� VDPSOLQJ� LQ� 
0D\�� 3HUVRQQHO� QRWHG� WKDW� LPSDFWRU� DVVHPEOLHV� LQ� GRZQZLQG� VDPSOHUV� KDG� FROOHFWHG� 
VLJQLILFDQW� DPRXQWV� RI� SDUWLFOHV� QHDU� WKH� HQG� RI� WKH� VHYHQ� VDPSOH� SHULRGV� LQ� WKDW� PRQWK� 
�0D\� �������� ZKLFK� VXJJHVWV� WKDW� SDUWLFOH� ERXQFH� OLNHO\� RFFXUUHG� GXULQJ� VRPH� VDPSOH� 
SHULRGV��7KH�VDPSOH�KHDGV�DQG�LPSDFWRU�DVVHPEOLHV�ZHUH�FOHDQHG�DQG�JUHDVHG�GXULQJ�WKH� 
EUHDN� LQ� PHDVXUHPHQWV�� ZLWK� HYDOXDWLRQ� DQG� UH�JUHDVLQJ� LI� QHFHVVDU\� DIWHU� HDFK� 
PHDVXUHPHQW� LQ� -XQH�� ,Q� DGGLWLRQ�� WKH� HQKDQFHG� VXVFHSWLELOLW\� RI� WKH� 30���� DVVHPEO\� WR� 
SDUWLFOH� ERXQFH� FRXOG� H[SODLQ� WKH� LQYHUWHG� 30���� DQG� 30��� FRQFHQWUDWLRQV� REVHUYHG� DW� 
GRZQZLQG�ORFDWLRQV�GXULQJ�WKH�0D\����DQG�0D\����VDPSOH�SHULRGV�� 
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��	 ([SRVXUH� WR� GXVW� SOXPHV� ZKLOH� WKH� VDPSOHU� ZDV� GHSOR\HG� EXW� QRW� DFWLYHO\� SXOOLQJ� DLU� 
WKURXJK� LWV� V\VWHP� LV� DQRWKHU� SRWHQWLDO� FDXVH�� ,Q� VXFK� D� FDVH�� VHWWOLQJ� RI� SDUWLFOHV� PD\� 
DOORZ� VRPH� WR� UHDFK� WKH� ILOWHU�� 'LUW� DFFHVV� URDGV� VXUURXQG� HDFK� ILHOG� DW� WKLV� ORFDWLRQ� DQG� 
WKH� VWDQGRII� GLVWDQFH� IRU� WKH� VDPSOHUV� XVXDOO\� SXW� WKHP� RQ� WKH� GRZQZLQG� VLGH� RI� WKHVH� 
DFFHVV�URDGV��:KLOH�WUDYHO�ZDV�OLPLWHG�WR�IDUP�DFWLYLW\��LW�LV�SRVVLEOH�WKDW�D�YHKLFOH�GULYLQJ� 
RQ� WKHVH� URDGV� PD\� KDYH� SDVVHG� VKRUWO\� EHIRUH� D� SURJUDPPHG� VWDUW� WLPH� DQG� UHVXOWHG� LQ� 
ODUJH�SDUWLFOHV�EHLQJ�GHSRVLWHG�RQ�WKH�ILOWHU�� 

��	 &RQWDPLQDWLRQ� SULRU� WR� RU� DIWHU� VDPSOLQJ� LV� D� SRWHQWLDO� FDXVH� WKDW� FDQQRW� EH� UXOHG� RXW�� 
HVSHFLDOO\� LQ� D� GU\�� GXVW\� HQYLURQPHQW�� )LOWHUV� ZHUH� KHOG� LQ� LQGLYLGXDO� 3HWUL� GLVKHV� DW� DOO� 
WLPHV�H[FHSW� GXULQJ�VDPSOH� FROOHFWLRQ�� 7KH� ILOWHUV� DQG� 3HWUL� GLVKHV� ZHUH� VWRUHG� RQ�VLWH� LQ� 
GHVVLFDWRUV�� $OO� UHTXLUHG� ILOWHU� KDQGOLQJ� IRU� VDPSOLQJ� ZDV� SHUIRUPHG� RQ�VLWH� LQ� D� WUDLOHU� 
RYHU�ZKLWH�ODERUDWRU\�SDSHU�ZKLFK�ZDV�FKDQJHG�DV�QHHGHG��3HUVRQQHO�KDQGOLQJ�WKH�ILOWHUV� 
ZRUH� ODWH[� JORYHV� DQG� XVHG�WZHH]HUV� WR� PRYH� ILOWHUV�� WKH� WZHH]HUV� ZHUH� ULQVHG� ZLWK� '',� 
ZDWHU�DV�QHHGHG��$Q\�ILOWHUV�GURSSHG�SULRU�WR�VDPSOLQJ�ZHUH�QRW�XVHG��DQG�WKRVH�WKDW�ZHUH� 
GURSSHG�DIWHU�VDPSOLQJ� ZHUH�QRWHG�DQG�QRW�XVHG� LQ�IXUWKHU� FDOFXODWLRQV�� :KLOH�WKH�WUDLOHU� 
ZDV� NHSW� DV� FOHDQ� DV� SRVVLEOH�� WKH� HQYLURQPHQW� RXWVLGH� RI� WKH� WUDLOHU� ZDV� GXVW\�� ,Q� IDFW�� 
EORZLQJ� GXVW� ZDV� D� SUREOHP� GXULQJ� D� FRXSOH� VDPSOH� SHULRGV�� HVSHFLDOO\� 0D\� ��� 5�� DQG� 
5���� 

:KLOH� DQ\� RQH� RI� WKHVH� SRWHQWLDO� FDXVHV� FDQ� VLJQLILFDQWO\� LPSDFW� WKH� PDVV� FROOHFWHG� RQ� D� ILOWHU�� 
WKHUH� LV� HYLGHQFH� IURP� H[DPLQDWLRQ� RI� WKH� ILOWHUV� XQGHU� WKH� PLFURVFRSH� WKDW� D� FRPELQDWLRQ� RI� 
VHYHUDO�RI�WKHVH�SKHQRPHQD�SRWHQWLDOO\�RFFXUUHG��,W�ZDV�VXVSHFWHG�WKDW�FRQWDPLQDWLRQ�SULRU�WR�RU� 
DIWHU� VDPSOLQJ� DFFRXQWHG� IRU� WKH� ODUJHVW� SRUWLRQ� RI� WKH� SUREOHPV� LQ� WKH� 0LQL9RO� PDVV� 
FRQFHQWUDWLRQ� GDWD�� ZLWK� DGGLWLRQDO� FRQWULEXWLRQV� DW� ORFDWLRQV� KHDYLO\� LPSDFWHG� E\� DJULFXOWXUDO� 
DFWLYLW\�� RU� WUDIILF� RQ� QHDUE\� GLUW� URDGV� IURP� SDUWLFOH� ERXQFH�� DQG� WKH� SDVVDJH� RI� ODUJH� SDUWLFOHV� 
GXH�WR�WKH�6�VKDSHG�FROOHFWLRQ�HIILFLHQF\�FXUYH�RI�WKH�LPSDFWRU�DVVHPEO\�� 

:KLOH�WKH�PLFURVFRSLF�DQDO\VLV�RI�WKH�ILOWHUV�SURYLGHG�LQVLJKW�LQWR�WKH�QXPEHU�VL]H�RI�SDUWLFOHV�RQ� 
WKH� ILOWHUV� DQG� FDXVHV� RI� SRVVLEOH� FRQWDPLQDWLRQ�� LW� GLG� QRW� SURYLGH� D� IHDVLEOH� VROXWLRQ� WR� FRUUHFW� 
WKLV�SUREOHP�LQ�WKH�FXUUHQW�GDWD�VHW��0LFURVFRSLFDOO\�H[DPLQLQJ�DQG�DQDO\]LQJ�ERWK�WKH�FROOHFWLRQ� 
DUHD� DQG� WKH� ULQJ� RI� HDFK� RI� WKH� ���� ILOWHUV� XVHG� ZDV� SURKLELWLYHO\� WLPH� LQWHQVLYH�� $� VXUURJDWH� 
PHWKRG�IRU�GHWHUPLQLQJ�WKH�FRPSURPLVHG�FRQWDPLQDWLRQ�OHYHO�RI�HDFK�ILOWHU�ZDV�GHYLVHG�LQ�RUGHU� 
WR� IHDVLEO\� UHPRYH� WKRVH� VDPSOHV� WKDW� ZHUH� FRPSURPLVHG�� 7KH� ULQJ� RQ� HDFK� ILOWHU� ZDV� YLVXDOO\� 
LQVSHFWHG� E\� MXVW� RQH� SHUVRQ� ZLWK� D� 'RXEOHW� ��[� VLQJOH� OHQV� PDJQLILHU� E\� 6HOVL� &RPSDQ\�� ,QF�� 
�0LGODQG�3DUN��1-��DJDLQVW�D�ZKLWH�EDFNJURXQG�DQG�WKH�UHODWLYH�DPRXQW�RI�SDUWLFOHV�IRXQG�RQ�WKH� 
ULQJ� ZDV� FODVVLILHG� LQWR� RQH� RI� WKH� IROORZLQJ� ULQJ� SDUWLFOH� GHQVLW\� FDWHJRULHV�� ��� 1RQH�� ��� 9HU\� 
OLJKW�����/LJKW�����0HGLXP�����+HDY\�����9HU\�KHDY\��DQG����([WUHPHO\�KHDY\��7KH�IROORZLQJ�WZR� 
FDWHJRULHV� ZHUH� DOVR� XVHG� IRU� WKH� VSHFLILHG� UHDVRQV�� ��� 1RW� DYDLODEOH� ±� ILOWHUV� ZHUH� QRW� DYDLODEOH� 
IRU� YLVXDO� LQVSHFWLRQV� EHFDXVH� WKH� ,&� LRQ� DQDO\VLV� KDG� DOUHDG\� EHHQ� SHUIRUPHG�� DQG� ��� )LOWHUV� 
ZLWK� QRWHV� ±� ILOWHUV� WKDW� KDG� QRWHG� SUREOHPV� HLWKHU�GXULQJ� RU� DIWHU� VDPSOLQJ� WKDW� FRXOG� DIIHFW� WKH� 
PDVV�FROOHFWHG��VXFK�DV�EHLQJ�GURSSHG�DIWHU�VDPSOLQJ�RU�D�PDOIXQFWLRQ�RI�WKH�IORZ�V\VWHP��:KLOH� 
WKLV� PHWKRG� LV� VXEMHFWLYH� LW� KDV� WKH� YLUWXH� RI� PLQLPL]LQJ� WKH� LPSDFW� RI� JURVVO\� FRQWDPLQDWHG� 
ILOWHUV�RQ�WKH�ILQDO�30�HPLVVLRQ�YDOXHV���� 

$�VLJQLILFDQW�QXPEHU�RI�SDUWLFOHV�ZHUH�IRXQG�RQ�WKH�ULQJV�RI�XSZLQG�EDFNJURXQG�DQG�GRZQZLQG� 
VDPSOHV� IRU� DOO� WKUHH� 30� PDVV� IUDFWLRQV� PHDVXUHG�� ,Q� IDFW�� QRQH� RI� WKH� LQVSHFWHG� ILOWHUV� KDG� D� 
FRPSOHWHO\� FOHDQ� ULQJ� WKDW� ZRXOG� FRUUHVSRQG� WR� WKH� ³1RQH´� FDWHJRU\�� 7DEOH� ��� SUHVHQWV� WKH� 
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UHVXOWV� RI� WKH� YLVXDO� FDWHJRUL]DWLRQ� DFFRUGLQJ� WR� WKH� PHDVXUHG� 30� IUDFWLRQ�� )LOWHUV� ZLWK� QRWHG� 
SUREOHPV� �L�H��� VWDEOH� SRVW�ZHLJKWV� FRXOG� QRW� EH� REWDLQHG�� ILOWHU� ZDV� GURSSHG� GXULQJ� SRVW�VDPSOH� 
KDQGOLQJ�� ODUJH� SDUWLFOHV�RUJDQLF� PDWWHU� ZHUH� SUHVHQW� RQ� WKH� ILOWHU� LPPHGLDWHO\� DIWHU� VDPSOLQJ�� 
QXPEHUHG� ���� ����� RI� WKH� ���� VDPSOHV� FROOHFWHG� GXULQJ� WKH� VWXG\�� 0RVW� VDPSOHV� �������� ZHUH� 
FODVVLILHG� DV� YHU\� OLJKW� RU� OLJKW�� KDYLQJ� MXVW� D� IHZ� VPDOO� GHWHFWDEOH� SDUWLFOHV�� $V� 763� VDPSOLQJ� 
GRHV�QRW�XVH�DQ�LPSDFWRU�DVVHPEO\��D�763�ILOWHU�ZRXOG�EH�H[SHFWHG�WR�KDYH�ODUJHU�DQG�PXFK�PRUH� 
QXPHURXV� SDUWLFOHV� WKDW� PD\� PRUH� HDVLO\� PRYH� WR� WKH� ULQJ� RI� WKH� ILOWHU�� 7KHUHIRUH�� PRUH� 763� 
ILOWHUV�ZRXOG�EH�H[SHFWHG�WR�KDYH�D�VLJQLILFDQW�QXPEHU�RI�SDUWLFOHV�RQ�WKH�ULQJ�WKDQ�WKH�FROORFDWHG� 
30��� DQG�30���� ILOWHUV� FROOHFWHG� DW� ORFDWLRQV� H[SRVHG� WR� KHDY\� 30� SOXPHV�� 7KLV� H[SHFWHG� UHVXOW� 
ZDV�VXSSRUWHG�LQ�WKH�ULQJ�SDUWLFOH�GHQVLW\�FDWHJRUL]DWLRQ�RI�WKH�ILOWHUV��WKH�RQO\�ILOWHU�FODVVLILHG�DV� 
H[WUHPHO\�KHDY\�ZDV�D�763�ILOWHU��763�ILOWHUV�GRPLQDWHG�WKH�YHU\�KHDY\�FDWHJRU\��PRVW�RI�ZKLFK� 
KDG�YLVLEOH�SDUWLFOHV�LQ�WKH�3HWUL�GLVK�LQ�DGGLWLRQ�WR�WKH�ILOWHU�ULQJ��� 
Table 39. Size fractionated results of the visual inspection of annular filter rings. 

Size 
Ring Particle Density Category 

Sum None Very Light Medium Heavy Very Extremely Not Filter 
Light Heavy Heavy available w/ notes 

763� �� �� ��� ��� �� �� �� �� �� ��� 
30��� �� ��� ��� �� �� �� �� �� �� ���� 
30���� �� ��� ��� ��� �� �� �� �� �� ���� 
Total �� ��� ���� ��� ��� �� �� ��� ��� ���� 
% of 
Total �� ����� ����� ����� ���� ���� ���� ���� ���� � 

$� WURXEOLQJ� ILQGLQJ� ZDV� WKDW� D� VLJQLILFDQW� SHUFHQWDJH� ������ RI� 30���� ILOWHUV� ZDV� FDWHJRUL]HG� DV� 
PHGLXP�RU�JUHDWHU��0RVW�RI�WKHVH�RFFXUUHG�RQ�GRZQZLQG�VDPSOHV�FROOHFWHG�0D\��������ZKLOH�WKH� 
FROORFDWHG� 30��� VDPSOHV� DUH� JHQHUDOO\� LQ� WKH� YHU\� OLJKW� DQG� OLJKW� FDWHJRULHV�� 7KLV� ILQGLQJ� 
VXJJHVWV� WKDW� FRQWDPLQDWLRQ� GXULQJ� QRQ�VDPSOH� WLPHV� LV� OLNHO\� QRW� D� VLJQLILFDQW� FDXVH� RI� WKH� 
SUREOHPV� LQ� WKH� GDWD� IRU� WKHVH� GD\V� EHFDXVH� DOO� WKH� ILOWHUV� XVHG� RQ� D� JLYHQ� GD\� ZHUH� WUHDWHG� WKH� 
VDPH�GXULQJ�ILOWHU�KDQGOLQJ� DQG�VWRUDJH�DQG�LW�ZRXOG� EH�H[SHFWHG�WKDW�ILOWHUV�RI�DOO�VL]H�IUDFWLRQV� 
ZRXOG�EH�LPSDFWHG�HTXDOO\��7KLV�GLVSDULW\�LQ�WKH�QXPEHU�RI�30����DQG�30���ILOWHUV�LQ�WKH�PHGLXP� 
RU� JUHDWHU� ULQJ� SDUWLFOH� GHQVLW\� FDWHJRULHV� VXJJHVWV� WKDW� WKH� GRPLQDQW� FDXVH� RI� ODUJHU�WKDQ� 
H[SHFWHG�SDUWLFOHV�DQG�30����FRQFHQWUDWLRQV�KLJKHU�WKDQ�30���RFFXUV�DW�WKH�LPSDFWRU�DVVHPEO\�LQ� 
WKH� VDPSOH� KHDG�� ZKLFK� ZDV� WKH� RQO\� GLIIHUHQFH� EHWZHHQ� WKH� 30���� DQG� 30��� 0LQL9RO� VDPSOHUV� 
XVHG�� � $V� WKH� 30���� LPSDFWRU� DVVHPEO\� UHPRYHV� PRUH� SDUWLFOHV� IURP� WKH� DLUVWUHDP� WKDQ� D� 
FROORFDWHG�30���LPSDFWRU��LW�LV�OLNHO\�WKDW�SDUWLFOH�ERXQFH�ZRXOG�RFFXU�VRRQHU�DQG�DW�D�KLJKHU�UDWH� 
LQ�WKH�30����LPSDFWRU�WKDQ�LQ�WKH�30���LPSDFWRU�XQGHU�WKH�VDPH�SOXPH�FRQGLWLRQV�� 

7DEOH� ��� SUHVHQWV� WKH� ULQJ� SDUWLFOH� GHQVLW\� FDWHJRU\� UHVXOWV� E\� VDPSOH� SHULRG�� ZLWK� D� JUDSKLFDO� 
SUHVHQWDWLRQ� LQ� )LJXUH� ���� ,Q� JHQHUDO�� WKH� OLJKW� FDWHJRU\� KDV� WKH� JUHDWHVW� QXPEHU� RI� ILOWHUV�� 
IROORZHG� E\� WKH� YHU\� OLJKW� FDWHJRU\�� 7KH� JUHDWHVW� IUHTXHQF\� RI� ILOWHUV� FODVVLILHG� DV� PHGLXP� DQG� 
JUHDWHU� RFFXUV� LQ� VDPSOHV� FROOHFWHG�0D\� ������� ZKLFK� FRUUHVSRQGV� WR� WKH� JUHDWHVW� RFFXUUHQFH� RI� 
30���� VDPSOHV� FODVVLILHG� DV� PHGLXP� RU� JUHDWHU�� 2QH� FRQFOXVLRQ� GUDZQ� IURP� WKLV� LV� WKDW� WKH� 
GRZQZLQG� ILOWHU�EDVHG� 30� VDPSOHUV� ZHUH� OLNHO\� RYHUORDGHG� GXULQJ� WKRVH� VDPSOH� SHULRGV�� 
VXJJHVWLQJ� WKDW� WKH� UHSRUWHG� GRZQZLQG� FRQFHQWUDWLRQV� VKRXOG� QRW� EH� XVHG� IRU� HPLVVLRQ� UDWH� 
FDOFXODWLRQV�� 7KLV� UHPRYHV� ���� VDPSOHV�� OHDYLQJ� ���� VDPSOHV� IRU� HPLVVLRQ� UDWH� FDOFXODWLRQV� DQG� 
VL[� RWKHUV� ZLWK� QRWHG� SUREOHPV�� 7DEOH� ��� VKRZV� WKH� RSHUDWLRQ�V�� H[DPLQHG� LQ� HDFK� VDPSOH� 
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SHULRG�� ZKHWKHU� RU� QRW� WKH� ILOWHU�EDVHG� 30� GDWDVHW� IRU� HDFK� SHULRG� ZDV� VXLWDEOH� IRU� FDOFXODWLQJ� 
HPLVVLRQ�UDWHV��DQG��LI�LW�ZDV�QRW�XVHG��WKH�UHDVRQV�IRU�H[FOXGLQJ�WKH�HQWLUH�GDWDVHW��� 
Table 40. Results of the visual inspection of filter rings by sample date. 

Sample 
Period 

Ring Particle Density Category 
Sum Very 

Light Light Medium Heavy Very 
Heavy 

Extremely 
Heavy 

Not 
available 

Filter w/ 
notes 

0D\����5�� �� ��� �� �� �� �� �� �� ��� 
0D\����5�� �� ��� �� �� �� �� �� �� ��� 
0D\���� �� �� �� �� �� �� �� �� ��� 
0D\����5�� �� �� �� �� �� �� �� �� ��� 
0D\����5�� �� �� �� �� �� �� �� �� ��� 
0D\����5�� �� �� �� �� �� �� �� �� ��� 
0D\����5�� �� ��� �� �� �� �� �� �� ��� 
-XQH���5�� �� ��� �� �� �� �� �� �� ��� 
-XQH���5�� 
-XQH��� 
-XQH���� 
-XQH���� 
-XQH���� 
Sum 
% of 
Total 
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)RU� WKH� UHPDLQLQJ� VDPSOHV�� WKH� ULQJ� SDUWLFOH� GHQVLW\� FODVVLILFDWLRQV� ZHUH� XVHG� WR� VHSDUDWH� RXW� 
SUREOHPDWLF� 30� FRQFHQWUDWLRQV�� ,Q� WKH� 30���� DQG� 30��� VL]H� IUDFWLRQV�� DOO� ILOWHUV� WKDW� ZHUH� 
FODVVLILHG�DV�PHGLXP�RU�JUHDWHU�DQG�WKRVH�ZLWK�QRWHG�SUREOHPV�ZHUH�UHPRYHG��WRWDOLQJ����������� 
DQG� �� ������� 30���� DQG� 30��� VDPSOHV�� UHVSHFWLYHO\�� IRU� UHPDLQLQJ� VDPSOH� SHULRGV�� ,Q� DGGLWLRQ�� 
WZR� 30����� RQH� 30���� DQG� WZR� 763� VDPSOHV� ZHUH� UHPRYHG� IURP� FRQVLGHUDWLRQ� GXH� WR� 
H[FHSWLRQDOO\� KLJK� RU� ORZ� FRQFHQWUDWLRQV�� RIWHQ� ZLWK� VLJQLILFDQWO\� JUHDWHU� 30���� RU�  30��� 
FRQFHQWUDWLRQV�WKDQ�30���RU�763��UHVSHFWLYHO\��7ZR�RI�WKH�ILYH�ZHUH�FROORFDWHG�ZLWK�DQ�23&�DQG� 
WKH�23&�WLPH�VHULHV��EDVHG�RQ����VHFRQG�VDPSOH�WLPHV��LQ�HDFK�FDVH�ZDV�H[DPLQHG�DQG�SURYLGHG� 
QR� HYLGHQFH� RI� FRQWDPLQDWLRQ�FRQFHQWUDWLRQV� VLJQLILFDQWO\� DERYH� EDFNJURXQG� GXULQJ� VDPSOLQJ�� 
)RXU� RI� WKH� ILYH� UHPRYHG� IRU� WKLV� UHDVRQ� ZHUH� FROOHFWHG� DW� EDFNJURXQG� ORFDWLRQV�� DQG� WKH� ILIWK� 
ZDV� DW� WKH� $47� ORFDWLRQ� ZKLOH� WKH� WLOODJH� RSHUDWLRQ� ZDV� RFFXUULQJ� LQ� )LHOG� ��� VHYHUDO� KXQGUHG� 
PHWHUV� WR� WKH� QRUWK�� 7KH� RWKHU� WKUHH� VDPSOHV� UHPRYHG� ZHUH� EDFNJURXQG� 763�� 30���� DQG� 30���� 
VDPSOHV� IRU� 0D\� ��� 5XQ� ��� ZKLFK� ZHUH� QRW� FROORFDWHG� ZLWK� DQ� 23&� DW� WKH� WLPH�� 8QIRUWXQDWHO\�� 
WKLV�GLG�QRW�OHDYH�D�EDFNJURXQG�30���RU�30����FRQFHQWUDWLRQ�WR�XVH�LQ�FDOFXODWLQJ�WKH�RSHUDWLRQ¶V� 
FRQWULEXWLRQ� WR� GRZQZLQG� FRQFHQWUDWLRQV� IRU� WKLV� UXQ� DV� WKH� 30��� DQG� 30���� ILOWHUV� DW� WKH� RWKHU� 
EDFNJURXQG�ORFDWLRQ�KDG�ULQJ�SDUWLFOH�GHQVLW\�FDWHJRUL]DWLRQV�RI�PHGLXP�DQG�ZHUH�DOVR�UHPRYHG�� 
7KHUHIRUH��D�763�HPLVVLRQ�UDWH�ZLOO�EH�FDOFXODWHG�XVLQJ�LQYHUVH�PRGHOLQJ�IRU�0D\����5XQ����EXW� 
QRW�30���DQG�30����HPLVVLRQ�UDWHV�� 
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Figure 45. Line graphs showing the number of filters in each ring particle density category for each sample 
period. 

7UDIILF�RQ�DFFHVV�URDGV�DGMDFHQW�WR�XSZLQG�EDFNJURXQG�ORFDWLRQV�ZDV�UHFRUGHG�E\�ILHOG�SHUVRQQHO� 
GXULQJ�PRVW�VDPSOH�SHULRGV��7KHUHIRUH��SRVVLEOH�FRQWDPLQDWLRQ�GXH�WR�VRXUFHV�QHDUE\�WKH�XSZLQG� 
VDPSOH�ORFDWLRQV�ZDV�FORVHO\�LQYHVWLJDWHG�GXULQJ�HDFK�VDPSOH�SHULRG��7KLV�ZDV�DFFRPSOLVKHG�E\� 
H[DPLQDWLRQ� RI� WKH� DYDLODEOH� 23&� WLPH� VHULHV� IRU� VLJQLILFDQW� VSLNHV� LQ� SDUWLFOH� FRXQWV� WKDW� 
LQGLFDWH�VXFK�DQ�HYHQW��7KH�23&�WLPH�VHULHV�IRU�XSZLQG�ORFDWLRQ������RQ�-XQH���5XQ����5���DQG� 
-XQH� �� 5XQ� �� �5��� VKRZHG� WKDW� QHDUE\� URDG� WUDIILF� VLJQLILFDQWO\� LPSDFWHG� WKH� 30� VDPSOHUV�� 
EHWZHHQ� ���� DQG� ���� RI� WKH� 763� YROXPH� FRQFHQWUDWLRQV� ZHUH� DWWULEXWHG� WR� VXFK� HYHQWV�� ,Q� 
DGGLWLRQ�� WKH�ULQJ�SDUWLFOH�GHQVLW\� FDWHJRULHV�RI�WKH�VL[�ILOWHUV�FROOHFWHG�DW�WKLV�ORFDWLRQ�RQ�-XQH��� 
ZHUH�� 30����  � KHDY\� DQG� PHGLXP�� 30���  � KHDY\� DQG� PHGLXP�� DQG� 763� � PHGLXP� DQG� OLJKW�� 
%DVHG� RQ� WKHVH� FDWHJRUL]DWLRQV�� WKH� 30���� DQG� 30��� YDOXHV� KDG� SUHYLRXVO\� EHHQ� UHPRYHG� IRU� 
EHLQJ�PHGLXP� RU� JUHDWHU�� ,Q� OLJKW� RI� WKLV�� WKH� WZR� 763� FRQFHQWUDWLRQV� DW� ORFDWLRQ� ����� ZHUH� DOVR� 
UHPRYHG� IURP� HPLVVLRQ� UDWH� FDOFXODWLRQV�� 6DPSOHV� FROOHFWHG� DW� WKH� RWKHU� EDFNJURXQG� ORFDWLRQ�� 
7���ZHUH�QRW�FRPSURPLVHG�E\�URDG�WUDIILF�� 
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Table 41. Sample period filter datasets used in calculating emissions, with reasons for why some  datasets were 
not used in further calculations.  

Sample 
Period 

Operation(s) Used If not, reason excluded 

����&RQVHUYDWLRQ�7LOODJH� 

0D\���� 
5�� 

6WULS�7LOO� <HV� ���� 

-XQH��� 3ODQW�DQG�)HUWLOL]H� <HV� ���� 
-XQH���� +HUELFLGH�DSSOLFDWLRQ� <HV� ���� 

����&RQYHQWLRQDO�7LOODJH� 

0D\���� 
5�� 

%UHDN�GRZQ�LQ�ILHOG�ERUGHUV� 763�±�<HV� 
30����30������1R� 

3UREOHPV�ZLWK�PRVW� 
EDFNJURXQG�VDPSOHV� 

0D\���� &KLVHO� 1R� 'RZQZLQG�VDPSOHUV� 
RYHUORDGHG�E\�SOXPHV� 

0D\���� 
5�� 

'LVF��� 1R� 'RZQZLQG�VDPSOHUV� 
RYHUORDGHG�E\�SOXPHV� 

0D\���� 
5�� 

'LVF��� 1R� 'RZQZLQG�VDPSOHUV� 
RYHUORDGHG�E\�SOXPHV� 

0D\���� 
5�� 

/LVWHU� 1R� 'RZQZLQG�VDPSOHUV� 
RYHUORDGHG�E\�SOXPHV� 

0D\���� 
5�� 

%XLOG�GLWFK�DQG�ILHOG�HGJH� 
ERUGHUV� 

1R� :LQGEORZQ�GXVW� 
FRQWDPLQDWLRQ� 

-XQH���5�� %UHDN�GRZQ�GLWFK�DQG�ILHOG� 
HGJH�ERUGHUV��&XOWLYDWRU� 
SDVVHV���DQG����DQG�5ROOHU� 

<HV� ���� 

-XQH���5�� 3ODQW� 763��30����±�<HV� 
30���±�1R� 

3UREOHPV�ZLWK�ERWK�30��� 
EDFNJURXQG�VDPSOHV� 

-XQH���� )HUWLOL]H� <HV� ���� 
-XQH���� &XOWLYDWRU�SDVV��� <HV� ���� 

5HVXOWV� RI� WKHVH� LQYHVWLJDWLRQV� LQWR� WKH� LQYHUWHG� 30����30��� FRQFHQWUDWLRQV� DQG� YLVLEOH� SDUWLFOHV� 
OHG�WR�WKH�UHPRYDO�RI�PDQ\�FROOHFWHG�ILOWHU�VDPSOHV�IURP�HPLVVLRQ�UDWH�FDOFXODWLRQV�XVLQJ�LQYHUVH� 
PRGHOLQJ�� LQFOXGLQJ� DOO� GRZQZLQG� VDPSOHV� FROOHFWHG� GXULQJ� ILYH� FRQVHFXWLYH� VDPSOLQJ� SHULRGV�� 
$� JUDSKLFDO� UHSUHVHQWDWLRQ� RI� WKH� ILOWHUV� XVHG� DQG� UHDVRQV� IRU� QRW� XVLQJ� RWKHUV� LV� SUHVHQWHG� LQ� 
)LJXUH�����1RWH�WKDW�WKH�IRXU�VDPSOHV�IRU�ZKLFK�LW�ZDV�GHWHUPLQHG�WKDW�WKH�30����DQG�30���ILOWHUV� 
KDG� EHHQ� VZLWFKHG� ZHUH� FRUUHFWHG� �L�H��� WKH� FRQFHQWUDWLRQ� YDOXHV� ZHUH� UHDVVLJQHG�� DQG� XVHG� LQ� 
HPLVVLRQ� UDWH� FDOFXODWLRQV�� 7KH� ILQDO� 30� FRQFHQWUDWLRQV� XVHG� LQ� HPLVVLRQ� UDWH� FDOFXODWLRQV� DUH� 
WDEXODWHG�LQ�7DEOH����DQG�7DEOH�����0RVW�RI�WKH�VDPSOHV�UHPRYHG�GXULQJ�WKLV�LQYHVWLJDWLRQ�ZHUH� 
QRW�XVHG�LQ�0&)�FDOFXODWLRQV��DV�H[SODLQHG�LQ�6HFWLRQ��������� 

7KHUH� DUH� VHYHUDO� SUDFWLFHV� DQG� SURFHGXUHV� ZKLFK� PD\� SUHYHQW� VXFK� SUREOHPV� LQ� IXWXUH� ILOWHU� 
EDVHG�VDPSOHU�GHSOR\PHQWV�LQ�VXFK�FRQGLWLRQV�� )LOWHU�KDQGOLQJ�VWHSV�LQFOXGH��EXW�DUH�QRW�OLPLWHG� 
WR��WKH�IROORZLQJ��XVH�(3$�UHFRPPHQGHG�ILOWHU�VWRUDJH��KDQGOLQJ��DQG�PDVV�GHWHUPLQDWLRQ�� 
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Figure 46. Categorization of  filter samples to determine suitability for use in emission rate calculations in 
inverse modeling.  

PHWKRGRORJLHV��XVH�D�FDOLEUDWHG�PDVV� EDODQFH��ZLWK�FRQWLQXLQJ� FDOLEUDWLRQ�YHULILFDWLRQ��FDUHIXOO\� 
WUDFN�HDFK�ILOWHU�WKURXJKRXW�WKH�SUH�ZHLJKLQJ��VDPSOLQJ��DQG�SRVW�ZHLJKLQJ�VWHSV��DQG�HQVXUH�WKDW� 
WKH� ILOWHU� VWRUDJH� DQG� KDQGOLQJ� DUHDV�� ERWK� LQ� WKH� ODE� DQG� WKH� ILHOG�� DUH� FOHDQ� DQG� ZLOO� PLQLPDOO\� 
FRQWULEXWH� WR� WKH� SDUWLFOHV� SUHVHQW� RQ� WKH� ILOWHU�� 'XULQJ� WKH� VDPSOH� SUHSDUDWLRQ� DQG� VDPSOLQJ� 
SHULRGV�� WKH� IROORZLQJ� SUDFWLFHV� ZLOO� KHOS� WR� SUHYHQW� SUREOHPV� ZLWK� ILOWHU� VDPSOHV�� LQVSHFW� HDFK� 
VDPSOH�DVVHPEO\�EHIRUH�DQG�DIWHU�XVH�IRU�SRWHQWLDO�SUREOHPV��VSHFLILFDOO\�FKHFNLQJ�WKH�FRQGLWLRQ� 
RI� WKH� OD\HU� RI� KLJK�YDFXXP� JUHDVH� RQ� WKH� LPSDFWRU� SODWH�� SODFH� VDPSOH� ORFDWLRQV� DW� D� VXIILFLHQW� 
GLVWDQFH� GRZQZLQG� IURP� WKH� VRXUFH�V�� VXFK� WKDW� KHDY\� SOXPHV� ZLOO� QRW� RYHUORDG� WKH� VDPSOHU�� LI� 
SRVVLEOH��UHVWULFW�DFFHVV�WR�XSZLQG�DUHDV�WR�SUHYHQW�FRQWDPLQDWLRQ�RI�XSZLQG�VDPSOHUV��EXW�LI�LW�LV� 
QRW� SRVVLEOH� SODFH� XSZLQG� VDPSOHUV� LQ� SRVLWLRQV� WKDW� ZLOO� QRW� EH� LPSDFWHG� E\� QHDUE\� DFWLYLWLHV�� 
$GGLWLRQDOO\�� UHFRUG� LQ� GHWDLO� DOO� DFWLYLWLHV� XQGHU� VWXG\� �H�J��� WUDFWRU� RSHUDWLRQ� WLPH�� WUDFWRU� 
SRVLWLRQ� YLD� *36�� DQG� DQ\� DFWLYLWLHV� LQ� XSZLQG� DUHDV� WKDW� PD\� SRWHQWLDOO\� DIIHFW� XSZLQG� DQG�RU� 
GRZQZLQG� VDPSOHUV�� 3URSHU� WUDLQLQJ� RI� SHUVRQQHO� LV� DOVR� FULWLFDO�� ERWK� LQ� SUHYHQWLRQ� DQG� 
LGHQWLILFDWLRQ�RI�SRWHQWLDO�SUREOHPV��3ODFLQJ�D�PRUH�WLPH�UHVROYHG�30�VDPSOHU��VXFK�DV�WKH�23&V� 
HPSOR\HG� KHUHLQ�� ZLWK� ILOWHU�EDVHG� VDPSOHUV� SURYLGHV� WKH� RSSRUWXQLW\� WR� H[DPLQH� FKDQJHV� LQ� 
DHURVRO� ORDGLQJV� WR� LGHQWLI\� LPSDFWV� IURP� VRXUFH� DFWLYLWLHV�� DV� ZHOO� DV� SRWHQWLDO� FRQWDPLQDWLRQ� 
GXULQJ� VDPSOLQJ�� ,W� VKRXOG� EH� QRWHG� WKDW� PRVW� RI� WKHVH�SURFHGXUHV� ZHUH� DOUHDG\� LQ� XVH� ZKHQ� WKH� 
SUREOHPV� LQ� WKLV� FDPSDLJQ� RFFXUUHG�� IXWXUH� PLWLJDWLRQ� RI� VXFK� SUREOHPV� UHTXLUHV� PRUH� FDUHIXO� 
HYDOXDWLRQ�DQG�DSSOLFDWLRQ��� 

$V�GLVFXVVHG�LQ�WKH�FRQFOXVLRQV��WKH�IDFW�WKDW�ZH�KDG�WR�GHGLFDWH�VR�PDQ\�UHVRXUFHV�WR�H[WUDFWLQJ� 
DQ\� XVHDEOH� GDWD� IURP� RXU� 0LQL9RO� VDPSOHUV� WHOOV� XV� WKDW� VRPH� ILHOG� VLWXDWLRQV� DUH� LQ� IDFW� ³WRR� 
GXVW\´� IRU� WKH� VDPSOLQJ� WHFKQLTXHV� DV� ZH� DSSOLHG� WKHP�� � )XUWKHUPRUH�� HYHQ� ZKHQ� ZH� WULHG� WR� 
FRXQWHU� VRPH� RI� WKHVH� HIIHFWV� �E\� XVLQJ� D� 30��� LPSDFWRU� DV� D� SUH�ILOWHU� IRU� WKH� 30���� LPSDFWRU�� 
ZH�FRQWLQXHG�WR�UXQ�LQWR�GLIILFXOW\���%\�HPSOR\LQJ�DV�PDQ\�RI�WKH�EHVW�SUDFWLFHV�OLVWHG�DERYH�ZH� 
H[SHFW�WR�DYRLG�PDQ\�RI�WKHVH�GLIILFXOWLHV�LQ�WKH�IXWXUH�� 

� 
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10.3 	 APPENDIX C: RESPONSES TO COMMENTS RECEIVED RE: CALIFORNIA 
SPRING 2008 TILLAGE CAMPAIGN: DATA ANALYSIS REPORT 

5HVSRQVHV� WR� FRPPHQWV� DUH� LQ� LWDOLFV� ZLWK� DOO� FKDQJHV� WR� WKH� UHSRUW� WH[W� LQGHQWHG�� 1RWH� WKDW� DOO� 
SDJH�QXPEHUV�PHQWLRQHG�UHIHU�WR�WKH�SDJH�QXPEHU�LQ�WKH�ILQDO�YHUVLRQ�� 

10.3.1 Draft Date: 16 March 2011 (Organization: U.S. EPA) 

10.3.1.1 General Comments 
��	 6LQFH�WKH�JRDO�RI�WKLV�SURMHFW�ZDV�WR�FDOFXODWH�HPLVVLRQV�IRU�WKH�SXUSRVHV�RI�DVVHVVLQJ� 

FRQWURO� HIILFLHQFLHV� DQG� DQ\� HPLVVLRQ� FDOFXODWLRQV� ZHUH� XOWLPDWHO\� XVHG� WR� FRPSDUH� 
HPLVVLRQV� IURP� D� FRQYHQWLRQDO� SUDFWLFH� ZLWK� RQH� WKDW� UHGXFHV� HPLVVLRQV�� ZH� EHOLHYH� 
WKDW�LW�LV�DSSURSULDWH�WR�XVH�D�FRPELQDWLRQ�RI�SRLQW�VDPSOHUV�DQG�LQYHUVH�PRGHOLQJ�DV�D� 
SDUW� RI� WKH� PHWKRGRORJ\� XVHG� WR� FDOFXODWH� HPLVVLRQV�� (3$� ZRXOG� ZDQW� WR� IXUWKHU� 
VFUXWLQL]H� WKLV� PHWKRGRORJ\� LI� WKH� PDLQ� JRDO� RI� WKH� VWXG\� ZDV� WR� LQIRUP� EDVHOLQH� 
HPLVVLRQ�IDFWRUV��� 

1R�UHVSRQVH�UHTXLUHG� 
��	 7KH� GHSHQGHQFH� RQ� WKH� XVH� RI� KLVWRULFDO� HPLVVLRQV� IDFWRUV� DQG� WKH� FRPSDULVRQ� WR� 

HPLVVLRQV� IDFWRUV� HVWLPDWHG� LQ� WKLV� VWXG\� LV� XQGHUVWDQGDEOH�� ,Q� DGGLWLRQ�� WKH� 
GLVFXVVLRQV� GHVFULELQJ� WKH� YDULDWLRQV� RI� PHDVXUHG� HPLVVLRQV� DQG� WKH� XQFHUWDLQWLHV� 
DVVRFLDWHG�ZLWK�KLVWRULFDO�HPLVVLRQV�IDFWRUV�LV�UHIUHVKLQJ��+RZHYHU��VRPH�RI�WKH�FLWHG� 
XQFHUWDLQWLHV� DSSHDU� TXLWH� ORZ� FRPSDUHG� WR� VRPH� UHFHQW� DVVHVVPHQWV� RI� HPLVVLRQV� 
IDFWRUV� XQFHUWDLQWLHV� RI� VHYHUDO� VRXUFHV� ZKLFK� ZRXOG� EH� WKRXJKW� WR� EH� OHVV� YDULDEOH� 
WKDQ�WLOOLQJ�HPLVVLRQV��VHH�KWWS���ZZZ�HSD�JRY�WWQ�FKLHI�HISDF�XQFHUWDLQW\�KWPO���� ,W�LV� 
VXJJHVWHG� WKDW� WKH� XQFHUWDLQWLHV� DVVRFLDWHG� ZLWK� WKH� KLVWRULFDO� HPLVVLRQV� IDFWRUV� DQG� 
WKH�HVWLPDWHG�HPLVVLRQV�IDFWRUV�DVVRFLDWHG�ZLWK�WKLV�VWXG\�EH�UH�HYDOXDWHG�EDVHG�XSRQ� 
WKH� FRQFOXVLRQV� LQ� WKH� GUDIW� HPLVVLRQV� IDFWRU� XQFHUWDLQW\� UHSRUW� �L�H�� WKH� QXPEHU� RI� 
LQGHSHQGHQW�WHVW�UXQV�DQG�WKH�XQGHUO\LQJ�YDULDELOLW\�RI�WKH�PHDVXUHG�HPLVVLRQV���7KHQ� 
VRPH� RI� WKH� SURFHVVHV� ZKLFK� DUH� GHVFULEHG� DV� QRW� EHLQJ� LQ� FORVH� DJUHHPHQW� PD\� EH� 
PRUH� LQ� OLQH� ZLWK� WKH� RYHUDOO� XQFHUWDLQWLHV� DVVRFLDWHG� ZLWK� WKH� HPLVVLRQV� IDFWRUV� DQG� 
YDULDELOLWLHV�� 

7KH� DXWKRUV� DJUHH� WKDW� D� EHWWHU� DQDO\VLV� RI� WLOODJH� HPLVVLRQV� IDFWRUV� XQFHUWDLQW\� LV� 
ZDUUDQWHG�DQG�KDYH�GRQH�VR�WR�WKH�H[WHQW�GDWD�DUH�DYDLODEOH��IROORZLQJ�WKH�HPLVVLRQV� 
IDFWRU� GDWDVHW� DQDO\VLV� SURFHGXUH� XVHG� LQ� WKH�HPLVVLRQV� IDFWRU� YDULDELOLW\� DVVHVVPHQW� 
UHIHUHQFHG� DERYH�� 5HVXOWV� RI� WZR� DGGLWLRQDO� VWXGLHV� WKDW� KDYH� EHHQ� UHOHDVHG� VLQFH� 
VXEPLWWDO� RI� WKLV� GRFXPHQW� WR� (3$� KDYH� EHHQ� LQFOXGHG� LQ� WKH� OLWHUDWXUH� UHYLHZ�� 7KH� 
IROORZLQJ�SDUDJUDSK�GHVFULELQJ�WKH�XQFHUWDLQW\�DQDO\VLV�PHWKRGRORJ\�DQG�UHVXOWV�KDV� 
EHHQ� DGGHG� WR� WKH�HQG� RI� WKH� OLWHUDWXUH� UHYLHZ� VHFWLRQ� �SDJH� ����� 5HIHU� WR� SDJH� ��� LQ� 
WKH�GRFXPHQW�WR�YLHZ�WKH�WDEOHV�DQG�ILJXUHV�� 

³$Q� XQFHUWDLQW\� DQDO\VLV� ZDV� FRQGXFWHG� WR� GHWHUPLQH� WKH� VWDWLVWLFV� RI� WKH� 
SUHFHGLQJ� 30��� HPLVVLRQV� IDFWRUV� UHSRUWHG� IURP� PHDVXUHPHQWV�� 7KLV� DQDO\VLV� 
ZDV� SHUIRUPHG� IROORZLQJ� WKH� HPLVVLRQV� IDFWRU� GDWDVHW� DQDO\VLV� WHFKQLTXH� XVHG� E\� 
57,� ,QWHUQDWLRQDO� LQ� µ(PLVVLRQ� )DFWRU� 8QFHUWDLQW\� $VVHVVPHQW�� 5HYLHZ� 'UDIW¶� 
>��@��'DWD�SRLQWV� ZHUH�FDWHJRUL]HG�DFFRUGLQJ�WR�WKH�IROORZLQJ�WLOODJH�RSHUDWLRQV�� 
ZLWK�WKH�QXPEHU�RI�YDOXHV�JLYHQ�LQ�SDUHQWKHVLV��FKLVHO������GLVF�������ODQG�SODQLQJ� 
����� OLVWLQJ� ����� ULSSLQJ� ����� URRW� FXWWLQJ� ����� VWDQGDUG� WLOODJH� SODQWLQJ� ������ VWULS� 
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WLOO�SODQWLQJ������VWULS�WLOOLQJ������DQG�ZHHGLQJ�������,Q�FDVHV�ZKHUH�D�UHSRUW�SDSHU� 
RQO\�SURYLGHG�DQ�DYHUDJH�HPLVVLRQV�IDFWRU��WKH�DYHUDJH�YDOXH�ZDV�XVHG�RQO\�RQFH�� 
57,� ,QWHUQDWLRQDO� IRXQG� WKDW� WZR� SDUDPHWULF� PRGHOV�� WKH� ORJQRUPDO� DQG� :HLEXOO� 
GLVWULEXWLRQV�� EHVW� ILW� WKH� DQDO\]HG� GDWDVHWV�� 7KHVH� VDPH� WZR� SDUDPHWULF� PRGHOV� 
ZHUH� ILWWHG� WR� WKH� WLOODJH� RSHUDWLRQ� GDWDVHWV� ZLWK� HLJKW� RU� PRUH� GDWD� SRLQWV�� 7KH� 
HVWLPDWHG� SDUDPHWHUV� IRU� WKHVH� PRGHOV� DQG� WKH� FRUUHVSRQGLQJ� JRRGQHVV�RI�ILW� WR� 
WKH� DYDLODEOH� GDWD� SRLQWV�� H[SUHVVHG� DV� WKH� URRW� PHDQ� VTXDUH� HUURU� �506(��� DUH� 
JLYHQ� LQ� 7DEOH� �� ZLWK� WKH� EHWWHU� ILW� PRGHO� YDOXHV� LQ� EROG�� 1RWH� WKDW� D� VPDOOHU� 
506(� UHSUHVHQWV� D� EHWWHU� ILW� WR� WKH� GDWD�� 7KH� :HLEXOO� GLVWULEXWLRQ� SURYHG� WR� EH� D� 
EHWWHU� ILW� IRU� IRXU� RXW� RI� WKH� ILYH� H[DPLQHG� GDWDVHWV�� 7KH� ILWV� WR� WKH� GLVF� DQG� 
ZHHGLQJ�GDWDVHWV�ZHUH�EHWWHU�WKDQ�WKDW�IRU�WKH�UHPDLQLQJ� WKUHH��ERWK�YLVXDOO\�DQG� 
EDVHG�RQ�WKH�506(�YDOXHV��)LJXUH���SUHVHQWV�WKH�KLVWRJUDP�IRU�WKH�GLVF�RSHUDWLRQ� 
GDWDVHW�DQG�FXPXODWLYH�GHQVLW\�IXQFWLRQV�GHYHORSHG�IURP�WKH�GDWD�DQG�WKH�:HLEXOO� 
GLVWULEXWLRQ� ILW� WR� WKH� GDWD�� 7KH� PHDQ� DQG� PHGLDQ� YDOXHV� RI� WKH� ILWWHG� :HLEXOO� 
GLVWULEXWLRQ� DUH� VKRZQ� RQ� WKH� FXPXODWLYH� GHQVLW\� IXQFWLRQ� OLQH�� DORQJ� ZLWK� WKH� 
HPLVVLRQV� IDFWRU� YDOXH� JLYHQ� E\� $5%� IRU� D� GLVF� RSHUDWLRQ�� 7KH� $5%� HPLVVLRQV� 
IDFWRU� RI� ������ PJ�P�� LV� YHU\� FORVH� WR� WKH� :HLEXOO� GLVWULEXWLRQ� PHGLDQ� RI� ������ 
PJ�P���7KH�HPLVVLRQV�IDFWRU�YDOXHV�FRUUHVSRQGLQJ�WR�WKH����������PHGLDQ������� 
DQG� ���� OHYHOV� DORQJ� WKH� FXPXODWLYH� GLVWULEXWLRQ� FXUYH�� DV� ZHOO� DV� WKH� DYHUDJH� 
HPLVVLRQV� IDFWRU�� ZHUH� FDOFXODWHG� IRU� WKH� ILYH� RSHUDWLRQV� DQG� DUH� SUHVHQWHG� LQ� 
7DEOH����7KH�����OHYHO�HPLVVLRQV�IDFWRUV�IRU�WKH�WKUHH�RSHUDWLRQV�ZLWK�SRRUHU�ILWV� 
�L�H��� KLJKHU� 506(�� VHHP� YHU\� KLJK�� WKLV� LV� OLNHO\� DQ� DUWLIDFW� RI� ILWWLQJ� WKH� 
GLVWULEXWLRQV� WR� D� OLPLWHG� QXPEHU� RI� GDWDSRLQWV�� ,Q� WKLV� DQDO\VLV�� WKH� EHWWHU� ILWV� 
ZHUH�REWDLQHG�IRU�GDWDVHWV�ZLWK�Q������´� 

7KH�GLVFXVVLRQ�RI�WKH�UHVXOWV�RQ�SDJH����RI�WKH�GRFXPHQW�KDV�EHHQ�XSGDWHG�WR�UHIOHFW� 
WKH� ILQGLQJV� RI� WKH� XQFHUWDLQW\� DQDO\VLV�� ZKLFK� GLG� LQGHHG� LQFOXGH� D� SRUWLRQ� RI� WKH� 
KLJKHU�YDOXHV�DV�VXVSHFWHG�E\�WKH�UHYLHZHU��7KH�SDUDJUDSK�QRZ�UHDGV�� 

³6RPH� RI� WKH� YDOXHV� KHUHLQ� UHSRUWHG� DUH� LQ� DJUHHPHQW� ZLWK� WKRVH� UHSRUWHG� E\� 
)ORFFKLQL� HW� DO�� ������� DQG� 0DGGHQ� HW� DO�� �������� DV� ZHOO� DV� WKH� 30��� HPLVVLRQ� 
IDFWRUV� XVHG� E\� &$5%�� VXFK� DV� WKH� VWULS� WLOO� DQG� SODQW� SDVVHV� LQ� WKH� FRQVHUYDWLRQ� 
WLOODJH� PHWKRG� DQG� WKH� FXOWLYDWH� DQG� UROO� SDVVHV� LQ� FRQYHQWLRQDO� WLOODJH� 
>��@>��@>��@�� 2WKHU� HPLVVLRQ� UDWHV� DUH� VLJQLILFDQWO\� GLIIHUHQW� DQG� ODUJHU� WKDQ� 
SUHYLRXV� YDOXHV� UHSRUWHG� LQ� WKH� � OLWHUDWXUH��HVSHFLDOO\� WKH�GLVFLQJ� �� DQG� ��� FKLVHO�� 
DQG�OLVWHU�SDVVHV�RI�WKH�FRQYHQWLRQDO�WLOODJH��WKRXJK�WKRVH�GHULYHG�WKURXJK�LQYHUVH� 
PRGHOLQJ� DUH� EHORZ� WKH� HVWLPDWHG� ���� OHYHO� IRU� WKHLU� UHVSHFWLYH� GLVWULEXWLRQV� DV� 
SUHVHQWHG� LQ� WKH� XQFHUWDLQW\� FDOFXODWLRQV� LQ� WKLV� UHSRUW�� 7KH� OLGDU�GHULYHG� 
HPLVVLRQ� UDWHV� IRU� WKH� GLVF� ��� GLVF� ��� FKLVHO�� DQG� OLVWHU� SDVVHV� DUH� KLJK� ZKHQ� 
FRPSDUHG� WR� YDOXHV� IRXQG� E\� LQYHUVH� PRGHOLQJ� FRXSOHG� ZLWK� 23&� 30� GDWD�� 
YDOXHV� LQ� WKH� OLWHUDWXUH� IRU� WKH� VDPH� RSHUDWLRQV�� DQG� YDOXHV� UHSRUWHG� LQ� WKH� ����� 
IDOO� &03� WLOODJH� VWXG\� ZKLFK� XVHG� WKH� VDPH� OLGDU� PHWKRGRORJ\�� 7KHVH� UHODWLYHO\� 
KLJK� HPLVVLRQ� UDWHV� SURYLGH� LQGLUHFW� VXSSRUW� IRU� WKH� FRQFOXVLRQ� WKDW� GRZQZLQG� 
30�VDPSOHUV�ZHUH�OLNHO\�RYHUORDGHG�GXULQJ�WKRVH�VDPSOH�SHULRGV�E\�KLJK�DHURVRO� 
FRQFHQWUDWLRQV��:KLOH�WKH�YDOXHV�IURP�OLVWHG�SXEOLVKHG�VWXGLHV�DUH�JHQHUDOO\�QRW�LQ� 
FORVH�DJUHHPHQW��WKH\�DUH�UHODWLYHO\�ZHOO�ILW�E\�ORJQRUPDO�RU�:HLEXOO�GLVWULEXWLRQV�� 
ZKLFK� KDYH� SUHYLRXVO\� EHHQ� VKRZQ� WR� UHSUHVHQW� HPLVVLRQV� IDFWRUV� GDWDVHWV� ZHOO� 
>��@�� ,Q� DGGLWLRQ�� WKH\� DUH� ZLWKLQ� WKH� UDQJH� RI� WKH� YDULDELOLW\� H[SHFWHG� IURP� 
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PHDVXUHPHQWV� PDGH� XQGHU� GLIIHUHQW� PHWHRURORJLFDO� DQG� VRLO� FRQGLWLRQV�� DV� 
GHPRQVWUDWHG� E\� WKH� ZLGH� UDQJH� RI� YDOXHV� IURP� )ORFFKLQL� HW� DO�� ������� >��@� 
VXPPDUL]HG� LQ� 7DEOH� ��� 7KH� UHVXOWV� IURP� WKLV� FDPSDLJQ� DUH� QRW� LQ� DV� JRRG� 
DJUHHPHQW� DV� SUHYLRXV� UHVXOWV� KDYH� EHHQ� >�@�� ,Q� JHQHUDO� RXU� UHVXOWV� DUH� ODUJHU� 
WKDQ�WKHLU�FRUUHVSRQGLQJ�OLWHUDWXUH�YDOXHV�´�� 

$� VHQWHQFH� KDV� DOVR� EHHQ� DGGHG� WR� WKH� H[HFXWLYH� VXPPDU\� RQ� SDJH� �� DERXW� WKH� 
FRPSDUDWLYH�UHVXOWV�ZLWK�WKH�XQFHUWDLQW\�DQDO\VLV�� 

³(PLVVLRQV�IDFWRU�YDOXHV�HVWLPDWHG�WKURXJK�LQYHUVH�PRGHOLQJ�IRU�WKHVH�RSHUDWLRQV� 
DUH� EHORZ� WKH� ���� OHYHO� SUHGLFWHG� E\� VWDWLVWLFDO� GLVWULEXWLRQV� ILWWHG� WR� SXEOLVKHG� 
GDWD�� HPLVVLRQV� HVWLPDWHV� IURP� OLGDU� IRU� WKH� VDPH� RSHUDWLRQV� DUH� DERYH� WKH� ���� 
OHYHO´� 

��	 7KH�XVH�RI�UHYHUVH�PRGHOLQJ�IRU�SDUWLFXODWH�PDWWHU�LV�RI�FRQFHUQ�VLQFH�WKH�GHSRVLWLRQ� 
DQG�UHPRYDO�PHFKDQLVPV�DUH�OLPLWHG�LQ�(3$�PRGHOV��7KH�(3$�PRGHOV�RQO\�KDYH�D� 
SHUFHQWDJH�RI�WKH�SDUWLFXODWH�UHIOHFW�RII�D�VPRRWK�VXUIDFH�ZKHQ�LQ�UHDOLW\��WKH�JURXQG� 
VXUIDFH�LV�QRW�VPRRWK�DQG�LI�WKHUH�LV�YHJHWDWLRQ�PRUH�UHPRYDO�PD\�RFFXU��,Q�DGGLWLRQ�� 
HOHFWURVWDWLF�DQG�RWKHU�IRUFHV�PD\�FDXVH�VPDOO�SDUWLFXODWH�WR�DJJUHJDWH�WR�IRUP�ODUJHU� 
SDUWLFXODWH��7KHVH�HIIHFWV�DUH�QRW�LQFOXGHG�LQ�(3$�PRGHOV�DQG�DV�D�UHVXOW�D�UHYHUVH� 
PRGHO�ZRXOG�WHQG�WR�XQGHUHVWLPDWH�WKH�DFWXDO�VRXUFH�VWUHQJWK��7KH�DPRXQW�RI� 
XQGHUHVWLPDWLRQ�PD\�GHSHQG�XSRQ�QRW�RQO\�WKHVH�LWHPV�EXW�DOVR�WKH�GLVWDQFH�DW�ZKLFK� 
WKH�PHDVXUHPHQW�LV�UHPRYHG�IURP�WKH�HPLVVLRQV�VRXUFH�� 

7KH�DXWKRUV�DJUHH�ZLWK�WKH�OLPLWDWLRQV�RI�WKH�,6&�DQG�$(502'�PRGHOV�VWDWHG�E\�WKH� 
UHYLHZHU� FRQFHUQLQJ� GHSRVLWLRQ� DQG� UHPRYDO� PHFKDQLVPV�� UHVXOWLQJ� LQ� DQ� 
XQGHUHVWLPDWLRQ�RI�WKH�DFWXDO�VRXUFH�VWUHQJWK��7KH�HIIHFW�RI�WKH�GLVWDQFH�DW�ZKLFK�WKH� 
PHDVXUHPHQW�LV�UHPRYHG�IURP�WKH�VRXUFH�ZDV�PLQLPL]HG�LQ�WKLV�VWXG\�E\�ORFDWLQJ�WKH� 
VDPSOLQJ� VLWHV� LPPHGLDWHO\� DGMDFHQW� WR� WKH� ILHOG� XQGHU� VWXG\�� DGGLWLRQDOO\�� WKH� 
FRQVWDQW� PRWLRQ� RI� WKH� WUDFWRU� DQG� LPSOHPHQW� OHDG� WR� YDU\LQJ� GLVWDQFHV� EHWZHHQ� WKH� 
PHDVXUHPHQW� DQG� VRXUFH�� ,W� VKRXOG� DOVR� EH� QRWHG� WKDW� DQ\� HPLVVLRQ� HVWLPDWLRQ� 
PHWKRGRORJ\�IRU�D�WLOODJH�VRXUFH�WKDW�GRHV�QRW�LQFOXGH�D�FRUUHFWLRQ�IRU�WKH�GHSRVLWLRQ� 
DQG� UHPRYDO� RI� 30� GXH� WR� VXUIDFH� URXJKQHVV�� YHJHWDWLRQ�� HWF�� DV� D� IXQFWLRQ� RI� 
GLVWDQFH� IURP� WKH� VRXUFH� ZLOO� XQGHUHVWLPDWH� DFWXDO� HPLVVLRQV�� 7KH� IROORZLQJ� WH[W� KDV� 
EHHQ�DGGHG�WR�WKH�LQYHUVH�PRGHOLQJ�PHWKRGRORJ\�VHFWLRQ�RQ�SDJH����� 

´� ,Q� DGGLWLRQ�� WKH� GHSRVLWLRQ� DQG� SDUWLFOH� UHPRYDO� PHFKDQLVPV� DUH� OLPLWHG� LQ� WKH� 
,6&67�� DQG� $(502'� PRGHOV� KHUHLQ� HPSOR\HG�� ,QVXIILFLHQW� FRUUHFWLRQ� ZLWKLQ� D� 
JLYHQ� PRGHO� IRU� WKHVH� DQG� RWKHU� SURFHVVHV� WKDW� GHFUHDVH� GRZQZLQG� SROOXWDQW� 
FRQFHQWUDWLRQV� ZLOO� OHDG� WR� DQ� XQGHUHVWLPDWLRQ� RI� HPLVVLRQ� UDWHV� EDVHG� RQ� 
PHDVXUHG�GRZQZLQG�LPSDFWV�´� 

10.3.1.2 Comments about Appendix B 
��	 :KLOH� WKH� VHOHFWLRQ� DQG� XVH� RI� ORZ�FRVW�� EDWWHU\�SRZHUHG� VDPSOHUV� LV� XQGHUVWDQGDEOH� 

LQ�D�VWXG\�RI�WKLV�W\SH��SDUWLFXODUO\�UHTXLULQJ�D�ODUJH�QXPEHU�RI�FRQFXUUHQWO\�RSHUDWHG� 
VDPSOHUV��� LW� VKRXOG� ILUVW� EH� UHFRJQL]HG� WKDW� WKH� 0LQL9RO� VDPSOHUV� DUH� QRW� (3$� 
DSSURYHG� UHIHUHQFH� PHWKRG� RU� HTXLYDOHQW� PHWKRG� VDPSOHUV� IRU� PDNLQJ� HLWKHU� 30���� 
RU� 30��� FRPSOLDQFH� PHDVXUHPHQWV�� � $OWKRXJK� WKH� 0LQL9RO� VDPSOHUV� KDYH�  
VRPHWLPHV� EHHQ� VKRZQ� WR� SURYLGH� VLPLODU� 30� FRQFHQWUDWLRQV� WR� FROORFDWHG� )50� 
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VDPSOHUV� XQGHU� VRPH� VDPSOLQJ� FRQGLWLRQV�� WKHLU� DELOLW\� WR� H[WUDFW� UHSUHVHQWDWLYH� 
VDPSOHV�RI�ODUJH�SDUWLFOHV�XQGHU�KLJK�ZLQG�VSHHGV�KDV�QRW�EHHQ�GHPRQVWUDWHG���,Q�IDFW�� 
D� OLPLWHG� ZLQG� WXQQHO� HYDOXDWLRQ� RI� WKH� 0LQL9RO� VDPSOHUV� �FRQGXFWHG� E\� 5HVHDUFK� 
7ULDQJOH�,QVWLWXWH�LQ�������LQGLFDWHG�WKDW�WKH�VDPSOHU
 V�DELOLW\�WR�REWDLQ�UHSUHVHQWDWLYH� 
DHURVRO� VDPSOHV� GHJUDGHV� UDWKHU� GUDPDWLFDOO\� DV� D� IXQFWLRQ� RI� ZLQG� VSHHG�� � ,Q� 
DJULFXOWXUDO� HQYLURQPHQWV� ZKHUH� HOHYDWHG� ZLQG� VSHHGV� DUH� WKH� QRW� DW� DOO� XQFRPPRQ�� 
UHSUHVHQWDWLYH�VDPSOLQJ�RI�ODUJH�DHURVROV�FKDUDFWHULVWLF�RI�WLOOLQJ�RSHUDWLRQV�FDQQRW�EH� 
DVVXPHG���7KLV�LV�SDUWLFXODUO\�WKH�FDVH�ZKHQ�LQWHUSUHWLQJ�GDWD�IURP�0LQL9RO�VDPSOHUV� 
RSHUDWHG� DV� �763�� VDPSOHUV�� � )RU� WKLV� UHDVRQ�� GDWD� REWDLQHG� ZLWK� WKH� 0LQL9RO� 
VDPSOHUV�LQ�WKLV�W\SH�RI�VWXG\�VKRXOG�RQO\�EH�FRQVLGHUHG�DV� DSSUR[LPDWH�PHDVXUHV�RI� 
30�����30����DQG��763��FRQFHQWUDWLRQV���� 

:H� WKDQN� WKH� UHYLHZHU� IRU� EULQJLQJ� WR� RXU� DWWHQWLRQ� WKH� FROOHFWLRQ� HIILFLHQF\� YHUVXV� 
ZLQG� VSHHG� LVVXHG� IRXQG� LQ� WKH� ����� 0LQL9RO� VWXG\�� 7KLV� LV� DQ� LVVXH� RI� FRQFHUQ�� 
HVSHFLDOO\�ZKHQ�GHDOLQJ�ZLWK�DHURVROV�ZLWK�UHODWLYHO\�ODUJH�VL]H�GLVWULEXWLRQV�DV�IRXQG� 
GRZQZLQG�RI�PRVW�DJULFXOWXUDO�VRXUFHV��,W�VKRXOG�EH�QRWHG�WKDW�WKH�VDPSOHU�PRGHO�RI� 
WKRVH�WHVWHG�LQ������ZHUH�����[��ZKLOH�WKH�PRGHO�QXPEHU�RI�WKH�XQLWV�HPSOR\HG�GXULQJ� 
WKLV�VWXG\�ZHUH������$WWHPSWV�WR�FRQWDFW�$LUPHWULFV�WR�LQTXLUH�DERXW�SRWHQWLDO�FKDQJHV� 
WR�WKH�VDPSOLQJ�LQOHW�VL]H�VHSDUDWRU�WKDW�PLJKW�DIIHFW�VDPSOLQJ�HIILFLHQF\�EHWZHHQ�WKH� 
PRGHOV�KDYH�QRW�\HW�EHHQ�VXFFHVVIXO�� 
7H[W� ZDV� DGGHG� WR� WKH� 6HFWLRQ� ��������� SDJH� ���� ZKLFK� GHVFULEHV� WKH� 0LQL9ROV�� WR� 
FODULI\�WKDW�WKH�0LQL9RO�LV�QHLWKHU�D�)50�QRU�D�)(0��� 

³7KH� 0LQL9RO� LV� D� EDWWHU\� RSHUDWHG�� DPELHQW� DLU� VDPSOHU� WKDW� JLYHV� UHVXOWV� WKDW� 
FORVHO\� DSSUR[LPDWH� DLU� TXDOLW\� GDWD� FROOHFWHG� E\� D� )HGHUDO� 5HIHUHQFH� 0HWKRG� 
�)50��30�VDPSOHU��7KH�0LQL9RO�LV�QHLWKHU�GHVLJQDWHG�DV�DQ�)50�QRU�D�)HGHUDO� 
(TXLYDOHQF\� 0HWKRG� �)(0�� E\� WKH� (3$�� DQG� UHVXOWV� VKRXOG� EH� FRQVLGHUHG� DV� 
DSSUR[LPDWH�PHDVXUHV�RI�30�´� 

$� VKRUW� GLVFXVVLRQ� RI� JHQHUDO� PHWHRURORJLFDO� FRQGLWLRQV� REVHUYHG� GXULQJ� WKH� 
VDPSOLQJ� SHULRGV� DQG� D� WDEOH� OLVWLQJ� SHULRG�DYHUDJH� YDOXHV� KDV� EHHQ� LQFOXGHG� LQ� 
VHFWLRQ� ��������� SDJH� ���� 7KH�SHULRG�DYHUDJH� ZLQG� VSHHGV� REVHUYHG� GXULQJ� WKLV� VWXG\� 
YDULHG�EHWZHHQ���DQG���P�V��ZLWKLQ�WKH�UDQJH�RI�����P�V�DQG�����P�V�DW�ZKLFK�WKH������ 
VWXG\�ZDV�FRQGXFWHG��� 
6HFWLRQ����������SDJH�����UHDGV��� 

´0HWHRURORJLFDO� FKDUDFWHULVWLFV� ZHUH� PRQLWRUHG� RQ�VLWH� WKURXJKRXW� WKH� ILHOG� 
VWXG\�� 6DPSOH� SHULRG� DYHUDJH� FRQGLWLRQV� ZHUH� FDOFXODWHG� DQG� DUH� SUHVHQWHG� LQ� 
7DEOH� ��� EDVHG� RQ� PHDVXUHPHQWV� WDNHQ� DW� WKH� :0� DQG� (0� ORFDWLRQV�� $V� FDQ� EH� 
VHHQ� IURP� WKHVH� GDWD�� DOO� PHDVXUHPHQWV� ZHUH� PDGH� GXULQJ� ZDUP� DQG� GU\� 
FRQGLWLRQV�� :LQGV� ZHUH� FRQVLVWHQWO\� RXW� RI� WKH� QRUWKZHVW� ZLWK� DYHUDJH� VSHHGV� 
EHWZHHQ���DQG���P�V�´� 

��	 $SSHQGL[�%�SURYLGHV�DQ�DFFRXQW�RI�GLVFUHSDQFLHV�QRWHG�GXULQJ�YLVXDO�REVHUYDWLRQV�RI� 
FROOHFWHG� ILHOG� ILOWHUV� DQG� RIIHUV� VHYHUDO� SRVVLEOH� H[SODQDWLRQV� IRU� WKHVH� 
REVHUYDWLRQV���:KLOH�WKH�GLVFXVVLRQ�RQ�SDJH�����FRUUHFWO\�SRLQWV�RXW�WKDW�WKHUH�PD\�EH� 
GLIIHUHQFHV�LQ�WKH�SRVLWLRQ�DQG�VKDSH�RI�WKH�0LQL9RO�DQG�)50
 V�IUDFWLRQDWLRQ�FXUYHV�� 
LW� LV� QRW� FRUUHFW� WR� VWDWH� �,GHDOO\�� WKH� FROOHFWLRQ� HIILFLHQF\� RI� WKH� VL]H� IUDFWLRQDWLRQ� 
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GHYLFH� ZRXOG� EH� D� VWHS� IXQFWLRQ� WKDW� JRHV� IURP� ��� WR� ����� DW� WKH� GHVLUHG� FXW�RII� 
VL]H��� �,Q� IDFW�� WKH� VORSH� RI� WKH� )50
 V� 30��� IUDFWLRQDWLRQ� FXUYH� ZDV� LQWHQWLRQDOO\� 
GHVLJQHG�WR�PDWFK�WKH�SHUIRUPDQFH�RI�WKH�KXPDQ�UHVSLUDWRU\�V\VWHP� ��ZKLFK�GRHV�QRW� 
SURYLGH� VWHS�IXQFWLRQ� SHUIRUPDQFH�� �7KH� IUDFWLRQDWLRQ� FXUYH� RI� WKH� 30���� )50� ZDV� 
DOVR�QRW�GHVLJQHG�WR�SURYLGH�VWHS�IXQFWLRQ�SHUIRUPDQFH�� 

7KLV� HUURU� KDV� EHHQ� FRUUHFWHG� LQ� WKH� WH[W� ZLWK� WKH� ILUVW� DQG� VHFRQG� VHQWHQFHV� RI� WKLV� 
SDUDJUDSK��SDJH������QRZ�VWDWLQJ�� 

³7KH� FROOHFWLRQ� HIILFLHQF\� FXUYH� RI� WKH� 30��� DQG� 30���� VL]H� IUDFWLRQDWLRQ� 
GHYLFHV� HPSOR\HG� E\� ERWK� )50V� DQG� 0LQL9ROV� DUH� 6�FXUYHV� ZLWK� UHVSHFW� WR� 
SDUWLFOH�DHURG\QDPLF�GLDPHWHU��GHVLJQHG�WR�PLPLF�WKH�SDUWLFOH�UHPRYDO�HIILFLHQF\� 
RI� WKH� KXPDQ� UHVSLUDWRU\� V\VWHP�� 7KH� UHPRYDO� HIILFLHQF\� FXUYHV� KDYH� D� ���� 
FROOHFWLRQ�HIILFLHQF\�DW�WKH�GHVLJQHG�FXW�RII�VL]H��ZLWK�VRPH�VPDOOHU�SDUWLFOHV�EHLQJ� 
UHPRYHG�DQG�VRPH�ODUJHU�SDUWLFOHV�SDVVLQJ�WKURXJK�WKH�V\VWHP�´� 

��	 $V� K\SRWKHVL]HG� RQ� SDJH� ���� RI� WKH� UHSRUW�� REVHUYDWLRQV� RI� YHU\� ODUJH� SDUWLFOHV� RQ� 
FROOHFWHG� ILHOG� ILOWHUV� DQG� RI� XQFKDUDFWHULVWLF� GHSRVLWLRQ� SDWWHUQV� DUH� DOPRVW� FHUWDLQO\� 
GXH� WR� �SDUWLFOH� ERXQFH�� RFFXUULQJ� LQ� WKH� 0LQL9RO� VDPSOHUV�� � 8QOLNH� (3$
 V� 30���� 
)50� ZKLFK� XVHV� HLWKHU� WKH� :,16� ZHOO� RU� WKH� YHU\� VKDUS� FXW� F\FORQH� �96&&�� WR� 
PLQLPL]H� VXEVWUDWH� RYHUORDGLQJ� DQG� SDUWLFOH� ERXQFH�� WKH� 0LQL9RO� VDPSOHUV� ZHUH� QRW� 
GHVLJQHG� WR� KDQGOH� KLJK� FRQFHQWUDWLRQV� RI� DPELHQW� DHURVROV�� � 7KH� GHVLJQ� RI� WKH� 
LPSDFWLRQ� VXEVWUDWH� IRU� ERWK� WKH� 30���� DQG� 30��� 0LQL9ROV� LV� VXFK� WKDW� SDUWLFOH� 
ERXQFH� PD\� RFFXU� IURP� WKH� LPSDFWLRQ� VWDJH� RQFH� D� IHZ� PRQROD\HUV� RI� SDUWLFOH� 
GHSRVLWV� RFFXUV� GXULQJ� VDPSOLQJ�� � 2QFH� SDUWLFOH� ERXQFH� EHJLQV�� WKH� FXWSRLQW� RI� WKH� 
VWDJH� FDQ� VKLIW� GUDPDWLFDOO\� XSZDUGV� DQG� UHVXOW� LQ� LQDFFXUDWH� 30� FRQFHQWUDWLRQ� 
PHDVXUHPHQWV���,Q�WKH�FDVH�RI�WKH�0LQL9RO�GHVLJQ��WKH�UHGXFWLRQ�LQ�D�FXWSRLQW�IURP���� 
PLFURPHWHUV� WR� ���� PLFURPHWHUV� UHTXLUHV� D� UHGXFWLRQ� LQ� LPSDFWLRQ� MHW� GLDPHWHU� IURP� 
DSSUR[LPDWHO\� ����� FP� WR� DSSUR[LPDWHO\� ����� FP�� � $V� D� UHVXOW�� WKH� MHW� YHORFLW\� 
WKURXJK� WKH� 30���� 0LQL9RO� LV� DSSUR[LPDWHO\� ���� WLPHV� WKDW� RI� WKH� 30��� 0LQL9RO��� 
7KLV�LQFUHDVH�LQ�MHW�YHORFLW\�UHVXOWV�LQ�DQ�LQFUHDVH�LQ�SDUWLFOH�NLQHWLF�HQHUJ\�DQG�PDNHV� 
WKH� 30���� 0LQL9RO� PRUH� VXVFHSWLEOH� WR� SDUWLFOH� ERXQFH� WKDQ� WKH� 30��� 0LQL9RO��� 
$QG� EHFDXVH� WKH� 30���� 0LQL9RO� KDV� D� PXFK� VPDOOHU� VWDJH� GHSRVLWLRQ� DUHD� WKDQ� WKDW� 
RI� WKH� 30��� 0LQL9RO�� LW� LV� SRVVLEOH� IRU� WKH� PDVV� JDLQ� RI� 30���� 0LQL9RO
 V� ILOWHU� WR� 
H[FHHG�WKDW�RI�WKH�30���0LQL9RO�ILOWHU���$V�D�UHVXOW��PHDVXUHG�30����FRQFHQWUDWLRQV� 
PD\� RIWHQ� H[FHHG� WKRVH� RI� FROORFDWHG� 30��� FRQFHQWUDWLRQ� PHDVXUHPHQWV�� � $OWKRXJK� 
RFFDVLRQDO� LQDGYHUWHQW� VZLWFKLQJ� RI� 30���� DQG� 30��� ILOWHUV� ZDV�QRWHG�LQ� WKH� UHSRUW�� 
VXEVWUDWH�RYHUORDGLQJ�ZDV�DOPRVW�FHUWDLQO\�WKH�FDXVH�RI�WKH�PDMRULW\�RI�WKH��LQYHUWHG�� 
30����DQG�30���PHDVXUHPHQWV�� 

7KH� DXWKRUV� WKDQN� WKH� UHYLHZHU� IRU� SURYLGLQJ� D� YHU\� JRRG� DQDO\WLFDO� GHVFULSWLRQ� RI� 
WKH� SDUWLFOH� ERXQFH� SKHQRPHQRQ� DV� LW� PD\� RFFXU� LQ� WKH� 0LQL9RO� LPSDFWRU� DVVHPEO\�� 
7KH� GLVFXVVLRQ� XQGHU� SRLQW� �� RQ� SDJH� ���� LQ� WKH�UHSRUW� KDV� EHHQ� FKDQJHG� WR� LQFOXGH� 
SRUWLRQV�RI�WKLV�GHVFULSWLRQ��,W�QRZ�UHDGV��� 

³$� SKHQRPHQRQ� FRPPRQO\� UHIHUUHG� WR� DV� ³SDUWLFOH� ERXQFH´� PD\� KDYH� RFFXUUHG�� 
3DUWLFOH�ERXQFH�UHIHUV�WR�ZKHQ�D�SDUWLFOH�FROOLGHV�ZLWK�WKH�LPSDFWRU�DVVHPEO\�EXW� 
WKHQ� UHWXUQV� WR� WKH� DLUVWUHDP� DQG� LV� FROOHFWHG� GRZQVWUHDP� DW� WKH� ILOWHU�� 7R� DLG� LQ� 
UHPRYDO� RI� SDUWLFOHV� FROOLGLQJ� ZLWK� WKH� LPSDFWRU� SODWH�� JUHDVH� PD\� EH�DSSOLHG�RQ� 
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WKH� LPSDFWLRQ� VXUIDFH�� ,I� WRR� PDQ\� SDUWLFOHV� DFFXPXODWH� LQ� WKH� JUHDVH�� KRZHYHU�� 
WKH� LPSDFWLRQ� VXUIDFH� ORVHV� LWV� ³VWLFNLQHVV´� DQG� ODUJHU� SDUWLFOHV� PD\� ERXQG� RII�� 
OHDGLQJ� WR� KLJKHU� UHSRUWHG� 30����30��� FRQFHQWUDWLRQV� WKDQ� DFWXDOO\� H[LVWHG�� 
,PSDFWRU� SODWH� VWLFNLQHVV� LV� LQIOXHQFHG� E\� D� FRPELQDWLRQ� RI� WRWDO� H[SRVXUH� WLPH� 
DQG� 30� FRQFHQWUDWLRQV� GXULQJ� H[SRVXUH�� 7KH� VPDOOHU� HIIHFWLYH� LPSDFW� DUHD� DQG� 
LQFUHDVHG�SDUWLFOH�YHORFLW\�LQ�WKH�0LQL9RO�30����LPSDFWRU�DVVHPEO\�PDNHV�LW�PRUH� 
VXVFHSWLEOH�WR�SDUWLFOH�ERXQFH�WKDQ�WKH�30���DVVHPEO\�XQGHU�WKH�VDPH�FRQGLWLRQV�� 
ZKLFK� FRXOG� UHVXOW� LQ� KLJKHU� UHSRUWHG� OHYHOV� RI� 30���� WKDQ� 30���� $LUPHWULFV�� ,QF�� 
VXJJHVWV� FOHDQLQJ� DQG� UHJUHDVLQJ� RI� WKH� LPSDFWRU� SODWHV� HYHU\� ILYH� WR� VHYHQ� 
VDPSOHV� WR� PDLQWDLQ� WKH� GHVLJQ� UHPRYDO� HIILFLHQF\�� EXW� VWDWHV� WKDW� WKH� QHHG� WR� 
UHQHZ� WKH� SODWH� PD\� FKDQJH� EDVHG� RQ� H[SRVXUH� OHYHOV�� ,Q� WKH� FDVH� RI� WKLV� VWXG\�� 
VLOLFRQH�EDVHG��KLJK�YDFXXP�JUHDVH�ZDV�DSSOLHG�WR�DOO�LPSDFWLRQ�VXUIDFHV�RQ�VLWH� 
SULRU�WR�VDPSOLQJ�LQ�0D\��3HUVRQQHO�QRWHG�WKDW�LPSDFWRU�DVVHPEOLHV�LQ�GRZQZLQG� 
VDPSOHUV� KDG� FROOHFWHG�VLJQLILFDQW� DPRXQWV� RI� SDUWLFOHV� QHDU� WKH� HQG� RI�WKH� VHYHQ� 
VDPSOH� SHULRGV� LQ� WKDW� PRQWK� �0D\� �������� ZKLFK� VXJJHVWV� WKDW� SDUWLFOH� ERXQFH� 
OLNHO\� RFFXUUHG� GXULQJ� VRPH� VDPSOH� SHULRGV�� 7KH� VDPSOH� KHDGV� DQG� LPSDFWRU� 
DVVHPEOLHV� ZHUH� FOHDQHG� DQG� JUHDVHG� GXULQJ� WKH� EUHDN� LQ� PHDVXUHPHQWV�� ZLWK� 
HYDOXDWLRQ� DQG� UH�JUHDVLQJ� LI� QHFHVVDU\� DIWHU� HDFK� PHDVXUHPHQW� LQ� -XQH�� ,Q� 
DGGLWLRQ�� WKH� HQKDQFHG� VXVFHSWLELOLW\� RI� WKH� 30���� DVVHPEO\� WR� SDUWLFOH� ERXQFH� 
FRXOG�H[SODLQ�WKH�LQYHUWHG�30����DQG�30���FRQFHQWUDWLRQV�REVHUYHG�DW�GRZQZLQG� 
ORFDWLRQV�GXULQJ�WKH�0D\����DQG�0D\����VDPSOH�SHULRGV�´� 

��	 ,I�IXQGLQJ�ZHUH�QRW�D�OLPLWDWLRQ��D�PXFK�EHWWHU�DOWHUQDWLYH�WR�WKH�XVH�RI�WKH�0LQL9ROV� 
ZRXOG� EH� %*,� 34���� VDPSOHUV�� �7KHVH� ����� /SP�� ILOWHU�EDVHG� VDPSOHUV� DUH� (3$�  
GHVLJQDWHG�IRU�ERWK�30����DQG�30���FRPSOLDQFH�WHVWLQJ��DQG�RSHUDWH�ZLWK�����9$&� 
OLQH�SRZHU�RU�LQWHUQDO� ���9'&�EDWWHU\��ZLWK�VRODU�SDQHO�RSWLRQ��� �7KH�30����YHUVLRQ� 
RI� WKH� %*,� 30���� 34���� FDQ� EH� HTXLSSHG� ZLWK� D� ���� PLFURPHWHU� FXWSRLQW� 96&&� 
ZKLFK� KDV� EHHQ� VKRZQ� WR� PDLQWDLQ� LWV� IUDFWLRQDWLRQ� SHUIRUPDQFH� XQGHU� KLJK� ORDGLQJ� 
FRQGLWLRQV�� �8VH� RI� 34���� VDPSOHUV� VKRXOG� WRWDOO\� SUHYHQW� WKH� RFFXUUHQFH� RI� 30���� 
DQG�30���GDWD�LQYHUVLRQ�WKDW�ZDV�UHSRUWHG�LQ�WKH�VWXG\�� �(YHQ�LI�D�VXLWH�RI�WKHVH�%*,� 
VDPSOHUV�FRXOG�QRW�EH�SURFXUHG��LW�ZRXOG�EH�XVHIXO�WR�FROORFDWH�D�SDLU�RI�WKHP�ZLWK�WKH� 
FXUUHQWO\� RSHUDWLQJ� 0LQL9RO� VDPSOHUV� LQ� RUGHU� WR� KHOS� LVRODWH� DQG� UHVROYH� WKH� 
SHUIRUPDQFH� LVVXHV� FXUUHQWO\� QRWHG� ZLWK� WKH� 0LQL9RO� VDPSOHUV�� �)XQGLQJ� UHTXLUHG� WR� 
SXUFKDVH� D� SDLU� RI� WKH� 34���� VDPSOHUV� ZRXOG� PRUH� WKDQ� EH� FRPSHQVDWHG� IRU� WKH� 
UHVRXUFHV� FXUUHQWO\� EHLQJ� H[SHQGHG� DWWHPSWLQJ� WR� H[WUDFW� DQG� LQWHUSUHW� XVHIXO� 
LQIRUPDWLRQ�IURP�ILHOG�GDWD�RI�XQFHUWDLQ�TXDOLW\��� 

7KH� %*,� 34���� XQLWV� KDYH� UHFHQWO\� EHHQ� LQYHVWLJDWHG� DV� SRWHQWLDO� IXWXUH� SXUFKDVHV�� 
7KH� UHYLHZHU¶V� GHVFULSWLRQ� DQG� VXJJHVWLRQ� IRU� FRPSDULVRQ� ZLWK� WKH� 0LQL9ROV� 
FXUUHQWO\�GHSOR\HG�DUH�FRPSHOOLQJ�DQG�D�IXWXUH�SXUFKDVH�RI�VRPH�34���V�LV�SODQQHG�� 
7KLV� FRPPHQW� KLJKOLJKWV� RXU� RQJRLQJ� HIIRUW� WR� XWLOL]H� LQVWUXPHQWV� RI� KLJKHU� ILGHOLW\�� 
VXFK�DV�WKH�%*,�34������ 

��	 ,I� FRQWLQXHG� XVH� RI� WKH� 0LQL9RO� VDPSOHUV� LV� HQYLVLRQHG�� LW� LV� DEVROXWHO\� FULWLFDO� WKDW� 
WKH� 0LQL9RO
 V� LPSDFWLRQ� VXUIDFH� EH� UHQHZHG� DIWHU� HYHU\� VDPSOLQJ� HYHQW�� �,Q� WKH� 
0LQL9RO� GHVLJQ�� WKLV� LV� QRW� D� GLIILFXOW� RU� WLPH� FRQVXPLQJ� SURFHVV�� �:KLOH� WKLV� 
SURFHGXUH� ZLOO� QRW� WRWDOO\� SUHYHQW� VXEVWUDWH� RYHUORDGLQJ� GXULQJ� VDPSOLQJ� RI� KLJK� 
FRQFHQWUDWLRQ� DHURVROV�� LW� ZLOO� DW� OHDVW� PLQLPL]H� WKH� HIIHFW� DQG� VKRXOG� VXEVWDQWLDOO\� 
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UHGXFH� WKH� IUHTXHQF\� RI� WKH� 30���� DQG� 30��� FRQFHQWUDWLRQ� �LQYHUVLRQ�� WKDW V� 
FXUUHQWO\�EHLQJ�REVHUYHG�� 

,W� LV� DQWLFLSDWHG� WKDW� WKH� 0LQL9ROV� ZLOO� FRQWLQXH� WR� EH� XVHG� WR� PHDVXUH� DPELHQW� DQG� 
QHDU�VRXUFH� 30�� 7KH� UHYLHZHU¶V� VXJJHVWLRQ� WR� UHQHZ� WKH� LPSDFWLRQ� VXUIDFH� EHWZHHQ� 
HDFK� XVH� ZLOO� EH� LPSOHPHQWHG� LQ� IXWXUH� XVHV�� 7KLV� KDV� DOVR� EHHQ� LQFOXGHG� DV� D� 
SRWHQWLDO� SUHYHQWDWLYH� DFWLRQ� LQ� WKH� /HVVRQV� /HDUQHG� VHFWLRQ�� SDJH� ���� XQGHU� WKH� 
VHFRQG�SRLQW�� 

³$QRWKHU� SUHYHQWDWLYH� DFWLRQ� LV� WR� FOHDQ� DQG� UHJUHDVH� WKH� 0LQL9RO� LPSDFWRU� 
DVVHPEOLHV�DIWHU�HDFK�XVH�LI�H[SRVHG�WR�KLJK�DHURVRO�FRQFHQWUDWLRQV�´� 

10.4 	 DRAFT DATE: 15 APRIL 2013 (ORGANIZATION: SAN JOAQUIN VALLEY 
AIR POLLUTION CONTROL DISTRICT) 

��	 3DJH����6HFWLRQ�������GLVFXVVLRQ�RI�����RI�����VDPSOHV�UHMHFWHG�E\�4$�UHTXLUHV�VRPH� 
LPPHGLDWH� GLVFXVVLRQ� DV� ZHOO� DV� UHIHUHQFH� WR� $SSHQGL[� %�� � 7KLV� DPRXQW� RI� 4$� 
UHMHFWLRQ� LV� YHU\� KLJK� DQG� ZLOO� UDLVH� DQ� LPPHGLDWH� UHG� IODJ�� � 7KH� LPSRUWDQFH� RI� WKLV� 
LVVXH�PHULWV�DGGHG�WH[W�LQ�WKH�SDUDJUDSK�� 

$�VXPPDU\�RI�OLNHO\�FDXVHV�RI�WKH�KLJK�IDLOXUH�UDWH�KDV�EHHQ�LQFOXGHG��7KH�VHFWLRQ�RQ� 
SDJH����QRZ�UHDGV�DV�IROORZV��� 

³2I� WKH� ���� ILOWHU� VDPSOHV� FROOHFWHG�� ���� GLG� QRW� SDVV� TXDOLW\� DQDO\VLV�TXDOLW\� 
FRQWURO� �4$�4&�� VWHSV� DSSOLHG� WR� WKH� GDWDVHW�� OHDYLQJ� ���� IRU� XVH� LQ� FDOFXODWLQJ� 
HPLVVLRQ� UDWHV� XVLQJ� LQYHUVH� PRGHOLQJ�� $Q� LQYHVWLJDWLRQ� LQWR� WKLV� KLJK� UDWH� RI� 
IDLOXUH� ZDV� FRQGXFWHG� DQG� D� GHWDLOHG� GHVFULSWLRQ� LV� SURYLGHG� LQ�$SSHQGL[�  %�� ,Q�  
VXPPDU\�� ILOWHUV� WKDW� GLG� QRW� SDVV� 4$�4&� ZHUH� VXVSHFWHG� WR� KDYH� EHHQ� 
FRQWDPLQDWHG�HLWKHU�GXULQJ�VDPSOLQJ�RU�GXULQJ�VWRUDJH�DQG�KDQGOLQJ��(YLGHQFH�RI� 
³SDUWLFOH� ERXQFH´� ZDV� IRXQG� RQ� PDQ\� 30���� DQG� 30��� VDPSOHV� FROOHFWHG� GXULQJ� 
0D\� VDPSOH� SHULRGV�� 3DUWLFOH� ERXQFH� RFFXUV� ZKHQ� SDUWLFOHV� WKDW� FROOLGH� ZLWK� WKH� 
LPSDFWRU� SODWH�� WKH� PHFKDQLVP� XVHG� E\� WKH� 0LQL9ROV� WR� H[FOXGH� SDUWLFOHV� ODUJHU� 
WKDQ� WKH� GHVLJQ� VL]H�� DUH� UH�HQWUDLQHG� LQ� WKH� DLUVWUHDP� DQG� FROOHFWHG� RQ� WKH� ILOWHU� 
GRZQVWUHDP�DQG�UHVXOW�LQ�KLJKHU�PHDVXUHG�OHYHOV�WKDQ�DFWXDOO\�H[LVWHG��7KLV�LVVXH� 
LV�PRVW�OLNHO\�GXH�WR�H[SRVLQJ�WKH�0LQL9RO�VDPSOHUV�WR� GXVW�SOXPHV� H[FHHGLQJ�WKH� 
PD[LPXP� UHFRPPHQGHG� H[SRVXUH� OHYHO� DQG� LPSURSHU� LQVWUXPHQW� PDLQWHQDQFH� 
DQG� FOHDQLQJ� WKURXJK� WKH� 0D\� VDPSOH� SHULRGV�� &RUUHFWLYH� DFWLRQ� ZDV� WDNHQ� 
GXULQJ� WKH� -XQH� VDPSOH� SHULRGV� DQG� QR� LVVXHV� DVVRFLDWHG� ZLWK� SDUWLFOH� ERXQFH� 
ZHUH�REVHUYHG�LQ�WKH�VHFRQG�SRUWLRQ�RI�WKH�VWXG\����� 
³$GGLWLRQDOO\�� VRPH� SDUWLFOHV� ZHUH� REVHUYHG� RQ� WRS� RI� DQG� LPEHGGHG� LQWR� WKH� 
SODVWLF�DQQXODU�ULQJ�DURXQG�WKH�7HIORQ�ILOWHU�PDWHULDO�±�WKH�SODVWLF�ULQJ�LV�FRYHUHG� 
E\� WKH� ILOWHU� KROGHU� DVVHPEO\� GXULQJ� GHSOR\PHQW�� 7KLV� ZDV� OLNHO\� GXH� WR� 
FRQWDPLQDWLRQ� GXULQJ� RQ�VLWH� ILOWHU� VWRUDJH� RU� KDQGOLQJ�� (IIRUWV� ZHUH� PDGH� WR� 
PLQLPL]H� WKLV� LVVXH� WKURXJKRXW�� HVSHFLDOO\� GXULQJ� WKH� -XQH� VDPSOH� SHULRGV�� 
+RZHYHU�� ZLQGEORZQ� GXVW� GLG� LPSDFW� WKH� KDQGOLQJ� DQG� VWRUDJH� DUHD� GXULQJ� WKH� 
ODVW� VDPSOH� SHULRGV� LQ� 0D\�� ,Q� DGGLWLRQ�� FRQWDPLQDWLRQ� RI� XSZLQG� VDPSOHUV� 
SUHYHQWHG� HPLVVLRQ� UDWH� FDOFXODWLRQV� IRU� VRPH� VL]H� IUDFWLRQV� IRU� WZR� RWKHU� 
RSHUDWLRQV�� 7KH� VL]H� IUDFWLRQ� GLVWULEXWLRQ� RI� DSSURYHG� ILOWHUV� ZDV� QHDUO\� LGHQWLFDO� 
WR�WKH�WRWDO�VDPSOH�VHW�����������ZHUH�30��������������ZHUH�30����DQG���������� 
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ZHUH� 763�� 7KHVH� ILQDOL]HG� FRQFHQWUDWLRQV� DUH� JLYHQ� LQ� 7DEOH� ��� DQG� 7DEOH� ��� LQ� 
$SSHQGL[� $�� 6HH� $SSHQGL[� %� IRU� D� GHWDLOHG� GLVFXVVLRQ�RI� WKH�4$�4&� VWHSV�� ILOWHU� 
LQVSHFWLRQ� IDLOXUH�� SRVVLEOH� FDXVHV� RI� WKH� IDLOXUHV�� DQG� SUHYHQWDWLYH� VROXWLRQV� IRU� 
IXWXUH�VDPSOLQJ�´� 

��	 ,Q� VKDUS� FRQWUDVW� WR� VHFWLRQ� ������� VHFWLRQV� ������ WKURXJK� ������ �VWDUWLQJ� DW� SDJH� ���� 
QHYHU� PHQWLRQ� 4$�� � 6RPH� GLVFXVVLRQ� RI� GDWD� FRPSOHWHQHVV� DQG� UHGDFWLRQV� VKRXOG� EH� 
LQFOXGHG�IRU�WKHVH�VHFWLRQV�� 

6HQWHQFHV�DQG�SDUDJUDSKV�DGGUHVVLQJ�4$�KDYH�EHHQ�LQFOXGHG�LQ�HDFK�RI�WKH�VHFWLRQV� 
UHIHUUHG�WR�DERYH��6RPH�RI�WKH�PDWHULDO�ZHUH�SUHYLRXVO\�LQ�WKH�PHWKRGRORJ\�SRUWLRQ�RI� 
WKH�UHSRUW�DQG�KDYH�EHHQ�SXOOHG�LQWR�WKH�UHVXOWV�VHFWLRQ��:KLOH�WKH�OLGDU�FRQFHQWUDWLRQ� 
PHDVXUHPHQWV� VHFWLRQ� KDG� VRPH� GLVFXVVLRQ� RI� 4$� VFUHHQLQJ�� LW� KDV� EHHQ� DXJPHQWHG�� 
FODULILHG��DQG�PRYHG�WR�WKH�ILUVW�SDUDJUDSK�RI�WKH�VHFWLRQ�� 
3DJH�������������2UJDQLF�&DUERQ�(OHPHQWDO�&DUERQ�$QDO\]HU� 

³$V� PHQWLRQHG� SUHYLRXVO\�� WKH� RUJDQLF� FDUERQ�HOHPHQWDO� FDUERQ� DQDO\]HU� SDVVHG� 
WKH� PDQXIDFWXUHU¶V� VXJJHVWHG� LQ�ILHOG� DXGLWV� DQG� DIWHU� FRPSOHWLRQ� RI� WKH� ILHOG� 
SURMHFW� WKH� GDWD� ZHUH� PDQXDOO\� VFUHHQHG� IRU� FRPSOHWHQHVV� DQG�SRWHQWLDO� RXWOLHUV��� 
'XULQJ�WKH�WZR�GLVWLQFW�SHULRGV�RI�VDPSOLQJ��0D\�������DQG�-XQH�������������WKH� 
(&�2&� LQVWUXPHQW� RSHUDWHG� FRQWLQXDOO\� H[FHSW� IRU� EULHI� SHULRGV� IRU� 4$�4&� 
FKHFNV�� VHUYLFLQJ� RI� WKH� V\VWHP� JHQHUDWRU�� RU� VLJQLILFDQW� EUHDNV� LQ� WKH� SURGXFHU� 
RSHUDWLRQV���$Q�XQDQWLFLSDWHG�FRQVHTXHQFH�RI�WKH�RQH�KRXU�VDPSOH�WLPHV��FRXSOHG� 
ZLWK� WKH� GXDO� FKDQQHO� RSHUDWLRQ� RI� WKH� 5 3� ����� (&�2&� $QDO\]HU�� ZDV� WKDW� WKH� 
VDPSOLQJ�DQDO\VLV�FOHDQLQJ� F\FOHV� H[WHQGHG� EH\RQG� WKH� SODQQHG� WZR� KRXUV�� � 7KH� 
QHW� UHVXOW� ZDV� D� VDPSOLQJ� SURILOH� ZKHUHLQ� HYHU\� WKLUG� KRXU� RI� GDWD� ZDV� PLVVLQJ� 
�����VDPSOH�FROOHFWLRQ�HIILFLHQF\�RYHU�WKH�HQWLUH�GHSOR\PHQW����+RZHYHU��EHFDXVH� 
WKH� DFWXDO� IDUP� SUDFWLFH� SHULRGV� YDULHG� IURP� RQH� WR� HLJKW� KRXUV�� WKH� DFWXDO�� 
REVHUYHG� GDWD� SHULRGV� UDQJHG� IURP� RQH� WR� HLJKW� KRXUV�� WKH� GDWD� FRYHUDJH� ZDV� 
IURP����������DYHUDJLQJ���������������´� 

3DJH�������������,RQ�&KURPDWRJUDSKLF��,&��$QDO\VLV� 
³$V� VXFK�� D� WRWDO� RI� QLQH� ILOWHUV� ZHUH� DQDO\]HG� IRU� VROXEOH� LRQV�� � +RZHYHU�� WZR� RI� 
WKHVH�ILOWHUV��IURP���������DQG���������ZHUH�VXEVHTXHQWO\�VXVSHFWHG�DV�SRWHQWLDOO\� 
KDYLQJ� FRQWDPLQDWLRQ� LVVXHV� �VHH� 6HFWLRQ� ������� DQG� ZHUH� GLVFDUGHG� IURP� IXUWKHU� 
DQDO\VLV�´� 

3DJH�����������$HURVRO�0DVV�6SHFWURPHWHU� 
³'XULQJ� WKH� WLOODJH� H[SHULPHQW�� WKH� $06� DFTXLUHG� FKHPLFDO� FRPSRVLWLRQ� GDWD� 
IURP� 0D\� ���0D\� ��� ZLWK� VRPH� VLJQLILFDQW� JDSV� LQ� WKH� GDWD� GXH� WR� PDVV� 
VSHFWURPHWHU� PDOIXQFWLRQLQJ�� 7KLV� UHTXLUHG� PDQXDO� VFUHHQLQJ� RI� WKH� $06� GDWD�� 
$SSUR[LPDWHO\� ���� RI� GDWD� RYHU� WKH� WLPH� SHULRG� ZDV� IRXQG� WR� EH� YDOLG�� /DUJH� 
JDSV� RFFXUUHG� WKURXJKRXW� WKH� VDPSOLQJ� SHULRG� ZLWK�� IRU� H[DPSOH�� QR� GDWD� 
DFTXLUHG�RQ�0D\����´� 

3DJH�����������0HW�2QH�2SWLFDO�3DUWLFOH�&RXQWHU� 
³7KH� FROOHFWHG� 23&� GDWD� ZHUH� DQDO\]HG� IRU� SDUWLFOH� VL]H� GLVWULEXWLRQ�� SDUWLFOH� 
YROXPH� FRQFHQWUDWLRQV�� DQG� FRQYHUWHG� WR� SDUWLFOH� PDVV� FRQFHQWUDWLRQ� WKURXJK� 
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PXOWLSOLFDWLRQ�ZLWK�WKH�0&)��DV�GHVFULEHG�LQ�6HFWLRQ����������7DEOH����DQG��7DEOH� 
��� SUHVHQW� WKH� 30����� 30���� DQG� 763� FRQFHQWUDWLRQV� DV� UHSRUWHG� E\� WKH� 23&V�� 
7KUHH� WR� IRXU� 23&V� ZHUH� LQ� SRVLWLRQV� LPPHGLDWHO\� GRZQZLQG� RI� WKH� ILHOG� XQGHU� 
VWXG\� LQ� HDFK� VDPSOH� SHULRG�� ZLWK� EHWZHHQ� RQH� DQG� IRXU� 23&V� LQ� XSZLQG� 
ORFDWLRQV��8QOLNH�WKH�GRZQZLQG�0LQL9RO�VDPSOHUV��WKH�GRZQZLQG�23&V�ZHUH�QRW� 
RYHUZKHOPHG� E\� WKH� GXVW� SOXPHV� IURP� WKH� WLOODJH� DFWLYLWLHV� ±� WKH� PDQXIDFWXUHU� 
VSHFLILHG�UDQJH�RI�WKH�23&�RI���WR�������������SDUWLFOHV�P��ZDV�QHYHU�H[FHHGHG�±� 
DQG� WKXV� SURYLGHG� XVDEOH� GDWD� WKURXJKRXW� DOO� VDPSOH�SHULRGV�� 8SZLQG� 23&� WLPH� 
VHULHV� GDWD� ZHUH� H[DPLQHG� IRU� FRQWDPLQDWLRQ� IURP� DFWLYLWLHV� XSZLQG� RI� WKH� VLWH�� 
VXFK� DV� XQSDYHG� URDG� WUDIILF�� &RQWDPLQDWLRQ� ZDV� IRXQG� LQ� VL[� RI� WKH� ��� VDPSOH� 
SHULRGV��ZLWK�ILYH�RI�WKRVH�RFFXUULQJ�DW�WKH������VDPSOH�VLWH�WKDW�ZDV�LPPHGLDWHO\� 
GRZQZLQG� RI� DQ� XQSDYHG� URDG� �VHH� )LJXUH� ���� /DUJH� VSLNHV� LQGLFDWLYH� RI� 
FRQWDPLQDWLRQ� ZHUH� UHPRYHG� IURP� WKH� XSZLQG� 23&� WLPH� VHULHV� GDWD� LQ� WKHVH� 
LQVWDQFHV� WR� HVWLPDWH� WKH� EDFNJURXQG� DHURVRO� FRQFHQWUDWLRQ�� WKH� HVWLPDWHG� 
EDFNJURXQG�OHYHOV�ZHUH�LQ�YHU\�JRRG�DJUHHPHQW� ZLWK�WKRVH�PHDVXUHG�E\� DQ�23&� 
DW�D�GLIIHUHQW��XQFRQWDPLQDWHG�XSZLQG�ORFDWLRQ��VHH�7DEOH����DQG�7DEOH������� 
'DWD�FRPSOHWHQHVV�IRU�WKH�23&�GDWDVHWV� ZDV�FDOFXODWHG�DV�D�UDWLR�RI� WKH�QXPEHU� 
RI�YDOLG�VDPSOHV�SHU�VDPSOH�SHULRG�RYHU�WKH�SRVVLEOH�QXPEHU�RI�YDOLG�VDPSOHV�DQG� 
H[SUHVVHG� DV� D� SHUFHQWDJH�� 'DWD� FRPSOHWHQHVV� ZDV� OHVV� WKDQ� ����� GXH� WR� 
FRPPXQLFDWLRQ� HUURUV� EHWZHHQ� WKH� 23&V� DQG� WKH� FRPSXWHU� ORJJLQJ� WKH� GDWD�� 
UHVXOWLQJ� LQ� ORVW� SDFNHWV� RI� ��� VHFRQG� VDPSOH� GDWD�� &RPPXQLFDWLRQ� HUURU� 
IUHTXHQF\� ZDV� YDULDEOH� EHWZHHQ� 23&V� DQG� DFURVV� WLPH�� 'DWD� FRPSOHWHQHVV� SHU� 
VDPSOH�SHULRG�UDQJHG�IURP�������WR���������DQG�DYHUDJHG�����ı��������������´� 

3DJH�����������2SWLFDO�WR�30�PDVV�FRQFHQWUDWLRQ�FRQYHUVLRQ� 
³$V� 23&� GDWD� FROOHFWHG� DW� HDFK� VLWH� DQG� GXULQJ� HDFK� VDPSOH� SHULRG� SDVVHG� 
4$�4&��WKH�FDOFXODWLRQ�RI�0&)�YDOXHV�ZDV�GHSHQGHQW�VROHO\�RQ�WKH�SUHVHQFH�RI�D� 
YDOLG�ILOWHU�EDVHG�30�PHDVXUHPHQW�´� 

3DJH�����������/LGDU�$HURVRO�&RQFHQWUDWLRQ�0HDVXUHPHQWV� 
³/LGDU� GDWD� ZDV� FROOHFWHG� WKURXJKRXW� DOO� VDPSOH� SHULRGV�� H[FHSW� IRU� WKH� 
&XOWLYDWRU� �� SDVV� PRQLWRUHG� RQ� -XQH� ��� GXH� WR� DQ� HTXLSPHQW� IDLOXUH� DIWHU� WKH� 
SUHYLRXV� PHDVXUHPHQW�� $OO� OLGDU� VFDQV� FROOHFWHG� GXULQJ� WLPHV� ZKHQ� QR� WLOODJH� 
DFWLYLW\� ZDV� RFFXUULQJ�� EDVHG� RQ� GHWDLOHG� ILHOG� QRWHV�� ZHUH� UHPRYHG� IURP� IXUWKHU� 
FDOFXODWLRQV�� 7KH� UHPDLQLQJ� VFDQV� ZHUH� YLVXDOO\� FKHFNHG� WR� UHPRYH� VFDQV� ZLWK� 
GDWD� DFTXLVLWLRQ� HUURUV� DQG� WR� SUHYHQW� WKH� XVH� RI� GDWD� WKDW� ZDV� FRQWDPLQDWHG� E\� 
RWKHU� VRXUFHV�� VRXUFHV� RI� REVHUYHG� FRQWDPLQDWLRQ� ZHUH� YHKLFXODU� WUDIILF� RQ�  
XQSDYHG� URDGV�� DJULFXOWXUDO� DFWLYLWLHV� LPPHGLDWHO\� XSZLQG�� DFWLYLWLHV� DVVRFLDWHG� 
ZLWK�WKH�DGMDFHQW�GDLU\��DQG�ZLQGEORZQ�GXVW��&RQWDPLQDWHG�XSZLQG�VFDQV��DV�ZHOO� 
DV� WKH� FRUUHVSRQGLQJ� GRZQZLQG� VFDQV�� ZHUH� UHPRYHG� IURP� IXUWKHU� HPLVVLRQ� UDWH� 
FDOFXODWLRQV�� ,Q� PRVW� FDVHV� WZR� RU� PRUH� GRZQZLQG� VFDQV� XVH� WKH� VDPH� XSZLQG� 
VFDQ�DV�D�UHIHUHQFH�EHFDXVH�PXOWLSOH�GRZQZLQG�VFDQV�ZHUH�PDGH�IRU�HDFK�XSZLQG� 
VFDQ��'RZQZLQG� VFDQV�ZHUH�QRW�XVHG�LQ�IXUWKHU�FDOFXODWLRQV�LI�WKH�FRUUHVSRQGLQJ�
ZLQG� GLUHFWLRQ� ZDV� RXWVLGH� RI� �� ���� IURP� SHUSHQGLFXODU� WR� WKH� GRZQZLQG� OLGDU� 
EHDP� SDWK�� LI� WKH� OLGDU� VFDQ� FRQWDLQHG� DSSDUHQW� SOXPHV� IURP� DQ� RXWVLGH� VRXUFH� 
�VXFK�DV�IURP�XQSDYHG�URDG�WUDIILF�RU�WKH�GDLU\���LI�QR�SOXPHV�ZHUH�GHWHFWHG��RU�LI� 
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WKH� WLOODJH� SOXPH� KDG� D� SRWHQWLDOO\� VLJQLILFDQW� SRUWLRQ� FURVVLQJ� WKH� OLGDU� EHDP� 
FORVHU�WKDQ�����PHWHUV�GRZQ�EHDP��,Q�DGGLWLRQ��XSZLQG�VFDQV�ZHUH�LQYDOLGDWHG�LI� 
QRQH�RI�WKH�DVVRFLDWHG�GRZQZLQG�VFDQV�ZHUH�XVDEOH��/LJKW�ZLQG�VSHHGV������P�V�� 
ZHUH� UHFRUGHG� GXULQJ� SRUWLRQV� RI� VRPH� PHDVXUHPHQW� SHULRGV�� /LJKW� ZLQGV� 
FKDOOHQJH�WKH�PHDVXUHPHQW�V\VWHP�DQG�UHVXOWHG�LQ�DGGLWLRQDO�LQYDOLGDWLRQ�RI�VRPH� 
OLGDU� VFDQV�� 7KH� WRWDO� QXPEHU� RI� OLGDU� VFDQV� PDGH� DORQJ� ERWK� XSZLQG� DQG� 
GRZQZLQG�SODQHV�LV� SUHVHQWHG�LQ�7DEOH�����DORQJ�ZLWK�WKH�QXPEHU�RI�YDOLG�VFDQV�� 
L�H��WKRVH�WKDW�SDVVHG�DOO� TXDOLW\�FKHFNV��DQG�WKH�SHUFHQW�RI�YDOLG�VFDQV�FRPSDUHG� 
WR�WKH�WRWDO�QXPEHU�RI�VFDQV��� 
,Q� VHYHUDO� FDVHV�� WKH� SHUFHQW� RI� YDOLG� VFDQV� ZDV� YHU\� ORZ�� $OWKRXJK� ZLQG� DQG� 
EDFNJURXQG�FRQGLWLRQV�ZHUH�JRRG�GXULQJ�WKH�KHUELFLGH�DSSOLFDWLRQ�RQ�������QRQH� 
RI� WKH� VFDQV� WDNHQ� ZHUH� GHHPHG� YDOLG� EHFDXVH� WKH� PDVV� GLIIHUHQFH� EHWZHHQ� WKH� 
XSZLQG�DQG�GRZQZLQG�VFDQV�ZDV�EHORZ�WKH�PLQLPXP�GHWHFWLRQ�OHYHO��0'/���7KLV� 
PHDQV�WKDW�WKH�RSHUDWLRQ�GLGQ¶W�SURGXFH�SOXPHV�VLJQLILFDQW�HQRXJK�WR�EH�GHWHFWHG� 
E\�WKH�OLGDU��WKLV�RSHUDWLRQ�ZDV�SHUIRUPHG�E\�D�YHU\�VPDOO�WUDFWRU�SXOOLQJ�D�VPDOO� 
VSUD\LQJ�DSSDUDWXV�±�WKH�RQO\�GLVWXUEDQFH�RI�WKH�JURXQG�ZDV�GXH�WR�PRYLQJ�WLUHV�� 
3OXPHV� RI� LQVXIILFLHQW� FRQFHQWUDWLRQ� GLIIHUHQFHV� IURP� EDFNJURXQG� OHYHOV� OHG� WR� 
GRZQZLQG� VFDQ� LQYDOLGDWLRQ� LQ� PDQ\� RWKHU� LQVWDQFHV� DOVR�� 7KH� GDLU\� SHQ� DUHDV� 
DGMDFHQW� WR� )LHOG� �� SURYHG� WR� EH� VXIILFLHQW� 30� VRXUFHV� VXFK� WKDW� OLGDU� VFDQV� 
VKRZLQJ� GXVW� SOXPHV� SDVVLQJ� RYHU� WKH� SHQV� SULRU� WR� FURVVLQJ� WKH� VFDQQLQJ� SODQH� 
ZHUH�QHDUO\�DOZD\V�LQYDOLGDWHG��$GGLWLRQDOO\��ZLQGEORZQ�GXVW�ZDV�HQWUDLQHG�RII�RI� 
ERWK� )LHOG� �� DQG� XSZLQG� ILHOG� VXUIDFHV� GXULQJ� ERWK� WKH� 0D\� ��� VDPSOH� SHULRGV�� 
$OO� RI� WKHVH� IDFWRUV� FRPELQHG� WR� VLJQLILFDQWO\� GHFUHDVH� WKH� QXPEHU� RI� YDOLG� OLGDU� 
VFDQV�DYDLODEOH�IRU�HPLVVLRQV�HVWLPDWLRQ�IURP�PRVW�RSHUDWLRQV�´� 

��	 6WULS�WLOO�LV�PHQWLRQHG�EHJLQQLQJ�DW�SDJH����EXW�QHYHU�FOHDUO\�GHILQHG��3DJH����FRPHV� 
FORVH�EXW� WKHUH� LV� QR� DGMDFHQW� GHVFULSWLRQ� IRU� FRPSDULVRQ� WR� FRQYHQWLRQDO� WLOOLQJ�� 7KH� 
WZR�WHUPV��DV�REVHUYHG�IRU�WKH�VWXG\��VKRXOG�EH�FOHDUO\�GHILQHG�� 

$� VHQWHQFH� KDV� EHHQ� DGGHG� WR� 6HFWLRQ� ����� 2SHUDWLRQ� 'HVFULSWLRQ�� WR� GHVFULEH� D� 
FRQVHUYDWLRQ� WLOODJH� &03� DQG� VRPH� WH[W� KDV� DOVR� EHHQ� DGGHG� IXUWKHU� GRZQ� LQ� WKDW� 
SDUDJUDSK� WR� FRQWUDVW� WKH� OHYHO� RI� VRLO� GLVWXUEDQFH� EHWZHHQ� WKH� VWULS�WLOO� DQG� GLVFLQJ� 
DQG�SORZLQJ�SDVVHV�RI�WKH�FRQYHQWLRQDO�PHWKRG��,W�QRZ�UHDGV�DV�IROORZV�� 

³$V� GHVFULEHG� LQ� WKH� &RQVHUYDWLRQ� 0DQDJHPHQW� 3UDFWLFHV� 3URJUDP� 5HSRUW� 
��������WKH�FRQVHUYDWLRQ�WLOODJH�&03�³LQYROYHV�XVLQJ�D�V\VWHP�LQ�ZKLFK�WKH�VRLO�LV� 
EHLQJ� WLOOHG� RU� FXOWLYDWHG� WR� D� OHVVHU� H[WHQW� FRPSDUHG� WR� D� FRQYHQWLRQDO� V\VWHP´� 
DQG�LW�LV³LQWHQGHG�WR�UHGXFH�SULPDU\�VRLO�GLVWXUEDQFH�RSHUDWLRQ�VXFK�DV�SORZLQJ�� 
GLVFLQJ��ULSSLQJ��DQG�FKLVHOLQJ³��7KH�&RQVHUYDWLRQ�7LOODJH�&03�XQGHU�VWXG\�LV�D� 
VWULS�WLOO� PHWKRG� ZKLFK� FRPELQHV� PXOWLSOH� RSHUDWLRQV� WR� UHGXFH� WKH� QXPEHU� RI� 
SDVVHV� UHTXLUHG� DQG� GLVWXUEV� WKH� VRLO� RQO\� LQ� �´�ZLGH� VWULSV� FHQWHUHG� HYHU\� ��´� 
LQVWHDG� RI� GLVWXUELQJ� WKH� HQWLUH� VXUIDFH� OLNH� WKH� SORZLQJ�� GLVFLQJ�� DQG� OLVWLQJ� 
RSHUDWLRQV�RI�D�FRQYHQWLRQDO�PHWKRG�´� 

��	 2QH�TXHVWLRQ�LV�ZK\�WKH� WRWDO��J��P��[�V��30�HPLVVLRQ�UDWHV�ZHUH�XVHG�WR�GHULYH�WKH� 
SHUFHQW� HPLVVLRQ� UHGXFWLRQV� ZKHQ� FRPSDULQJ� WKH� FRQYHQWLRQDO� WLOODJH� DQG� 
FRQVHUYDWLRQ� WLOODJH� PHWKRGV� UDWKHU� WKDQ� FRPSDULQJ� WKH� WRWDO� PJ�P�� HPLVVLRQ� UDWHV�� 
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3OHDVH� SURYLGH� VRPH� FODULILFDWLRQ� RQ� ZK\� WKLV� PHWULF� ZDV� VHOHFWHG� WR� FRPSDUH� 30� 
HPLVVLRQV�IURP�WKH�SUDFWLFHV��� 

30� HPLVVLRQ� IDFWRUV� IRU� WLOODJH� DUH� JHQHUDOO\� JLYHQ� LQ� PDVV� SHU� DUHD� IRU� HDFK� 
RSHUDWLRQ� �H�J�� OE�30���DFUH�SDVV�� PJ�30���P��SDVV�� HWF��� DQG� WKLV� ZDV� DOVR� WKH� 
EDVLV� IRU� FRPSDULQJ� 30� HPLVVLRQ� UDWHV� IURP� WKLV� VWXG\� ZLWK� HPLVVLRQ� UDWHV� IRXQG� LQ� 
OLWHUDWXUH� DQG� XVHG� E\� $5%� �VHH� 3DJH� ��� 7DEOH� ��� 3DJH� ��� 7DEOHV� �� DQG����  3DJH����  
7DEOH� �� DQG� IROORZLQJ� SDUDJUDSK�� DQG� 3DJH� ���� 7DEOH� ����� �,W� ZRXOG� VHHP� WKDW� 
FRPSDULQJ� WKH� WRWDO� PJ�P�� 30� HPLVVLRQ� UDWHV� IRU� FRQYHQWLRQDO� WLOODJH� DQG� 
FRQVHUYDWLRQ� WLOODJH� ZRXOG� SURYLGH� D� PRUH� XVHIXO� DQG� DFFXUDWH� UHSUHVHQWDWLRQ� RI� WKH� 
FKDQJH� LQ� 30� HPLVVLRQV��� $W� D� PLQLPXP�� WKH� SHUFHQW� UHGXFWLRQV� EDVHG� RQ� WKH� WRWDO� 
PDVV� RI� 30� HPLWWHG� SHU� DUHD� WLOOHG� VKRXOG� DOVR� EH� VKRZQ� DQG� LQFOXGHG� LQ� WKH� 
FRQFOXVLRQV��� 7KLV� ZRXOG� QRW� UHDOO\� FKDQJH� WKH� FRQFOXVLRQV� RI� WKH� UHSRUW� EXW� ZRXOG� 
SUREDEO\�EH�D�PRUH�DFFXUDWH�UHSUHVHQWDWLRQ�RI�WKH�WRWDO�30�HPLVVLRQ�UHGXFWLRQV��� 

7KH� DXWKRUV� DJUHH� WKDW� WKLV� FRPSDULVRQ� VKRXOG� EH� PDGH� XVLQJ� DQ� HPLVVLRQ� IDFWRU� 
UDWKHU� WKDQ� DQ� HPLVVLRQ� UDWH�� 7KH� YDOXHV� DQG� FRUUHVSRQGLQJ� FRQWURO� HIILFLHQF\� 
FDOFXODWLRQV�LQ�7DEOH����KDYH�EHHQ�FKDQJHG�WR�HPLVVLRQV�LQ�PJ�P��IRUPDW��7H[W�LQ�WKH� 
FRQFOXVLRQ��SDJH�����KDV�EHHQ�FKDQJHG�WR�WKH�IROORZLQJ�DQG�QXPEHUV�LQ�WKH�H[HFXWLYH� 
VXPPDU\�KDYH�EHHQ�XSGDWHG�� 

³(PLVVLRQ� UDWHV� IRU� 30����� 30���� DQG� 763� IURP� ERWK� OLGDU� GDWD� DQG� LQYHUVH� 
PRGHOLQJ�FRXSOHG�ZLWK�23&�GDWD�E\�RSHUDWLRQ�DUH�SUHVHQWHG�LQ�7DEOH����LQ�XQLWV� 
RI�PDVV�HPLWWHG�SHU�XQLW�DUHD�WLOOHG�SHU�RSHUDWLRQ�SDVV«��7KH�FRQVHUYDWLRQ�WLOODJH� 
PHWKRG� SURGXFHG� ����� DV� PXFK� 30����� ����� DV� PXFK� 30���� DQG� ����� DV� PXFK� 
763� DV� WKH� FRQYHQWLRQDO� PHWKRG� DFFRUGLQJ� WR� WKH� OLGDU� GDWD� DQG� ������ DV� PXFK� 
30�����������DV�PXFK�30����DQG������DV�PXFK� 763�DV�WKH�FRQYHQWLRQDO� PHWKRG� 
DFFRUGLQJ�WR�WKH�$(502'�23&�FRPELQDWLRQ��7KHUHIRUH��WKH�FRQWURO�HIILFLHQF\�RI� 
WKH�&03�IRU�SDUWLFXODWH�HPLVVLRQV�IURP�WKHVH�WKUHH�GDWD�VHWV�ZDV�DV�IROORZV��OLGDU� 
±� ������ ������ DQG� ����� IRU� 30����� 30���� DQG� 763�� UHVSHFWLYHO\�� DQG� $(502'� 
23&�±�������������DQG������IRU�30�����30����DQG�763��UHVSHFWLYHO\�´� 

10.4.1.1 Comment for Further Discussion 
��	 ,QWHUDJHQF\� GLVFXVVLRQ� VKRXOG� UHYLHZ� WKH� GLIIHUHQFH� EHWZHHQ� HQWUDLQHG� DQG� HPLWWHG��� 

0HDVXULQJ�WRR�FORVH�WR�D�VRXUFH�ZLOO�REVHUYH�HQWUDLQHG�PDWHULDO�WKDW�ZLOO�QRW�UHPDLQ�LQ� 
WKH� DLU�� LW� LV� HQWUDLQHG� EXW� ZLOO� QRW� EH� REVHUYHG� DV� DQ� DWPRVSKHULF� FRQWDPLQDQW� 
GRZQZLQG��:H�QHHG�WR�EH�VXUH�WKDW�ZH�KDYH�UHDVRQDEOH�GHILQLWLRQV�IRU�TXDQWLILFDWLRQ� 
RI� HPLVVLRQV�� 7KLV� LPSDFWV� UHYLHZ� RI� WKH� EHVW� PRGHOLQJ� DSSURDFK� WR�  GHWHUPLQH�  
HPLVVLRQV�±�GR�ZH�PHDQ�HYHU\WKLQJ�HQWUDLQHG�RU�RQO\�WKDW�SRUWLRQ�RI�PDWHULDO�WKDW�ZLOO� 
PL[� LQ� WKH� DWPRVSKHUH� VXIILFLHQWO\� WR� EH� REVHUYDEOH� GRZQZLQG� DQG� LPSDFW� SXEOLF� 
KHDOWK�� 

(3$�DQG�6-9$3&'�DJUHH�WKDW�DGGLWLRQDO�GLVFXVVLRQV�QHHG�WR�RFFXU�DERXW�GHILQLWLRQV� 
DQG�PHWKRGRORJLHV��� 
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10.4.2 Presentation of Results and Discussion with the San Joaquin Valley Air 
Pollution Control District’s Ag Technical Group: 22 April 2013 

10.4.2.1 Notes 
86'$�DQG�WKH�6SDFH�'\QDPLFV� /DE��6'/��GLG�D� SUHVHQWDWLRQ�RQ�WKH�VWXG\�UHVXOWV��HPSKDVL]LQJ� 
WKDW� WKH� FRQVHUYDWLRQ�WLOODJH� SUDFWLFH� WKDW� ZDV� DVVHVVHG� UHGXFHG� HPLVVLRQV� E\� RYHU� ���� �� 86'$� 
DOVR� QRWHG� WKDW� ZKLOH� GLIIHUHQW� FRQVHUYDWLRQ� PDQDJHPHQW� SUDFWLFHV� �&03V�� KDYH� GLIIHUHG� 
UHGXFWLRQV��WKH�PHWKRG�ZLWK�WKH�JUHDWHVW�UHGXFWLRQ�LQ�SDVVHV�DQG�VRLO�GLVWXUEDQFH�RI�WKRVH�VWXGLHG� 
KDG� WKH� JUHDWHVW� UHGXFWLRQ� LQ� HPLVVLRQV�� (3$� VWDWHG� WKDW� LW� ZRXOG� XVH� WKH� VWXG\� UHVXOWV� WR� KHOS� 
FUHDWH� LQFHQWLYHV� WR� LPSOHPHQW� FRQVHUYDWLRQ� WLOODJH�� DQG� WKDW� WKH� $JHQF\� XQGHUVWDQGV� WKDW� 
YDULDEOH� FRQGLWLRQV� RQ� IDUPV� UHVWULFW� WKH� DSSOLFDELOLW\� RI� WKLV� PHDVXUH�� 6WDNHKROGHUV� DQG� 86'$� 
DOVR� QRWHG� WKDW� SURGXFHUV� QHHGHG� IOH[LELOLW\� WR� DGGUHVV� GLIIHUHQW� FURSV� DQG� RQ�IDUP� FRQGLWLRQV�� 
DQG� WKDW� WKH� PHDVXUH� WKDW� ZDV� DVVHVVHG� LQ� WKLV� UHVHDUFK� LV� QRW� DSSURSULDWH� IRU� HYHU\� IDUP��� 
6WDNHKROGHUV�DOVR�SRLQWHG�RXW�WKDW�LQ�DGGLWLRQ�WR�UHGXFLQJ�HPLVVLRQV�WKURXJK�UHGXFWLRQV�LQ�SDVVHV�� 
&DOLIRUQLD� DJULFXOWXUH� KDV� UHGXFHG� HPLVVLRQV� E\� VZLWFKLQJ� WR� HTXLSPHQW� ZLWK� FOHDQHU� EXUQLQJ� 
GLHVHO� HQJLQHV�� 7KH� GLVFXVVLRQ� LQFOXGHG� WKH� TXHVWLRQV� EHORZ� IURP� VWDNHKROGHUV�� ZKLFK� ZHUH� 
DQVZHUHG�E\�86'$�DQG�6'/����� 

7KH�IROORZLQJ�VHQWHQFH�ZDV�LQFOXGHG�LQ�6HFWLRQ�����6LWH�'HVFULSWLRQ��SDJH�����WR�VWDWH�WKH� 
SRLQW� EURXJKW� RXW� E\� VWDNHKROGHUV� DQG� 86'$� WKDW� WLOODJH� RSHUDWLRQV� DUH� QRW� XVHG� LQ� DOO� 
DJULFXOWXUDO� FURS� SURGXFWLRQ� V\VWHPV�� ³7LOODJH� PDQDJHPHQW� SUDFWLFHV� DUH� RIWHQ� FURS� 
VSHFLILF� DQG� DUH� QRW� DSSURSULDWH� IRU� XVH� LQ� DOO� FURS� SURGXFWLRQ� DFWLYLWLHV�� 7KH� 
HIIHFWLYHQHVV� RI� &03V� XVHG� LQ� RWKHU� FURS� V\VWHPV� DW� UHGXFLQJ� 30� HPLVVLRQV� VKRXOG� EH� 
LQYHVWLJDWHG�´� 

10.4.2.2 Questions and Answers 
$GGLWLRQDO�FRPPHQWV�DQG�SRUWLRQV�RI�WKH�UHSRUW�UHODWHG�WR�TXHVWLRQV�DUH�SURYLGHG�DIWHU�WKH�DQVZHU� 
LQ�WKH�LQGHQWHG�VHQWHQFHV� 

4��'R�WKH�UHVXOWV�HIIHFWLYHO\�FDSWXUH�WKH�HPLVVLRQ�UHGXFWLRQV�DVVRFLDWHG�ZLWK�OHVV�IXHO�XVDJH"�� 

$�� :H� ZHUH� DEOH� WR� FDOFXODWH� WKLV� RQ� WKH� SUHYLRXV� VWXG\� EHFDXVH� WKH� SURGXFHU� TXDQWLILHG� WKH� 
DPRXQW�RI�IXHO�JRLQJ�LQWR�KLV�WUDFWRU��:H�DQWLFLSDWH�WKDW�LW¶V�WLHG�WR�WKH�DPRXQW�RI�WLPH�XVLQJ�IXHO�� 
DQG�ZRXOG�JXHVV�WKDW�WKHUH¶V�SUREDEO\�D�FORVH�WR�����UHGXFWLRQ�LQ�IXHO�HPLVVLRQV�DOVR���� 

7KH� SUHYLRXV� VWXG\� UHIHUHQFHG� LQ� WKLV� DQVZHU� LV� :LOOLDPV� HW� DO�� ������� DYDLODEOH�� 
KWWS���FISXE�HSD�JRY�VL�VLBSXEOLFBUHFRUGBUHSRUW�FIP"GLU(QWU\,G �������� LQ� ZKLFK� WKH� 
FRQWURO� HIIHFWLYHQHVV� RI� D� &RPELQHG� 2SHUDWLRQV� &03� ZDV� LQYHVWLJDWHG� E\� 86'$� DQG� 
6'/�LQ�)DOO�������� 
7KH�IROORZLQJ�VHQWHQFHV�KDYH�EHHQ�DGGHG�WR�WKH�FRQFOXVLRQ�VHFWLRQ�RI�WKH�UHSRUW�RQ�SDJH� 
��� WR� DGGUHVV� WKH� DGGLWLRQDO� UHGXFWLRQV� WKURXJK� UHGXFHG� WUDFWRU� RSHUDWLRQ� WLPH�´� ,W� 
VKRXOG� EH� QRWHG� WKDW� RWKHU� UHGXFWLRQV� LQ� HPLVVLRQV� EHWZHHQ� WKH� WZR� WLOODJH� PDQDJHPHQW� 
SUDFWLFHV� DUH� OLNHO\� WR� KDYH� RFFXUUHG�� PDLQO\� GXH� WR� GHFUHDVHG� IXHO� XVDJH� LQ� WUDFWRU� 
HQJLQHV��8QOLNH�WKH�SUHYLRXVO\�FRQGXFWHG�FRPSDQLRQ�VWXG\��IXHO�XVDJH�ZDV�QRW�TXDQWLILHG� 
LQ� WKLV� VWXG\� DQG� SUHYHQWHG� DFFRXQWLQJ� IRU� WKH� DVVRFLDWHG� UHGXFWLRQV� LQ� HPLVVLRQV�� 
+RZHYHU�� WKHVH� UHGXFWLRQV� DUH� H[SHFWHG� WR� EH� VLPLODU� WR� WKH� UHGXFWLRQ� LQ� WUDFWRU� 
RSHUDWLRQ�WLPH��a�����´� 

4��,V�LW�SRVVLEOH�WKDW�WKHUH�DUH�VRPH�H[WUD�UHGXFWLRQV�WR�EH�FODLPHG"�� 
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$�� <HV�� LI� ZH� ORRNHG� DW� FDUERQ� HPLVVLRQV� DV� ZHOO� DV� SRWHQWLDO� 30� FRPLQJ� IURP� IXHO� XVDJH� ZH� 
FRXOG� JHW� DGGLWLRQDO� UHGXFWLRQV²� ZH� GLGQ¶W� FDSWXUH� DOO� RI� WKDW� ZLWK� WKH� VDPSOHUV� ZH� KDG� LQ� WKH� 
ILHOG�IRU�WKLV�VWXG\���� 
� 6HH�WKH�UHVSRQVH�WR�WKH�DERYH�TXHVWLRQ�� 
4��'LG�\RX�DQDO\]H�\LHOG�GLIIHUHQFHV"�� 

$��:H�ZHUH�SULPDULO\�LQWHUHVWHG�LQ�HPLVVLRQ�DVSHFWV�DQG�GLGQ¶W�GR�DQ\�\LHOG�FRPSDULVRQV�LQ�WKLV� 
VWXG\��� 

7KH� IROORZLQJ� VHQWHQFH� KDV� EHHQ� DGGHG� RQ� SDJH� ��� WR� FOHDUO\� VWDWH� WKLV� LQ� WKH� UHSRUW�� 
³7KH�IRFXV�RI�WKLV�VWXG\�ZDV�FRPSDULQJ�HPLVVLRQV�UHVXOWLQJ�IURP�WKH�WLOODJH�RSHUDWLRQV�LQ� 
HDFK� ILHOG�� 7KHUHIRUH�� QR� GDWD� ZHUH� FROOHFWHG� WR� PDNH� FRPSDULVRQV� RI� RWKHU� SRWHQWLDOO\� 
YDU\LQJ� FKDUDFWHULVWLFV�� VXFK� DV� FURS� \LHOG�� VRLO� RUJDQLF� PDWWHU�� HWF���  EHWZHHQ� WKH� WZR�  
PDQDJHPHQW�SUDFWLFHV�´�� 

4��:HUH�HLWKHU�RI�WKH�ILHOGV�DOUHDG\�LQ�FRQVHUYDWLRQ�WLOODJH"�� 

$��7KH�ILHOG�WKDW�ZDV�XQGHU�FRQVHUYDWLRQ�WLOODJH�KDG�EHHQ�XQGHU�FRQVHUYDWLRQ�WLOODJH�IRU�VHYHUDO� 
\HDUV��WKH�RWKHU�RQH�ZDV�VWLOO�EHLQJ�RSHUDWHG�ZLWK�FRQYHQWLRQDO�WLOODJH�ZLWK�DOO�WKH�SDVVHV�� 

7KLV�LV�DGGUHVVHG�RQ�SDJH����RI�WKH�UHSRUW�� 
4��'LG�\RX�ORRN�DW�WKH�GLIIHUHQFH�EHWZHHQ�VRLO�WHPSHUDWXUH�RU�DPELHQW�DLU�WHPSHUDWXUH"�� 

$���:H�GLG�QRW�PDNH�VRLO�VXUIDFH�WHPSHUDWXUH�PHDVXUHPHQWV��:H�DJUHH�WKDW�WKLV�IDFWRU�PD\�KDYH� 
D�VLJQLILFDQW�HIIHFW�RQ�HPLVVLRQV�WUDQVSRUW��:H�SODQ�WR�PDNH�VXFK�PHDVXUHPHQWV�LQ�IXWXUH�VWXGLHV��� 

$Q�DGGLWLRQDO�SDUDJUDSK�KDV�EHHQ�DGGHG�WR�WKH�/HVVRQV�/HDUQHG�VHFWLRQ��SDJHV��������WR� 
DGGUHVV� WKLV� FRPPHQW� LQ� WKH� UHSRUW�� ³,Q� DGGLWLRQ� WR� WKH� DERYH� OHVVRQV� OHDUQHG�� SHHU� 
UHYLHZ� RI� WKLV� UHSRUW� DOVR� EURXJKW� WR� RXU� DWWHQWLRQ� WKDW� PHDVXUHPHQWV� RI� DGGLWLRQDO� 
SDUDPHWHUV�VKRXOG�EH�FRQVLGHUHG�LQ�IXWXUH�VWXGLHV��6SHFLILFDOO\��LW�ZDV�VXJJHVWHG�WKDW�VRLO� 
VXUIDFH�WHPSHUDWXUH�PHDVXUHPHQWV�EH�PDGH��'LIIHUHQFHV�LQ�VRLO�VXUIDFH�WHPSHUDWXUH�PD\� 
UHVXOW� LQ� GLIIHUHQW� YHUWLFDO� DQG�KRUL]RQWDO� 30� GLVSHUVLRQ� �ZLWK�DOO� RWKHU� FRQGLWLRQV� EHLQJ� 
HTXDO��DV�VXUIDFH�FRQGLWLRQV�DUH�NQRZQ�WR�DIIHFW�WXUEXOHQFH�DQG�GLVSHUVLRQ�´� 

4��:HUH�GLIIHUHQW�WUDFWRUV�XVHG�IRU�FRQYHQWLRQDO�YV��FRQVHUYDWLRQ�WLOODJH"�� 

$��,W� ZDV� XVXDOO\�WKH� VDPH� WUDFWRU� EXW� IRU� VRPH� RI� WKH� SDVVHV� D� GLIIHUHQW� WUDFWRU� PD\� KDYH� EHHQ� 
XVHG���� 

7KH� HTXLSPHQW�� LQFOXGLQJ� WKH� WUDFWRU�� XVHG� IRU� HDFK� WLOODJH� RSHUDWLRQ� DUH� SURYLGHG� LQ� 
7DEOH����SDJH���� 

4��'LG�\RX�GR�DQ\WKLQJ�ZLWK�1��"�� 

$��1R��:H�GLGQ¶W�KDYH�WKH�HTXLSPHQW�DW�WKH�WLPH�RI�WKH�VWXG\�� 
� $OO�HTXLSPHQW�GHSOR\HG�IRU�WKLV�VWXG\�LV�SURYLGHG�LQ�6HFWLRQ����SDJHV�������� 
� 

� 
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