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7KLV�SURMHFW�IRFXVHG�RQ�WUDFNLQJ�3&%�WUDQVSRUW�LQ�VHYHQ�FRQWDPLQDWHG�LPSRXQGPHQWV�RQ�&HGDU�&UHHN

DQG�WKH�0LOZDXNHH�5LYHU���7KH�SRLQW�RI�WKLV�HIIRUW�ZDV�WR�DVVLVW�UHVRXUFH�PDQDJHUV�DQG�UHVSRQVLEOH

SDUWLHV�LQ�WDUJHWLQJ�VLWHV�IRU�IXUWKHU�UHPHGLDWLRQ�ZLWKLQ�WKLV�V\VWHP�DQG�WR�KHOS�DUWLFXODWH�VWUDWHJLHV�WR

HQKDQFH�WKH�QDWXUDO�UHFRYHU\�RI�WKH�V\VWHP�

,Q�RUGHU�WR�DQDO\]H�WKH�WUDQVSRUW�RI�3&%�LQ�WKLV�V\VWHP��KXQGUHGV�RI�ZDWHU�DQG�VHGLPHQW�VDPSOHV�ZHUH

WDNHQ�DQG�DQDO\]HG�DQG�D�3&%�PDVV�WUDQVSRUW�PRGHO�ZDV�DVVHPEOHG���7KH�PRGHO�ZDV�XVHG�WR�HYDOXDWH�D

VHULHV�RI�UHPHGLDWLRQ�VFHQDULRV�WKDW�LQYROYHG�ILYH�RI�WKH�VHYHQ�LPSRXQGPHQWV�

7KH�VDPSOH�FROOHFWLRQ��GDWD�DQDO\VLV�DQG�PRGHO�GHYHORSPHQW�GHVFULEHG�LQ�WKLV�UHSRUW�ZDV�FRQGXFWHG�E\

VWDII�RI�WKH�:LVFRQVLQ�'HSDUWPHQW�RI�1DWXUDO�5HVRXUFHV��'15����%DLUG�DQG�$VVRFLDWHV�ZDV�UHWDLQHG�E\

WKH�'15�WR�JDWKHU�WRJHWKHU�WKLV�ZRUN�DQG�SURGXFH�WKH�ILQDO�UHSRUW�

6XPPDU\�RI�5HVXOWV�

• 7KH�&HGDU�&UHHN�V\VWHP�SUHVHQWO\�FRQWULEXWHV�DQ�DQQXDO�DYHUDJH�3&%�PDVV�RI�DERXW���NLORJUDPV

WR�WKH�0LOZDXNHH�5LYHU�V\VWHP���7KH�DQQXDO�3&%�PDVV�WUDQVSRUWHG�IURP�&HGDU�&UHHN�WR�WKH

0LOZDXNHH�5LYHU�LV�H[SHFWHG�WR�GURS�WR�DERXW���NLORJUDPV�SHU�\HDU�RYHU�WKH�QH[W����\HDUV�DV�D

UHVXOW�RI�5XFN�3RQG�UHPHGLDWLRQ�

• 7KH�5XFN�3RQG�UHPHGLDWLRQ�UHPRYHG�D�VLJQLILFDQW�PDVV�RI�3&%��EHWZHHQ�����DQG�����.J��IURP

WKH�&HGDU�&UHHN�V\VWHP���7KH�PDVV�UHPRYHG�UHSUHVHQWV�EHWZHHQ�����WR�����RI�WKH�3&%�PDVV

WKDW�ZDV�SUHVHQW�LQ�WKH�&HGDU�&UHHN�V\VWHP�EHIRUH�UHPHGLDWLRQ�RI�5XFN�3RQG�

• 0DVV�UHPRYDO�RI�3&%��ZKHQ�SHUIRUPHG�LQ�WKH�ULJKW�SODFHV�ZLWKLQ�WKH�V\VWHP��HQKDQFHV�QDWXUDO

UHFRYHU\�VLJQLILFDQWO\���7KLV�ILQGLQJ�LV�EDVHG�RQ�PRGHO�UHVXOWV�
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,PSOLFDWLRQV�IRU�&HGDU�&UHHN�5HPHGLDO�6WUDWHJ\���5XFN�3RQG�SULRU�WR�UHPHGLDWLRQ�DQG�&ROXPELD

3RQG�DV�LW�H[LVWV�WRGD\�WRJHWKHU�FRQWDLQHG�EHWZHHQ���������RI�WKH�WRWDO�3&%�PDVV�ZLWKLQ�WKH�&HGDU

&UHHN�V\VWHP���7KH�PRGHO�VLPXODWLRQV�VKRZ�WKDW�PDVV�UHPRYDO�RI�5XFN�DQG�&ROXPELD�3RQGV�ZLOO

VLJQLILFDQWO\�HQKDQFH�WKH�QDWXUDO�UHFRYHU\�RI�WKH�0LOZDXNHH�5LYHU�V\VWHP���7KH�WZR�RWKHU

LPSRXQGPHQWV�RQ�WKH�&HGDU�&UHHN�V\VWHP��:LUH�	�1DLO�DQG�+DPLOWRQ�3RQGV��KDYH�OHVV�LPSDFW�RQ�WKH

0LOZDXNHH�5LYHU�V\VWHP�ZLWK�UHVSHFW�WR�PDVV�WUDQVSRUW�DQG�SURMHFWHG�ZDWHU�FROXPQ�DQG�VHGLPHQW�3&%

FRQFHQWUDWLRQV�

7KLV�ILQGLQJ�LV�FRQVLVWHQW�ZLWK�WKH�FRQFOXVLRQV�DQG�UHFRPPHQGDWLRQV�PDGH�LQ�:HVWHQEURHN��������

$OWKRXJK�QRW�HYDOXDWHG�DV�SDUW�RI�WKLV�SURMHFW��WKHUH�PD\�EH�RWKHU�HFRORJLFDO�RU�LQVWLWXWLRQDO�UHDVRQV�WR

FRQGXFW�UHPHGLDWLRQV�RQ�WKH�:LUH�	�1DLO�DQG�+DPLOWRQ�3RQGV���$JDLQ��WKH�H[SHFWHG�EHQHILW�WKDW

DFFUXHV�ZLOO�EH�PRUH�GLIILFXOW�WR�JDXJH�LQ�WHUPV�RI�PDVV�WUDQVSRUW�DQG�SURMHFWHG�GRZQVWUHDP�ZDWHU

FROXPQ�DQG�VHGLPHQW�3&%�FRQFHQWUDWLRQV�

2QH�LQVWLWXWLRQDO�UHDVRQ�WR�UHPHGLDWH�:LUH�DQG�1DLO�3RQG�PD\�EH�WKH�SRVVLELOLW\�RI�GDP�IDLOXUH���7KLV

SURMHFW�GLG�QRW�HYDOXDWH�WKH�LPSDFWV�RI�D�FDWDVWURSKLF�GDP�IDLOXUH�RQ�3&%�WUDQVSRUW���5HOHDVH�RI�WKH���

NLORJUDPV�RI�3&%�LQ�VXFK�DQ�HYHQW�ZRXOG�EH�JUHDWHU�WKDQ�WKH�3&%�WUDQVSRUW�IURP�&HGDU�&UHHN

SURMHFWHG�RYHU�WKH�QH[W����\HDUV�

,PSOLFDWLRQV�IRU�0LOZDXNHH�5LYHU�5HPHGLDO�6WUDWHJ\���7KH�(VWDEURRN�,PSRXQGPHQW�LV�E\�IDU�WKH

ODUJHVW�FRQWULEXWRU�RI�3&%�WR�WKH�0LOZDXNHH�V\VWHP���5HPHGLDWLRQ�RI�WKH�&HGDU�&UHHN�V\VWHP�DORQH

ZLOO�QRW�EH�DV�HIIHFWLYH�XQOHVV�(VWDEURRN�,PSRXQGPHQW�LV�DGGUHVVHG���,W�VKRXOG�EH�QRWHG�WKDW�WKH

(VWDEURRN�,PSRXQGPHQW�´KRW�VSRWµ�LV�FOHDUO\�XQUHODWHG�WR�WKH�FRQWDPLQDWLRQ�RQ�WKH�0LOZDXNHH�5LYHU

XSVWUHDP���7KH�VRXUFH�RI�(VWDEURRN�,PSRXQGPHQW�VHGLPHQWV�LV�XQNQRZQ���,PPHGLDWH��ODUJH

UHGXFWLRQV�LQ�3&%�ORDGLQJV�DQG�FRQFHQWUDWLRQV�PD\�EH�KDG�ZKHQ�WKLV�LPSRXQGPHQW�LV�UHPHGLDWHG�
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n 7KH�VFUHHQLQJ�OHYHO�PRGHO�SUHVHQWHG�KHUH�LV�DQ�DGHTXDWH�WRRO�IRU�HYDOXDWLQJ
PDQDJHPHQW�RSWLRQV���0RGHO�SURMHFWLRQV�DUH�DGHTXDWH�LQ�WHUPV�RI�HVWLPDWLQJ�PDVV
WUDQVSRUW�DV�D�IXQFWLRQ�RI�UHPHGLDWLRQ��EXW�WKH�ORQJ�WHUP�ILVK�WLVVXH�SURMHFWLRQV�DUH
VLPSOLVWLF�DQG�QHHG�DGGLWLRQDO�UHILQHPHQW�DQG�FDOLEUDWLRQ�EHIRUH�XVLQJ�WKHP
TXDQWLWDWLYHO\�

n 7KH�PRGHO�FDQ�EH�XVHG�WR�KHOS�PDNH�PDQDJHPHQW�GHFLVLRQV��KRZHYHU��QR�DWWHPSW�ZDV
PDGH�WR�VLPXODWH�WKH�HIIHFW�RI�GDP�IDLOXUH���$�FDWDVWURSKLF�GDP�IDLOXUH�DW�:LUH�DQG�1DLO
3RQG�KDV�WKH�SRWHQWLDO�WR�UHOHDVH�D�PDVV�RI�3&%�JUHDWHU�WKDQ����\HDUV·�ZRUWK�RI
WUDQVSRUW�IURP�&HGDU�&UHHN�XQGHU�QRUPDO�FRQGLWLRQV�

n 7KH�SDWWHUQ�RI�3&%�WUDQVSRUW�LQ�&HGDU�&UHHN�DQG�WKH�0LOZDXNHH�5LYHU�LV�LQ�PDQ\�ZD\V
VLPLODU�WR�D�VLPSOH�VHULHV�RI�FRPSOHWHO\�PL[HG�UHDFWRUV��WKH�IXUWKHU�RQH�PRYHV
GRZQVWUHDP�IURP�WKH�VRXUFH�RI�FRQWDPLQDWLRQ��5XFN�3RQG��WKH�PRUH�GLOXWH�DQG
GLVSHUVHG�LV�WKH�SROOXWDQW���6LPLODUO\��UHPHGLDWLRQ�RI�WKH�DUHDV�IXUWKHU�GRZQVWUHDP�DUH
SURMHFWHG�WR�KDYH�GLOXWHG�HIIHFWV�RQ�WKH�V\VWHP���7KH�PRVW�HIIHFWLYH�UHPHGLDWLRQ
VWUDWHJLHV�VKRXOG�IRFXV�RQ�WKRVH�DUHDV�ZKHUH�WKH�PDVV�DQG�FRQFHQWUDWLRQ�RI
FRQWDPLQDQW�LV�KLJKHVW�

n 7KH�5XFN�3RQG�UHPHGLDWLRQ�UHGXFHG�3&%�WUDQVSRUW�LQ�WKH�&HGDU�&UHHN�V\VWHP��DQG
GUDPDWLFDOO\�HQKDQFHG�WKH�QDWXUDO�UHFRYHU\�RI�WKH�V\VWHP�

n 0DVV�UHPRYDO�RI�DOO�VHGLPHQW�LQ�&ROXPELD�3RQG�ZLOO�VLJQLILFDQWO\�UHGXFH�WKH�WUDQVSRUW
RI�3&%�DQG�ZLOO�HQKDQFH�WKH�QDWXUDO�UHFRYHU\�RI�WKH�&HGDU�&UHHN�V\VWHP���7KH�PDVV�RI
3&%�LQ�&ROXPELD�3RQG�LV�JUHDWHU�WKDQ�WKDW�FDOFXODWHG�IRU�7KLHQVYLOOH��:LUH�	�1DLO�DQG
+DPLOWRQ�3RQGV�FRPELQHG�

n 5HPHGLDWLRQ�RI�WKH�:LUH�	�1DLO�3RQG�LV�QRW�OLNHO\�WR�\LHOG�VLJQLILFDQW�GHFUHDVHV�LQ�3&%
PDVV�H[SRUW�RU�ZDWHU�FROXPQ�FRQFHQWUDWLRQV���,QVWLWXWLRQDO�LVVXHV�VXFK�DV�SRVVLEOH�GDP
IDLOXUH�DUH�EH\RQG�WKH�DELOLW\�WR�VLPXODWH�DFFXUDWHO\�ZLWK�WKLV�PRGHO���+RZHYHU��WKH
UHOHDVH�RI�D�VLJQLILFDQW�PDVV�RI�3&%�YLD�D�GDP�EUHDFK�VKRXOG�EH�DYRLGHG���$�GDP�EUHDN
DW�:LUH�DQG�1DLO�FRXOG�UHGLVWULEXWH�DQG�GLVSHUVH�WKH�DSSUR[LPDWHO\����.J�RI�3&%��DQG
ZRXOG�OLNHO\�´UHFKDUJHµ�GRZQVWUHDP�VXUILFLDO�VHGLPHQW�OD\HUV�

n 5HPHGLDWLRQ�RI�+DPLOWRQ�3RQG�GRHV�QRW�DSSHDU�WR�RIIHU�VLJQLILFDQW�V\VWHP�ZLGH
EHQHILWV�LQ�WHUPV�RI�3&%�PDVV�H[SRUW�DQG�SURMHFWHG�ILVK�WLVVXH�FRQFHQWUDWLRQV���$JDLQ�
WKH�PRGHO�GLG�QRW�VLPXODWH�WKH�EUHDFK�RI�WKH�+DPLOWRQ�3RQG�'DP��DQG�LV�WKXV�VLOHQW
RQ�WKH�LPSOLFDWLRQV�RI�VHGLPHQW�VFRXU�IROORZLQJ�GDP�IDLOXUH�

n 5HPHGLDWLRQ�RI�7KLHQVYLOOH�,PSRXQGPHQW�PD\�EH�LPSUDFWLFDO�JLYHQ�LWV�ODUJH�VXUIDFH
DUHD�DQG�UHODWLYHO\�ORZ�3&%�FRQFHQWUDWLRQV��DQG�RIIHUV�WKH�ORZHVW�UHWXUQ�RQ�LQYHVWPHQW
RI�DQ\�RI�WKH�FRQWDPLQDWHG�LPSRXQGPHQWV�RQ�WKH�0LOZDXNHH�5LYHU�6\VWHP���$OVR�
VLQFH�WKH�FRQWDPLQDWLRQ�RQO\�JHWV�KLJKHU�ZLWK�LQFUHDVLQJ�VHGLPHQW�GHSWK��WKHUH�LV�D�UHDO
SRVVLELOLW\�WKDW�GLVWXUELQJ�WKLV�VHGLPHQW�ZRXOG�PDNH�FRQGLWLRQV�ZRUVH��LI�RQO\
WHPSRUDULO\�
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n .OHW]VFK�3DUN�,PSRXQGPHQW�GRHV�QRW�FRQWDLQ�DSSUHFLDEOH�DPRXQWV�RI�VRIW�VHGLPHQW
DQG�GRHV�QRW�FRQWDLQ�VLJQLILFDQW�PDVVHV�RI�3&%�

n (VWDEURRN�,PSRXQGPHQW�FRQWDLQV�QHDUO\���WLPHV�WKH�PDVV�RI�3&%�DV�LV�FRQWDLQHG�LQ
WKH�UHPDLQGHU�RI�WKH�&HGDU�&UHHN���0LOZDXNHH�5LYHU�6\VWHP���&RQJHQHU�3&%�UHVXOWV
VKRZ�WKDW�WKH�3&%�´KRW�VSRWµ�LQ�WKH�(VWDEURRN�,PSRXQGPHQW�LV�XQUHODWHG�WR�WKH�3&%
IRXQG�LQ�WKH�UHPDLQGHU�RI�WKH�0LOZDXNHH�5LYHU���7KH�VRXUFH�RI�(VWDEURRN
,PSRXQGPHQW�3&%�´KRW�VSRWµ�LV�XQNQRZQ�

n (VWDEURRN�,PSRXQGPHQW�FRQWULEXWHV�WKH�JUHDWHVW�PDVV�ORDGLQJ�WR�WKH�0LOZDXNHH�5LYHU
DQG�0LOZDXNHH�+DUERU�WKDQ�DOO�RWKHU�&HGDU�&UHHN�DQG�0LOZDXNHH�5LYHU�LPSRXQGPHQWV
FRPELQHG���5HPHGLDWLRQ�RI�(VWDEURRN�,PSRXQGPHQW�ZRXOG�JUHDWO\�HQKDQFH�WKH
QDWXUDO�UHFRYHU\�RI�WKH�V\VWHP�

n 6HGLPHQW�WUDS�UHVXOWV�SHUIRUPHG�RQ�/LQFROQ�&UHHN�ZHUH�LQFRQFOXVLYH��EXW�VXJJHVW�WKDW
FXUUHQW�3&%�WUDQVSRUW�IURP�/LQFROQ�&UHHN�LV�ORZ���7UDS�UHVXOWV�DOVR�LQGLFDWH�WKDW�WKH
RULJLQDO�VRXUFH�RU�VRXUFHV�RI�WKH�3&%�´KRW�VSRWµ�LQ�WKH�(VWDEURRN��,PSRXQGPHQW
ZHUH�SUREDEO\�IURP�ZLWKLQ�WKH�UHDFK�ERXQGHG�E\���WK�6WUHHW�XSVWUHDP�DQG�7HXWRQLD
$YHQXH�GRZQVWUHDP���7KH�WUDS�UHVXOWV�IURP�&UHVWZRRG�&UHHN�VXJJHVW�WKDW�QR
VLJQLILFDQW�VRXUFHV�RI�3&%�ZHUH�ORFDWHG�WKHUH�

n $V�VWDWHG�EHIRUH��WKH�VFUHHQLQJ�OHYHO�PRGHO�SHUIRUPDQFH�LV�PRUH�WKDQ�DGHTXDWH�WR
JDXJH�WKH�LPSDFW�RI�UHPHGLDWLRQ�RQ�WKH�&HGDU�&UHHN�DQG�0LOZDXNHH�5LYHU�V\VWHPV�
7KH�IROORZLQJ�PRGHO�HQKDQFHPHQWV�ZRXOG�SURGXFH�ZDWHU�FROXPQ�FRQFHQWUDWLRQ�3&%
SURMHFWLRQV�RI�JUHDWHU�DFFXUDF\�DQG�LQFOXGH�WKH�HIIHFW�RI�FDWDVWURSKLF�GDP�IDLOXUH�

n 0RGHO�SHUIRUPDQFH�UHJDUGLQJ�HOHYDWHG�VXPPHUWLPH�ZDWHU�FROXPQ
FRQFHQWUDWLRQV�PD\�EH�LPSURYHG�E\�VSOLWWLQJ�WKH�SUHVHQW�VLQJOH�VROLGV�FODVV�LQWR
ELRWLF�DQG�DELRWLF�FRPSRQHQWV��DV�ZDV�GRQH�LQ�WKH�XSSHU�)R[�5LYHU�PRGHOLQJ
�:'15��������

n 0RGHO�SHUIRUPDQFH�VLPXODWLQJ�(VWDEURRN�3DUN�VHGLPHQW�UHVXVSHQVLRQ�FRXOG�EH
LPSURYHG�E\�XVLQJ�D���GLPHQVLRQDO�K\GURG\QDPLF�DQG�VHGLPHQW�WUDQVSRUW
PRGHO�WR�EHWWHU�GHILQH�FXUUHQW�YHORFLWLHV�DQG�VKHDU�VWUHVVHV�XQGHU�YDULHG�IORZ
FRQGLWLRQV�

n 0RGHOLQJ�RI�D�IHZ�VHOHFW�FRQJHQHUV�ZRXOG�DLG�LQ�FDOLEUDWLQJ�WKH�(VWDEURRN�3DUN
UHVXVSHQVLRQ�IXQFWLRQ��VLQFH�WKH�3&%�FRQJHQHU�SURILOH�LV�VR�GLIIHUHQW�WKHUH�WKDQ
LQ�WKH�UHVW�RI�WKH�0LOZDXNHH�5LYHU�

n $�FRPELQHG�GDP�EUHDN�DQDO\VLV�DQG���'�VHGLPHQW�WUDQVSRUW�PRGHO�ZRXOG
DGGUHVV�LVVXHV�VXUURXQGLQJ�SRVVLEOH�GDP�IDLOXUH�

��� 5(&200(1'$7,216

n &ROXPELD�3RQG�VKRXOG�EH�WKH�IRFXV�RI�LPPHGLDWH�DWWHQWLRQ��EDVHG�RQ�WKH�KLJK�UHVLGHQW
3&%�PDVV��WKH�KLJKHVW�3&%�IOX[�LQ�WKH�V\VWHP�VDYH�IRU�(VWDEURRN�,PSRXQGPHQW��DQG
WKH�SURMHFWHG�HQKDQFHG�QDWXUDO�UHFRYHU\�IROORZLQJ�UHPHGLDWLRQ���5HPHGLDWLRQ�RI
&ROXPELD�3RQG�ZLOO�UHGXFH�ORQJ�WHUP�3&%�WUDQVSRUW�GUDPDWLFDOO\�DQG�ZLOO�ORZHU�WKH
DYHUDJH�ORQJ�WHUP�ZDWHU�FROXPQ�3&%�FRQFHQWUDWLRQV�LQ�WKH�0LOZDXNHH�5LYHU�DW�3LRQHHU
5RDG�E\�RYHU�����DV�FRPSDUHG�ZLWK�WKH�QR�DFWLRQ�RSWLRQ�DW�&ROXPELD�3RQG�
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n $�SHUIRUPDQFH�EDVHG�FOHDQXS�FULWHULD�LV�VXLWDEOH�IRU�DSSOLFDWLRQ�WR�&ROXPELD�3RQG�
([LVWLQJ�WHFKQRORJLHV�ZLOO�QHYHU�PHHW�WKH�VHGLPHQW�TXDOLW\�FULWHULD�WKDW�DUH�SURGXFHG
XVLQJ�WKH�2QWDULR�6HGLPHQW�4XDOLW\�*XLGHOLQHV���$QDO\VLV�RI�WKH�5XFN�3RQG�VLWXDWLRQ
VKRZV�WKDW�DOWKRXJK�VLJQLILFDQW�FRQFHQWUDWLRQV�RI�3&%�ZHUH�OHIW�EHKLQG��ZDWHU�FROXPQ
DQG�ILVK�WLVVXH�FRQFHQWUDWLRQV�ZLOO�GHFUHDVH�VLJQLILFDQWO\�FRPSDUHG�WR�WKH�QR�DFWLRQ
DOWHUQDWLYH�

n (VWDEURRN�,PSRXQGPHQW�VKRXOG�EH�WDUJHWHG�IRU�LPPHGLDWH�DGGLWLRQDO�ZRUN��LQFOXGLQJ�D
VRXUFH�DQDO\VLV�VLPLODU�WR�WKDW�ZKLFK�ZDV�RULJLQDOO\�GRQH�E\�6NLS�%DNHU�IRU�5XFN�3RQG
RQ�&HGDU�&UHHN���$GGLWLRQDO�VDPSOLQJ�RI�WKH�ZDWHU�FROXPQ�VKRXOG�EH�SXUVXHG�WR
TXDQWLI\�WKH�PDVV�RI�3&%�HQWHULQJ�WKH�LPSRXQGPHQW�IURP�/LQFROQ�&UHHN���6LQFH�WKH
UHVXOWV�RI�WKLV�SURMHFW�FRQILUPHG�ZLGHVSUHDG�3&%�FRQWDPLQDWLRQ�ZLWKLQ�WKH�(VWDEURRN
,PSRXQGPHQW��D�UHPHGLDO�LQYHVWLJDWLRQ�IHDVLELOLW\�VWXG\��5,�)6��VKRXOG�EH�LQLWLDWHG
ZLWK�WKH�JRDO�RI�LGHQWLI\LQJ�ZD\V�WR�LPPRELOL]H�RU�UHPRYH�WKH�3&%�´KRW�VSRW�µ

n 7KH�'15�VKRXOG�SXUVXH�DQG�SHUIHFW�WKH�GHOLYHU\�RI�GDWD�HOHFWURQLFDOO\�IURP�WKH�6WDWH
/DE�RI�+\JLHQH���0XFK�WLPH�ZDV�VSHQW�RQ�WKLV�SURMHFW�PDQLSXODWLQJ�GDWD�ILOHV�LQ�RUGHU
WR�VXPPDUL]H�WKH�UHVXOWV�

n '15�SURMHFW�PDQDJHUV�VKRXOG�LVVXH�WKH�ILHOG�VWDII�SUH�SULQWHG�ODE�VOLSV��ZLWK�FULWLFDO
LQIRUPDWLRQ�OLNH�WKH�6725(7�QXPEHU��VLWH�QDPH��HWF��ILOOHG�LQ���&RQVLVWHQW�HQWU\�RI
WKHVH�SDUDPHWHUV�LQWR�WKH�6WDWH�/DE�V\VWHP�KHOSV�WUHPHQGRXVO\�ZKHQ�WKH�UHVXOWV�DUH
PDQLSXODWHG�HOHFWURQLFDOO\�
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7KH�SULPDU\�SXUSRVH�RI�WKH�0LOZDXNHH�5LYHU�3&%�0DVV�%DODQFH�6WXG\�ZDV�WR�FRQVLGHU�WKH�HIIHFWV�RI

SUHVHQW�DQG�IXWXUH�VHGLPHQW�UHPHGLDWLRQ�RQ�ZDWHU�FROXPQ�3&%�FRQFHQWUDWLRQV�DQG�3&%�PDVV�H[SRUW

LQ�ERWK�&HGDU�&UHHN�DQG�WKH�0LOZDXNHH�5LYHU�

7KLV�UHSRUW�SUHVHQWV�D�VXPPDU\�RI�ZDWHU�FROXPQ�DQG�VHGLPHQW�GDWD��GRFXPHQWV�PDWKHPDWLFDO�PRGHO

GHYHORSPHQW�DQG�JLYHV�SUHGLFWLRQV�EDVHG�RQ�YDULRXV�UHPHGLDWLRQ�VFHQDULRV�

��� %$&.*5281'

,Q�WKH�PLG�����V�WKH�:LVFRQVLQ�'HSDUWPHQW�RI�1DWXUDO�5HVRXUFHV��'15��GHWHFWHG�SRO\FKORULQDWHG

ELSKHQ\O��3&%��LQ�ILVK�WLVVXH�VDPSOHV�IURP�WKH�LPSRXQGPHQWV�RQ�&HGDU�&UHHN��QHDU�&HGDUEXUJ�

:LVFRQVLQ���)XUWKHU�LQYHVWLJDWLRQ�E\�WKH�'15�VKRZHG�KLJK�OHYHOV�RI�3&%�LQ�VHGLPHQW�VDPSOHV�IURP

IRXU�RI�ILYH�&HGDU�&UHHN�LPSRXQGPHQWV��:DZU]\Q�DQG�:DNHPDQ��������

6HYHUDO�VXEVHTXHQW�VWXGLHV�GRFXPHQWHG�WKH�GLVWULEXWLRQ�RI�3&%�ZLWKLQ�&HGDU�&UHHN�VHGLPHQWV�DQG

H[DPLQHG�WKH�WUDQVSRUW�RI�3&%�IURP�&HGDU�&UHHN�WR�WKH�0LOZDXNHH�5LYHU��'15��������:HVWHQEURHN�

��������,Q�������WKH�0HUFXU\�0DULQH�&RUSRUDWLRQ�UHPRYHG�������FXELF�\DUGV�RI�VHGLPHQW�IURP�5XFN

3RQG��WKH�PRVW�KLJKO\�FRQWDPLQDWHG�RI�WKH�ILYH�LPSRXQGPHQWV�RQ�&HGDU�&UHHN�

7KLV�SURMHFW�ZDV�GHVLJQHG�DV�DQ�H[WHQVLRQ�RI�SUHYLRXV�ZRUN��ZLWK�WKH�RYHUDOO�JRDO�RI�H[DPLQLQJ�WKH

LPSDFW�RI�3&%�FRQWDPLQDWHG�VHGLPHQW�RQ�WKH�&HGDU�&UHHN���0LOZDXNHH�5LYHU�V\VWHP�

��� 6,7(�'(6&5,37,21

7KH�VWXG\�DUHD�LQFOXGHV�&HGDU�&UHHN�IURP�+LJKZD\����WR�LWV�FRQIOXHQFH�ZLWK�WKH�0LOZDXNHH�5LYHU��WKH

0LOZDXNHH�5LYHU�IURP�&RXQW\�+LJKZD\�´7µ�WR�WKH�(VWDEURRN�3DUN�'DP��DQG�/LQFROQ�&UHHN�LQ�LWV

HQWLUHW\��VHH�)LJXUH������
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)RXU�FRQWLQXRXV�IORZ�PRQLWRULQJ�VWDWLRQV�ZHUH�RSHUDWHG�E\�WKH�8�6��*HRORJLFDO�6XUYH\��86*6��IRU

PRVW�RI�WKH�GXUDWLRQ�RI�WKLV�SURMHFW���7KHVH�VLWHV�LQFOXGH�

n &HGDU�&UHHN�DW�+LJKZD\�����FRLQFLGHV�ZLWK�PRGH�VHJPHQW���

n 0LOZDXNHH�5LYHU�DW�3LRQHHU�5RDG��FRLQFLGHV�ZLWK�PRGHO�VHJPHQW����

n 0LOZDXNHH�5LYHU�DW�(VWDEURRN�3DUN��FRLQFLGHV�ZLWK�PRGHO�VHJPHQW����

n /LQFROQ�&UHHN�DW���WK�6WUHHW

:DWHU�TXDOLW\�VDPSOLQJ�ZDV�FRQGXFWHG�E\�WKH�86*6�DQG�'15�DW�WKH�IROORZLQJ�VLWHV�

n &HGDU�&UHHN�DW�&ROXPELD�5RDG��5XFN�3RQG�

n &HGDU�&UHHN�GRZQVWUHDP�RI�+LJKODQG�5RDG��&ROXPELD�3RQG�

n 0LOZDXNHH�5LYHU�DW�&RXQW\�+LJKZD\�´7µ��XSVWUHDP�EDFNJURXQG�

n 0LOZDXNHH�5LYHU�DW�3LRQHHU�5RDG��ILUVW�EULGJH�GRZQVWUHDP�RI�&HGDU�&UHHN���0LOZDXNHH
5LYHU�FRQIOXHQFH�

n 0LOZDXNHH�5LYHU�DW�+LJKZD\������EHORZ�7KLHQVYLOOH�,PSRXQGPHQW�

n 0LOZDXNHH�5LYHU�DW�(VWDEURRN�3DUN��EHORZ�(VWDEURRN�,PSRXQGPHQW�

,Q�DGGLWLRQ��GDWD�SUHVHQWHG�LQ�:HVWHQEURHN��������ZDV�XVHG�WR�VXSSOHPHQW�WKH�GDWD�JHQHUDWHG�E\�WKLV

SURMHFW���7KDW�VWXG\�DOVR�VDPSOHG�ZDWHU�IURP�&HGDU�&UHHN�GRZQVWUHDP�RI�WKH�:LUH�DQG�1DLO�3RQG�DQG

&HGDU�&UHHN�DW�*UHHQ�%D\�5RDG��GRZQVWUHDP�RI�+DPLOWRQ�3RQG��
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%HFDXVH�FRQWDPLQDWHG�VHGLPHQW�WHQGV�WR�DFFXPXODWH�LQ�VRIW�VHGLPHQW�GHSRVLWV�EHKLQG�GDPV��WKLV�VWXG\

IRFXVHG�RQ�FKDUDFWHUL]LQJ�WKH�VHGLPHQWV�EHKLQG�GDPV�RQ�WKH�0LOZDXNHH�5LYHU���9HU\�OLWWOH�VHGLPHQW�LV

REVHUYHG�LQ�WKH�ULYHU�UHDFKHV�EHWZHHQ�LPSRXQGPHQWV��LQ�JHQHUDO�QR�PRUH�WKDQ����FP�RI�VHGLPHQW�ZDV

IRXQG��DQG�WKDW�ZDV�EHKLQG�ODUJH�ERXOGHUV�RU�LQ�LVRODWHG�SRFNHWV�LQ�WKHVH�LQWHUPHGLDWH�UHDFKHV�

+RZHYHU��WKLV�VWXG\�GLG�QRW�V\VWHPDWLFDOO\�VDPSOH�RU�FKDUDFWHUL]H�WKH�LQWHUPHGLDWH�UHDFKHV�

)LYH�LPSRXQGPHQWV�LQFOXGHG�LQ�WKH�VWXG\�DUH�RQ�WKH�&HGDU�&UHHN�V\VWHP��&HGDUEXUJ��:RROHQ�0LOO�

3RQG��5XFN�3RQG��&ROXPELD�3RQG��:LUH�	�1DLO�3RQG�DQG�+DPLOWRQ�3RQG���5XFN�3RQG�ZDV

UHPHGLDWHG�LQ������E\�WKH�0HUFXU\�0DULQH�&RUSRUDWLRQ���7KH�+DPLOWRQ�3RQG�'DP�IDLOHG�LQ�WKH�6SULQJ

RI�������ORZHULQJ�WKH�ZDWHU�OHYHOV�E\�VHYHUDO�IHHW���0RUH�FRPSOHWH�GHVFULSWLRQ�RI�WKHVH�LPSRXQGPHQWV

PD\�EH�IRXQG�LQ�:HVWHQEURHN��������DQG�:DZU]\Q�DQG�:DNHPDQ��������

7KH�WKUHH�0LOZDXNHH�5LYHU�,PSRXQGPHQWV�LQFOXGHG�LQ�WKH�VWXG\�DUHD�DUH�7KLHQVYLOOH�,PSRXQGPHQW�

.OHW]VFK�3DUN�,PSRXQGPHQW�DQG�WKH�(VWDEURRN�3DUN�,PSRXQGPHQW���:LVFRQVLQ�'15�VWDII

SHUIRUPHG�VHGLPHQW�DQG�ZDWHU�GHSWK�VXUYH\V�LQ������IRU�7KLHQVYLOOH�DQG�(VWDEURRN�,PSRXQGPHQWV�

)LJXUH�����VKRZV�WKH�GLVWULEXWLRQ�RI�ZDWHU�DQG�VHGLPHQW�GHSWKV�IRXQG�LQ�7KLHQVYLOOH�DQG�(VWDEURRN

,PSRXQGPHQWV�EDVHG�RQ�WKH������VXUYH\V�

%DFNZDWHU�HIIHFWV�IURP�WKH�7KLHQVYLOOH�'DP�H[WHQG�DSSUR[LPDWHO\���PLOHV�XSVWUHDP���7KH

LPSRXQGPHQW�LV�UHSUHVHQWHG�E\�ZDWHU�FROXPQ�VHJPHQW�QXPEHUV�������LQ�WKH�PRGHO���7KH�PHGLDQ

ZDWHU�GHSWK�LV�DERXW�����PHWHUV����IHHW���ZLWK�D�PD[LPXP�PHDVXUHG�GHSWK�RI���PHWHUV�������IHHW����7KH

PHGLDQ�VHGLPHQW�GHSWK�LV�DERXW����FHQWLPHWHUV������IHHW���ZLWK�D�PD[LPXP�RI�DERXW�����FHQWLPHWHUV

�����IHHW��

7KH�.OHW]VFK�,PSRXQGPHQW�ZDV�PRUH�RU�OHVV�LJQRUHG�LQ�WKLV�VWXG\�DIWHU�LQYHVWLJDWRUV�IRXQG�YLUWXDOO\

QR�VRIW�VHGLPHQW�GHSRVLWV�WR�VSHDN�RI���7KH�PDMRULW\�RI�WKH�ERWWRP�VHGLPHQWV�ZHUH�ZHOO�DUPRUHG��RU

FRQVLVWHG�RI�FREEOHV�RU�JUDYHO�
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7KH�(VWDEURRN�,PSRXQGPHQW�H[WHQGV�IURP�WKH�(VWDEURRN�'DP�XSVWUHDP�WR�DSSUR[LPDWHO\�6LOYHU

6SULQJ�5RDG���(VWDEURRN�,PSRXQGPHQW�LV�UHSUHVHQWHG�E\�ZDWHU�FROXPQ�VHJPHQWV�������LQ�WKH�PRGHO�

7KH�PHGLDQ�ZDWHU�GHSWK�PHDVXUHG�LQ������LV�DERXW�����PHWHUV������IHHW���ZLWK�D�PD[LPXP�RI�DERXW��

PHWHUV������IHHW����7KH�PHGLDQ�VHGLPHQW�GHSWK�LV�DERXW���������IHHW��FHQWLPHWHUV��ZLWK�D�PD[LPXP�RI

DERXW�����FHQWLPHWHUV������IHHW��

),*85(������0,/:$8.((�5,9(5�,03281'0(17�3+<6,&$/�&+$5$&7(5,67,&6
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6SHFLILF�REMHFWLYHV�IRU�WKLV�SURMHFW�ZHUH�WR�

• ([SDQG�WKH�ZDWHU�FROXPQ�3&%�GDWDEDVH

• 'HILQH�WKH�KRUL]RQWDO�DQG�YHUWLFDO�H[WHQW�RI�3&%�FRQWDPLQDWLRQ�LQ�WKH�(VWDEURRN
,PSRXQGPHQW

• 'HWHUPLQH�ZKHWKHU�/LQFROQ�&UHHN�UHSUHVHQWV�D�FRQWLQXLQJ�VRXUFH�RI�3&%�ORDGLQJ�WR�WKH
0LOZDXNHH�5LYHU

• 3URYLGH�D�TXDQWLWDWLYH�HVWLPDWH�RI�3&%�WUDQVSRUW�UDWHV�LQ�WKH�0LOZDXNHH�5LYHU

• *DXJH�WKH�VLJQLILFDQFH�RI�WKH�WKUHH�ODUJH�LPSRXQGPHQWV�RQ�WKH�0LOZDXNHH�5LYHU�LQ�WHUPV�RI
3&%�WUDQVSRUW

• 3UHGLFW�WKH�HIIHFW�RI�YDULRXV�UHPHGLDWLRQ�DOWHUQDWLYHV�RQ�3&%�PDVV�WUDQVSRUW�UDWHV�DQG�ZDWHU
FROXPQ�3&%�FRQFHQWUDWLRQV

7KH�RYHUDOO�JRDO�IRU�WKLV�SURMHFW�ZDV�WR�SURYLGH�PDQDJHUV�ZLWK�LQIRUPDWLRQ�FRQFHUQLQJ�WKH

HIIHFWLYHQHVV�RI�VHGLPHQW�UHPHGLDWLRQ�SURMHFWV�IURP�D�ULYHU�ZLGH�SHUVSHFWLYH�

��� 6&23(�2)�:25.

([WHQVLYH�ILHOG�VDPSOLQJ��GDWD�DQDO\VLV�DQG�QXPHULFDO�PRGHOLQJ�ZHUH�WKH�SULPDU\�DFWLYLWLHV�FDUULHG�RXW

IRU�WKLV�SURMHFW���7KLV�VHFWLRQ�GHVFULEHV�WKH�ZRUN�FRQGXFWHG�DV�SDUW�RI�WKLV�SURMHFW�

,W�VKRXOG�EH�QRWHG�WKDW�%DLUG·V�VFRSH�RI�ZRUN�ZDV�OLPLWHG�WR�WKH�FRPSLODWLRQ�DQG�V\QWKHVLV�RI�WKH�GDWD

DQG�PRGHOLQJ�UHVXOWV�SURYLGHG�E\�WKH�'15�

����� 6$03/(�&2//(&7,21

6HGLPHQW�VDPSOHV

$SSUR[LPDWHO\�����VHGLPHQW�VDPSOHV�ZHUH�WDNHQ�DV�SDUW�RI�WKLV�VWXG\�EHWZHHQ�2FWREHU�RI������DQG

'HFHPEHU�RI��������7KH�VHGLPHQW�VDPSOHV�ZHUH�DQDO\]HG�IRU�3&%�$URFORUV�DQG�WRWDO�RUJDQLF�FDUERQ�

3DUWLFOH�JUDLQ�VL]H�DQG�EXON�GHQVLW\�DQDO\VHV�DQG�ZHUH�DOVR�SHUIRUPHG�RQ�WKH�PDMRULW\�RI�VDPSOHV�

$SSUR[LPDWHO\�����RI�VDPSOHV�ZHUH�DQDO\]HG�IRU�3&%�FRQJHQHUV�
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$�VXEVHW�RI�VDPSOHV�ZDV�DQDO\]HG�IRU�SRO\QXFOHDU�DURPDWLF�K\GURFDUERQV��3$+V���ZLWK�WKH�JRDO�RI

SURYLGLQJ�FRQWH[W�IRU�WKH�3$+�VDPSOLQJ�FRQGXFWHG�IXUWKHU�GRZQVWUHDP�DV�SDUW�RI�5HPHGLDO�$FWLRQ

3ODQ�DFWLYLWLHV���7KHVH�UHVXOWV�DUH�LQFOXGHG�LQ�WKH�DSSHQGL[�

6HGLPHQW�VDPSOHV�JHQHUDWHG�E\�WKLV�SURMHFW�ZHUH�GLVWULEXWHG�DV�IROORZV�

n ��VHGLPHQW�JUDE�VDPSOHV�IURP�5XFN�3RQG��RQ�&HGDU�&UHHN��IROORZLQJ�5XFN�3RQG
5HPHGLDWLRQ

n ���VHGLPHQW�FRUH�VDPSOHV�IURP�&ROXPELD�3RQG��RQ�&HGDU�&UHHN

n ���VHGLPHQW�FRUH�VDPSOHV�IURP�7KLHQVYLOOH�,PSRXQGPHQW��RQ�WKH�0LOZDXNHH�5LYHU

n ��VHGLPHQW�FRUH�VDPSOHV�IURP�.OHW]VFK�3DUN�,PSRXQGPHQW��RQ�WKH�0LOZDXNHH�5LYHU

n ���VHGLPHQW�FRUH�VDPSOHV�IURP�WKH�(VWDEURRN�,PSRXQGPHQW��RQ�WKH�0LOZDXNHH�5LYHU

n ���VHGLPHQW�WUDS�VDPSOHV�IURP�/LQFROQ�&UHHN

:DWHU�VDPSOHV

$SSUR[LPDWHO\�����ZDWHU�FROXPQ�VDPSOHV�ZHUH�DQDO\]HG�IRU�SDUWLFXODWH�DQG�GLVVROYHG�3&%�FRQJHQHUV

EHWZHHQ�-XQH�RI������DQG�$XJXVW�RI��������,Q�DGGLWLRQ��ZDWHU�VDPSOHV�ZHUH�FROOHFWHG�DQG�DQDO\]HG�IRU

WRWDO�VXVSHQGHG�VROLGV��766���YRODWLOH�VXVSHQGHG�VROLGV��966���FKORURSK\OO�D��FKORULGH��SDUWLFXODWH

RUJDQLF�FDUERQ��32&��DQG�GLVVROYHG�RUJDQLF�FDUERQ��'2&��

)LJXUH�����VKRZV�KRZ�ZDWHU�FROXPQ�VDPSOHV�ZHUH�GLVWULEXWHG�E\�ORFDWLRQ�

7$%/(����
/RFDWLRQ :DWHUERG\ 1XPEHU�RI�:DWHU�&ROXPQ�3&%�

32&��'2&��&KO�D�6DPSOHV
1XPEHU�RI�766�DQG�966
6DPSOHV��006'�

5XFN�3RQG &HGDU�&UHHN �� ���
&ROXPELD�3RQG &HGDU�&UHHN �� ���
&RXQW\�+LJKZD\�´7µ 0LOZDXNHH�5LYHU � ���
3LRQHHU�5RDG 0LOZDXNHH�5LYHU �� ���
7KLHQVYLOOH
,PSRXQGPHQW

0LOZDXNHH�5LYHU �� ���

(VWDEURRN�,PSRXQGPHQW 0LOZDXNHH�5LYHU �� ���
727$/ ��� ����
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����� 180(5,&$/�02'(/�'(9(/230(17

$�����VHJPHQW�FRQWDPLQDQW�PDVV�EDODQFH�PRGHO�ZDV�GHYHORSHG�DV�SDUW�RI�WKLV�SURMHFW���7KH�QXPHULFDO

IUDPHZRUN�XVHG�LV�WKH�,3;�PRGHO��ZKLFK�LV�EDVHG�RQ�WKH�8�6��(3$·V�:$63�PRGHO�IUDPHZRUN

�9HOOHX[�HW�DO��������

7KH�PRGHO�LQFOXGHV����ZDWHU�FROXPQ�VHJPHQWV�H[WHQGLQJ�IURP�&HGDU�&UHHN�DW�+LJKZD\����WR�WKH

(VWDEURRN�3DUN�'DP���8QGHUQHDWK�HDFK�RI�WKH�ZDWHU�FROXPQ�VHJPHQWV�LV�D�VWDFN�RI�DW�OHDVW���VHGLPHQW

VHJPHQWV�XVHG�WR�UHSUHVHQW�VHGLPHQW�GHSRVLWV�LQ�WKH�PRGHO���0RGHO�VHJPHQWDWLRQ�LV�GLVFXVVHG�LQ

JUHDWHU�GHWDLO�HOVHZKHUH�LQ�WKLV�GRFXPHQW�

7KH�PRGHO�ZDV�FDOLEUDWHG�XVLQJ�GDWD�FROOHFWHG�DV�SDUW�RI�WKLV�VWXG\�DV�ZHOO�DV�GDWD�FROOHFWHG�E\�WKH

0LOZDXNHH�0HWURSROLWDQ�6HZHUDJH�'LVWULFW�DQG�WKH�GDWD�FROOHFWHG�DV�SDUW�RI�WKH�&HGDU�&UHHN�3&%�0DVV

%DODQFH�6WXG\��:HVWHQEURHN�������

����� $1$/<6,6�2)�5(0(',$7,21�6&(1$5,26

$�SULPDU\�REMHFWLYH�IRU�WKLV�SURMHFW�ZDV�WR�DQDO\]H�DQG�SURMHFW�WKH�HIIHFW�RI�YDULRXV�UHPHGLDWLRQ

VFHQDULRV�RQ�3&%�FRQFHQWUDWLRQV�DQG�3&%�PDVV�WUDQVSRUW�LQ�WKH�0LOZDXNHH�5LYHU���,Q�RUGHU�WR

DFFRPSOLVK�WKLV��WKH�QXPHULFDO�PRGHO�ZDV�UXQ�IRU�D�FRPELQDWLRQ�RI�UHPHGLDWLRQ�DOWHUQDWLYHV�

$�VHULHV�RI�UHPHGLDWLRQ�VFHQDULRV�ZDV�GHYHORSHG�DQG�VLPXODWHG�XVLQJ�WKH�QXPHULFDO�PRGHO���6LPSOH

ELRFRQFHQWUDWLRQ�IDFWRU�EDVHG�SURMHFWLRQV�RI�ILVK�WLVVXH�FRQFHQWUDWLRQV�ZHUH�PDGH�EDVHG�RQ�WKH

SURMHFWHG�ZDWHU�FROXPQ�FRQFHQWUDWLRQV�

7KH�PRGHOHG�UHPHGLDWLRQ�VFHQDULRV�ZHUH�FRPSDUHG�E\�H[DPLQLQJ�3&%�PDVV�H[SRUW�DQG�ZDWHU��ILVK

WLVVXH�DQG�VHGLPHQW�FRQFHQWUDWLRQV�RYHU�WLPH�
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�� 6$03/(�&2//(&7,21��'$7$�$1$/<6,6�$1'�,17(535(7$7,21

��� 6$03/(�&2//(&7,21�0(7+2'6

)LHOG�PHWKRGV�DQG�ODE�SURFHGXUHV�DUH�GHVFULEHG�LQ�WKH�ZRUNSODQ�WKDW�ZDV�SUHSDUHG�LQ�DQ�HDUOLHU�SKDVH

RI�WKLV�SURMHFW���7KH�ZRUNSODQ�LV�LQFOXGHG�DV�DQ�DSSHQGL[�WR�WKLV�GRFXPHQW�

��� 48$/,7<�&21752/���48$/,7<�$6685$1&(

7KH�GDWD�TXDOLW\�REMHFWLYHV�IRU�WKLV�SURMHFW�DUH�GRFXPHQWHG�LQ�WKH�TXDOLW\�DVVXUDQFH�SURMHFW�SODQ

�:HVWHQEURHN�DQG�:DZU]\Q���������DQG�LQFOXGH�ERWK�TXDQWLWDWLYH�DQG�TXDOLWDWLYH�PHDVXUHV�RI�WKH

IROORZLQJ�

n 3UHFLVLRQ

n $FFXUDF\

n &RPSOHWHQHVV

n 'HWHFWDELOLW\

n 5HSUHVHQWDWLYHQHVV

n &RPSDUDELOLW\

7KH�GDWD�TXDOLW\�REMHFWLYHV�IRU�WKLV�SURMHFW�ZHUH�PHW�ZLWK�RQH�H[FHSWLRQ��WKH�OHYHO�RI�FRPSOHWHQHVV�RI

WKH�/LQFROQ�&UHHN�VHGLPHQW�WUDS�VDPSOHV�

/LQFROQ�&UHHN�LV�D�KLJKO\�XUEDQL]HG�VWUHDP��DQG�LW�UHVSRQGV�TXLFNO\�WR�UDLQIDOO�HYHQWV���3HDN�YHORFLWLHV

REVHUYHG�GXULQJ�KLJK�IORZ�HYHQWV�DSSURDFK����IHHW�SHU�VHFRQG��DV�HVWLPDWHG�E\�JDXJLQJ�WKH�YHORFLW\�RI

D�VRID�WUDYHOLQJ�GRZQVWUHDP����$V�D�UHVXOW��RQH�VHGLPHQW�WUDS�DVVHPEODJH�ZDV�ORVW�FRPSOHWHO\��DQG�DW

RWKHU�VLWHV��VHGLPHQW�WUDS�ERWWOHV�ZHUH�RIWHQ�ORVW�RU�EURNHQ��SUHVXPDEO\�DIWHU�EHLQJ�KLW�E\�REMHFWV

FDUULHG�GRZQVWUHDP�GXULQJ�SHDN�HYHQWV�

'XH�WR�WKH�ORVV�RI�VHGLPHQW�WUDS�DVVHPEODJHV��LW�LV�QRW�SRVVLEOH�WR�VWDWH�ZLWK�FHUWDLQW\�WKDW�/LQFROQ

&UHHN�LV�RU�LV�QRW�D�FRQWLQXLQJ�VRXUFH�RI�3&%�WR�WKH�0LOZDXNHH�5LYHU���7KH�GDWD�VXJJHVWV�WKDW�/LQFROQ

&UHHN�LV�QR�ORQJHU�D�FRQWLQXLQJ�VRXUFH��EXW�IXUWKHU�VWXG\�LV�QHHGHG�WR�YHULI\�WKLV�
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7KH�VHFWLRQV�WKDW�IROORZ�EULHIO\�VXPPDUL]H�WKH�UHVXOWV�RI�TXDOLW\�FRQWURO�VDPSOHV�

����� 4$�4&��:$7(5�&2/801�3&%�6$03/(6

%ODQNV

6L[�ILHOG�EODQNV�ZHUH�SUHSDUHG�DQG�DQDO\]HG�IRU�GLVVROYHG�DQG�SDUWLFXODWH�3&%�FRQJHQHUV���%ODQN�ZDWHU

ZDV�REWDLQHG�IURP�1DWXUDOO\�3XUH�:DWHU�LQ�0LOZDXNHH��ZKLFK�REWDLQHG�WKH�ZDWHU�IURP�D�VSULQJ�LQ

/LWWOH�5RFN��$UNDQVDV��-HII�6WHXHU��SHUVRQDO�FRPPXQLFDWLRQ����7KH�EODQN�ZDWHU�ZDV�WUDQVSRUWHG�LQ�WKH

VDPSOH�YDQ�WR�WKH�ILHOG�VLWH�DQG�SURFHVVHG�XVLQJ�WKH�VDPH�HTXLSPHQW�DV�ZDV�XVHG�LQ�WKH�ILHOG�VDPSOLQJ�

7KH�EODQN�UHVXOWV�DUH�GLVSOD\HG�DORQJVLGH�WKH�ILHOG�UHVXOWV�LQ�WKH�QH[W�VHFWLRQ���7KH�PD[LPXP�3&%�OHYHO

GHWHFWHG�LQ�D�EODQN�VDPSOH�ZDV�����QJ�/��DOO�RI�ZKLFK�ZDV�LQ�WKH�GLVVROYHG�IUDFWLRQ�

-HII�6WHXHU�RI�WKH�8�6��*HRORJLFDO�6XUYH\�QRWHV�WKDW�QXPHURXV�FRQJHQHUV�����������������������������

����������������������������������������������������������������������ZHUH�GHWHFWHG�LQ�ILHOG�EODQNV�

EXW�QRW�LQ�WKH�XSVWUHDP�EDFNJURXQG��0LOZDXNHH�5LYHU�DW�+<�´7µ��VLWH���7KLV�PD\�EH�HYLGHQFH�RI�ORZ�

OHYHO�FRQWDPLQDWLRQ�LQ�WKH�ILHOG�EODQN�ZDWHU�

$V�LV�VKRZQ�LQ�WKH�QH[W�VHFWLRQ��WKH�DPRXQW�RI�3&%�GHWHFWHG�LQ�EODQN�ZDWHU�VDPSOHV�LV�ZHOO�EHORZ�WKH

OHYHOV�GHWHFWHG�HOVHZKHUH�LQ�WKH�0LOZDXNHH�5LYHU�ILHOG�VDPSOHV��ZLWK�WKH�H[FHSWLRQ�RI�WKH�XSVWUHDP

EDFNJURXQG�VDPSOHV�

)LHOG�'XSOLFDWHV

)LYH�ILHOG�GXSOLFDWHV�IRU�ZDWHU�FROXPQ�3&%V�ZHUH�FROOHFWHG�GXULQJ�WKH�VWXG\���7KH�ILHOG�GXSOLFDWHV�RI

WKH�RSHUDWLRQDOO\�GLVVROYHG�IUDFWLRQ�YDULHG�E\�DQ�DYHUDJH�RI�������7KH�ILHOG�GXSOLFDWHV�RI�WKH�SDUWLFXODWH

3&%�IUDFWLRQ�YDULHG�E\�DQ�DYHUDJH�RI������-HII�6WHXHU��SHUVRQDO�FRPPXQLFDWLRQ��
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7KH�PHDVXUHG�YDULDWLRQ�IDOOV�ZHOO�EHORZ�WKH�ILHOG�GXSOLFDWH�SUHFLVLRQ�FRQWURO�OLPLWV�VSHFLILHG�LQ�WKH

4$33�

8SVWUHDP�%DFNJURXQG

)LYH�XSVWUHDP�EDFNJURXQG�VDPSOHV�ZHUH�REWDLQHG�DQG�DQDO\]HG�IURP�WKH�0LOZDXNHH�5LYHU�DW�+LJKZD\

´7µ��XSVWUHDP�RI�WKH�FRQIOXHQFH�RI�&HGDU�&UHHN���7KH�SXUSRVH�RI�WKHVH�VDPSOHV�ZDV�WR�GHWHUPLQH

TXDQWLWDWLYHO\�WKH�OHYHO�RI�3&%�SUHVHQW�LQ�WKH�0LOZDXNHH�5LYHU�V\VWHP�XSVWUHDP�IURP�&HGDU�&UHHN���,W

KDG�EHHQ�DVVXPHG�WKDW�WKLV�OHYHO�ZDV�QHDU�]HUR�JLYHQ�WKH�H[WUHPHO\�ORZ�OHYHOV�RI�3&%�LQ�ILVK�WLVVXH

VDPSOHV�IURP�ILVK�WDNHQ�DERYH�*UDIWRQ�

7KHUH�ZHUH�D�IHZ�SDUWLFXODWH�3&%�FRQJHQHUV�GHWHFWHG��Σ�>GLVVROYHG�SDUWLFXODWH@�����QJ�/��LQ�WKH

XSVWUHDP�EDFNJURXQG�VDPSOHV�WKDW�PD\�LQGLFDWH�D�VPDOO��KLVWRULFDO�VRXUFH�XSVWUHDP�IURP�*UDIWRQ��RU

SHUKDSV�HYHQ�UHIOHFW�DWPRVSKHULF�GHSRVLWLRQ���7\SLFDOO\�ZKHQ�´FOHDQµ�EODQN�ZDWHU�LV�UXQ�WKURXJK�WKH

V\VWHP��GLVVROYHG�FRQJHQHUV�DUH�PRVW�RIWHQ�GHWHFWHG��QRW�SDUWLFXODWH�FRQJHQHUV���7KHUHIRUH��LW�DSSHDUV

WKDW�WKH�ORZ�OHYHOV�RI�3&%�SUHVHQW�LQ�WKH�XSVWUHDP�EDFNJURXQG�VDPSOHV�UHIOHFW�HQYLURQPHQWDO

FRQGLWLRQV��QRW�FURVV�FRQWDPLQDWLRQ�RI�HTXLSPHQW�

'HVSLWH�WKH�SUHVHQFH�RI�D�IHZ�SDUWLFXODWH�3&%�FRQJHQHUV�LQ�WKH�XSVWUHDP�EDFNJURXQG�VDPSOHV��WKH

3&%�ORDG�FDUULHG�E\�WKH�0LOZDXNHH�5LYHU�V\VWHP�XSVWUHDP�RI�&HGDU�&UHHN�LV�HIIHFWLYHO\�]HUR�

����� 4$�4&��6863(1'('�62/,'6�6$03/(6

7ZR�GLIIHUHQW�ODEV�ZHUH�XVHG�WR�JHQHUDWH�WKH�VXVSHQGHG�VROLGV�UHFRUG�XVHG�IRU�WKLV�SURMHFW��WKH�6WDWH

/DE�RI�+\JLHQH��6/2+���DQG�WKH�0LOZDXNHH�0HWURSROLWDQ�6HZHUDJH�'LVWULFW��006'����%RWK�ODEV�XVHG

WKH�VDPH�PHWKRG��EDVHG�RQ�WKH�6WDWH�/DE�RI�+\JLHQH·V�0HWKRG��������6/2+��������

$V�ZDV�GRQH�IRU�WKH�)R[�5LYHU�3&%�0DVV�%DODQFH��WKH�ILOWHU�QRUPDOO\�XVHG�IRU�WKLV�PHWKRG�ZDV

VZLWFKHG�IURP�D�:KDWPDQ�*)�$������PLFURQ��WR�D�:KDWPDQ�*)�)������PLFURQ��JODVV�ILEHU�ILOWHU�
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7KH�GLVWULEXWLRQV�RI�GDWD�JHQHUDWHG�E\�WKH�WZR�ODEV�DUH�QHDUO\�LGHQWLFDO��LQGLFDWLQJ�QR�VXEVWDQWLDO

GLIIHUHQFH�EHWZHHQ�ODERUDWRULHV���)LJXUH�����EHORZ�GLVSOD\V�WKH�WZR�VXVSHQGHG�VROLGV�GLVWULEXWLRQV

GHYHORSHG�IRU�(VWDEURRN�3DUN���1RWH�WKDW�WKH�WZR�GDWD�VHWV�FRYHU�WKH�VDPH�SHULRG�LQ�WLPH��DOWKRXJK

WKH�GDWDVHWV�DUH�QRW�SDLUHG�

7KH�FRPSDULVRQV�EHWZHHQ�ILHOG�GDWD�DQG�PRGHO�RXWSXW�LQ�WKH�QH[W�IHZ�VHFWLRQV�LGHQWLI\�ZKLFK�ODE

SHUIRUPHG�WKH�VXVSHQGHG�VROLGV�DQDO\VLV��

),*85(������&203$5,621�2)�6863(1'('�62/,'6�5(&25'6�$7�(67$%522.�,03281'0(17
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7KLV�VHFWLRQ�VXPPDUL]HV�WKH�DQDO\WLFDO�UHVXOWV�RI�ILHOG�VDPSOHV�FROOHFWHG�DV�SDUW�RI�WKLV�SURMHFW�

����� :$7(5�&2/801�'$7$

2YHU������VXVSHQGHG�VROLGV�DQG�YRODWLOH�VXVSHQGHG�VROLGV�VDPSOHV�ZHUH�FROOHFWHG�DQG�DQDO\]HG�DV�SDUW

RI�WKLV�SURMHFW���7LPH�VHULHV�SORWV�FRPSDULQJ�WKLV�GDWD�WR�PRGHO�RXWSXW�IRU�VHOHFWHG�ORFDWLRQV�PD\�EH

IRXQG�LQ�VHFWLRQ���RI�WKLV�GRFXPHQW�
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)LJXUH�����EHORZ�JLYHV�WKH�FXPXODWLYH�SUREDELOLW\�GLVWULEXWLRQ�IRU�VXVSHQGHG�VROLGV�DV�GHULYHG�IURP�WKH

006'�GDWD�FROOHFWHG�IRU�WKLV�SURMHFW�
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(VWDEURRN�,PSRXQGPHQW�UHJLVWHUV�WKH�KLJKHVW�PHGLDQ�VXVSHQGHG�VROLGV�OHYHOV��ZKLOH�&ROXPELD�3RQG

VXVSHQGHG�VROLGV�OHYHOV�ZHUH�JHQHUDOO\�VLJQLILFDQWO\�ORZHU���7KH�GLVWULEXWLRQ�RI�VROLGV�FRQFHQWUDWLRQV

DQG��WKXV��WKH�VROLGV�ORDG��JHQHUDOO\�LQFUHDVHV�DV�RQH�PRYH�GRZQVWUHDP�

7RWDO�ZDWHU�FROXPQ�3&%�UHVXOWV�DUH�SUHVHQWHG�LQ�)LJXUH�����EHORZ���0HGLDQ�ZDWHU�FROXPQ�3&%

FRQFHQWUDWLRQV�LQ�&ROXPELD�3RQG�DUH�DQ�RUGHU�RI�PDJQLWXGH�KLJKHU�WKDQ�DQ\ZKHUH�HOVH�LQ�WKH�V\VWHP

VDYH�IRU�(VWDEURRN�,PSRXQGPHQW�

),*85(������:$7(5�&2/801�3&%�&21&(175$7,216
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Box Plot
Grouping Variable(s): Waterbody

7KH�PHGLDQ�YDOXH�IRU�&ROXPELD�3RQG�������������LV�VRPHZKDW�KLJKHU�WKDQ�WKDW�FDOFXODWHG�IURP������

�����GDWD��:HVWHQEURHN���������ZKLOH�WKH�UDQJH�LV�FRQVLVWHQW�ZLWK�WKRVH�GDWD�
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7KH�PHGLDQ�YDOXH�IRU�5XFN�3RQG�������������SRVW�5XFN�UHPHGLDWLRQ��LV�DERXW�����ORZHU�WKDQ�WKDW

PHGLDQ�GHWHUPLQHG�LQ�WKH�����������VDPSOLQJ��DQG�WKH�PD[LPXP�YDOXH�LV�DERXW�����OHVV�WKDQ�WKH

PD[LPXP�UHFRUGHG�GXULQJ�����������

1RWH�WKDW�LQ�)LJXUH�����DERYH�DQG�LQ�WKH�ER[�SORWV�WKDW�IROORZ��WKH�KRUL]RQWDO�EDU�ELVHFWLQJ�WKH�ER[

UHSUHVHQWV�WKH���WK�SHUFHQWLOH��PHGLDQ�YDOXH���ZKLOH�WKH�WRS�DQG�ERWWRP�RI�WKH�ER[�UHSUHVHQWV�WKH���WK

DQG���WK�SHUFHQWLOHV��UHVSHFWLYHO\���7KH�KRUL]RQWDO�EDUV�DW�WKH�HQG�RI�WKH�´ZKLVNHUVµ�UHSUHVHQW�WKH���WK

DQG���WK�SHUFHQWLOHV��ZKLOH�WKH�GRWV�DERYH�RU�EHORZ�WKH�EDUV�UHSUHVHQW�GDWD�SRLQWV�DERYH�WKH���WK�RU

EHORZ�WKH���WK�SHUFHQWLOHV�

1RWH�WKDW�WKH�0LOZDXNHH�5LYHU�EDFNJURXQG�VDPSOHV��´+<�´7µ��DUH�ZLWKLQ�WKH�UDQJH�RI�YDOXHV�GHWHFWHG

LQ�EODQN�VDPSOHV��7KH�EDFNJURXQG�VDPSOH�UHVXOW�PD\�UHSUHVHQW�FRQWDPLQDWLRQ��DOEHLW�DW�H[WUHPHO\�ORZ

OHYHOV��SRVVLEO\�IURP�DWPRVSKHULF�GHSRVLWLRQ�RU�D�KLVWRULFDO�3&%�VRXUFH�XSVWUHDP�IURP�*UDIWRQ���$V�LV

QRWHG�HOVHZKHUH��LW�LV�WKH�PL[�RI�SDUWLFXODWH�3&%�FRQJHQHUV�SUHVHQW�LQ�WKH�EDFNJURXQG�VDPSOHV�YHUVXV

WKH�EODQN�VDPSOHV�WKDW�PDNHV�WKH�+LJKZD\�´7µ�VDPSOHV�DSSHDU�WR�EH�GXH�WR�PRUH�WKDQ�VLPSOH�FURVV�

FRQWDPLQDWLRQ�RI�HTXLSPHQW�

)LJXUH�����EHORZ�VKRZV�WKH�GLVWULEXWLRQ�RI�FDOFXODWHG�3&%�ORDGV�DW�YDULRXV�SRLQWV�LQ�WKH�&HGDU�&UHHN��

0LOZDXNHH�5LYHU�V\VWHP�
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Box Plot
Grouping Variable(s): Waterbody 3

7KH�3&%�ORDG�MXPSV�WKH�PRVW�EHWZHHQ�5XFN�DQG�&ROXPELD�3RQGV�RQ�&HGDU�&UHHN��WKHQ�HVVHQWLDOO\

OHYHOV�RXW�XQWLO�RQH�UHDFKHV�(VWDEURRN�,PSRXQGPHQW��ZKHUH�WKH�ORDG�PD\�EH�VHHQ�WR�LQFUHDVH

VLJQLILFDQWO\�

7KH�FDOFXODWHG�PHGLDQ�3&%�ORDG�IURP�5XFN�3RQG�IROORZLQJ�UHPHGLDWLRQ�LV�DERXW�����ORZHU�WKDQ�WKH

ORDG�FDOFXODWHG�IURP�WKH�����������GDWD�

$QRWKHU�GLDJQRVWLF�SDUDPHWHU�RI�XVH�LQ�SUREOHPV�LQYROYLQJ�K\GURSKRELF�RUJDQLF�FRPSRXQGV�LV�WKH

VROLG�SKDVH�WR[LFDQW�FRQFHQWUDWLRQ���7KLV�PD\�EH�FDOFXODWHG�E\�GLYLGLQJ�WKH�SDUWLFXODWH�3&%

FRQFHQWUDWLRQ�E\�WKH�WRWDO�VXVSHQGHG�VROLGV�FRQFHQWUDWLRQ�
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7KH�OHYHO�RI�´VRUEHGµ�3&%�UHSUHVHQWV�WKH�3&%�FRQFHQWUDWLRQ�RQ�WKH�DYHUDJH�VXVSHQGHG�SDUWLFOH�

ZKLFK��LQ�WXUQ��LV�UHODWHG�WR�WKH�ORFDO�VXUILFLDO�VHGLPHQW�FRQFHQWUDWLRQ��WKH�LQIOX[�RI�XQFRQWDPLQDWHG

VXVSHQGHG�VROLGV�IURP�WULEXWDULHV�DV�ZHOO�DV�WKH�IOX[�RI�VRUEHG�3&%�IURP�XSVWUHDP�

)LJXUH�����JLYHV�WKH�FDOFXODWHG�VRUEHG�3&%�FRQFHQWUDWLRQV�IRU�YDULRXV�VLWHV�LQ�WKLV�SURMHFW�
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Box Plot
Grouping Variable(s): Waterbody 3

7KH�OHYHO�RI�VRUEHG�3&%�LV�VLJQLILFDQWO\�KLJKHU�LQ�&ROXPELD�3RQG��ZLWK�����RI�WKH�FDOFXODWHG�YDOXHV

IDOOLQJ�DERYH�DOO�YDOXHV�FDOFXODWHG�IRU�DQ\�RI�WKH�0LOZDXNHH�5LYHU�LPSRXQGPHQWV���$OWKRXJK�WKHUH�DUH

PDQ\�IDFWRUV�WKDW�GHWHUPLQH�WKH�VRUEHG�3&%�FRQFHQWUDWLRQ��WKH�GLVFUHSDQF\�EHWZHHQ�WKH�YDOXHV�DW

&ROXPELD�3RQG�DQG�WKH�UHVW�RI�WKH�V\VWHP�LQGLFDWHV�WKDW�WKH�DYHUDJH�VXVSHQGHG�VHGLPHQW�SDUWLFOH�DW
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&ROXPELD�3RQG�ZLOO�FDUU\�IDU�PRUH�3&%�WKDQ�WKH�DYHUDJH�VXVSHQGHG�VHGLPHQW�SDUWLFOH�IURP�RQH�RI�WKH

GRZQVWUHDP�LPSRXQGPHQWV�

)LJXUH�����EHORZ�VKRZV�WKH�IUDFWLRQ�RUJDQLF�FDUERQ�FRQWHQW��I
RF
��RI�VROLGV�LQ�WKH�ZDWHU�FROXPQ���7KH�I

RF

IRU�WKH�&HGDU�&UHHN�LPSRXQGPHQWV�LV�VLJQLILFDQWO\�KLJKHU�WKDQ�IRU�WKH�0LOZDXNHH�5LYHU���%HFDXVH�WKH

I
RF
�LV�D�IXQFWLRQ�RI�D�QXPEHU�RI�GLIIHUHQW�SDUDPHWHUV��LW�LV�GLIILFXOW�WR�VD\�ZKHWKHU�WKH�GLIIHUHQFHV

EHWZHHQ�I
RF
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)RU�UHIHUHQFH��WKH�86'$�VRLO�WH[WXUDO�FODVVLILFDWLRQ�LV�VKRZQ�EHORZ�

7KH�PRVW�FRPPRQ�FODVVLILFDWLRQ�IRU�WKH�&HGDU�&UHHN�DQG�0LOZDXNHH�5LYHU�VHGLPHQW�VDPSOHV�LV�WKDW�RI
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EXON�GHQVLWLHV�LQFUHDVH�DV�RQH�PRYHV�GRZQVWUHDP��ZLWK�WKH�PD[LPXP�EXON�GHQVLWLHV�FDOFXODWHG�IRU

VHGLPHQWV�IURP�(VWDEURRN�3DUN�,PSRXQGPHQW�

7KH�(VWDEURRN�,PSRXQGPHQW�EXON�GHQVLW\�PD\�EH�KLJKHU�EHFDXVH�RI�WKH�RSHUDWLRQ�RI�WKH�GDP���(YHU\
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(VWDEURRN�,PSRXQGPHQW�LV�UHIORRGHG�



%$,5'�	�$662&,$7(6

3$*(���

7KLV�DFWLRQ�FRPSDFWV�WKH�(VWDEURRN�,PSRXQGPHQW�VHGLPHQWV���,Q�IDFW��VDPSOLQJ�HIIRUWV�LQ�WKH�ODWH�IDOO

KDG�WR�EH�DEDQGRQHG�VLPSO\�EHFDXVH�WKH�FRPSUHVVHG�PXGIODWV�ZHUH�LPSHQHWUDEOH�XVLQJ�VWDQGDUG

VHGLPHQW�FRULQJ�HTXLSPHQW�

),*85(������&$/&8/$7('�6(',0(17�%8/.�'(16,7,(6

0

200000

400000

600000

800000

1000000

1200000

1400000

1600000

C
s’

 (
m

g/
L)

C
ol

um
bi

a

T
hi

en
sv

ill
e

K
le

tz
sc

h

E
st

ab
ro

ok

Box Plot
Grouping Variable(s): Waterbody

0

10

20

30

40

50

60

70

80

90

100

D
b 

(lb
s/

ft
3)

C
ol

um
bi

a

T
hi

en
sv

ill
e

K
le

tz
sc

h

E
st

ab
ro

ok

Box Plot
Grouping Variable(s): Waterbody

)LJXUH������EHORZ�VXPPDUL]HV�WKH�WRWDO�RUJDQLF�FDUERQ�FRQWHQW�RI�VHGLPHQWV�IURP�WKH�VDPSOHG

LPSRXQGPHQWV�



%$,5'�	�$662&,$7(6

3$*(���

),*85(�������6(',0(17�727$/�25*$1,&�&$5%21�&217(17

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

4.5

5.0

5.5

6.0

6.5

7.0

7.5

8.0

8.5

9.0

9.5

10.0
T

O
C

 (
%

)

B
ac

kg
ro

un
d

C
ol

um
bi

a

C
ed

ar
 C

re
ek

 H
Y

 "
T

"

T
hi

en
sv

ill
e

K
le

tz
sc

h

E
st

ab
ro

ok

Box Plot
Grouping Variable(s): Waterbody

6HGLPHQWV�IURP�&ROXPELD�3RQG�\LHOG�VXEVWDQWLDOO\�KLJKHU�OHYHOV�RI�WRWDO�RUJDQLF�FDUERQ�WKDQ�GR�WKH

LPSRXQGPHQWV�RQ�WKH�0LOZDXNHH�5LYHU���,W�LV�DVVXPHG�WKDW�WKLV�LV�D�UHIOHFWLRQ�RI�WKH�KLJKHU�I
RF

H[KLELWHG�RQ�VXVSHQGHG�SDUWLFOHV�IURP�WKH�&HGDU�&UHHN�V\VWHP�UHODWLYH�WR�WKH�0LOZDXNHH�5LYHU�V\VWHP�

)LJXUH������EHORZ�VXPPDUL]HV�WKH�KRUL]RQWDO�DQG�YHUWLFDO�GLVWULEXWLRQ�RI�3&%�LQ�VHGLPHQW�VDPSOHV�DV

SDUW�RI�WKLV�SURMHFW���1RWH�WKDW�WKH�VHGLPHQW�UHVXOWV�JLYHQ�DUH�IURP�VDPSOHV�REWDLQHG�GXULQJ�����������

5XFN�3RQG�VXUILFLDO�VDPSOHV�ZHUH�REWDLQHG�IROORZLQJ�5XFN�3RQG�UHPHGLDWLRQ�



%$,5'�	�$662&,$7(6

3$*(���

),*85(�������',675,%87,21�2)�6(',0(17�3&%�&21&(175$7,216

0.01

0.1

1

10

100

1000

M
ilw

au
ke

e 
R

iv
er

 a
t 

G
ra

ft
on

C
ol

um
bi

a 
P

on
d

T
hi

en
sv

ill
e 

Im
po

un
dm

en
t

K
le

tz
sc

h 
Im

po
un

dm
en

t

E
st

ab
ro

ok
 I

m
po

un
dm

en
t

Box Plot
Grouping Variable(s): Plot Order

P
C

B
 (

m
g/

K
g)

0.01

0.1

1

10

100

1000

C
ol

um
bi

a 
P

on
d

T
hi

en
sv

ill
e 

Im
po

un
dm

en
t

E
st

ab
ro

ok
 I

m
po

un
dm

en
t

Box Plot
Grouping Variable(s): Waterbody

P
C

B
 (

m
g/

K
g)

0.01

0.1

1

10

100

1000

M
ilw

au
ke

e 
R

iv
er

 a
t 

H
Y

 "
T

"

M
ilw

au
ke

e 
R

iv
er

 a
t 

G
ra

ft
on

R
uc

k 
P

on
d

C
ol

um
bi

a 
P

on
d

C
ed

ar
 C

re
ek

 a
t 

H
Y

 "
T

"

T
hi

en
sv

ill
e 

Im
po

un
dm

en
t

M
ilw

au
ke

e 
R

Iv
er

 a
t 

T
rin

ity
 C

re
ek

K
le

tz
sc

h 
Im

po
un

dm
en

t

Li
nc

ol
n 

C
re

ek

E
st

ab
ro

ok
 I

m
po

un
dm

en
t

Box Plot
Grouping Variable(s): Waterbody

P
C

B
 (

m
g/

K
g)

0-10 cm depth 10-20 cm depth

20-30 cm depth

0.01

0.1

1

10

100

1000

C
ol

um
bi

a 
P

on
d

T
hi

en
sv

ill
e 

Im
po

un
dm

en
t

E
st

ab
ro

ok
 I

m
po

un
dm

en
t

Box Plot
Grouping Variable(s): Plot Order

P
C

B
 (

m
g/

K
g)

30-40 cm depth

$�IHZ�JHQHUDOL]DWLRQV�PD\�EH�PDGH�EDVHG�RQ�)LJXUH������DQG�RWKHU�LQIRUPDWLRQ�



%$,5'�	�$662&,$7(6

3$*(���

n &ROXPELD�3RQG�VHGLPHQWV�DUH�JHQHUDOO\�DW�OHDVW�RQH�RUGHU�RI�PDJQLWXGH�RU�PRUH�KLJKHU
WKDQ�VHGLPHQWV�IRXQG�LQ�WKH�0LOZDXNHH�5LYHU��ZLWK�WKH�H[FHSWLRQ�RI�WKH�(VWDEURRN
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7KHUHDIWHU��FRQFHQWUDWLRQ�GHFUHDVHV�ZLWK�GHSWK���&RQJHQHU�UHVXOWV�DUH�JLYHQ�LQ�WKH
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Figure 4.12  Overview of SedimentFigure 4.12  Overview of Sediment
Sampling LocationsSampling Locations

Basemap: Milwaukee Sediment Geographic Information System, 1996

Figure 4.26  Lincoln Creek Sediment
Trap Results

Figure 4.23-4.25    Estabrook
Impoundment Sediment Sample Results

Figure 4.22   Kletzsch Park Sediment
Core Results

Figure 4.21  Trinity Creek Sediment
Grab Sample Results

Figure 4.18-4.20   Thiensville
Impoundment Sediment

Core Results

Figure 4.13-4.15   Columbia Pond
Sediment Core Results

Figure 4.17  Milwaukee River
Background Samples

Figure 4.16  Cedar Creek at HY "T"
Sediment Core Results



Figure 4.13  Sediment Sample ResultsFigure 4.13  Sediment Sample Results
Cedar Creek at Columbia PondCedar Creek at Columbia Pond

Basemap: Cedarburg, Wisconsin 7.5 minute quadrangle, USGS, photorevised 1971 and 1976

COL-11A   8/14/95
0-10 cm 52µg/g A-1260
10-20 cm 170µg/g A-1260
20-30 cm 8.4µg/g A-1254
30-37 cm 2.1µg/g A-1254

COL-12A   8/14/95
0-10 cm 64µg/g A-1260
10-20 cm 87µg/g A-1260
20-30 cm 120µg/g A-1260
30-38 cm 4.6µg/g A-1254

COL-10A   8/14/95
0-10 cm 27µg/g A-1260
10-20 cm 64µg/g A-1260
20-30 cm 81µg/g A-1260
30-40 cm 0.34µg/g A-1260
40-50 cm <0.05µg/g TOTAL PCB

COL-9A   8/14/95
0-10 cm 8.6µg/g A-1260
10-20 cm 21µg/g A-1260
20-30 cm 67µg/g A-1260
30-40 cm 190µg/g A-1260
40-50 cm 9µg/g A-1260



Figure 4.14  Sediment Sample ResultsFigure 4.14  Sediment Sample Results
Cedar Creek at Columbia PondCedar Creek at Columbia Pond

Basemap: Cedarburg, Wisconsin 7.5 minute quadrangle, USGS, photorevised 1971 and 1976

COL-7A   8/11/95
0-10 cm 13µg/g A-1260
10-20 cm 2.5µg/g A-1260
20-30 cm *I<0.1µg/g TOTAL PCB
                            (sample interference)
30-40 cm <0.05µg/g TOTAL PCB
40-50 cm <0.05µg/g TOTAL PCB

COL-8A   10/26/93
0-10 cm 36µg/g A-1260
10-20 cm 82µg/g  A-1260
20-30 cm 31µg/g A-1260
30-40 cm 0.99µg/g A-1260
40-50 cm 0.58µg/g A-1260

COL-5B   8/11/95
0-10 cm 9.8µg/g A-1260
10-20 cm 12µg/g A-1260
20-30 cm 28µg/g A-1260
30-40 cm 53µg/g A-1260
40-50 cm 0.12µg/g A-1260

COL-3B   8/11/95
0-10 cm 9.8µg/g A-1260
10-20 cm 29µg/g A-1260
20-30 cm 70µg/g A-1260
30-40 cm 1.2µg/g A-1260
40-50 cm <0.05µg/g TOTAL PCB

COL-4B   8/11/95
0-10 cm 9.5µg/g A-1260
10-20 cm 12µg/g A-1260
20-30 cm 57µg/g A-1260
30-40 cm 15µg/g A-1260
40-50 cm 0.13µg/g A-1260



Figure 4.15  Sediment Sample ResultsFigure 4.15  Sediment Sample Results
Cedar Creek at Columbia PondCedar Creek at Columbia Pond

Basemap: Cedarburg, Wisconsin 7.5 minute quadrangle, USGS, photorevised 1971 and 1976

COL-1A   8/11/95
0-10 cm 8.3µg/g A-1260
10-20 cm 11µg/g  A-1260
20-30 cm 16µg/g A-1260
30-40 cm 15µg/g A-1260
40-50 cm 0.06µg/g A-1260

COL-2A   8/11/95
0-10 cm 8.8µg/g A-1260
10-20 cm 8.3µg/g  A-1260
20-30 cm 18µg/g A-1260
30-40 cm 2.1µg/g A-1260
40-50 cm <0.05µg/g TOTAL PCB



Figure 4.16  Sediment Sample ResultsFigure 4.16  Sediment Sample Results
Cedar Creek at County Highway “T”Cedar Creek at County Highway “T”

Basemap: Cedarburg, Wisconsin 7.5 minute quadrangle, USGS, photorevised 1971 and 1976

GRAB SAMPLE
11/07/95
CC-2 0.98µg/g A-1260

GRAB SAMPLE
11/07/95
CC-1 3.3µg/g A-1260



Figure 4.17  Sediment Sample ResultsFigure 4.17  Sediment Sample Results
Milwaukee River at County Highway “T”Milwaukee River at County Highway “T”

Basemap: Cedarburg, Wisconsin 7.5 minute quadrangle, USGS, photorevised 1971 and 1976

GRAB SAMPLE
11/07/95
MIL-BACK-1 <0.05µg/g TOTAL PCB

GRAB SAMPLE
11/07/95
MIL-BACK-2 <0.05µg/g TOTAL PCB

Confluence with Cedar Creek



Figure 4.18  Sediment Sample ResultsFigure 4.18  Sediment Sample Results
Milwaukee River, Thiensville ImpoundmentMilwaukee River, Thiensville Impoundment

Basemap: Cedarburg, Wisconsin 7.5 minute quadrangle, USGS, photorevised 1971 and 1976

TH-6A   10/26/93
0-10 cm 0.21µg/g A-1254/60
10-20 cm 0.22µg/g  A-1254/60
20-30 cm 0.73µg/g A-1254/60
30-40 cm 2.7µg/g A-1254/60
40-50 cm <0.05µg/g TOTAL PCB

TH-5B   10/26/93
0-10 cm 0.18µg/g A-1254/60
10-20 cm 0.28µg/g A-1254/60
20-30 cm 1.3µg/g A-1254/60
30-40 cm 4.9µg/g  A-1254/60
40-48 cm 0.73µg/g A-1260

TH-4B   10/26/93
0-10 cm 0.22µg/g A-1254/60
10-20 cm 0.79µg/g A-1254/60
20-30 cm 1.9µg/g A-1254/60
30-40 cm <0.05µg/g TOTAL PCB



Figure 4.19  Sediment Sample ResultsFigure 4.19  Sediment Sample Results
Milwaukee River, Thiensville ImpoundmentMilwaukee River, Thiensville Impoundment

Basemap: Thiensville, Wisconsin 7.5 minute quadrangle, USGS, photorevised 1971 and 1976

TH-3B   10/26/93
0-10 cm 0.26µg/g A-1254/60
10-20 cm 0.3µg/g  A-1254/60
20-30 cm <0.05µg/g TOTAL PCB
30-40 cm <0.05µg/g TOTAL PCB
40-48 cm <0.05µg/g TOTAL PCB

TH-8B   10/26/93
0-10 cm 0.35µg/g ∑ PCB
10-20 cm 0.41µg/g ∑ PCB
20-30 cm 1.1µg/g A-1248/60
30-40 cm <0.05µg/g TOTAL PCB
40-50 cm <0.05µg/g TOTAL PCB
50-58cm <0.05µg/g TOTAL PCB

TH-2B   10/26/93
0-10 cm 0.34µg/g ∑ PCB
10-20 cm 1.14µg/g ∑ PCB
20-25 cm <0.05µg/g TOTAL PCB

TH-13A   10/29/93
0-10 cm 0.08µg/g A-1248/60
10-25 cm 0.06µg/g A-1248/60
25-37 cm 0.11µg/g A-1248/60

TH-7B   10/26/93
0-10 cm 0.08µg/g A-1254/60
10-20 cm 0.06µg/g A-1254/60
20-30 cm <0.05µg/g TOTAL PCB



Figure 4.20  Sediment Sample ResultsFigure 4.20  Sediment Sample Results
Milwaukee River, Thiensville ImpoundmentMilwaukee River, Thiensville Impoundment

Basemap: Thiensville, Wisconsin 7.5 minute quadrangle, USGS, photorevised 1971 and 1976

TH-1B   10/26/93
0-10 cm 0.08µg/g A-1260
10-20 cm <0.05µg/g TOTAL PCB
20-30 cm <0.05µg/g TOTAL PCB

TH-9A   10/29/93
0-10 cm 0.22µg/g A-1260
10-20 cm 1.4µg/g A-1260
20-30 cm 0.18µg/g A-1260
30-40 cm <0.05µg/g TOTAL PCB

TH-11A   10/29/93
0-10 cm 0.3µg/g A-1254/60
10-20 cm 0.63µg/g A-1254/60
20-30 cm 1.9µg/g A-1248/60
30-40 cm 0.1µg/g A-1254
40-50 cm <0.05µg/g TOTAL PCB
50-57 cm <0.05µg/g TOTAL PCB

TH-10B   10/29/93
0-10 cm 0.28µg/g A-1254/60
10-20 cm 0.38µg/g A-1254/60
20-30 cm 1.5µg/g A-1248/60
30-37 cm 1.5µg/g A-1248/60

TH-12A   10/29/93
0-10 cm 0.29µg/g A-1260
10-20 cm 0.22µg/g A-1260
20-30 cm 0.28µg/g A-1260
30-40 cm 0.59µg/g A-1260
40-50 cm 1.9µg/g A-1260



Figure 4.21  Sediment Sample ResultsFigure 4.21  Sediment Sample Results
Milwaukee River downstream of Trinity CreekMilwaukee River downstream of Trinity Creek

Basemap: Thiensville, Wisconsin 7.5 minute quadrangle, USGS, photorevised 1971 and 1976

GRAB SAMPLES: Trinity Creek
Samples MIL-1A, MIL-1B
11/07/95
Grab #1 <0.05µg/g TOTAL PCB
Grab #2 0.21µg/g A-1260



Figure 4.22  Sediment Sample ResultsFigure 4.22  Sediment Sample Results
Milwaukee River at Kletzsch ParkMilwaukee River at Kletzsch Park

KL-1   11/02/93
0-10cm 0.15µg/g A-1260
10-20cm <0.05µg/g TOTAL PCB

KL-2   11/02/93
0-9cm 0.13µg/g A-1260
9-16cm 0.2µg/g A-1260

Basemap: Thiensville, Wisconsin 7.5 minute quadrangle, USGS, photorevised 1971 and 1976



Figure 4.23  Sediment Sample ResultsFigure 4.23  Sediment Sample Results
Milwaukee River, Estabrook Impoundment - 1993Milwaukee River, Estabrook Impoundment - 1993

EST-4A    11/2/93
0-10cm 0.266 µg/g  ∑PCB 3.58% TOC
10-20cm0.121 µg/g ∑PCB 2.48% TOC
20-30cm0.17 µg/g A-1248/60 1.47% TOC
30-40cm0.06 µg/g A-1248/60 0.32% TOC

EST-1A    11/2/93
0-10cm 1.656 µg/g ∑PCB 4.12% TOC
10-20cm 2.861 µg/g ∑PCB 3.29% TOC
20-30cm 380 µg/g A-1242 4.43% TOC

EST-5B    11/2/93
0-10cm 0.29 mg/Kg A-1248/60 4.86% TOC
10-20cm0.43 mg/Kg A-1248/60 2.99% TOC
20-29cm0.82 mg/Kg A-1248/60 3.82% TOC

EST-3A    11/2/93
0-10cm 0.58 µg/g 1254 4.49% TOC
10-20cm 1.7 µg/g 1254 4.3% TOC
20-29cm 36 µg/g 1248 3.77% TOC

EST-2B    11/2/93
0-10cm 3.298 µg/g ∑PCB 3.19% TOC
10-20cm 22.173 µg/g ∑PCB 3.25% TOC
20-30cm 120 µg/g A-1242 2.06% TOC
30-39cm 0.9 µg/g A-1254 2.44% TOC

Basemap: Milwaukee, Wisconsin 7.5 minute quadrangle, USGS, 1958, photorevised 1971



Figure 4.24  Sediment Sample ResultsFigure 4.24  Sediment Sample Results
Milwaukee River,Milwaukee River,  Estabrook Impoundment - 1995Estabrook Impoundment - 1995

Basemap: Milwaukee, Wisconsin 7.5 minute quadrangle, USGS, 1958, photorevised 1971

EST-8B   9/28/95
0-10cm 2.2 mg/Kg A-1248/54
10-20cm 3 mg/Kg A-1248/54
20-30cm 160 mg/Kg A-1242
30-40cm 360 mg/Kg A-1242

EST-3B    9/25/95
0-10cm 4.1 mg/Kg A-1254
10-20cm 21 mg/Kg A-1248
20-30cm 470 mg/Kg A-1242
30-40cm 6.2 mg/Kg A-1248/60
40-50cm 1.8 mg/Kg A-1254/60

EST-7A    9/25/95
0-10cm 3.7 mg/Kg A-1242/54
10-20cm 3.1 mg/Kg A-1248/54
20-30cm 1.2 mg/Kg A-1248/54
30-40cm 1.2 mg/Kg 1254
40-50cm <0.05 mg/Kg
50-55cm <0.05 mg/Kg

EST-6A    9/25/95
0-10cm 3.2 mg/Kg  A-1242/54
10-20cm 0.7 mg/Kg A-1254
20-30cm 0.9 mg/Kg A-1254
30-40cm 0.38 mg/Kg A-1254/60
40-50cm <0.05 mg/Kg
50-60cm <0.05 mg/Kg
60-70cm <0.05 mg/Kg

EST-5B    9/25/95
0-10cm 100 mg/Kg A-1242
10-20cm 120 mg/Kg A-1248
20-30cm 1.2 mg/Kg A-1248/54
30-40cm <0.05 mg/Kg
40-46cm <0.05 mg/Kg

EST-2A    9/25/95
0-10cm 3.4 mg/Kg A-1248/60
10-20cm 49 mg/Kg A-1248/54
20-30cm 100 mg/Kg A-1248/54
30-40cm 2.5 mg/Kg A-1260
40-50cm 1.5 mg/Kg A-1260
50-57cm 0.4 mg/Kg A-1260

EST-1A    9/25/95
0-10cm 3.3 mg/Kg  A-1248/54
10-20cm 0.59 mg/Kg A-1254/60
20-30cm 1.1 mg/Kg A-1254/60
30-40cm 1.2 mg/Kg A-1254/60
40-50cm <0.05 mg/Kg
50-60cm <0.05 mg/Kg
60-68cm <0.05 mg/Kg

EST-4A    9/25/95
0-10cm 3 mg/Kg A-1248/60
10-20cm 2.4 mg/Kg A-1248/60
20-30cm 180 mg/Kg A-1242
30-40cm 360 mg/Kg A-1242
40-45cm 6.5 mg/Kg A-1248/60

EST-13A   9/28/95
0-10cm 0.76 mg/Kg A-1242/54/60
10-20cm 1.9 mg/Kg A-1242/54

EST-12A    9/28/95
0-10cm 11 mg/Kg A-1248/60
10-20cm 13 mg/Kg A-1248/54
20-30cm 28 mg/Kg A-1248
30-40cm 0.35 mg/Kg A-1254/60
40-50cm 0.25 mg/Kg A-1254

EST-9B    9/28/95
0-10cm 4.4 mg/Kg A-1248/54
10-20cm 9.3 mg/Kg A-1248
20-30cm 300 mg/Kg A-1242
30-40cm 7.8 mg/Kg A-1248/54
40-52cm 0.75 mg/Kg A-1254/60

EST-10A    9/28/95
0-10cm 2.3 mg/Kg A-1254
10-20cm 1.9 mg/Kg A-1254/60
20-30cm 100 mg/Kg A-1242
30-40cm 870 mg/Kg A-1242
40-50cm 70 mg/Kg A-1248
50-60cm 7.7 mg/Kg A-1248/54
60-70cm 1.8 mg/Kg A-1254/60

EST-11B    9/28/95
0-10cm 14 mg/Kg A-1248/54
10-20cm 22 mg/Kg A-1242/54
20-30cm 26 mg/Kg A-1242/54
30-40cm 54 mg/Kg A-1242/54
40-50cm 7.6 mg/Kg A-1242/54
50-60cm 0.49 mg/Kg A-1254



Figure 4.25  Sediment Sample ResultsFigure 4.25  Sediment Sample Results
Milwaukee River,Milwaukee River,  Estabrook Impoundment - 1995Estabrook Impoundment - 1995

Basemap: Milwaukee, Wisconsin 7.5 minute quadrangle, USGS, 1958, photorevised 1971

EST-14A    9/28/95
0-10cm 1.7 µg/g A-1248/60
10-20cm 2.3 µg/g A-1248/60
20-30cm 5.2 µg/g A-1248/60
30-40cm 55 µg/g A-1242/54
40-50cm 270 µg/g A-1242



Figure 4.26  Sediment Sample ResultsFigure 4.26  Sediment Sample Results
Lincoln Creek Sediment TrapsLincoln Creek Sediment Traps

Basemap: Milwaukee, Wisconsin 15 minute quadrangle, USGS, 1958, photorevised 1971

Crestwood Creek
Trap #1 0.08µg/g A-1254
Trap #2 <0.05µg/g TOTAL PCB
Trap #3 <0.05µg/g TOTAL PCB

Teutonia Avenue (LC-05)
Trap #1 0.46µg/g A-1248/54
Trap #2 0.50µg/g A-1248/54
Trap #3 0.75µg/g A-1248/54

46th Street (extended) (LC-03)
Trap #1 0.08µg/g A-1254
Trap #2 <0.05µg/g TOTAL PCB
Trap #3 <0.05µg/g TOTAL PCB

60th Street (LC-02)
Trap #1   <0.05µg/g TOTAL PCB

Havenwoods Nature Preserve (LC-01)
Trap #1 0.08µg/g A-1254/60
Trap #2 0.05µg/g A-1254/60
Trap #3 0.09µg/g A-1254/60
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7KLV�VHFWLRQ�GHVFULEHV�KRZ�WKH�&HGDU�&UHHN���0LOZDXNHH�5LYHU�3&%�0DVV�%DODQFH�PRGHO�ZDV�SXW

WRJHWKHU��DQG�LQFOXGHV�D�EULHI�GHVFULSWLRQ�RI�WKH�PRGHO�IUDPHZRUN�DQG�SDUDPHWHUL]DWLRQ�

��� 02'(/�)5$0(:25.

7KH�0LOZDXNHH�5LYHU�3&%�0DVV�%DODQFH�0RGHO�LV�EDVHG�RQ�WKH�,3;�0RGHO�IUDPHZRUN��ZKLFK�ZDV

GHYHORSHG�E\�VWDII�DW�WKH�(3$·V�/DUJH�/DNHV�5HVHDUFK�6WDWLRQ��//56����7KH�IUDPHZRUN�KDV�EHHQ

DSSOLHG�VXFFHVVIXOO\�WR�D�QXPEHU�RI�ODUJH�ULYHU�V\VWHPV��LQFOXGLQJ�WKH�%XIIDOR�5LYHU�LQ�1HZ�<RUN�DQG

WKH�/RZHU�)R[�5LYHU�LQ�*UHHQ�%D\��:LVFRQVLQ��9HOOHX[�HW�DO����������7KH�,3;�IUDPHZRUN�LV�LWVHOI�D

PRGLILFDWLRQ�RI�WKH�(3$·V�:DWHU�4XDOLW\�$QDO\VLV�DQG�6LPXODWLRQ�3URJUDP��:$63��PRGHO���7KH�,3;

IUDPHZRUN�LQFOXGHV�D�VXEURXWLQH�WKDW�VLPXODWHV�WKH�VHWWOLQJ�DQG�UHVXVSHQVLRQ�RI�FRKHVLYH�VHGLPHQWV�

+RUL]RQWDO�6HJPHQWDWLRQ

7KH�0LOZDXNHH�5LYHU�3&%�0DVV�%DODQFH�0RGHO�FRQVLVWV�RI����ZDWHU�FROXPQ�VHJPHQWV�VWUHWFKLQJ�IURP

&HGDU�&UHHN�DW�+LJKZD\����WR�WKH�(VWDEURRN�,PSRXQGPHQW�'DP��D�GLVWDQFH�RI�DSSUR[LPDWHO\���

PLOHV���:DWHU�FROXPQ�VHJPHQW�YROXPHV�ZHUH�VHOHFWHG�LQ�RUGHU�WR�PLQLPL]H�WKH�GLIIHUHQFHV�EHWZHHQ

VHJPHQW�YROXPHV���0LQLPL]LQJ�WKH�GLIIHUHQFH�EHWZHHQ�YROXPHV�LV�LPSRUWDQW�WR�HQVXULQJ�D�VWDEOH

QXPHULFDO�VROXWLRQ�
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7DEOH�����EHORZ�JLYHV�WKH�PRGHO�VHJPHQW�QXPEHUV�WKDW�FRUUHVSRQG�WR�WKH�PDMRU�LPSRXQGPHQWV�RQ

WKH�&HGDU�&UHHN���0LOZDXNHH�5LYHU�V\VWHP�

7$%/(����
0RGHO�6HJPHQW�1XPEHU :DWHUERG\�1DPH
6HJPHQW�� 5XFN�3RQG
6HJPHQW���DQG�� &ROXPELD�3RQG
6HJPHQW�� :LUH�	�1DLO�3RQG
6HJPHQW��� +DPLOWRQ�3RQG
6HJPHQWV������ 7KLHQVYLOOH�,PSRXQGPHQW
6HJPHQW����DQG��� .OHW]VFK�3DUN�,PSRXQGPHQW
6HJPHQWV������ (VWDEURRN�,PSRXQGPHQW

7KH�IROORZLQJ�WKUHH�ILJXUHV�VKRZ�WKH�KRUL]RQWDO�PRGHO�VHJPHQWDWLRQ���6HJPHQW���LV�DW�WKH�XSVWUHDP

HQG��RQ�&HGDU�&UHHN�DW�+LJKZD\�����ZKLOH�VHJPHQW����LV�GRZQVWUHDP��RQ�WKH�0LOZDXNHH�5LYHU�DW

(VWDEURRN�,PSRXQGPHQW�'DP�
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Cedar Creek I PX Model Segments 
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Milwaukee River IPX Model Segments - Upstream 

N 

t 
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Milwaukee River IPX Model Segments - DOWNSTREAM 

N 
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9HUWLFDO�6HJPHQWDWLRQ

6HGLPHQWV�LQ�WKH�0LOZDXNHH�5LYHU�3&%�0DVV�%DODQFH�0RGHO�DUH�WUHDWHG�DV�D�VHULHV�RI�VWDFNHG�

FRQVWDQW�YROXPH�UHVHUYRLUV��DV�VKRZQ�LQ�)LJXUH������,Q�JHQHUDO��WKH�VHGLPHQW�VHJPHQWV�FRUUHVSRQG

GLUHFWO\�WR�WKHLU�RYHUO\LQJ�ZDWHU�FROXPQ�VHJPHQWV��L�H��RQH�VXUILFLDO�VHGLPHQW�VHJPHQW�IRU�RQH�ZDWHU

FROXPQ�VHJPHQW��

7KH�H[FHSWLRQ�WR�WKLV�LV�5XFN�3RQG�SULRU�WR�UHPHGLDWLRQ���5XFN�3RQG�VHGLPHQW�3&%�FRQFHQWUDWLRQV

YDULHG�IURP�EHORZ�GHWHFWLRQ�WR���������PJ�.J�SULRU�WR�UHPHGLDWLRQ��DQG�H[KLELWHG�PDQ\�RUGHUV�RI

PDJQLWXGH�RI�GLIIHUHQFH�ERWK�KRUL]RQWDOO\�DQG�YHUWLFDOO\���7KHUHIRUH��5XFN�3RQG�VHGLPHQWV�ZHUH

EURNHQ�GRZQ�LQWR�IRXU�VHSDUDWH�´VWDFNVµ�RI�VHGLPHQW�XQGHUO\LQJ�D�VLQJOH�ZDWHU�FROXPQ�VHJPHQW��WR

UHSUHVHQW�WKH�IROORZLQJ�

n 5XFN�KRW�VSRW��DGMDFHQW�WR�WKH�VWRUPZDWHU�RXWIDOO������P��VXUIDFH�DUHD�

n 5LYHU�/()7��DYHUDJH�������P��

n 5LYHU�5,*+7�DYHUDJH�������P��

n �8QFRQWDPLQDWHG���UHODWLYHO\�XQFRQWDPLQDWHG�]RQH�XSVWUHDP�IURP�WKH�UDLO�WUHVWOH������
P��

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

��5LYHU�/()7��OHIW�VLGH�RI�WKH�ULYHU�ORRNLQJ�'2:1675($0
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6XUILFLDO�6HGLPHQW�6HJPHQW�1XPEHU
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6XUILFLDO�6HGLPHQW�/D\HU 6HFRQG�6HGLPHQW�/D\HU 7KLUG�6HGLPHQW�/D\HU
)RXUWK�6HGLPHQW�/D\HU 6HGLPHQW��&DWFK�$OO��/D\HU
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1RWH�WKDW�WKH�ILJXUH�DERYH�GHSLFWV�´FDWFK�DOOµ�VHGLPHQW�OD\HUV�����PHWHUV�WKLFN�XQGHUO\LQJ�HDFK�RI�WKH

LPSRXQGPHQWV���7KH�LQFOXVLRQ�RI�VXFK�´FDWFK�DOOµ�VHJPHQWV�GRHV�QRW�LPSO\�WKDW�VXFK�D�OD\HU�UHDOO\

H[LVWV�LQ�WKH�ILHOG���5DWKHU��WKH�����PHWHU�´FDWFK�DOOµ�OD\HUV�VHUYH�DV�H[WUHPHO\�ODUJH�UHVHUYRLUV�LQWR�ZKLFK

3&%�LV�HIIHFWLYHO\�EXULHG�RYHU�WLPH���7KH�LQLWLDO�FRQGLWLRQ�VSHFLILHG�IRU�WKHVH�VHJPHQWV�LV�]HUR���7KH

UHDO�SXUSRVH�RI�WKH�VHJPHQWV�LV�WR�DOORZ�IRU�IXOO�DFFRXQWLQJ�RI�3&%�PDVV�RYHU�WKH�FRXUVH�RI�D����\HDU

VLPXODWLRQ�
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��� ,17(51$/�02'(/�3$5$0(7(5,=$7,21

7KLV�VHFWLRQ�GLVFXVVHV�KRZ�YDOXHV�ZHUH�DVVLJQHG�WR�SURFHVVHV�LQWHUQDO�WR�WKH�PRGHO�ERXQGDULHV�

LQFOXGLQJ�PRGHO�LQLWLDO�FRQGLWLRQV�

����� ,1,7,$/�&21',7,216

,QLWLDO�FRQGLWLRQV�IRU�WKH�PRGHO�DUH�EDVHG�RQ�WKH�UHVXOWV�RI�WKH�ILHOG�VDPSOLQJ�SURJUDP�

7KH�LQLWLDO�VROLGV�FRQFHQWUDWLRQ�LQ�VHGLPHQWV�ZDV�XQLYHUVDOO\�VHW�WR���������PJ�/��7KLV�FRQFHQWUDWLRQ

IDOOV�ZLWKLQ�WKH�QRUPDO�UDQJH�RI�VROLGV�FRQFHQWUDWLRQV��DQG�IDOOV�VOLJKWO\�EHORZ�WKH�UDQJH�RI�VROLGV

FRQFHQWUDWLRQV�FDOFXODWHG�IURP�ILHOG�GDWD���3UHYLRXV�ZRUN�XVLQJ�WKH�,3;�PRGHO�IUDPHZRUN�VKRZV�WKDW

PRGHO�UHVXOWV�DUH�UHODWLYHO\�LQVHQVLWLYH�WR�WKLV�QXPEHU��0DUN�9HOOHX[��SHUVRQDO�FRPPXQLFDWLRQ��

7KH�IUDFWLRQ�RUJDQLF�FDUERQ�FRQWHQW��IRF��RI�VHGLPHQWV�ZDV�XQLIRUPO\�DVVLJQHG�WKH�YDOXH�������IRF�RI

VROLGV�SDUWLFOHV�LQ�ZDWHU�ZDV�XQLIRUPO\�DVVLJQHG�WKH�YDOXH������

7KH�LQLWLDO�FRQGLWLRQV�IRU�3&%�FRQFHQWUDWLRQ�LQ�VHGLPHQW�ZHUH�GHWHUPLQHG�E\�FDOFXODWLQJ�DQ�DYHUDJH

VHGLPHQW�3&%�FRQFHQWUDWLRQ�IURP�DOO�DYDLODEOH�ILHOG�GDWD�IRU�HDFK�DSSOLFDEOH�VHJPHQW���,Q�FDVHV�ZKHUH

OLWWOH�RU�QR�GDWD�H[LVWHG��VXFK�DV�WKH�PLOHV�RI�ULYHU�EHWZHHQ�WKH�PDMRU�LPSRXQGPHQWV��D�URXJK

LQWHUSRODWLRQ�ZDV�SHUIRUPHG�EHWZHHQ�DGMDFHQW�PRGHO�VHJPHQWV�

1R�DWWHPSW�ZDV�PDGH�WR�VHJUHJDWH�VHGLPHQW�GDWD�E\�WKH�\HDU�LQ�ZKLFK�LW�ZDV�FROOHFWHG���(YHQ�WKRXJK

WKLV�SURMHFW�FROOHFWHG�D�ODUJH�QXPEHU�RI�VDPSOHV�IURP�WKH�0LOZDXNHH�5LYHU�V\VWHP��GDWD�ZDV�VWLOO�WRR

VFDUFH�WR�EH�DEOH�WR�WKURZ�RXW�HYHQ�WKH�ROGHVW�RI�WKH�GDWD��FROOHFWHG�LQ��������7KH�ROGHVW��DQG�WKHUHIRUH�

PRVW�TXHVWLRQDEOH�GDWD�LV�IURP�WKH�+DPLOWRQ�DQG�:LUH�	�1DLO�,PSRXQGPHQWV��ZKLFK�UHSUHVHQW�WKH

VPDOOHVW�3&%�UHVHUYRLUV�RQ�WKH�0LOZDXNHH�5LYHU�V\VWHP�

)LJXUH�����EHORZ�VKRZV�KRZ�WKH�LQLWLDO�FRQGLWLRQV�IRU�VXUILFLDO�VHGLPHQW�VHJPHQWV�FRPSDUH�WR�WKH

DYHUDJH�VHGLPHQW�3&%�FRQFHQWUDWLRQV�FDOFXODWHG�IURP�ILHOG�GDWD���7KH�XQLWV�DUH�JLYHQ�DV�PJ�/�EHFDXVH
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WKH�,3;�IUDPHZRUN�DFFHSWV�PJ�/�DV�LQSXW���0XOWLSO\�WKH�UHVXOWV�E\�WZR�WR�REWDLQ�WKH�FRQFHQWUDWLRQV�LQ

PJ�.J�

1RWH�KRZ�WKH�VXUILFLDO�VHGLPHQWV�IRU�SUH�UHPHGLDWLRQ�5XFN�3RQG�YDU\�E\�PRUH�WKDQ���RUGHUV�RI

PDJQLWXGH��6HJPHQWV��������
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0RGHO�,QLWLDO�&RQGLWLRQ

$YHUDJH�9DOXH�IURP�)LHOG�'DWD

)LJXUH�����EHORZ�VKRZV�WKH�LQLWLDO�PDVVHV�DVVXPHG�DW�WKH�EHJLQQLQJ�RI�WKH���\HDU�PRGHO�UXQ���7KH�PDVV

VKRZQ�IRU�5XFN�3RQG�LV�SUH�UHPHGLDWLRQ�
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5HVXVSHQVLRQ�DQG�VHWWOLQJ�WLPH�IXQFWLRQV�ZHUH�JHQHUDWHG�XVLQJ�ERWK�VWDQGDUG�DQG�PRGLILHG�YHUVLRQV�RI

WKH�SUHSURFHVVRUV�GHVFULEHG�LQ�WKH�,3;�XVHU·V�JXLGH��9HOOHX[�HW�DO����������7KH�RQO\�VLJQLILFDQW

PRGLILFDWLRQ�WR�WKH�5(68631'�SURJUDP�ZDV�WKDW�WKH�YHORFLW\�FDOFXODWLRQ�ZDV�FKDQJHG�VXFK�WKDW�LW�LV

QRZ�FRQVLVWHQW�ZLWK�WKH�PHWKRG�XVHG�LQ�WKH�,3;�IUDPHZRUN��L�H��Y D4E��

7KH�GLVWULEXWLRQ�RI�UDZ�UHVXVSHQVLRQ�YHORFLWLHV�LV�JLYHQ�LQ�)LJXUH�����EHORZ�

),*85(������',675,%87,21�2)�5$:�5(6863(16,21�9(/2&,7,(6�)25�9$5,286�5($&+(6

1.140E-11 1.140E-11 1.000E-10 5.220E-10
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6.900E-11 6.900E-11 1.000E-10 1.510E-9

5.670E-10 5.480E-10 1.000E-10 9.460E-9
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´5XFN�9Xµ�ZDV�DSSOLHG�WR�ERWK�WKH�:RROHQ�0LOO�DQG�5XFN�3RQGV���´&ROXPELD�9Xµ�ZDV�DSSOLHG�WR

ERWK�&ROXPELD�DQG�:LUH�	�1DLO�3RQGV�

,W�VKRXOG�EH�QRWHG�WKDW�WKH�DFWXDO�UHVXVSHQVLRQ�ZLWKLQ�WKH�PRGHO�LV�DOVR�DIIHFWHG�E\�WKH�VHGLPHQW�DJH�

7KH�HPSLULFDO�VHGLPHQW�DJH�FRQVWDQW��=��LV�XVHG�WR�PRGLI\�WKH�UHVXVSHQVLRQ�YHORFLWLHV�VKRZQ�DERYH�WR
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UHIOHFW�WKH�HIIHFWV�RI�VHGLPHQW�DJLQJ���'XH�WR�D�YDULHW\�RI�SURFHVVHV��VHGLPHQW�EHFRPHV�OHVV�OLNHO\�WR

UHVXVSHQG�RYHU�WLPH�

7KH�,3;�IUDPHZRUN�WUDFNV�VHYHQ�VHSDUDWH�VHGLPHQW�DJH�FODVVHV�DQG�PRGLILHV�WKH�UDZ�UHVXVSHQVLRQ

YHORFLWLHV�DFFRUGLQJ�WR�VHGLPHQW�DJH���7KH�HPSLULFDO�VHGLPHQW�DJH�FRQVWDQW�YDULHG�EHWZHHQ���DQG����

EHJLQQLQJ�ZLWK���RQ�WKH�ILUVW�GD\���(DFK�GD\��WKH�=�YDOXH�ZDV�LQFUHDVHG�E\����VR�WKDW�VHGLPHQWV�LQ�WKH���

GD\�ROG�FODVV�ZRXOG�KDYH�D�=�YDOXH�RI�����L�H��WKH�UHVXVSHQVLRQ�YHORFLW\�VKRZQ�LQ�)LJXUH�����ZRXOG�EH

GLYLGHG�E\����SULRU�WR�EHLQJ�DSSOLHG�LQ�WKH�PRGHO��

%DFNJURXQG�UHVXVSHQVLRQ�ZDV�YDULHG�E\�VHDVRQ��´VXPPHUµ��0D\�6HSW��LQFOXVLYH��´ZLQWHUµ��DOO�RWKHU

WLPHV����,Q�DGGLWLRQ��WKH�EDFNJURXQG�UHVXVSHQVLRQ�UDWH�GXULQJ�VXPPHU�ZDV�DVVXPHG�GLUHFWO\

SURSRUWLRQDO�WR�WHPSHUDWXUH��DQG�WKXV��DOJDO�SURGXFWLYLW\����5HVXVSHQVLRQ�UDWHV�ZHUH�LQFUHDVHG�GXULQJ

WKH�VXPPHU�PRQWKV�LQ�RUGHU�WR�VLPXODWH�WKH�SUHVHQFH�RI�D�KLJKO\�UHVXVSHQGDEOH�OD\HU�RI�GHDG�DOJDO

PDWHULDO�REVHUYHG�FRPPRQO\�GXULQJ�ILHOG�VDPSOLQJ�DQG�FLWHG�LQ�OLWHUDWXUH�

,Q�DGGLWLRQ��WKH�,3;�IUDPHZRUN�FRQWDLQV�SURYLVLRQV�WKDW�DOORZ�IRU�UHVXVSHQVLRQ�RI�´IUHVKO\�GHSRVLWHGµ

VHGLPHQWV���$OWKRXJK�WKLV�RSWLRQ�ZDV�QHHGHG�RQ�ODUJHU�V\VWHPV�VXFK�DV�WKH�)R[�5LYHU��:LVFRQVLQ���RQ

WKH�0LOZDXNHH�5LYHU�V\VWHP�LW�GLG�QRW�DSSHDU�MXVWLILHG���7KH�´IUHVK�UHVXVSHQVLRQµ�URXWLQH�LV�GHVLJQHG�WR

FRQWLQXH�UHVXVSHQGLQJ�VHGLPHQWV�DIWHU�WKH�SHDN�RI�WKH�K\GURJUDSK�KDV�EHHQ�UHDFKHG���)RU�WKLV

DSSOLFDWLRQ��WKH�IUHVK�UHVXVSHQVLRQ�RSWLRQ�ZDV�GLVDEOHG�E\�´]HURLQJ�RXWµ�WKH�YDOXHV�RI�D��DQG�τFULW�IRU

IUHVK�UHVXVSHQVLRQ�

6HWWOLQJ�YHORFLWLHV�ZHUH�FDOFXODWHG�XVLQJ�WKH�6(77/(�SUHSURFHVVRU�GHVFULEHG�LQ�9HOOHX[�HW�DO��������

7KH�VHWWOLQJ�YHORFLW\�LV�HVVHQWLDOO\�FRQVWDQW�VDYH�IRU�H[WUHPH�KLJK�IORZ�HYHQWV��ZKHUH�WKH�SUHVXPHG

KLJKHU�SURSRUWLRQ�RI�VDQGV�LQ�VXVSHQVLRQ�VHWWOH�PRUH�TXLFNO\�

)LJXUH�����VKRZV�WKH�GLVWULEXWLRQ�RI�VHWWOLQJ�YHORFLWLHV�XVHG�LQ�WKH�0LOZDXNHH�5LYHU�PRGHO�
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'XULQJ�GHYHORSPHQW�WKH�PRGHO�ZDV�UXQ�IRU�D�VLPXODWHG�´��\HDUµ�SHULRG�EHJLQQLQJ�RQ�6HSWHPEHU����

������WKH�ILUVW�GD\�RI�UHVXPHG�RSHUDWLRQ�RI�WKH�&HGDU�&UHHN�+LJKZD\����JDXJHKRXVH���7KH�VLPXODWHG���

\HDU�SHULRG�HQGV�ZLWK�6HSWHPEHU����������

7KH�PRGHO�DSSOLFDWLRQ�UXQV�VLPXODWH�D�´���\HDUµ�WLPH�SHULRG���7KH�PRGHO�UXQV�VLPXODWH�WKH�WLPH

SHULRG�IURP�2FWREHU���������WR�6HSWHPEHU����������
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+\GURJUDSKV�8VHG�LQ���\HDU�6LPXODWLRQV

7KH�K\GURJUDSKV�XVHG�LQ�WKH���\HDU�VLPXODWLRQV�ZHUH�EDVHG�RQ�K\GURJUDSKV�UHFRUGHG�DW�IRXU�JDXJLQJ

VWDWLRQV�WKDW�ZHUH�RSHUDWLQJ�GXULQJ�WKH�PRGHO�FDOLEUDWLRQ�SHULRG��/LQFROQ�&UHHN�DW���WK�6WUHHW��&HGDU

&UHHN�DW�+LJKZD\�����0LOZDXNHH�5LYHU�DW�3LRQHHU�5RDG�DQG�0LOZDXNHH�5LYHU�DW�(VWDEURRN�3DUN�

+\GURJUDSKV�8VHG�LQ����\HDU�VLPXODWLRQV

7KH�K\GURJUDSKV�XVHG�LQ�WKH�ORQJ�WHUP�PRGHO�VLPXODWLRQV�DUH�EDVHG�GLUHFWO\�RQ�DFWXDO�PHDVXUHG

K\GURJUDSKV�IRU�&HGDU�&UHHN�DQG�WKH�0LOZDXNHH�5LYHU���)RU�&HGDU�&UHHN��WKH����\HDU�K\GURJUDSK

UHSUHVHQWV�WKH�DFWXDO�K\GURJUDSK�IURP�WKH�SHULRG�RI�2FWREHU���������WKURXJK�6HSWHPEHU����������

PHDVXUHG�LQ�&HGDU�&UHHN�DW�+LJKZD\�����

)LJXUH�����EHORZ�VKRZV�WKH�K\GURJUDSK�DSSOLHG�DW�WKH�XSVWUHDP�ERXQGDU\�RQ�&HGDU�&UHHN�IRU�WKH����

\HDU�PRGHO�UXQV�

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

��7KH�SHULRG�RI�UHFRUG�����������������DFWXDOO\�UHSUHVHQWV�D����\HDU�SHULRG�RI�UHFRUG��WKLV�UHSRUW�PDNHV�UHIHUHQFH�WR�WKH�´���\HDUµ
PRGHO�UXQV�UHJDUGOHVV��VLQFH�WKDW�ZDV�WKH�OHQJWK�RI�PRGHO�VLPXODWLRQ�RULJLQDOO\�SODQQHG�IRU�GXULQJ�PRGHO�IRUPXODWLRQ�
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7KH�K\GURJUDSK�DSSOLHG�DW�WKH�XSVWUHDP�ERXQGDU\�RI�WKH�0LOZDXNHH�5LYHU�LV�EDVHG�RQ�WKH�K\GURJUDSK

UHFRUGHG�DW�WKH�(VWDEURRN�3DUN�86*6�JDXJHKRXVH��EHWZHHQ�2FWREHU���������DQG�6HSWHPEHU����������

9DOXHV�ZHUH�DGMXVWHG�WR�WKH�3LRQHHU�5RDG�ORFDWLRQ�E\�XVLQJ�WKH�ZDWHUVKHG�DUHD�UDWLR�EHWZHHQ�VLWHV�����

PL�����PL�����7KH�YDOXH�DSSOLHG�DW�WKH�0LOZDXNHH�5LYHU�XSVWUHDP�ERXQGDU\�ZDV�REWDLQHG�E\

VXEWUDFWLQJ�WKH�YDOXH�DW�WKH�&HGDU�&UHHN�+LJKZD\����VLWH�IURP�WKH�YDOXH�FDOFXODWHG�IRU�WKH�3LRQHHU

5RDG�VLWH�

)LJXUH������VKRZV�WKH�K\GURJUDSK�DSSOLHG�WR�WKH�0LOZDXNHH�5LYHU�XSVWUHDP�ERXQGDU\�IRU�WKH����\HDU

PRGHO�UXQ�
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)LJXUH������EHORZ�VKRZV�WKH�IORZ�GXUDWLRQ�FXUYHV�IRU�WKH�K\GURJUDSKV�XVHG�LQ�WKH����\HDU�UXQ�
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7DEOH�����EHORZ�JLYHV�WKH�IORRG�IUHTXHQF\�FKDUDFWHULVWLFV�IRU�WKH�0LOZDXNHH�5LYHU�DQG�IRU�&HGDU�&UHHN�

7KH�K\GURJUDSKV�XVHG�LQ�WKH����\HDU�VLPXODWLRQ�KDYH�PD[LPXP�IORZV�VOLJKWO\�RYHU�WKH�OHYHO�FDOFXODWHG

IRU�WKH����\HDU�UHFXUUHQFH�LQWHUYDO�
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5HFXUUHQFH
,QWHUYDO���\HDUV�

'LVFKDUJH��&HGDU�&UHHN�DW�+<�����P��VHF� 'LVFKDUJH��0LOZDXNHH�5LYHU�DW�:DXEHND��P��VHF�

� ���� �����

� ���� �����

�� ���� �����

�� ����� �����

�� ����� �����

)RU�WKH����\HDU�PRGHO�UXQV��/LQFROQ�&UHHN�IORZV�ZHUH�GHILQHG�DV�WKUHH�WHQWKV�WKH�YDOXH�RI�WKH

GLIIHUHQFH�EHWZHHQ�WKH�PHDVXUHG�YDOXH�DW�(VWDEURRN�3DUN�DQG�WKH�FDOFXODWHG�YDOXH�DW�3LRQHHU�5RDG�

7KH�WKUHH�WHQWKV�UDWLR�LV�URXJKO\�HTXLYDOHQW�WR�WKDW�SRUWLRQ�RI�WKH�GLIIHUHQFH�EHWZHHQ�ZDWHUVKHG�DUHDV

DW�(VWDEURRN�3DUN�DQG�3LRQHHU�5RDG�WKDW�LV�DWWULEXWDEOH�WR�WKH�/LQFROQ�&UHHN�ZDWHUVKHG�

$�QXPEHU�RI�DOWHUQDWLYH�PHWKRGV�RI�K\GURJUDSK�JHQHUDWLRQ�ZHUH�WULHG��LQFOXGLQJ�WKH�JHQHUDWLRQ�RI�D

V\QWKHWLF�K\GURJUDSK�EDVHG�RQ�VXPPDU\�VWDWLVWLFV�IURP�WKH�H[LVWLQJ�JDXJHKRXVH�DW�3LRQHHU�5RDG���,Q

WKH�HQG��VLPXODWLRQ�K\GURJUDSKV�ZHUH�EDVHG�RQ�UHFRUGHG�K\GURJUDSKV�EHFDXVH�ORQJ��FRRUGLQDWHG

K\GURJUDSKV�H[LVWHG�DQG�ZHUH�MXGJHG�VXSHULRU�WR�V\QWKHWLF�K\GURJUDSKV�

����� %281'$5<�&21',7,216

7KH�SULPDU\�ERXQGDU\�FRQGLWLRQ�LQ�WKH�DSSOLFDWLRQ�RI�WKH�,3;�PRGHO�WR�WKLV�VLWH�LV�WKH�IXQFWLRQ�XVHG

WR�VSHFLI\�VXVSHQGHG�VROLGV�ORDGV�DW�HDFK�XSVWUHDP�PRGHO�ERXQGDU\���7KH�ERXQGDU\�FRQGLWLRQV�IRU

SDUWLFXODWH�DQG�GLVVROYHG�3&%�DUH�GHILQHG�DV�]HUR�LQ�WKH�PRGHOLQJ��DQ�DVVXPSWLRQ�VXSSRUWHG�E\�WKH

ILHOG�PRQLWRULQJ�GLVFXVVHG�HOVHZKHUH�

7KH�VROLGV�UHODWLRQVKLSV�VKRZQ�RQ�WKH�QH[W�IHZ�SDJHV�ZHUH�GHYHORSHG�IURP�D�YDULHW\�RI�GDWD�VRXUFHV�

7KH�&HGDU�&UHHN��VHJPHQW����UHODWLRQVKLS�LV�GHULYHG�IURP�GDWD�LQFOXGHG�LQ�:HVWHQEURHN��������

&HGDU�&UHHN�6XVSHQGHG�6ROLGV

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

��8�6��*HRORJLFDO�6XUYH\���:DWHU�5HVRXUFHV�,QYHVWLJDWLRQV�5HSRUW����������´)ORRG�)UHTXHQF\�&KDUDFWHULVWLFV�RI�:LVFRQVLQ�6WUHDPV�µ
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ZHUH�YDULHG�VHDVRQDOO\�LQ�DQ�DWWHPSW�WR�ILW�PHDVXUHG�ZDWHU�FROXPQ�3&%�UHVXOWV��ZKLFK�JHQHUDOO\�DUH�XS

WR�DQ�RUGHU�RI�PDJQLWXGH�KLJKHU�GXULQJ�WKH�VXPPHU�WKDQ�LQ�WKH�ZLQWHU�DW�WKH�VDPH�ULYHU�IORZ�UDWHV�

7KH�PHFKDQLVP�UHVSRQVLEOH�IRU�WKLV�RUGHU�RI�PDJQLWXGH�GLIIHUHQFH�LV�EHOLHYHG�OLQNHG�WR�WKH�DOJDO

SURGXFWLYLW\�RI�WKH�V\VWHP���$OJDO�JURZWK�GXULQJ�WKH�VXPPHU�PRQWKV�UHSUHVHQWV�D�WHPSRUDU\�VWRUDJH

UHVHUYRLU�IRU�3&%�ZLWKLQ�WKH�ZDWHU�FROXPQ���$�VWXG\�RI�DOJDO�ERXQG�3&%�LQ�WKH�9HQLFH�/DJRRQ

VKRZHG�WKDW�GXULQJ�VXPPHU�PRQWKV��DV�DOJDH�ELRFRQFHQWUDWH�3&%�LQWR�WKHLU�FHOOV��GLH�DQG�VHWWOH�RXW��D

ILQH�OD\HU�RI�UHDGLO\�UHVXVSHQGDEOH�RUJDQLF�VHGLPHQWV�LV�IRUPHG��3DYRQL�HW�DO����������7KLV�ILQH�OD\HU�RI

UHVXVSHQGDEOH�PDWHULDO�ZDV�IRXQG�WR�FRQWDLQ�3&%�DW�FRQFHQWUDWLRQV�DQ�RUGHU�RI�PDJQLWXGH�KLJKHU�WKDQ

VHGLPHQWV�VDPSOHG�GXULQJ�QRQ�JURZWK�SHULRGV�

,Q�RUGHU�WR�VLPXODWH�WKH�PHFKDQLVPV�RXWOLQHG�DERYH��WKH�EDFNJURXQG�UHVXVSHQVLRQ�UDWHV�ZHUH�OLQNHG�WR

WHPSHUDWXUH�

7KLV�DSSURDFK�DSSHDUV�WR�KDYH�FDXVHG�QHW�QHJDWLYH�GHSRVLWLRQ�RI�VHGLPHQW�WR�RFFXU�LQ�D�IHZ�UHDFKHV�RI

WKH�0LOZDXNHH�5LYHU���7KH�HIIHFW�RI�WKLV�QHW�QHJDWLYH�GHSRVLWLRQ�LV�WKDW�VRPH�VHJPHQWV�RI�WKH�ORZHU

0LOZDXNHH�5LYHU�H[KLELW�LQFUHDVLQJ�VXUILFLDO�VHGLPHQW�3&%�FRQFHQWUDWLRQV�RYHU�WLPH��ZKLFK�VHUYHV�WR

RYHU�HVWLPDWH�ORQJ�WHUP�ZDWHU�FROXPQ�3&%�FRQFHQWUDWLRQV�LQ�WKH�ORZHU�UHDFKHV��L�H��(VWDEURRN

,PSRXQGPHQW��

7KLV�LV�QRW�D�SUREOHP�LQ�WKH�UHDFKHV�ZLWKLQ�WKH�&HGDU�&UHHN�V\VWHP�

7KH�PRGHO�PD\�EH�LPSURYHG�E\�VLPXODWLQJ�WZR�VROLGV�FODVVHV��VLPLODU�WR�WKH�ZRUN�FRQGXFWHG�RQ�WKH

/RZHU�)R[�5LYHU��:LVFRQVLQ�'15����������,Q�WKDW�ZRUN��VXVSHQGHG�VROLGV�ZDV�EURNHQ�LQWR�HVVHQWLDOO\

WZR�VROLGV�FODVVHV��ELRWLF�DQG�DELRWLF���7KH�ELRWLF�IUDFWLRQ�RI�VXVSHQGHG�VROLGV�H[KLELWHG�D�KLJKHU
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RUJDQLF�FDUERQ�FRQWHQW�DQG�D�QHJOLJLEOH�VHWWOLQJ�UDWH���7KLV�DGHTXDWHO\�UHSUHVHQWHG�WKH�LQFUHDVHG

VXVSHQGHG�VROLGV�FRQFHQWUDWLRQV�RYHU�WKH�VXPPHU�SHULRG�ZLWKRXW�DOWHULQJ�WKH�EDFNJURXQG

UHVXVSHQVLRQ�UDWH�VLJQLILFDQWO\�

7KH�PRGHO�ZLOO�SHUIRUP�ZHOO�DV�D�VFUHHQLQJ�OHYHO�WRRO�ZLWKRXW�WKHVH�LPSURYHPHQWV��EXW�IRU�PRUH

DFFXUDF\�LQ�ORQJ�WHUP�VLPXODWLRQ�RI�ZDWHU�FROXPQ�DQG�VXUILFLDO�VHGLPHQW�FRQFHQWUDWLRQV�LQ�WKH

(VWDEURRN�,PSRXQGPHQW��DQ�DGGLWLRQDO�ELRWLF�VROLGV�FODVV�LV�ZDUUDQWHG��DV�ZHOO�DV�PRUH�ZRUN�UHILQLQJ

ORDGV�IURP�/LQFROQ�&UHHN�

��� ',6&866,21�2)�(;3(&7('�02'(/�3(5)250$1&(

7KH�PRGHO�GHVFULEHG�KHUH�SHUIRUPV�YHU\�ZHOO�ZKHQ�FRPSDUHG�WR�D�QXPEHU�RI�VWDQGDUG�EHQFKPDUNV�

&RPSDULVRQV�ZLWK�WLPH�VHULHV�GDWD�DQG�FDOFXODWHG�3&%�H[SRUW�UDWHV�DUH�UHDVRQDEOH��DQG�WKH�SUREDELOLW\

GHQVLW\�IXQFWLRQV�RI�ILHOG�GDWD�DQG�VLPXODWHG�ZDWHU�FROXPQ�VXVSHQGHG�VROLGV�DQG�3&%�DUH�FRPSDUDEOH��

7KH�PRGHO�LV�H[SHFWHG�WR�SHUIRUP�ZHOO�DV�D�VFUHHQLQJ�OHYHO�WRRO�IRU�DQDO\]LQJ�ULYHU�PDQDJHPHQW

VFHQDULRV���$V�VXFK��LW�LV�H[SHFWHG�WKDW�WKH�UHODWLYH�LPSDFWV�RI�DOWHUQDWH�UHPHGLDWLRQ�VFHQDULRV�RQ�3&%

PDVV�H[SRUW�UDWHV�DQG�WUHQGV�LQ�ORQJ�WHUP�ZDWHU�FROXPQ�FRQFHQWUDWLRQV�PD\�EH�DFFXUDWHO\�MXGJHG�

,Q�RUGHU�WR�DFFXUDWHO\�SURMHFW�ORQJ�WHUP�ILVK�WLVVXH�FRQFHQWUDWLRQV�RU�DVVHVV�WKH�LPSDFW�RI�GDP�IDLOXUH�

DGGLWLRQDO�PRGHOLQJ�DQG�DQDO\VLV�LV�UHTXLUHG�

�� 02'(/�$33/,&$7,21

7KLV�VHFWLRQ�GHVFULEHV�KRZ�WKH�PRGHO�ZDV�DSSOLHG�WR�YDULRXV�ULYHU�PDQDJHPHQW�VFHQDULRV�RQ�WKH�&HGDU

&UHHN���0LOZDXNHH�5LYHU�V\VWHP�

��� ())(&7,9(1(66�2)�58&.�321'�5(0(',$7,21

$W������$0�RQ�2FWREHU�����������ZDWHU�EHJDQ�WR�IORZ�RYHU�WKH�IDFH�RI�WKH�5XFN�3RQG�'DP�IRU�WKH

ILUVW�WLPH�LQ�VHYHUDO�PRQWKV���7KH�HQWLUH�IORZ�RI�&HGDU�&UHHN�KDG�EHHQ�GLYHUWHG�E\�UHVSRQVLEOH�SDUW\�
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0HUFXU\�0DULQH��WKURXJK�WKUHH�ODUJH�VLSKRQ�WXEHV��DOORZLQJ�VHGLPHQW�UHPHGLDWLRQ�LQ�5XFN�3RQG�WR

SURFHHG�´LQ�WKH�GU\�µ��7KH�UHPHGLDWLRQ�UHSRUWHGO\�FRVW�RYHU��������SHU�FXELF�\DUG��DQG�UHPRYHG�D�WRWDO

RI�DERXW�������FXELF�\DUGV�RI�FRQWDPLQDWHG�VHGLPHQW�IURP�WKH�VLWH��%ODVODQG��%RXFN�DQG�/HH��GDWH

XQNQRZQ����6HGLPHQW�VDPSOLQJ�FRQGXFWHG�MXVW�SULRU�WR�UHILOOLQJ�RI�WKH�SRQG�LQGLFDWHG�WKDW�UHVLGXDO

FRQFHQWUDWLRQV�RI�3&%�UHPDLQHG�DV�KLJK�DV�����PJ�.J��VHH�)LJXUH������
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7KH�5XFN�3RQG�SURMHFW�KDV�EHHQ�FLWHG�DV�DQ�H[DPSOH�GHPRQVWUDWLQJ�WKH�WHFKQLFDO�OLPLWDWLRQV�DVVRFLDWHG

ZLWK�UHPRYDO�RI�FRQWDPLQDWHG�VHGLPHQWV���7KH�5XFN�3RQG�SURMHFW�FHUWDLQO\�GLG�VKRZ�WKDW�WKH�UHPRYDO

RI�3&%�FRQWDLQLQJ�VHGLPHQW��HYHQ�ZKHQ�SXUVXHG�XQGHU�DOPRVW�LGHDO�FRQGLWLRQV��LV�D�GLIILFXOW�SURFHVV�

,W�LV�DOVR�WUXH�WKDW�WKH�UHVLGXDO�FRQFHQWUDWLRQV�OHIW�EHKLQG�IROORZLQJ�UHPHGLDWLRQ�ZHUH�KLJKHU�WKDQ�PRVW

VHGLPHQW�TXDOLW\�FULWHULD�ZRXOG�FDOO�IRU�

+RZHYHU��WKH�IDFW�WKDW�KLJK�UHVLGXDOV�ZHUH�OHIW�EHKLQG�GRHV�QRW�PHDQ�WKDW�WKH�5XFN�3RQG�3URMHFW�ZDV

IODZHG��RU�WKDW�GUHGJLQJ�RU�UHPRYDO�VKRXOG�EH�DEDQGRQHG�DV�D�VHGLPHQW�UHPHGLDWLRQ�WHFKQLTXH�

7KH�IOLS�VLGH�RI�WKH�5XFN�3RQG�VWRU\�LV�WKDW�HYHQ�WKRXJK�UHODWLYHO\�KLJK�FRQFHQWUDWLRQV�ZHUH�OHIW

EHKLQG��WKH�UDQJH�RI�VHGLPHQW�FRQFHQWUDWLRQV��WKH�WRWDO�UHVLGHQW�3&%�PDVV��SURMHFWHG�IXWXUH�PDVV

WUDQVSRUW�DQG�SURMHFWHG�IXWXUH�DYHUDJH�ZDWHU�FROXPQ�3&%�FRQFHQWUDWLRQV�KDYH�DOO�EHHQ�GUDVWLFDOO\

UHGXFHG�

����� 0$;,080�6(',0(17�3&%�&21&(175$7,21������5('8&7,21

7KH�PD[LPXP�FRQFHQWUDWLRQ�REVHUYHG�LQ�5XFN�3RQG�ZDV�UHSRUWHG�DW���������PJ�.J��:LVFRQVLQ

'15����������7KDW�OHYHO�RI�FRQWDPLQDWLRQ�LV�EHVW�UHSUHVHQWHG�LQ�WHUPV�RI�SHUFHQWDJHV�������UDWKHU

WKDQ�SDUWV�SHU�PLOOLRQ�

7KH�PD[LPXP�FRQFHQWUDWLRQ�REVHUYHG�IROORZLQJ�5XFN�3RQG�UHPHGLDWLRQ�LV�����PJ�.J��VHH�)LJXUH����

DERYH����6SOLW�VDPSOHV�WDNHQ�DW�WKH�WLPH�LQGLFDWH�WKDW�WKLV�UHVXOW�PD\�KDV�EHHQ�DV�KLJK�DV�����PJ�.J

�%ODVODQG��%RXFN�DQG�/HH��GDWH�XQNQRZQ��

7KH�PD[LPXP�REVHUYHG�YDOXH�LV�RYHU�����ORZHU�IROORZLQJ�UHPHGLDWLRQ�

$�FRPSDULVRQ�EHWZHHQ�SUH�DQG�SRVW�UHPHGLDWLRQ�DYHUDJH�VHGLPHQW�FRQFHQWUDWLRQV�\LHOGV�VLPLODU

UHVXOWV��WKH�DYHUDJH�VHGLPHQW�3&%�FRQFHQWUDWLRQ�IROORZLQJ�UHPHGLDWLRQ�LV�EHWZHHQ�����DQG�����ORZHU
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WKDQ�WKH�DYHUDJH�FDOFXODWHG�SULRU�WR�UHPHGLDWLRQ��DJDLQ��GHSHQGLQJ�RQ�ZKLFK�LQLWLDO�DYHUDJH�3&%

FDOFXODWLRQ�LV�XVHG��:HVWHQEURHN��������

����� 5(6,'(17�3&%�0$66����������5('8&7,21

7KH�UHVLGHQW�3&%�PDVV�SUHVHQW�LQ�5XFN�3RQG�ZDV�UHGXFHG�E\�EHWZHHQ�����DQG������GHSHQGLQJ�RQ

ZKLFK�LQLWLDO�PDVV�HVWLPDWH�LV�XVHG���:HVWHQEURHN��������HVWLPDWHG�����NLORJUDPV�RI�3&%�SUHVHQW�LQ

5XFN�3RQG�SULRU�WR�UHPHGLDWLRQ���,Q�WKLV�VWXG\�WKH�LQLWLDO�PDVV�ZDV�FDOFXODWHG�DW�����NLORJUDPV��GXH�LQ

SDUW�WR�D�UHYLVHG�VHGLPHQW�YROXPH�HVWLPDWH�

7KH�3&%�PDVV�UHPDLQLQJ�ZDV�HVWLPDWHG�E\�WDNLQJ�WKH�DULWKPHWLF�DYHUDJH�RI�DOO�SRVW�UHPHGLDWLRQ�YDOXHV

DQG�DSSO\LQJ�WKDW�QXPEHU�WR�D�XQLIRUP���FHQWLPHWHU�WKLFNQHVV�RI�VHGLPHQW�VSUHDG�RYHU�WKH�HQWLUH������

P��ERWWRP�RI�5XFN�3RQG���7KLV�\LHOGV�D�SRVW�UHPHGLDWLRQ�3&%�PDVV�RI������NLORJUDPV�

2Q�D�PDVV�UHPRYDO�EDVLV�WKLV�UHSUHVHQWV�DQ�H[WUHPHO\�KLJK�UHPRYDO�HIILFLHQF\�

����� 6+257�7(50�3&%�0$66�75$163257������5('8&7,21

$OWKRXJK�OLNHO\�WRR�HDUO\�WR�WHOO��WKH�LQLWLDO�UHVXOWV�IURP�SRVW�UHPHGLDWLRQ�ZDWHU�FROXPQ�3&%

PRQLWRULQJ�ORRN�SURPLVLQJ���7KH�5XFN�3RQG�PHGLDQ�FRQFHQWUDWLRQ�LV�GRZQ�E\�����IROORZLQJ�5XFN

3RQG�UHPHGLDWLRQ�DV�FRPSDUHG�WR�GDWD�FROOHFWHG�LQ�������������&ROXPELD�3RQG�PDVV�WUDQVSRUW�LV

UHGXFHG�E\�D�VLPLODU�IDFWRU�

)LJXUH�����VKRZV�3&%�PDVV�H[SRUW�FDOFXODWHG�IURP�����������GDWD�DV�FRPSDUHG�WR�WKH�H[SRUW

FDOFXODWHG�IURP�����������GDWD��SRVW�UHPHGLDWLRQ��
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Ruck Columbia Wire & Nail Hamilton

Box Plot
Grouping Variable(s): Waterbody
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Ruck Columbia

Box Plot
Grouping Variable(s): Waterbody

Post Remediation Monitoring (10/94-8/95)Pre-Remediation Monitoring (11/90-9/91)

7KH�WUHQG�DSSHDUV�WR�EH�WRZDUG�GHFUHDVLQJ�3&%�H[SRUW�IROORZLQJ�WKH�5XFN�UHPHGLDWLRQ���1RWH�

KRZHYHU��WKDW�WKH�K\GURORJLF�FRQGLWLRQV�RI�DQ\�SDUWLFXODU�\HDU�PD\�VLJQLILFDQWO\�DOWHU�WKH�REVHUYHG

OHYHOV�RI�3&%�DQG�WKXV�WKH�HVWLPDWH�RI�3&%�WUDQVSRUW�

7KH�PRGHO�DFWXDOO\�SUHGLFWV�WKDW�SRVW�UHPHGLDWLRQ�ZDWHU�FROXPQ�3&%�FRQFHQWUDWLRQV��DQG�WKXV�PDVV

WUDQVSRUW��ZLOO�LQFUHDVH�IRU�D�VKRUW�SHULRG�RI�WLPH������\HDUV���EHIRUH�GHFUHDVLQJ�VKDUSO\��DV�FRPSDUHG

ZLWK�WKH�QR�DFWLRQ�DOWHUQDWLYH�



%$,5'�	�$662&,$7(6
3$*(���

����� /21*�7(50�3&%�0$66�75$163257������5('8&7,21

0RGHO�UHVXOWV�VKRZ�WKDW�PDVV�UHPRYDO�RI�3&%�IURP�WKH�V\VWHP�LV�IDU�PRUH�LPSRUWDQW�WR�WKH�ORQJ�WHUP

VXFFHVV�RI�VHGLPHQW�UHPHGLDWLRQ�WKDQ�LV�WKH�UHVLGXDO�FRQFHQWUDWLRQ���7KH�GLIIHUHQFH�EHWZHHQ�DFWLRQ�DQG

QR�DFWLRQ�LV�DERXW�����NLORJUDPV�SHU�\HDU�RI�3&%�WUDQVSRUWHG�GRZQVWUHDP��ZKLFK�WUDQVODWHV�LQWR�FORVH

WR�����NLORJUDPV�RI�3&%�WKDW�ZLOO�QRW�EH�WUDQVSRUWHG�GRZQVWUHDP�EHFDXVH�RI�UHPHGLDWLRQ����6HH�WKH

QH[W�VHFWLRQ�IRU�D�JUDSKLF�GHSLFWLRQ�RI�FKDQJHV�LQ�PDVV�WUDQVSRUW�DV�UHODWHG�WR�UHPHGLDWLRQ�VFHQDULRV��

����� /21*�7(50�$9(5$*(�:$7(5�&2/801�3&%�&21&(175$7,216������5('8&7,21

$ORQJ�ZLWK�WKH�UHGXFWLRQ�LQ�PDVV�WUDQVSRUW�LV�WKH�UHGXFWLRQ�LQ�ZDWHU�FROXPQ�3&%�OHYHOV���$YHUDJH

ZDWHU�FROXPQ�3&%�FRQFHQWUDWLRQV�DUH�����ORZHU�IROORZLQJ�WKH�5XFN�3RQG�UHPHGLDWLRQ�DV�FRPSDUHG

WR�WKH�SURMHFWHG�ORQJ�WHUP�DYHUDJH�ZDWHU�FROXPQ�3&%�FRQFHQWUDWLRQ�DVVXPLQJ�QR�DFWLRQ�

),*85(������352-(&7('�58&.�321'�:$7(5�&2/801�3&%�&21&(175$7,216���:,7+�$1'�:,7+287
5(0(',$7,21
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1R�$FWLRQ
5XFN�5HPHGLDWLRQ�&RPSOHWH
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$V�LV�GHPRQVWUDWHG�LQ�ILJXUH�����DERYH��HYHQ�WKRXJK�3&%�FRQFHQWUDWLRQV�RI�XS�WR�����PJ�.J�ZHUH

OHIW�EHKLQG�IROORZLQJ�WKH�UHPHGLDWLRQ�RI�5XFN�3RQG��WKH�ORQJ�WHUP�SURJQRVLV�IRU�WKH�SRQG�LV�PXFK

EHWWHU�IROORZLQJ�UHPHGLDWLRQ�WKDQ�LW�ZRXOG�KDYH�EHHQ�LI�QR�DFWLRQ�KDG�EHHQ�WDNHQ�

6KRUWO\�DIWHU�WKH�WXUQ�RI�WKH�FHQWXU\��ZDWHU�FROXPQ�3&%�FRQFHQWUDWLRQV�VKRXOG�PHHW�WKH�VWDWH�:LOG

DQG�'RPHVWLF�$QLPDO�&ULWHULD����QJ�/��FRQVLVWHQWO\���5HDOLVWLFDOO\��WKHUH�ZLOO�VWLOO�EH�WLPHV�ZKHQ�WKH

ZDWHU�FROXPQ�FRQFHQWUDWLRQ�ZLOO�´VSLNHµ�WR�HOHYDWHG�OHYHOV��EXW�QRW�WR�DQ\ZKHUH�QHDU�WKH�OHYHOV�WKDW

PD\�KDYH�EHHQ�VHHQ�ZLWK�QR�DFWLRQ�WDNHQ�

5HGXFHG�OHYHOV�RI�3&%�LQ�WKH�ZDWHU�FROXPQ�ZLOO�DOVR�OHDG�WR�GUDPDWLF�UHGXFWLRQV�LQ�ILVK�WLVVXH�3&%

FRQFHQWUDWLRQV���)LJXUH�����EHORZ�ZDV�SURGXFHG�XVLQJ�D�ELRDFFXPXODWLRQ�IDFWRU�RI���������DSSOLHG�WR

WKH����GD\�UXQQLQJ�DYHUDJH�WRWDO�3&%�FRQFHQWUDWLRQ�LQ�WKH�ZDWHU�FROXPQ���$V�VXFK��ILJXUH�����SUHVHQWV

D�URXJK�SLFWXUH�H[WHQGHG�WR�JHQHULF�IRUDJH�ILVK�VSHFLHV���,W�VKRXOG�EH�QRWHG�WKDW�WKH�UHVXOWV�VKRZQ

EHORZ�DUH�D�JURVV�VLPSOLILFDWLRQ�RI�WKH�DFWXDO�G\QDPLFV�RI�3&%�XSWDNH�DQG�GHSXUDWLRQ�DQG�DUH�QRW

LQWHQGHG�WR�EH�XVHG�LQ�D�TXDQWLWDWLYH�PDQQHU�
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1R�$FWLRQ

5XFN�3RQG�5HPHGLDWHG

7KH�DQDO\VLV�DERYH�VLPSO\�DVVXPHV�WKDW�ILVK�WLVVXH�FRQFHQWUDWLRQV�DUH�GLUHFWO\�SURSRUWLRQDO�WR�DYHUDJH

ZDWHU�FROXPQ�FRQFHQWUDWLRQV���(YHQ�WDNHQ�RQ�D�TXDOLWDWLYH�OHYHO��ZH�VHH�WKDW�WKH�GLIIHUHQFH�EHWZHHQ

DFWLRQ�DQG�QR�DFWLRQ�DW�5XFN�3RQG�KDV�D�KXJH�LPSDFW�RQ�WKH�OHYHO�RI�3&%�H[SHFWHG�LQ�JHQHULF�5XFN

3RQG�IRUDJH�ILVK�WLVVXH�

3UHOLPLQDU\�UHVXOWV�IURP�FDJHG�ILVK�SODFHG�LQ�5XFN�3RQG�EHIRUH�DQG�DIWHU�UHPHGLDWLRQ�VKRZ�GUDPDWLF

UHGXFWLRQV�LQ�3&%�ELRDFFXPXODWLRQ��-LP�$PUKHLQ��SHUVRQDO�FRPPXQLFDWLRQ��

��� (9$/8$7,21�2)�6(',0(17�0$1$*(0(17�675$7(*,(6

7KH�UHPHGLDWLRQ�VFHQDULRV�GHVFULEHG�KHUH�FRQVLGHU�WKH�HIIHFW�RI�PDVV�UHPRYDO�RQ�ZDWHU�FROXPQ�3&%

FRQFHQWUDWLRQV��ILVK�WLVVXH�FRQFHQWUDWLRQV�DQG�3&%�PDVV�H[SRUW�WR�WKH�0LOZDXNHH�5LYHU�V\VWHP���7KH

VFHQDULRV�DUH�FRQVWUXFWHG�DVVXPLQJ�WKDW�D�ORZ�WHFK�DSSURDFK�WR�UHPHGLDWLRQ�LV�FKRVHQ��DQG�WKDW�D

TXDOLWDWLYH�FOHDQXS�REMHFWLYH�VLPLODU�WR�WKDW�XVHG�DW�5XFN�3RQG�LV�XVHG�
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,W�LV�IXUWKHU�DVVXPHG�WKDW�ZHW�GUHGJLQJ�ZLOO�EH�DFFHSWDEOH��DQG�WKDW�DV�VXFK�D�UHODWLYHO\�KLJK

FRQFHQWUDWLRQ�RI�3&%�ZLOO�EH�OHIW�EHKLQG����PJ�.J��LQ�WKH�WRS����FP�RI�PDWHULDO�

7KH�IROORZLQJ�VFHQDULRV�ZHUH�WHVWHG�DV�SDUW�RI�WKLV�ZRUN�

n 1R�$FWLRQ��$VVXPHV�WKDW�QR�UHPHGLDWLRQ�WDNHV�SODFH��LQFOXGLQJ�WKH�5XFN�3RQG
5HPHGLDWLRQ���0RGHO�UXQ�EHJLQV�RQ���������

n 5XFN��$VVXPHV�WKDW�UHPHGLDWLRQ�RI�5XFN�3RQG�ZDV�FRPSOHWHG�RQ�2FWREHU���������
8VHV�PHDVXUHG�OHYHOV�3&%�LQ�SRVW�UHPHGLDWLRQ�VHGLPHQWV�DV�LQLWLDO�FRQGLWLRQV�IRU�5XFN
3RQG���$VVXPHV�WKDW�UHPHGLDWLRQ�UHGXFHV�3&%�PDVV�IURP�DSSUR[LPDWHO\�����.J�WR���
.J�

n 5XFN��&ROXPELD��6DPH�DVVXPSWLRQV�DV�DERYH��EXW�LQFOXGHV�WKH�DVVXPSWLRQ�WKDW
&ROXPELD�3RQG�LV�UHPHGLDWHG�RQ���������UHGXFLQJ�3&%�PDVV�IURP�DSSUR[LPDWHO\����
.J�WR����.J�

n 5XFN��&ROXPELD��+DPLOWRQ��6DPH�DV�DERYH��EXW�DOVR�DVVXPHV�WKDW�+DPLOWRQ�3RQG�LV
UHPHGLDWHG�RQ���������UHGXFLQJ�WKH�3&%�PDVV�LQ�WKDW�LPSRXQGPHQW�IURP
DSSUR[LPDWHO\�����.J�WR���.J�

n 5XFN��&ROXPELD��+DPLOWRQ��:LUH�	�1DLO��6DPH�DV�DERYH��EXW�DOVR�DVVXPHV�WKDW�WKH
:LUH�	�1DLO�3RQG�LV�UHPHGLDWHG�RQ���������UHGXFLQJ�WKH�3&%�PDVV�LQ�WKDW
LPSRXQGPHQW�IURP�DSSUR[LPDWHO\����.J�WR���.J�

n 5XFN��&ROXPELD��+DPLOWRQ��:LUH�	�1DLO��(VWDEURRN��6DPH�DV�DERYH��EXW�DOVR
DVVXPHV�WKDW�WKH�(VWDEURRN�,PSRXQGPHQW�LV�UHPHGLDWHG�RQ���������UHGXFLQJ�WKH�3&%
PDVV�IURP�DSSUR[LPDWHO\������.J�WR����.J�

7KLHQVYLOOH�,PSRXQGPHQW�ZDV�QRW�LQFOXGHG�LQ�DQ\�RI�WKH�VFHQDULRV�EHFDXVH�LW�UHSUHVHQWV�VXFK�D�ODUJH

YROXPH�RI�VHGLPHQW�UHODWLYH�WR�FRQWDPLQDWHG�VHGLPHQW�YROXPH�WKDW�LW�LV�XQOLNHO\�WKDW�D�FRVW�HIIHFWLYH

UHPRYDO�WHFKQRORJ\�FDQ�EH�DSSOLHG�WR�LW���$GGLWLRQDO�PRGHO�VFHQDULRV�FRXOG�EH�FRQVWUXFWHG�WR�VLPXODWH

WKH�HIIHFW�RI�RWKHU�UHPHGLDWLRQ�WHFKQRORJLHV��LI�GHVLUHG�

.OHW]VFK�3DUN�,PSRXQGPHQW�ZDV�LQLWLDOO\�D�FRQFHUQ�LQ�WKLV�VWXG\��EXW�EHFDXVH�VHGLPHQW�PDSSLQJ�DQG

VDPSOLQJ�VKRZHG�LW�WR�FRQWDLQ�YHU\�VPDOO�DPRXQWV�RI�VRIW�VHGLPHQWV��LW�LV�H[FOXGHG�KHUH�IURP�IXUWKHU

FRQVLGHUDWLRQ�
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����� ())(&7�2)�5(0(',$7,21�21�685),&,$/�6(',0(17�&21&(175$7,216

7KH�HIIHFWV�RI�WKH�YDULRXV�UHPHGLDWLRQ�VFHQDULRV�RQ�VXUILFLDO�VHGLPHQW�3&%�FRQFHQWUDWLRQV�DUH

LQWXLWLYH���*HQHUDOO\��UHPHGLDWLRQ�RI�D�SDUWLFXODU�LPSRXQGPHQW�SURGXFHV�WKH�IROORZLQJ�HIIHFWV�

n D�UHGXFWLRQ�LQ�GRZQVWUHDP�VXUILFLDO�VHGLPHQW�FRQFHQWUDWLRQV�SURSRUWLRQDO�WR�WKH

�� GLVWDQFH�EHWZHHQ�WZR�JLYHQ�LPSRXQGPHQWV�DQG

�� JUDGLHQW�RI�DYHUDJH�VXUILFLDO�FRQFHQWUDWLRQV�EHWZHHQ�WZR�JLYHQ�LPSRXQGPHQWV�

n D�VXEVWDQWLDO�UHGXFWLRQ�LQ�VXUILFLDO�VHGLPHQW�FRQFHQWUDWLRQV�LQ�WKH�LPSRXQGPHQW�EHLQJ
UHPHGLDWHG��EDVHG�RQ�WKH�DVVXPSWLRQ�WKDW���PJ�.J�ZLOO�EH�OHIW�EHKLQG��

7KH�IROORZLQJ�WKUHH�ILJXUHV�GHPRQVWUDWH�WKH�SRLQWV�QRWHG�DERYH�

),*85(������352-(&7('�&2/80%,$�321'�685),&,$/�6(',0(17�&21&(175$7,216
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1R�$FWLRQ
5 XFN�3RQG�5HP HGLDWHG
&ROXPELD�3RQG�5HP HGLDWHG
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1R�$FWLRQ

5XFN�3RQG�5HPHGLDWHG

5XFN�DQG�&ROXP ELD�5 HPHGLDWHG

5XFN��&ROXPELD��DQG�+DP LOWRQ�5HPHGLDWHG

),*85(������5(/$7,9(�'(&5($6(�,1�685),&,$/�3&%�&21&(175$7,216�$7�7+,(169,//(�,03281'0(17
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H�L
Q�
6X
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FL
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�

��'LIIHUHQFH���5XFN�5HPHGLDWHG
� �'LIIHUHQFH���5XFN��& R OXPELD �5 HPHGLD WHG
� �'LIIHUHQFH���5XFN��& R OXPELD ��+ DPLOWRQ �5HPHGLDWHG

)LJXUH�����DERYH�GHPRQVWUDWHV�WKDW�WKHUH�LV�D�SRLQW�RI�GLPLQLVKLQJ�UHWXUQV�ZLWK�UHVSHFW�WR�WKH

UHPHGLDWLRQ�VFHQDULRV���7KH�DGGLWLRQ�RI�D�+DPLOWRQ�3RQG�UHPHGLDWLRQ��ZKLOH�XOWLPDWHO\�VLJQLILFDQW�LQ
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+DPLOWRQ�3RQG��VHH�)LJXUH�������GRHV�UHODWLYHO\�OLWWOH�WR�GULYH�GRZQ�ORQJ�WHUP�VXUILFLDO�VHGLPHQW

FRQFHQWUDWLRQV�LQ�WKH�7KLHQVYLOOH�,PSRXQGPHQW�

����� ())(&76�2)�5(0(',$7,21�21�:$7(5�&2/801�3&%�&21&(175$7,216

7KH�ORQJ�WHUP�DYHUDJH�ZDWHU�FROXPQ�FRQFHQWUDWLRQV�SURMHFWHG�IRU�WKH�YDULRXV�UHPHGLDWLRQ�VFHQDULRV

DUH�VKRZQ�LQ�)LJXUH�����EHORZ�

),*85(������352-(&7('�/21*�7(50�$9(5$*(�3&%�&21&(175$7,216�,1�7+(�0,/:$8.((�5,9(5�6<67(0
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5XFN &ROXPELD :LUH�	�1DLO +DPLOWRQ 3LRQHHU 7KLHQVYLOOH (VWDEURRN

3
&
%
��
QJ
�/
�

1R�$FWLRQ
5XFN�5HPHGLDWHG
5XFN�DQG�&ROXPELD�5HPHGLDWHG
5XFN��&ROXPELD�DQG�+DPLOWRQ�5HPHGLDWHG
5XFN��&ROXPELD��:LUH�	�1DLO�DQG�+DPLOWRQ�5HPHGLDWHG
5XFN��&ROXPELD��:LUH�	�1DLO��+DPLOWRQ�DQG�(VWDEURRN�5HPHGLDWHG

$V�FDQ�EH�VHHQ��UHPHGLDWLRQ�RI�&ROXPELD�3RQG�LV�SURMHFWHG�WR�VLJQLILFDQWO\�UHGXFH�WKH�ORQJ�WHUP

DYHUDJH�ZDWHU�FROXPQ�3&%�FRQFHQWUDWLRQV�LQ�WKH�V\VWHP��ZLWK�UHGXFWLRQV�FOHDUO\�YLVLEOH�DOO�WKH�ZD\

GRZQVWUHDP�WR�WKH�7KLHQVYLOOH�,PSRXQGPHQW���5HPHGLDWLRQ�VFHQDULRV�WKDW�LQFOXGH�WKH�:LUH�	�1DLO

3RQG�DQG�WKH�+DPLOWRQ�3RQG�SURGXFH�PXFK�VPDOOHU�FKDQJHV��DQG�WKRVH�FKDQJHV�GR�QRW�H[WHQG�DV�IDU

GRZQVWUHDP�
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7KXV��UHPHGLDWLRQ�RI�:LUH�	�1DLO�DQG�+DPLOWRQ�3RQGV�ZLOO�SURGXFH�VLJQLILFDQW�UHGXFWLRQV�LQ�WKH�ORQJ�

WHUP�DYHUDJH�ZLWKLQ�WKH�&HGDU�&UHHN�V\VWHP��EXW�ZLOO�QRW�VLJQLILFDQWO\�DIIHFW�WKH�ORQJ�WHUP�DYHUDJH

ZDWHU�FROXPQ�3&%�FRQFHQWUDWLRQ�LQ�WKH�0LOZDXNHH�5LYHU�V\VWHP�

����� ())(&76�2)�5(0(',$7,21�21�),6+�7,668(�3&%�&21&(175$7,216

6LQFH�WKH�SURMHFWHG�ILVK�WLVVXH�FRQFHQWUDWLRQV�DUH�EDVHG�RQ�D�VLPSOH�ELRDFFXPXODWLRQ�IDFWRU�IRU�D

JHQHUDO�IRUDJH�ILVK��WKH�FKDUWV�LQFOXGHG�LQ�WKLV�VHFWLRQ�PLUURU�WKH�UHVXOWV�RI�ZDWHU�FROXPQ�SURMHFWLRQV�

7KH�LQLWLDO��QR�DFWLRQ��SURMHFWHG�ILVK�WLVVXH�FRQFHQWUDWLRQV�IDOO�ZLWKLQ�WKH�UDQJH�RI�REVHUYHG�ILVK�WLVVXH

FRQFHQWUDWLRQV��VHH�WKH�DSSHQGL[�IRU�ILVK�WLVVXH�UHVXOWV��

),*85(������352-(&7('�3&%�&21&(175$7,216�,1�)25$*(�),6+��+$0,/721�321'
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1R�$FWLRQ
5XFN�3RQG�5HPHGLDWHG
5XFN�DQG�&ROXPELD�3RQG�5HPHGLDWHG
5XFN��&ROXPELD�DQG�+DPLOWRQ�3RQGV�5HPHGLDWHG

)LJXUH�����SUHVHQWV�D�ILVK�WLVVXH�SURMHFWLRQ�IRU�+DPLOWRQ�3RQG�IRU�WKH�YDULRXV�UHPHGLDWLRQ�VFHQDULRV�

7KH�SURMHFWLRQ�VKRZV�WKDW�SXUVXLQJ�DGGLWLRQDO�UHPHGLDWLRQ�LQ�WKH�&HGDU�&UHHN�V\VWHP�PD\�EH�H[SHFWHG

WR�\LHOG�ORZHU�ILVK�WLVVXH�YDOXHV�VRRQHU�WKDQ�WKH�QR�DFWLRQ�FDVH�

)LJXUH������SUHVHQWV�D�ILVK�WLVVXH�SURMHFWLRQ�IRU�WKH�7KLHQVYLOOH�,PSRXQGPHQW�RQ�WKH�0LOZDXNHH�5LYHU�
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1R�$FW LRQ
5XFN�3RQG�5 HP HGLD WHG
5XFN�DQG�& ROXP ELD�3RQG�5 HP HGLDWHG
5XFN ��& ROXP ELD �DQG�+DP LOWRQ�3RQGV�5 HP HGLD WHG

)LJXUH������VKRZV�VLJQLILFDQW�LPSURYHPHQW�GXH�WR�UHPHGLDWLRQ�RI�5XFN�DQG�&ROXPELD�3RQGV��ZLWK

GLPLQLVKLQJ�LPSDFW�GXH�WR�UHPHGLDWLRQ�RI�+DPLOWRQ�3RQG�

����� ())(&76�2)�5(0(',$7,21�21�3&%�0$66�(;3257

5HPHGLDWLRQ�RI�FHUWDLQ�LPSRXQGPHQWV�LQ�&HGDU�&UHHN�DQG�WKH�0LOZDXNHH�5LYHU�ZLOO�VLJQLILFDQWO\

UHGXFH�WKH�3&%�PDVV�H[SRUWHG�GRZQVWUHDP���)LJXUH������VKRZV�WKH�ORQJ�WHUP�HIIHFW�RI�WKH

UHPHGLDWLRQ�VFHQDULRV�RQ�3&%�PDVV�H[SRUW���$OO�FKDUWV�LQ�WKLV�VHFWLRQ�DUH�EDVHG�RQ�WKH����\HDU�PRGHO

UXQV�
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$V�FDQ�EH�VHHQ��UHPHGLDWLRQ�RI�5XFN�DQG�&ROXPELD�3RQGV�RQ�&HGDU�&UHHN�SURGXFHV�WKH�PRVW

VLJQLILFDQW�GHFUHDVH�LQ�3&%�PDVV�H[SRUW���$QRWKHU�VLJQLILFDQW�UHGXFWLRQ�PD\�EH�KDG�LI�WKH�(VWDEURRN

,PSRXQGPHQW�LV�DOVR�UHPHGLDWHG�

)LJXUH������SUHVHQWV�DQRWKHU�ZD\�RI�ORRNLQJ�DW�WKH�PDVV�H[SRUW�HVWLPDWHV���,QVWHDG�RI�FUHDWLQJ�D

FXPXODWLYH�UHFRUG��DV�LV�VKRZQ�LQ�)LJXUH�������WKH�LQGLYLGXDO�PDVV�FRQWULEXWLRQV�DUH�WDOOLHG���$OVR��WKH

PDVV�H[SRUW�FDOFXODWLRQV�DVVXPH�WKDW�5XFN�3RQG�LV�UHPHGLDWHG�DV�RI�����������1RQH�RI�WKH�RWKHU

LPSRXQGPHQWV�LV�DVVXPHG�WR�EH�UHPHGLDWHG�

7KH�ILJXUH�FDQ�EH�YLHZHG�DV�D�3DUHWR�FKDUW��WKH�ELJJHVW�FRQWULEXWRU�RI�PDVV�H[SRUWHG�LQ�WKH�V\VWHP�LV
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7KH�ZRUN�SUHVHQWHG�KHUH�UHFHLYHG�ILQDQFLDO�RU�LQ�NLQG�VHUYLFHV�VXSSRUW�GXULQJ�YDULRXV�VWDJHV�IURP�WKH

IROORZLQJ�RUJDQL]DWLRQV�

n 8QLWHG�6WDWHV�(QYLURQPHQWDO�3URWHFWLRQ�$JHQF\��*UHDW�/DNHV�1DWLRQDO�3URJUDP�2IILFH
�*UDQW�DVVLVWDQFH�DJUHHPHQW���*/������������

n :LVFRQVLQ�'HSDUWPHQW�RI�1DWXUDO�5HVRXUFHV��(QYLURQPHQWDO�5HSDLU�3URJUDP

n 0LOZDXNHH�0HWURSROLWDQ�6HZHUDJH�'LVWULFW

n 8QLWHG�6WDWHV�*HRORJLFDO�6XUYH\��0HULW�3URSRVDO�3URJUDP

,Q�DGGLWLRQ�WR�ILQDQFLDO�VXSSRUW��WKH�LQGLYLGXDOV�IURP�WKH�DIRUHPHQWLRQHG�DJHQFLHV�FRQWULEXWHG

FRXQWOHVV�KRXUV�WR�WKH�FROOHFWLRQ��GDWD�DQDO\VLV�DQG�PRGHOLQJ�HIIRUWV���7KH�DXWKRU�JUDWHIXOO\

DFNQRZOHGJHV�WKHLU�FRQWULEXWLRQV�

�� 5()(5(1&(6

%ODVODQG��%RXFN�DQG�/HH��GDWH�XQNQRZQ���&LWHG�LQ�D�)$;�IURP�7RGG�*RFNV�WR�:LOO�:DZU]\Q�

)$;�GDWHG�$SULO����������

3DYRQL��%���&��&DOYR��$��6IULVR�DQG�$�$��2ULR���������´7LPH�7UHQG�RI�3&%�&RQFHQWUDWLRQV�LQ

6XUIDFH�6HGLPHQWV�IURP�D�+\SHUHXWURSKLF��0DFURDOJDH�3RSXODWHG�$UHD�RI�WKH�/DJRRQ�RI

9HQLFH�µ��7KH�6FLHQFH�RI�WKH�7RWDO�(QYLURQPHQW��������������������(OVHYLHU�6FLHQFH�3XEOLVKHUV

%�9���$PVWHUGDP�

9HOOHX[��0���*DLODQL��-��DQG�'��(QGLFRWW���������$�8VHU·V�*XLGH�WR�,3;��7KH�,Q�SODFH�3ROOXWDQW

([SRUW�:DWHU�4XDOLW\�0RGHOLQJ�)UDPHZRUN���8�6��(QYLURQPHQWDO�3URWHFWLRQ�$JHQF\��/DUJH

/DNHV�5HVHDUFK�6WDWLRQ��*URVVH�,OH��0LFKLJDQ�

:DZU]\Q��:LOO�DQG�5REHUW�:DNHPDQ���������'LVWULEXWLRQ�RI�3RO\FKORULQDWHG�%LSKHQ\OV�LQ�&HGDU

&UHHN�6HGLPHQWV�DW�&HGDUEXUJ��2]DXNHH�&RXQW\��:LVFRQVLQ���:LVFRQVLQ�'HSDUWPHQW�RI

1DWXUDO�5HVRXUFHV���0LOZDXNHH��:LVFRQVLQ�

:HVWHQEURHN��6WHSKHQ��-XQH���������&HGDU�&UHHN�3&%�0DVV�%DODQFH��)LQDO�'UDIW���:LVFRQVLQ

'HSDUWPHQW�RI�1DWXUDO�5HVRXUFHV���0DGLVRQ��:LVFRQVLQ�
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3&%�0DVV�%DODQFH�3URMHFW���:LVFRQVLQ�'HSDUWPHQW�RI�1DWXUDO�5HVRXUFHV���0LOZDXNHH�

:LVFRQVLQ�

:LVFRQVLQ�'HSDUWPHQW�RI�1DWXUDO�5HVRXUFHV���������&HGDU�&UHHN�3&%�,QYHVWLJDWLRQ�)LQDO�5HSRUW�

3UHSDUHG�E\�6WUDQG�$VVRFLDWHV��,QF���0DGLVRQ��:LVFRQVLQ�

:LVFRQVLQ�'HSDUWPHQW�RI�1DWXUDO�5HVRXUFHV��0D\��������$�'HWHUPLQLVWLF�3&%�7UDQVSRUW�0RGHO

IRU�WKH�/RZHU�)R[�5LYHU�EHWZHHQ�/DNH�:LQQHEDJR�DQG�'H3HUH��:LVFRQVLQ���%XUHDX�RI�:DWHU

5HVRXUFHV�0DQDJHPHQW���0DGLVRQ��:LVFRQVLQ���38%/�:5��������

:LVFRQVLQ�'HSDUWPHQW�RI�1DWXUDO�5HVRXUFHV��)HEUXDU\���������3RO\FKORULQDWHG�%LSKHQ\O��3&%�

&RQWDPLQDWHG�6HGLPHQW�LQ�WKH�/RZHU�)R[�5LYHU��0RGHOLQJ�$QDO\VLV�RI�6HOHFWLYH�6HGLPHQW

5HPHGLDWLRQ���%XUHDX�RI�:DWHUVKHG�0DQDJHPHQW���0DGLVRQ��:LVFRQVLQ���38%/�:7��������

:LVFRQVLQ�6WDWH�/DERUDWRU\�RI�+\JLHQH���������0HWKRGV�IRU�,QRUJDQLF�$QDO\VLV���0DGLVRQ�

:LVFRQVLQ�
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